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What a great honour it is to be writing introductory
words to this issue of Acta Chimica Slovenica, whose edi-
tor prof. dr. Aleksander Pavko with his editorial team and
prof. dr. Slavko Kauci¢, president of Slovenian Chemical
Society and publisher of ACSi, kindly supported our ini-
tiative to dedicate this issue to enthusiastic young researc-
hers in the field of chemical sciences.

Students are first exposed to independent research
during their bachelor and/or masters’ thesis, where they
are given a role in already ongoing projects within the re-
search laboratory and are often assigned to solve minor
research problems. But already after initial hours of inde-
pendent work, a nostalgia for practical laboratory courses
emerges, with perpetually working experiments and eter-
nal buffer fountains. Due to these bitter realisations, minor
research problems become therefore all but minor for a
young researcher. However, these initial struggles are in
the wider perspective just one of the impressions forming
the greater picture of how a world of research in reality
truly is. Although the previously mentioned technical ob-
stacles can fast be overcome with good mentorship and
guidance, presenting the research work either in form of
publications or at the conferences still seems to be a privi-
lege reserved for experienced researchers.

Driven by this observation, an idea was formed in
2014 to organize a conference for students and young re-
searchers. Since this coincided with opening of the new
premises of the Faculty of chemistry and chemical tech-

nology of University of Ljubljana (UL FCCT), we belie-
ved it would be the best venue for this occasion. The orga-
nization of the first Cutting Edge conference, which took
place in September 2015, was in hands of Sara Drvaric-
Talian, at that time a masters’ student in chemistry and
two young UL FCCT staff members, dr. Jakob Kljun from
the Chair of Inorganic Chemistry and myself from the
Chair of Biochemistry. To our great surprise, the confe-
rence was attended by more than 100 participants from
Slovenia as well as other countries with researches from
various fields of chemistry as well as environment preser-
vation, pharmacy, construction, materials, medicine and
civil engineering. Most of them presented their work du-
ring a poster exhibition, while selected masters’ and doc-
toral students got a chance to present their research in the
form of oral presentations. An organisational frame of the
conference was set, formed by three main sections: Scien-
ce Behind the Living, Technologies for the Earth and En-
vironment and Materials of the Future, which were intro-
duced by renowned experts.

Due to the positive feedback, we decided to make
this conference a biennial tradition. To our delight, two
more young UL FCCT researchers joined the organisation
committee: doc. dr. Ale§ Rucigaj from the Chair of Mate-
rials and Polymer Engineering and a PhD student, assi-
stant from the Chair of Biochemistry, Aljaz Gaber. Soon a
decision was made to form a society, of which main
commitment is to organize scientific events for young re-
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searchers. Beside Cutting Edge conference, we organized
a three-day event, Days of Chemical Sciences in 2016,
which included a poster conference of Chemical sciences
doctoral students, public popular science lectures, presen-
tation of research activities at the UL FCCT and a Science
Incubator, where personal experience of how to get a
scholarship or a research starting grant were presented.
An underlying concept behind all activities of the Cutting
Edge society is to form a platform, enabling young
scientists not only to present their research but also to
meet their peers and discuss their ideas beyond the lear-
ning curriculum.

For this year’s conference, we made another step
further and offered our junior participants the opportunity
to publish their own scientific articles. Young scientists
were invited to submit an article, which had to undergo a
standard reviewing process, and we are more than proud
to present 10 of accepted papers in this dedicated Septem-
ber edition of Acta Chimica Slovenica. Six of them cover
topics from the Science Behind the Living: Eva Jarc and
Ema Gustin with the colleagues present their work on li-
pid droplet formation in Hela cervical cancer cells, Zorica
Latinovic with the colleagues explain the effect of disinte-
grins from the venom of Vipera ammodytes on breast can-
cer cells, Klemen Strojan with the colleagues show results
of in vitro assessment of potential bladder papillary neo-
plasm treatment with functionalized polyethyleneimine
coated magnetic nanoparticles, Anzej Hladnik and Jana
Ferdin with their colleagues present data regarding pre-
sence of Trans-activation Response Element (TAR) RNA
in the plasma of a subset of aviremic HIV-1 infected pa-
tients, Sandi Brudar with his colleagues also investigated
disease induced changes in human blood plasma by use of
DSC and TAC, while Tomaz Martini and his colleagues
present a possible link between circadian rhythms to me-
tabolism by interaction of PER2 with the constitutive an-
drostane receptor. Three articles were classified into Tech-
nologies for the Earth and Environment section: Evelin
Gruden with the colleagues evaluate the potential of ani-
mal bone char as a metal stabilization agent in metal con-
taminated soil, Zane Temova with the colleagues present a
novel HPLC-UV method for simultaneous determination

of fat-soluble vitamins and Coenzyme Q10 in medicines
and supplements, while Milena Ivanovic¢ and her collea-
gues show an interesting chemometric characterization of
Slovenian red wines. Last but not least, Miha Virant and
Sara Drvari¢-Talian with their colleagues present model-
ling of the correlation between molecular electrostatic po-
tential and pKa on sets of carboxylic acids, phenols and
anilines.

We are looking forward to hearing these presenta-
tions at the conference, since the authors were given a
priority to be chosen for oral presentations together with
few other ones who will be selected by scientific commit-
tee members of each section. This year we are truly grate-
ful to prof. dr. Andreja Zgajnar Gotvajn who is responsib-
le for the section Technologies for the Earth and Environ-
ment, prof. dr. Janez Plavec who is in charge of the Scien-
ce Behind the Living section and doc. dr. BoStjan Genorio
who took over the Materials of the Future section. We are
thankful to them for sharing their expertise and experien-
ce with us, thus sustaining the level of the Cutting Edge
conference at a high scientific level.

None of our plans could be carried out without ge-
nuine support of the Faculty leadership. We sincerely
thank the Dean of UL FCCT, prof. dr. Matjaz Krajnc,
whose doors were always open for us, providing much ap-
preciated guidance and motivation to implement our ideas
no matter how naive or overoptimistic they sometimes
were. Starting in 2017, prof. dr. Jurij Svete was given a
mandate as the new Dean of UL FCCT. We look forward
to continuing our good cooperation, since prof. Svete was
the chairman of the Science Behind the Living section at
Cutting Edge 2015 conference.

Stimulated by the positive responses we receive, we
hope and aim to continue with activities we set to accom-
plish. Kindly welcome to read through selected research
articles and looking forward to meeting you at the next
Cutting Edge conference in 2019.

Marina Klemencic

Cutting Edge Society

Faculty of Chemistry and Chemical Technology
University of Ljubljana
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Scientific paper
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Determination of Fat-soluble Vitamins and Coenzyme
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Abstract

A precise, accurate and rapid HPLC-UV method for simultaneous determination of fat-soluble vitamins (vitamin D3,
E-acetate, K1, B-carotene, A-palmitate) and coenzyme Q10 was developed and validated according to ICH guidelines.
Optimal chromatographic separation of the analytes in minimal analysis time (8 min) was achieved on a Luna C18 150
x 4.6 mm column using a mixture of acetonitrile, tetrahydrofuran and water (50:45:5, v/v/v). The described reversed
phase HPLC method is the first published for quantification of these five fat-soluble vitamins and coenzyme Q10 within
a single chromatographic run. The method was further applied for quantification of the analytes in selected liquid and
solid dosage forms, registered as nutritional supplements and prescription medicines, which confirmed its suitability for

routine analysis.

Keywords: Fat-soluble vitamins, coenzyme Q10, HPLC, nutrition supplements, pharmaceuticals

1. Introduction

Fat-soluble vitamins (FSVs) are essential for a va-
riety of biochemical and physiological functions in human
body, such as epithelial cell differentiation and vision (vi-
tamin A), calcium and phosphate homeostasis (vitamin
D), antioxidative protection in cell membranes (vitamin
E) and blood coagulation (vitamin K).'* As FSV, with the
exception of vitamin D3, cannot be obtained by endoge-
nous synthesis, food or vitamin preparations are their
main sources. Due to the large number of commercially
available vitamin preparations and their widespread use,
the quality control of these preparations is extremely im-
portant, especially because of the risk of toxicity from ex-
cessive intake of vitamins A and D.?

HPLC methods, coupled with different detection
techniques: UV,*'2 FLD,® ECD," and MS>!* offer the
best approach to accurate content determination of the
main FSVs in foods, pharmaceuticals and nutritional sup-
plements. The published HPLC-UV methods for quality
control of preparations containing FSVs are quite limited
in terms of separation and simultaneous determination of
FSVs, 7811 often have run time longer than 15 min*%%1?

and generally require complicated and time-consuming
sample preparation.'"'*!>1® Further on, to our knowledge
none of the published HPLC methods offer simultaneous
determination of FSVs and also -carotene and coenzyme
Q10, which are often found along in medicines and nutri-
tional supplements.

We aimed to develop rapid, accurate, precise and se-
lective HPLC-UV method for simultaneous quantification
of FSVs (in their most commonly used forms: A-palmitate,
D3, E-acetate, K1 and A provitamin — B-carotene) and
coenzyme Q10, using simple and fast extraction procedures
(without alkaline saponification or solid phase extraction).
The optimised HPLC method was successfully validated
according to the ICH guidelines. In addition, medicines and
nutritional supplements in liquid and solid dosage forms
were analysed to confirm the adequacy of the method.

2. Experimental

2. 1. Chemicals and Reagents

All FSVs (vitamin A-palmitate, D3, E-acetate, K1
and B-carotene), butylated hydroxytoluene (BHT), anhy-

Rakusa et al.: Novel HPLC-UV Method for Simultaneous
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drous ferric chloride, n-hexane, 85% orthophosphoric
acid (H,PO,) and HPLC grade: acetonitrile,methanol and
tetrahydrofuran (THF) were purchased from Sigma-Al-
drich (Steinheim, Germany). Coenzyme Q10 (CoQ10)
was obtained from Kaneka Corporation (Osaka, Japan).
Ultra-pure water was obtained through a Milli-Q water
purification system A10 Advantage (Millipore Corpora-
tion, Bedford, MA, USA).

2. 2. Instrumentation and Chromatographic
Conditions

Chromatographic analysis was performed on
an Agilent 1100/1200 series HPLC system (Agilent
Technologies, Waldbronn, Germany) equipped with
UV-VIS detector and ChemStation data acquisition sys-
tem. Chromatographic separation was performed on a re-
versed-phase Luna C18 (2) 150 x 4.6 mm, 5 um particle si-
ze column (Phenomenex, Torrance, USA) at 25 °C using
acetonitrile-tetrahydrofuran-water (50:45:5, v/v/v) as a mo-
bile phase at flow-rate of 1 mL/min. Injection volume
(Vinj) was 20 uL for all tested samples, except for samples
from Preparation 2 and 3, where it was adjusted to 3 and 5
uL, respectively. Detection was carried out at 270 nm.

2. 3. Preparation of Standard Solutions

Standard solutions of FSVs and CoQ10 were prepa-
red fresh daily by dissolving appropriate amounts in
0.05% (m/v) solution of BHT in n-hexane. Nine calibra-
tion standards were prepared as mixtures of all tested
compounds in 0.05% (m/v) solution of BHT in n-hexane
in different concentration ranges for different analytes, se-
lected considering the concentrations and proportions of
the analytes in the investigated pharmaceutical formula-
tions (Table 1). Quality control (QC) samples at three con-
centration levels were prepared by diluting separately pre-
pared stock solutions with 0.05% (m/v) solution of BHT

Table 1. Concentrations of calibration standards and QC samples

in n-hexane (Table 1). Prepared calibration standards and
QC samples were evaporated to dryness under a stream of
nitrogen at 40 °C (TurboVap LV, Caliper, Hopkinton-MA,
USA). Dry residues were reconstituted in 1.0 mL of
0.01% (m/v) solution of BHT in mobile phase.

2. 4. Method Validation

The method was validated according to ICH guideli-
nes Q2(R1)!7 in terms of selectivity, linearity, limit of
quantification, precision, accuracy, recovery, sample sta-
bility and robustness.

Method selectivity was assessed by comparing chro-
matograms of individual standard solutions, mixture con-
taining all standards, all used solvents and several com-
mon excipients found in commercial preparations (citric
acid, sodium hydrogen phosphate, glycerol, propylene
glycol, sodium benzoate, methyl- and propylparaben).

Linearity was evaluated based on nine calibration
standards (Table 1). The procedure was repeated three ti-
mes, using different stock solution, for three consecutive
days of the validation. Injection volume during validation
was 20 pL. Linearity was determined based on least-squa-
re linear regression. The acceptance criterion for determi-
nation coefficient was R? > 0.999.

Limit of quantification (LOQ) was calculated from
the regression lines, using the following equations: LOQ
= (10 x 6) / S, where © is the standard deviation of the in-
tercept, S is the average slope of the calibration curve.

Accuracy and precision were examined in terms of
repeatability, precision and accuracy (intra- and inter-
day) during three consecutive validation days, based on
three QC samples covering low (QC, ), medium (QC,,)
and high ranges (QC,) of the calibration standards (Tab-
le 1). QC samples were prepared separately, in triplicate,
each day of the validation. Injection repeatability was
evaluated on three concentration levels by re-injecting
the same QC sample six times. Intra- and inter-day pre-

Concentration [mg/L]

B-carotene A-palmitate D3 CoQ10 E-acetate K1
Calibration 60 600 50 400 2600 150
standards 36 360 30 240 1560 90
12 120 10 80 520 30
6.0 60 5.0 40 260 15
1.2 12 1.0 8.0 52 3.0
0.60 6.0 0.50 4.0 26 1.5
0.30 3.0 0.25 2.0 13 0.75
0.12 1.2 0.10 0.80 52 0.30
0.06 0.60 0.05 0.40 2.6 0.15
QC samples* QCy 48 480 40 320 2080 120
QC,, 24 240 20 160 1040 60
QC,, 3.0 30 2.5 20 130 7.5

*QCy, QCy, and QC, — quality control samples with high, medium and low concentrations
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cision (relative standard deviation — RSD) was expected
to be not more that 5% (2% for injection repeatability)
and intra- and inter-day accuracy (ratio (%) between cal-
culated concentration for the obtained QC response ba-
sed on the line equation and nominal concentration,
which was calculated considering the sample prepara-
tion) within £ 5%. Accuracy of the injection volume va-
riations was evaluated by re-injecting different volumes
3,5, 15, 25 and 30 pL) of the same QC sample three ti-
mes and comparing it proportionally to the nominal va-
lue (injection volume 20 puL) and was expected to be wit-
hin + 5%.

Sample stability was evaluated at three concentra-
tion levels (QC) and additionally in samples from Prepa-
ration 6 (tablets) and Preparation 7 (capsules) at 25 °C for
two days (at O and 24 h) and was expressed as ratio bet-
ween the concentration at 24 h and the concentration at ti-
me 0. The acceptance criterion was 100 + 5%.

Method recovery was determined by spiking prepa-
ration solutions with approximately the same amount of
the analytes, as contained in the preparations, in triplicate.
Non-spiked preparations and standard solutions contai-
ning the added amounts were separately analysed. Avera-
ge recoveries were calculated by the formula: recovery
(%) = 100 x (concentration found in spiked sample — con-
centration found in unspiked sample) / added concentra-
tion.

The robustness of the method was investigated by
deliberate modifications made to chromatographic condi-
tions and sample preparation procedure. In sample prepa-
ration procedure for preparations in solid dosage form,
different vortexing times (10 = 5 min), shaking times (30
+ 10 min), sonication times (10 + 5 min) and different dr-
ying temperature (40 + 5 °C) were tested. To evaluate ro-
bustness in terms of chromatographic conditions, different
injection volumes (20 £+ 5 pL), column temperatures (25 +
2 °C), flow rates (1.00 £ 0.05 mL/min), detection wave-
lengths (270 = 5 nm) and mobile phase compositions ace-
tonitrile-tetrahydrofuran-water (50.50:44.55:4.95 and
50:45:5 v/v/v) were tested.

2. 5. Sample Preparation of Nutritional
Supplements and Medicines

The validated method was further applied to assay
vitamins and CoQ10 content in commercially available
pharmaceutical preparations: three solutions, three tablets
and two soft-shelled capsules, registered as medicines or
nutritional supplements. Each preparation was prepared
and analysed in triplicate.

Liquid preparations were either directly analysed
(Preparation 2 and 3) or diluted 100-fold with 0.01%
(m/v) solution of BHT in mobile phase prior to analysis
(Preparation 1). The extraction procedure for tablets was
as follows: one tablet (whole or powdered depending on
the preparation) was added to 2.0 mL of 0.1% H,PO, into

a centrifuge tube and vortexed for 10 min. Organic solvent
(8.0 mL of 0.05% (m/v) solution of BHT in n-hexane) was
added to the samples, before their further sonication (10
min) and vortexing (2 min). Samples were then centrifu-
ged for 10 min at 25 °C and 5000 rpm. Fraction of the
clear supernatant (1-3 mL depending on the preparation)
was evaporated to dryness under a stream of nitrogen at
40 °C and reconstituted in 1.0 mL of 0.01% (m/v) solution
of BHT in mobile phase. The content of vitamins and Co-
Q10 in soft-shelled capsules was evaluated by cutting one
capsule in half and adding organic solvent (n-hexane with
0.05% (m/v) BHT : THF = 95:5 (v/v)). The samples were
sonicated (10 min), shaken (30 min) and centrifuged (10
min, 25 °C, 5000 rpm). The clear supernatant (0.5 mL)
was evaporated to dryness under a stream of nitrogen at
40 °C and reconstituted in 1.0 mL of 0.01% (m/v) solution
of BHT in mobile phase. Samples from preparations con-
taining CoQ10 (Preparation 6 and 7) were additionally re-
constituted in 1.0 mL of 0.1% (m/v) solution of Fe** in
mobile phase, which acts as an oxidant and enables eva-
luation of total CoQ10.

3. Results and Discussion

3. 1. Optimization of Chromatographic
Conditions

The main objective of the study was to obtain opti-
mal analytical method in terms of sample preparation and
chromatographic conditions for simultaneous quantifica-
tion of FSVs and CoQ10 in medicines and nutritional sup-
plements. Chromatographic conditions were optimized in
order to achieve baseline separated, symmetric peaks of
the target analytes in minimal analysis time. Selection of
stationary phase (various C18 reversed phase analytical
columns) was based on our experience and previous re-
search. Several mixtures of acetonitrile and methanol in
isocratic and gradient modes were tested and found sui-
table for chromatographic separation of all tested analytes
except CoQ10, which eluted only after THF was added to
the mobile phase. Various mixtures of acetonitrile, THF
and water at flow rates 0.5-2.0 mL/min and column tem-
peratures 25-40 °C and detection wavelengths 210-325
nm were tested to optimize the chromatographic separa-
tion of all tested vitamins as well as both reduced and oxi-
dized form of CoQ10. Detection wavelength 270 nm was
selected as optimal compromise between absorbance of
the individual analytes and their concentration in the te-
sted preparations, with particular reference to vitamins D3
and K1, which have the lowest contents in the tested mul-
tivitamin preparations. Optimized chromatographic con-
ditions resulted in symmetric and separated peaks with a
short run time (Figure 1). The obtained run time is consi-
derably shorter in comparison to other similar published
HPLC-UV methods.*%%?
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Figure 1: A chromatogram of standard mixture of fat-soluble vitamins and coenzyme Q10.

3. 2. Optimization of Sample Preparation

The optimised HPLC method was further applied to
evaluate the content of FSVs and CoQ10 in commercial
pharmaceuticals with particular attention to sample prepa-
ration, as a crucial step in the analysis of medicines and
nutritional supplements. We aimed to develop simple and
fast extraction procedure with a minimal number of steps
and solvent consumption.

The extraction procedure for tablets was adjusted
from Temova and Roskar’s method for vitamin D3 extrac-
tion,'® which comprised of addition of 0.1% H,PO, to two
tablets, vortexing for 2 min, subsequent addition of met-
hanol (8.0 mL), sonication (10 min), vortexing (2 min)
and centrifugation of the samples. In order to determine
the optimal method, studies were done with (2.0 mL) and
without the addition of 0.1% H,PO, to one powdered tab-
let. Hereafter, different shaking times (0, 2, 4, 5 and 15
min with vortex mixer and 30 min with rotary mixer), or-
ganic solvents (methanol, n-hexane and mobile phase),
sonication times (0, 5, 10, 15 min), further shaking times
(0, 2 and 4 min with vortex mixer and 30 min with rotary
mixer) and centrifugation times (0, 10 and 15 min) at 25
°C and 5000 rpm were tested. The best extraction in terms
of method recoveries was achieved with the addition of
2.0 mL of 0.1% H,PO, into a centrifuge tube with one tab-

let, vortexing for 10 min and addition of 0.05% (m/v) so-
lution of BHT in n-hexane (8.0 mL), before their further
sonication (10 min) and vortexing (2 min). Samples were
then centrifuged for 10 min at 25 °C and 5000 rpm.

The optimization of the extraction procedure for
soft-shelled capsules started with investigation of extrac-
tion organic solvents (anhydrous ethanol, methanol, n-he-
xane, different mixtures of n-hexane and methanol, mobi-
le phase, n-hexane:THF = 95:5 (v/v)), to determine the op-
timal solvent, which was found to be n-hexane with
0.05% (m/v) BHT : THF = 95:5 (v/v). THF was added to
solve the issue of poor solubility of B-carotene. Further
on, sonication time (0, 5, 10, 15 min), shaking time (15,
30, 45, 60 min) and reconstitution solvent (methanol, mo-
bile phase and 0.01% (m/v) solution of BHT in mobile
phase) were tested in order to obtain optimal recoveries of
the extraction procedure. The final extraction parameters
(10 min sonication, 30 min shaking and 0.01% (m/v) solu-
tion of BHT in mobile phase as reconstitution solvent)
provided suitable recoveries and sample stability of all
analytes (Table 3).

3. 3. Method Validation

Selectivity of the method was confirmed as no inter-
fering peaks were found at retention times of the selected
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analytes (Figure 1). The standard calibration curves were
linear over concentration ranges as presented in Table 2.
Appropriate linearity was achieved with the addition of li-
pophilic antioxidant — BHT, especially for vitamin A-pal-
mitate (R* = 0.9945 without BHT) and B-carotene (R? =
0.9935 without BHT). As shown in Table 2 on the exam-
ple of QC medium sample, intra-day, inter-day and accu-
racy of the injection volume variations was better than +
5% at all times, which is within the defined acceptance
criteria. Similarly, intra and inter-day precision were be-
low 3% in all cases and injection repeatability was less
than 2% (Table 2). Sample stability after 24 h was asses-

Table 2. Validation data

sed in order to ensure that the obtained concentration re-
sults adequately reflect those directly after sampling. Sta-
bility of all tested analytes in QC samples and samples
from Preparation 6 and 7 after 24 h in the autosampler at
25 °C was within the defined acceptance criteria 100 +
5%. Such sample stability in QC samples was obtained af-
ter the addition of BHT, especially for vitamin A-palmita-
te and B-carotene, which were found subject to extensive
degradation without appropriate stabilization with BHT
(22 and 70% after 24 h for vitamin A-palmitate and B-ca-
rotene, respectively). Method was found robust to slight
changes in both chromatographic and sample preparation

Range LOQ Accuracy Precision
Analyte [m g/i] [mg/L] R? Intra- Inter- Variation Intra- Inter- Injection
day day of Vinj* day day repeatability
A-palmitate 1.2 - 600 1.2 0.9996 100.90 100.96 99.7-101.4 0.27 0.20 0.19
CoQI10 0.80 — 400 0.80 0.9997 100.89 100.94 100.0-101.5 0.53 0.98 0.10
D3 0.25-50 0.15 0.9998 100.99 101.06 99.9-100.9 0.55 2.69 0.24
E-acetate 2.6 — 2600 1.5 0.9996 99.93 99.90 99.1-103.2 0.56 2.32 0.14
K1 0.30 - 150 0.20 0.9997 101.18 101.24 100.0-101.7 0.40 0.87 0.13
[-carotene 0.12-60 0.12 0.9997 101.24 101.30 100.0-100.4 0.52 1.28 1.83
* different injection volumes (3, 5, 15, 25 and 30 pL), calculated to nominal injection volume 20 puL.
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Figure 2: Representative chromatograms of a): Preparation 1 — solution, b): Preparation 5 — tablets and c): Preparation 7 — capsules, which also
contains a reduced form of CoQ10 that is chromatographically separated from its general form (oxidized CoQ10).
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parameters. The obtained results from samples prepared
with deviations in the sample preparation procedure, were
accurate (100 + 5%) and precise (RSD < 5%). In all varied
chromatographic conditions the resolution between the
studied compounds was not altered, demonstrating the ro-
bustness of the method.

3. 4. Assay in Nutritional Supplements
and Medicines

In order to test the applicability of the developed and
validated HPLC method to commercial multi-vitamin pre-
parations, six pharmaceutical preparations, registered as
medicines and two nutritional supplements in various do-
sage forms (solutions, tablets, soft shelled capsules) were
tested to evaluate the content of the analytes in relation to
the value claimed on the label. Liquid preparations were
either directly analysed (Preparation 2 and 3) or diluted
with 0.01% (m/v) solution of BHT in mobile phase prior
to analysis (Preparation 1). Samples from tablets and cap-
sules were prepared according to the optimised extraction
procedure (Section 3.2) Representative chromatograms of
samples from all three dosage forms are presented in Fi-

gure 2. The results for average contents and calculated
method recoveries are presented in Table 3. High recove-
ries and low standard error values (Table 3) confirmed the
suitability of the established HPLC method for quantifica-
tion of the target analytes in liquid and solid preparation
without any pre-treatment (Preparation 2 and 3) or after a
simple and rapid pre-treatment (other preparations).

4. Conclusions

The main novelty in our approach is the developed
HPLC method, which to our knowledge, is the first pub-
lished method for simultaneous determination of five fat-
soluble vitamins (A-palmitate, D3, E-acetate, K1 and A
provitamin — B-carotene) and coenzyme Q10. Moreover,
analysis time of only 8 min is favourable in comparison to
other published HPLC-UV methods for determination of
fewer fat-soluble vitamins. The obtained results from the
assay in commercial nutrition supplements and medicines
confirmed that the method is appropriate for routine
analysis and quality control of multi-vitamin products in
pharmaceutical and health food industries. Considering

Table 3. Average content in medicines and nutritional supplements along with method recoveries (n = 3)

Determined content Method recovery”

Analyte Declared content (average + standard error [%]) [%]
PREPARATION 1
K1 10 mg/mL 9.97 £ 0.02 mg/mL 103.8
g PREPARATION 2
g Medicines A-palmitate 3300 pg/mL 4594 + 3 ug/mL
S D3 50 ug/mL 62.4 + 0.2 pg/mL 100.1
PREPARATION 3
D3 100 pg/mL 114.7 £ 0.3 pg/mL 98.4
PREPARATION 4
A-palmitate 330 pg/tbl 394 + 1 pg/tbl 99.3
D3 2 pg/tbl 2.43 +0.04 pg/tbl 99.3
- PREPARATION 5
Medicines A-palmitate 2750 pg/tbl 3336 + 55 pg/tbl 942
D3 10 pg/tbl 12.2 £ 0.1 pg/tbl 95.8
£ E-acetate 15 mg/tbl 17.8 + 0.3 mg/tbl 96.9
E B-carotene* / 0.120 = 0.003 mg/tbl 104.2
PREPARATION 6
A-palmitate 800 ng/tbl 863 + 16 pg/tbl 99.6
. CoQ10 4.5 mg/tbl 3.92 +0.17 mg/tbl 99.2
i‘;g;;ﬁgilt D3 5 ug/tbl 7.32 £ 0.07 pg/tbl 104.8
E-acetate 12 mg/tbl 12.2 + 0.8 mg/tbl 97.2
K1 25 pg/tbl 18.1 £ 0.7 ug/tbl 97.4
PREPARATION 7
CoQ10 30 mg/caps 28.6 + 0.1 mg/caps 102.3
8 Medicine E-acetate 24 mg/caps 34.3 + 0.2 mg/caps 98.1
z B-carotene* / 3.36 + 0.02 mg/caps 108.0
S PREPARATION 8
Nutritional E-acetate 30 mg/caps 45.5 £ 0.8 mg/caps 99.8
supplement [B-carotene 7 mg/caps 8.03 + 0.10 mg/caps 108.2

* content not defined; # method recovery calculated according to the formula in section 2.4.
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that most of the tested preparations had considerably hig-
her contents than labelled (up to 150%), quality control of
these preparations is of extreme importance.
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Razyvili in validirali smo natan¢no, to¢no in hitro HPLC-UV metodo za so¢asno vrednotenje lipofilnih vitaminov (vita-
min D3, E-acetat, K1, B-karoten, A-palmitat) in koencima Q10. Optimalno kromatografsko lo¢bo analitov v kratkem
Casu analize (8 min) smo dosegli na koloni Luna C18 150 x 4,6 mm z uporabo mobilne faze: acetonitril, tetrahidrofuran
in voda (50: 45: 5, v/v/v). Opisana reverznofazna HPLC-UV metoda je prva objavljena analizna metoda za socasno
vrednotenje izbranih lipofilnih vitaminov in koencima Q10. Metodo smo nadalje uporabili za vrednotenje teh analitov v
izbranih zdravilih in prehranskih dopolnilih, v tekocih in trdnih farmacevtskih oblikah ter tako potrdili njeno primernost

za rutinsko uporabo.
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Abstract

Determining the HIV-1 reservoir size in infected individuals is of great importance for improvement of their treatment.
Plasma trans-activation response element (TAR) RNA has been suggested as one of the possible biomarkers. TAR RNA
is produced during non-processive transcription in HIV-1 productively infected and latent T cells. Here, plasma samples
and paired exosome samples of 55 subjects from the observational SCOPE cohort were analysed for the presence of
TAR RNA. First, a PCR-based assay was optimized, which provided 100% specificity and 100% sensitivity in differen-
tiating HIV-1 infected non-controllers from uninfected individuals. Next, TAR RNA was detected in the plasma of 63%
of aviremic HIV-1-infected patients, who were either treated with antiretroviral therapy or were elite controllers. Alt-
hough TAR RNA levels did not correlate with patient gender, age, CD4 levels, CD8 levels, they tended to correlate with
CD4/CDS8 ratio (P = 0.047). This study is the first to investigate plasma TAR RNA in a relatively large cohort of HIV-
1-infected patients. We additionally show that the TAR RNA molecules in the plasma of aviremic patients are not limi-

ted to exosomes.

Keywords: HIV-1, trans-activation response element, exosomes, latency, HIV-1 reservoir, miRNA

1. Introduction

HIV remains a major global public health issue, and
the World Health Organisation has estimated that around
36.7 million people were infected at the end of 2015. In
the majority of HIV-1-infected patients, the combination
antiretroviral therapy (ART) reduces plasma HIV-1 RNA
to clinically undetectable levels. However, this treatment
cannot eradicate proviruses hidden in CD4 T cells and ot-
her latent reservoirs." Over 90% of these proviruses are
believed to be defective, such that they cannot produce in-
tact viruses,” although they were recently shown to produ-
ce novel protein-encoding RNA species.® These might
contribute to chronic inflammation, which together with
antiretroviral drug toxicity and the traditional risk factors,
might promote increased risk of developing non-

AlIDS-associated diseases in ART-treated adults (e.g., car-
diovascular, liver, renal and bone diseases, cancers).*®
Thus, determination of the size of the HIV-1 reservoir in
aviremic individuals is important for the understanding of
HIV pathogenesis and to adjust the therapy to improve the
quality of life of the patient.

One potential biomarker of the patient HIV-1 reser-
voir is the transactivation-response element (TAR) RNA
and its micro RNAs, hiv-1-miR-TAR-3p and hiv-1-miR-
TAR-5p. The 57-nucleotide TAR hairpin structure is part
of the long terminal repeat promoter of the HIV genome
(Figure 1A). This acts as a binding site for the viral-enco-
ded transactivator protein Tat, which is important for in-
duction of transcription of full-length viral mRNAs du-
ring productive infection (i.e., processive transcription).
In the absence of Tat during latency, transcription is lar-
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gely non-processive, which results in the release of short
RNAs that include the TAR region (Figure 1B).” In infec-
ted primary T lymphocytes and latently infected cell lines,
these short TAR RNAs are processed by Dicer to yield
hiv-1-miR-TAR-3p, and to a lesser extent also hiv-1-miR-
TAR-5p.*'> HIV TAR miRNAs target and modulate the
expression of several T-cell mRNAs that are involved in
apoptosis resistance of HIV-1—infected cells.'*!'* They can
also repress viral gene expression through transcriptional
silencing in HIV-1—infected 293 cells® and human primary
macrophages,'® thereby contributing to viral latency.
Importantly, TAR RNA and miR-TARs are released
from HIV-1-infected cells within exosomes, which have a
putative role in decreasing apoptosis and increasing sus-

a) / HIV-1 RNA genome

ceptibility to HIV-1 infection of recipient T cells,'® and in-
creasing release of proinflammatory cytokines from reci-
pient macrophages.'”!” TAR-RNA-containing exosomes
have also been detected in the serum of a small number of
aviremic HIV-1-infected patients.'*'*!” Exosomes are na-
no-sized membrane vesicles that are secreted by fusion of
multivesicular bodies with the plasma membrane of the
cell. They are released from cells in culture in vitro and
are found in various body fluids in vivo, like blood pla-
sma, cerebrospinal fluid, urine, and others (reviewed in
Thery et al.'®). Exosomes consist of a lipid bilayer mem-
brane that surrounds a small amount of cytosol, and they
contain various typical proteins, lipids and nucleic acids,
which mirror the composition of the cell of origin."” Exo-

TAR ' ~

polyA

o

¥ g |om

I:.] [ gag ] vif ™ In_ef':lj

U3 RUS | il | Lvpr] | = I U3 RUS
— L] —

5°LTR 3LTR

O <

+Tat ? Non-processive / Productive
@) processive transcription HIV-1 infection

RNA
5

- Tat ﬁ? Non-processive transcription HIV-1 latency
“
b) P Forward primer
c0.0iD02000>030500006B000 - TAR RNA
K %“.‘09. 000c>009>200000004° -
C‘ee < - CACTGCT
Reverse primer )
0.00 1.00
[ [ i R = A/G:
Sequence Conservation W= AT;
K=GIT

Figure 1. TAR as part of the HIV-1 provirus, HIV-1 genome, and TAR RNA. (a) Scheme of the HIV-1 genome (modified from Harwig et al.'!), sho-
wing the long terminal repeat (LTR) region divided into the U3, R (including TAR) and U5 domains. In the presence of Tat (+Tat), full-length viral
RNA and short TAR RNA molecules are transcribed, while in the absence of Tat (-Tat), only TAR RNA is produced. (b) Structure and sequence
conservation of the TAR hairpin (57 nucleotides) with the indicated oligonucleotides used for the specific amplification of TAR RNA.
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somes have an important role in physiological processes
and various pathological conditions,”®?? including HIV
pathogenesis,”?* and thus have promising potential for
human diagnostics and therapeutic applications.”

The aim of the present study was to determine whet-
her TAR RNA can be found in the blood plasma of avire-
mic HIV-1-infected patients in a relatively large cohort,
and to examine whether detection of TAR RNA correlates
to patient clinical characteristics. To this end, a TAR-spe-
cific PCR assay was first optimised on uninfected controls
and viral non-controllers, with determination of its speci-
ficity and sensitivity. Next, plasma TAR-RNA levels were
determined in a cross-sectional study of ART-suppressed
patients and elite controllers.

2. Experimental
2. 1. Subjects

This study was based on 55 plasma samples from
the Observational Study of the Consequences of the Pro-
tease Inhibitor Era (SCOPE) cohort, which were collected
from well-characterised HIV-infected volunteers of diver-
se demographic and clinical status at the HIV/AIDS clinic
of the San Francisco General Hospital, following proto-
cols approved by the University of California, San Fran-
cisco, Committee on Human Research. All of the subjects
provided written informed consent.

In brief, whole blood samples were collected in
commercially available EDTA-treated tubes and proces-
sed by low-speed centrifugation (2000x g, 15 min) within
2 h, with the supernatants aliquoted, frozen, and stored at
—70 °C. The study subjects were stratified into four
groups: (i) HIV-1 uninfected subjects (‘HIV negative’; n =
9); (i) ‘non-controllers’ (n = 8), as HIV-1-infected pa-
tients who had never been treated with ART; (iii) ART-
treated virologic controllers (‘ART-suppressed’; n = 19),
as HIV-1-infected patients with undetectable plasma HIV
RNA levels for at least 6 months while treated with ART;
and (iv) spontaneous virologic controllers (‘elite control-
lers’; n = 19), as untreated HIV-infected patients who had
shown at least three documented plasma HIV RNA levels
<75 copies/mL over at least a 12-month period. The clini-
cal characteristics of these patients are given in Table 1.

2. 2. RNA Extraction from Plasma and
Plasma Exosomes

Initially, the plasma samples (1 mL) were slowly de-
frosted on ice (i.e., approximately 1 h at 4 °C) and centri-
fuged (2000x g, 30 min) to remove precipitated lipids and
any remaining white blood cells and platelets. The TRIzol
nucleic acid extraction reagent (Invitrogen) was added to
an aliquot (200 pL) of each plasma sample, which were
then mixed well and stored at —70 °C until further proces-

sing. The rest of the plasma of each sample was filtered
through a 0.45-pm membrane (Millipore), diluted three-
fold with Dulbecco’s phosphate-buffered saline, and cen-
trifuged (110,000x g, 2 h; SW-41 Ti rotor) on a 20% su-
crose cushion, to purify the exosomes. The pelleted exo-
somes, and in the case of the non-controllers also the viru-
ses, were resuspended in Dulbecco’s phosphate-buffered
saline, after which TRIzol nucleic acid extraction reagent
was added, and the samples were stored at —70 °C until
further processing.

For the extraction of small non-coding RNA from
these processed samples, a combination of TRIzol RNA
extraction and spin column miRNA enrichment was used,
as described previously by Valadi et al.?® First, the RNA
extraction with TRIzol (Invitrogen) was carried out follo-
wing the manufacturer guidelines, until the phase separa-
tion by chloroform, after which the upper aqueous phase
of each sample was transferred to RNeasy spin columns
(miRNeasy mini kits; Qiagen), and the manufacturer in-
structions were followed. In the last step, the enriched
small non-coding RNA was eluted from the columns with
50 uL RNase-free water with centrifugation at 15,000x g
for 2 min.

2. 3. TAR-RNA - -specific
Reverse-transcription

Gene-specific cDNA for TAR RNA was generated
using SuperScript IV Reverse Transcriptase kits (Invitro-
gen) and the TAR-specific reverse primer (TAR-R
[+42 - +62]: 5°- AGC AGT GGG TTC CCT AGT TAG -
3’; Figure 1B), following the manufacturer instructions.
In brief, each single 10 pL reverse transcription reaction
started with 0.5 uL 10 mM dNTP mix, 1 uL 2 uM TAR-R
[+42 - +62] primer, 2.5 uL RNase free H,0O, and 2 pL pla-
sma / exosomes RNA, combined as a volume of 6 pL.
This RNA-primer mix was heated at 65 °C for 5 min, and
then incubated on ice for at least 1 min. Next, the follo-
wing additions were made to the RNA-primer mixture: 2
puL 5x SSIV Buffer, 0.5 pL. 100 mM 1,4-dithiothreitol, 1
pL ribonuclease inhibitor (RNaseOUT, 40 U/uL; Invitro-
gen) and 0.5 pL. SuperScript IV Reverse Transcriptase
(200 U/uL; Invitrogen). This total mixture of 10 uL was
then incubated at 55 °C for 10 min, heat inactivated at 80
°C for 10 min, and stored at -20 °C.

2. 4. TAR-specific PCR Detection

PCR analysis was performed using two different
polymerase systems: ExiLENT SYBR Green master mix
(Exigon), and GoTaq Green master mix (Promega). The
PCR reaction mixture of 25 L. contained: 5 uL TAR-spe-
cific cDNA (diluted 5-fold in DNase free H,0), 12.5 uyL
2x PCR master mix, 5 uL. DNase-free H,O, and 2.5 uL
10 pM TAR-primer mix (TAR-R [+42 - +62]:
5’- AGCAGTGGGTTCCCTAGTTAG -3’; TAR-F:
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5’-GGTCTCTCTGGTTAGACC-3"). The PCR amplifica-
tion started with denaturation at 95 °C for 2 min, followed
by 40 amplification cycles of 30 s at 95 °C, 30 s at 60 °C,
and 30 s at 72 °C. After amplification, the PCR-products
were resolved in 5% agarose gels containing ethidium
bromide, which were run at 110 V in TBE buffer. Finally,
the TAR-specific PCR-product was documented by Mini-
Bis (DNR Biolmaging Systems, Biosciences). For sam-
ples, where TAR-specific PCR-product was not detected,
the PCR was repeated on undiluted TAR-specific cDNA
(2.5 pL per 25 pL reaction).

2. 5. Statistical Analysis

Median and interquartile ranges or frequencies were
used to describe continuous or categorical variables.
Mann-Whitney tests or Fisher’s exact tests were used to
compare clinical characteristics among groups with diffe-
ring TAR expression. Statistical analysis was performed
using IBM SPSS Statistics, version 19.0 (IBM Corpora-
tion, Armonk, USA). The level of statistical significance
was set at P < 0.05.

3. Results and Discussion

Determination of the HIV-1 reservoir size in infec-
ted individuals is of great importance for the improvement
of their treatment, and plasma TAR RNA might serve as
one such biomarker. TAR RNA was previously detected in
two sera and sera-exosome-enriched samples from avire-

Table 1: Clinical characteristics of the study participants.

mic ART-suppressed patients and elite controllers,'® and
in an additional four sera exosome-enriched samples from
aviremic ART-suppressed patients.!” However, to date,
plasma TAR-RNA levels have never been tested on a lar-
ger cohort of HIV-1-infected patients. In the present
study, plasma samples and paired exosome samples of 55
subjects from the SCOPE cohort were analysed for the
presence of TAR RNA. The clinical characteristics of the-
se patients are given in Table 1.

First, the TAR-specific PCR-based assay was opti-
mised using the samples from the uninfected controls (n =
9) and the viral non-controllers (n = 8), which were expec-
ted to test negative and positive for TAR RNA, respecti-
vely. In our hands, the previously used method for TAR
RNA detection with quantitative PCR has not worked cor-
rectly,'” with non-specific products identified using mel-
ting curve analysis. Therefore, traditional PCR amplifica-
tion was performed using TAR-specific oligonucleotides
binding to TAR-specific reverse transcribed cDNA, and
the ExiLENT SYBR Green or GoTaq Green master mixes
(Figure 1B). To improve resolution, the PCR products we-
re separated on 5% agarose gels and revealed by ethidium
bromide. For the non-controllers, both of these master mi-
xes typically amplified a 64-bp-long TAR-specific PCR
product, plus one or more smaller unspecific PCR pro-
ducts, which probably represented oligonucleotide dimers
(Supplementary Figure 1). The identity of the TAR-speci-
fic product was confirmed by DNA sequencing (data not
shown). An individual was declared TAR RNA positive if
one of the DNA polymerase PCR assays (i.e., with Exi-
LENT or GoTaq) amplified a specific TAR product from

Clinical Patient group
characteristic HIV negative Non-controllers ART-suppressed  Elite controllers
Gender [n (%)] 9 (100) 8 (100) 19 (100) 19 (100)
Male 8(88.9) 6 (75.0) 15 (78.9) 12 (63.1)
Female 1(11.1) 0(0.0) 4 (21.1) 5(26.3)
Intersex* 0(0.0) 1(12.5) 0(0.0) 0(0.0)
Male to female transgender 0(0.0) 1(12.5) 0(0.0) 2 (10.5)
Age (years) 52.0 49.5 57.0 50.0
[median (25%-75%)] (35.0-59.0) (40.0-53.8) (49.0-60.0) (40.0-55.0)
CD#4 (cells/mm?*) 738 401 649 1047
[median (25%-75%)] (397.5-1317.0) (254.5-690.8) (461.0-721.0) (955.0-1301.0)
CDS (cells/mm?) 443 1662 761 734
[median (25%-75%)] (261.5-623.5) (1048.8-1850.8) (587.0-920.0) (490.0-964.0)
CD4/CD8 ratio 2.28 0.25 0.68 1.51
[median (25%-75%)] (1.47-3.03) (0.21-0.37) (0.56-0.97) (1.24-1.99)
Viral load (copies/mL) / 24146 <75 <75
[median (25%-75%)] (19751-36450)
TAR [n (%)]
Negative 9 (100.0) 0(12.5) 10 (52.6) 4(21.1)
Positive 0(0.0) 8 (100.0) 9(47.4) 15 (78.9)

* Individuals with a reproductive or sexual anatomy that is distinct from that of the typical male or female.
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cDNA from one of the two sample types (i.e., plasma or
plasma exosomes) (Table 1, Supplementary Table 1).

Comparison of the HIV-1-negative patients and the
non-controllers showed that TAR RNA was detected in
0/9 HIV-negative patients and 8/8 non-controller patients,
providing 100% specificity and 100% sensitivity. Naraya-
nan et al.'® previously showed that TAR RNA is part of the
exosomes, not only the viruses, in supernatants of HIV-
I—infected primary CD4 T-cell cultures. Furthermore, the
present analysis was performed on RNA that was enriched
for small molecules, like miRNAs. It can therefore be spe-
culated that at least some of the detected TAR molecules
in the non-controllers were the TAR RNAs produced by
non-processive transcription during their HIV-1 producti-
ve infection and latency (Figure 1A),'" although the pre-
sence of TAR-containing full-length HIV RNA transcripts
cannot be excluded.

Next, the detection of TAR RNA in the plasma of
HIV-1-infected patients was tested, in terms of those with
suppressed plasma HIV-1 RNA levels with the use of ART
(i.e., ART-suppressed) or without (elite controllers). The
likely source of HIV-1 RNA in these patients would be la-
tently infected cells.!' Nine out of 19 ART-suppressed pa-
tients and 15/19 elite controllers were positive for TAR
RNA (Table 1). In contrast, all of the aviremic HIV-1-in-
fected patients in two previous studies were positive for
TAR RNA,'*!" although only up to four samples were te-
sted, along with pooled blood sera from six patients,
which might well have overridden their true TAR-RNA
status. On the other hand, the absence of the TAR-RNA

signal in some of the aviremic HIV-1-infected patients
studied here might also be due to lower sensitivity of the
traditional PCR used in the present study compared to the
quantitative PCR used in these previous studies.'®!”
Among all of the TAR-positive aviremic HIV-1-infected
patients (n = 24; Supplementary Table 1), TAR RNA of
exosomal origin was detected in only nine, which implies
that TAR RNA was also present outside of exosomes, in
the plasma, which is contrary to previous reports.'” Alter-
natively, the freezing and thawing might have impacted on
the structural integrity of the exosomes to cause release of
TAR RNA into the plasma, although some recent studies
reported no or limited effects of plasma freeze-thawing on
exosome or exosomal RNA recovery.”’-?

To better understand which clinical characteristics
might be associated with the presence of TAR RNA in the
plasma of aviremic HIV-1-infected patients, TAR-negati-
ve and TAR-positive patients were compared using Mann-
Whitney and Fisher’s exact tests. The presence of TAR
RNA in the plasma of these patients did not correlate with
patient gender, age, CD4 levels, CDS8 levels, but tended to
correlate with CD4/CDS ratio (P = 0.047, Table 2). CD4 T
cells are the primary target of HIV-1, whereby this infec-
tion promotes their depletion, although their levels par-
tially recover in patients receiving ART.”’ The anti—HIV-
1-specific CD8 T cells are activated by the CD4 T cells,
and they are crucial in the control of viremia, whereby
they increase in response to ongoing viral replication.”’
Interestingly, the CD4 T-cell nadir (i.e., the lowest point to
which the CD4 cell count dropped), the CD4/CDS ratio,

Table 2: Comparison of distribution of clinical characteristics among TAR-negative and TAR-positive aviremic

HIV-1-infected patients.

Clinical TAR P value
characteristic Negative Positive
Gender [n (%)] 14 (100) 24 (100)
Male 11 (78.6) 16 (66.7) 0.508*
Female 2(14.3) 7(29.2)
Male to female transgender 1(7.1) 14.2)
Age (years) 57.5 52.0 0.135°
[median (25%-75%)] (44.0-61.3) (42.3-57.5)
CD4 (cells/mm?®) 625.5 967.5 0.067°
[median (25%-75%)] (486.5-904.0) (660.0-1090.0)
CDS8 (cells/mm?) 869 645 0.330°
[median (25%-75%)] (644.5-953.5) (516.5-905.3)
CD4/CDS8 ratio 0.71 1.26 0.047°
[median (25%-75%)] (0.54-1.49) (0.86-1.77)
Treatment with protease inhibitor [n (%)]°
No 5 (50.0) 4 (44.4) 1.000*
Yes 5 (50.0) 5(55.6)
Treatment with non-nucleoside reverse transcriptase inhibitors [n (%)]°
No 6 (60.0) 7 (77.8) 0.628%
Yes 4 (40.0) 2(22.2)

4calculated using Fisher exact tests; ® calculated using Mann-Whitney tests; ¢ only ART-suppressed patients.
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and the CD4 T-cell counts were previously shown to be
inversely associated with HIV-1 proviral DNA levels, as
one of the measures of the reservoir size.**!

Previous studies have shown that some protease
inhibitor treatments can allow low-level viral replica-
tion to occur.®*> We therefore compared TAR-RNA le-
vels in patients treated with different ART regimes
(Table 2). No differences were observed among the pa-
tients who received protease inhibitors compared to pa-
tients who did not receive protease inhibitors. On the ot-
her hand, in patients who received treatment based on
non-nucleoside reverse transcriptase inhibitors, TAR
RNA was detected less often, compared to patients who
did not receive non-nucleoside reverse transcriptase in-
hibitors; however this difference did not reach statistical
significance (Table 2).

As this study was performed on a limited sample si-
ze, further larger studies with better power and with furt-
her information on additional clinical characteristics (e.g.,
inflammatory and reservoir data) are needed to test for
correlation of TAR-RNA with CD4/CDS8 ratio in HIV-
1-suppressed patients, and to provide an explanation of
the differences in the TAR-RNA levels and the role of
ART regimen in these patients. Any influence of genetic
polymorphisms that affect ART efficacy® on the plasma
TAR levels also needs to be examined.

4. Conclusions

In the present study, a PCR-based assay for detec-
tion of plasma TAR RNA was initially established. TAR
RNA was detected in the plasma samples of 63% of the
aviremic HIV-1-infected patients (i.e., ART-suppressed
plus elite controllers), with its source likely to be from
non-processive transcription in the HIV-1 latently infected
cells, such as the CD4 T cells. The presence of TAR RNA
in the plasma tended to correlate only with CD4/CD8 ra-
tio out of the available clinical characteristics of these pa-
tients. In addition, this study shows that the TAR RNA
molecules in the plasma of aviremic patients are not limi-
ted to the exosomes. These findings should be further va-
lidated in a study with larger sample size and more detai-
led patient information.
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Dolocitev velikosti rezervoarjev HIV-1 v okuZenih posameznikih, lahko pomembno prispeva k izboljSanju njihovega
zdravljenja. Eden izmed potencialnih biooznacevalcev za prisotnost rezervoarjev je v plazmi prisoten TAR (angl. trans-
activation response element) RNA. TAR RNA nastane med ne-procesivnim genskim prepisovanjem v celicah, ki so pro-
duktivno ali latentno okuZene z virusom HIV-1. V okviru $tudije smo prisotnost TAR RNA preucevali v vzorcih krvne
plazme ter iz nje izoliranih eksosomov 55 oseb iz kohorte SCOPE. Vzpostavili smo metodo detekcije TAR RNA, ki te-
melji na reakciji PCR, ter z njo s 100 % specifi¢nostjo ter obcutljivostjo lo¢ili nezdravljene viremi¢ne bolnike, okuzZene
s HIV-1, od zdravih posameznikov. TAR RNA smo dokazali v plazmi 63 % aviremic¢nih bolnikov, okuZenih s HIV-1, kot
so elitni kontrolerji in posamezniki zdravljeni z ART (angl. antiretroviral therapy)). Kljub temu, da prisotnost TAR
RNA ni povezana s starostjo, spolom, Stevilom CD4 in CDS celic, je analiza nakazala na korelacijo z razmerjem celic
CD4/CD8 (P =0,047). To je prva Studija analize prisotnosti plazemske TAR RNA na razmeroma velikem $tevilu bolni-
kov, okuzenih s HIV-1. Poleg tega smo pokazali, da molekule TAR RNA v plazmi aviremi¢nih bolnikov niso prisotne

zgolj v eksosomih.
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Abstract

Total phenolic (TPC), flavonoid (TFC) and tannin (TTC) contents, total SO,, total acids, pH, and reducing sugars were
measured in twenty five Slovenian red wines from three key wine producing regions, Podravje, Posavje and Primorska.
The results were chemometrically analysed and the wines were classified according to wine growing region and vine
variety. Principal component analysis proved that TPC, TFC and TTC contents were primarily responsible for variation
in the wines. Additionally, linear discriminant analysis (LDA) was performed and resulted in the satisfactory classifica-

tion of samples by both vine variety and region.

Keywords: Slovenian red wines, quality parameters of wine, polyphenols, chemometric analysis.

1. Introduction

Slovenia is a small European country with a long hi-
story of wine production in three key wine growing re-
gions, Podravje in the east, Primorska in the west and Po-
savje just south of the center. In Slovenia there are more
than 28,000 wineries, producing between 80 and 90 mil-
lion annually, of which 25% is red wine. Most of the red
wine is produced in Primorska from two well-known vine
varieties, Refosk and Merlot.

Wine is a complex matrix and its major components
are water (81%), ethanol (between 11% and 15%) and su-
gars. Additionally, it contains a wide range of organic and
inorganic compounds, including polyphenols, different
organic acids and nitrogenous compounds.' The concen-
tration levels of these compounds are influenced by seve-
ral oenological factors such as origin, vine variety, wine-
making practices, ageing and vintage. Their quantitative
determination in wines is of considerable importance, sin-
ce it is known that they are responsible for the wine’s taste
(polyphenols), colour (anthocyanins), and for beneficial
health effects including antioxidant and anti-inflamma-
tory activities.>®> Wine classification is a very important

topic in order to detect possible frauds and to establish wi-
ne authenticity, which is an important consideration in in-
ternational markets.* This process consists of building
mathematical-statistical models based on quantitative and
qualitative information about the natural constituents,
such as content of trace elements,’ organic wine consti-
tuents such as volatile compounds,® sugars,” polyphenols,®
anthocyanins,’ etc.

Slovenian wine legislation'® prescribes that all wi-
nes should be submitted to chemical and sensoric-orga-
noleptic analysis before being released to the market.
After wines pass the tests, they are assigned a quality le-
vel according to the Zas§citeno geografsko poreklo
(ZGP), which is similar to the European Union’s QWP-
SR system (Quality Wines Produced in Specified
Regions.) Several articles about different analytical tech-
niques, including high-performance liquid chromato-
graphy (HPLC), high-performance ion chromatography
exclusion (HPICE), inductively coupled plasma emis-
sion spectroscopy (ICP-OES), isotope ratio mass spec-
trometry (IRMS), site-specific natural isotopic fractiona-
tion nuclear magnetic resonance (SNIF-NMR)
and inductively coupled plasma mass spectrometry
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(ICP-MS) for the determination of different compounds
and chemometric classification of Slovenian wines ba-
sed on these results have been published.!'~!* In our pre-
vious paper,'* Slovenian red wines were characterized
according to the phenolic acids content, and classified
according to vine variety and Slovenian wine growing
regions. In the present study, several more variables we-
re taken into account, total polyphenol content (TPC),
condensed tannins content (TTC), flavonoids content
(TFC), total reducing sugars, total acids content and total
SO, content were determined in twenty-five Slovenian
red wines. Additionally, the results obtained were used
to build chemometric models for the classification of
Slovenian red wines of different vine varieties from the
three wine growing regions.

2. Experimental

2. 1. Chemicals and Wine Samples

Rutin, vanillin, gallic acid, Folin-Ciocalteu reagent
and NaOH were supplied by Merck (Germany). Na,CO,,
I, and KI were purchased from Sigma-Aldrich (Ger-
many). AICIL; and H,SO, were purchased from Fluka
(USA) and methanol (MeOH) from JT Baker (Germany).
CH,COONa and HCI were supplied by Carlo Erba (Italy),
CuSO, and KNaC,H,O, were purchased from Kemika
(Croatia).

Twenty-five red wines from different Slovenian wi-
neries and different varieties (Table 1) were purchased
from local supermarkets. All the wine samples tested ori-
ginated from four vintages (2011-2015). The wines were
stored in a refrigerator at +4°C until analysed.

2. 2. Instrumentation

Spectrophotometric measurements were carried out
using a Cary 100 Varian UV/VIS spectrophotometer
(USA). All titration determinations were performed on a
Mettler Toledo TS50 automatic titration system, using a
DGil11-SC glass electrode and DMil140-SC platinum
ring electrode. All samples were analysed in triplicate.

2. 3. Analytical Methods
2. 3. 1. Total Polyphenols Content (TPC)

Total polyphenol content (TPC) was determined ac-
cording to the slightly modified standard spectrophotome-
tric method described by Dewanto et al. '° The TPC was
expressed as grams of gallic acid equivalents per litre (g
GAEL™).

2. 3. 2. Total Flavonoids Content (TFC)

As with TPC, the total flavonoids content (TFC) was
measured by UV-VIS spectrophotometer against blank at
415 nm."> The TFC was expressed as grams of rutin per li-
tre (g RUT L™).

2. 3. 3. Total Condensed Tannins Content (TTC)

Condensed tannins were determined according to
the methods described by Sun et al.'® The absorbance
was measured at 500 nm against methanol as blank. The
TTC was expressed as grams of catechin per litre (g CAT
L.

2. 3. 4. Chemical Parameters Determined Using
an Automatic Titration System

For all other chemical parameters, a Mettler Toledo
T50 automatic titration system was used. Total SO, was
determined according to the M564 method. 5 mL of 5 M
NaOH were added to 50 mL of each wine sample, then
left to stand for 15 min; after that, 7 mL of 25% H,SO,
and 10 mL of 10% KI were added and the sample was ti-
trated with I,. Total acids content was determined accor-
ding to the M561 method, where to 10 mL of the wine
sample, 40 mL of deionised water was added and the
sample was titrated with 0.1 M NaOH. For determination
of reducing sugars, M566/567 and M568 methods were
used, where Fehling solutions (I and II) and titrant solu-
tion were prepared initially. To an aliquot of the wine
sample (1-3 mL), 5 mL of Fehling I, 5 mL of Fehling II
solutions and 40 mL of water were added. The sample

Table 1. Number of samples per wine variety and per wine growing region.

Wine growing region No. of samples

Vine variety No. of samples

Primorska 13
Podravje 5
Posavje 7

Cabernet Sauvignon 5
Merlot 2
Modri Pinot 1
Refosk 5
Cabernet Sauvignon 1
Modri Pinot 2
Modra Frankinja 2
Cabernet Sauvignon 1
Modra Frankinja 4
Portugalka 2
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was boiled for exactly 2 minutes and then cooled to room
temperature. Then 10 mL of 10% H,SO, and 10 mL 10%
KI were added and the mixture was titrated with 0.1 M
Na,S,0,. pH was measured according to the M390 met-
hod."”

2. 4. Statistical Analysis

Microsoft Excel was used for the data preparation
and result outputs. Statistical data treatment was perfor-
med using SPSS Statistics (IBM Corp. Released 2013.
IBM SPSS Statistics for Windows, Version 22.0. Armonk,
NY: IBM Corp.).

3. Results and Discussion

The results of all analyses performed on selected
Slovenian red wines are listed in the supplementary mate-
rial (Table 2). The TPC determined by the Folin-Ciocalteu
method ranged from 1.24 to 4.01 g GAE L™". These values
are in general accordance with results determined for
Croatian, Italian, Slovakian, Austrian and Romanian red
wines.'® 2 In the literature, there is relatively little in-
formation about TFC in red wines.**** When our results
are compared with the literature data, it is clear that Slove-
nian red wines are a very rich source of flavonoids; by
applying colorimetric method using rutin as a standard,
TFC was determined in the range of 0.05 to 0.38 g RUT
L™'. TTC were determined in the concentration range of
0.37-1.92 g CAT L', where the lowest average TTC was
determined in the Modra Frankinja variety. These results
are comparable with the literature.”> The highest concen-
tration was determined in the Modri Pinot variety from the
Primorska wine growing region. For comparison, red wi-
nes from Romania can contain 0.63-2.34 g of tannins
123

Wines can be classified according to sugar content
as dry (up to 9 g L), semi-dry (up to 12 g L), semi-
sweet (up to 50 g L") and sweet (above 50 g L)
wines.'” From these categories we concluded that all of
the wines tested belong to the group of dry wines, as
they contain from 2 to 8 g L™! of reducing sugars. The to-
tal acid content in red wines can be from 3.5 to 10 g
L', and all our results are in this range. According to
the literature,'” total SO, must not exceed 160 mg L™ for
a wine with reducing sugars content below 5 g L', and
must not exceed 210 mg L' for red wines with reducing
sugars content above 5 g L™'. Measured SO, contents we-
re between 5 and 287 mg L' for all twenty-five samples.
Increased contents of total SO, were found in just two
samples belonging to the Modri Pinot and Modra Fran-
kinja varieties, respectively. pH values were not signifi-
cantly different from wine to wine, as they were in the
range of 3.37 to 3.98 and are comparable with results re-
ported by other authors.?

3. 1. Statistical Analysis

Exploratory data analysis was performed using the
SPSS program. In the first step of the statistical evalua-
tion, the Kolmogorov-Smirnov test (with a significance
level of 0.05) was used. According to the results obtained
(Table 3), that total SO, values were not normally distribu-
ted, and a logarithmically transformed data form was
created in order to achieve correct results in the deviating
case. In this way prepared data were used for further
analyses. The parametric Pearson correlation test (with
significance levels 0.01 and 0.05) was used to determine
any inter-relation between selected variables (Table 4).
Statistically significant positive correlations at the confi-
dence level 0.01 were found between the following para-
meters: TPC and TFC (0.721), TPC and TTC (0.897),
TPC and reducing sugars (0.617) and TTC and reducing
sugars (0.580). Positive correlations at the confidence le-
vel 0.05 were found between TFC and TTC (0.494) and
between TFC and reducing sugars (0.489). Negative cor-
relation at the confidence level of 0.05 was found between
pH and total acids (-0.401): higher acid contents lead to
lower pH values.

For testing the significance of differences between
different groups of wine samples (classified according to
the Slovenian wine growing regions) box plot analyses
were performed. Outliers were detected in data sets of
TFC (two samples-one sample from Primorska and anot-
her from the Posavje Slovenian wine growing region), pH
(two samples-one sample from Primorska and another
from the Podravje wine growing region) and total acids
(two samples-Podravje and Posavje).

3. 3. 1. Principal Component Analysis (PCA)

For the obtained Factor Analysis results, for the
creation of a PCA model based on wine growing regions
only three statistically important variables were taken in-
to account: TPC, TFC and TTC. Outliers (two samples
from the TFC) were discarded from further analysis. To
confirm the significance of differences between wine
groups regarding the content of the aforementioned stati-
stically important variables, ANOVA tests were perfor-
med. According to the results obtained, all of the des-
criptors were found to be statistically significant at the
p < 0.05 in the ANOVA outputs. The p values for TPC,
TFC and TTC were 0.03, 0.024 and 2.66 x 107, respec-
tively. As can be seen in the plot of scores in Figure 1,
PC1 is well discriminated between Primorska (group 1)
and Podravje (group 2) wines. The wines from the Po-
savje region (group 3) were positioned in the middle; so-
me samples were dispersed into group 2. The first two
PCs explained 96% of the total variance between wine
growing regions of the samples analysed. The highest
percentage of phenolic compounds (TPC, TFC and TTC)
was found in wine samples from the Primorska region
(Figure 1).
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Figure 1. PCA bi-plot in the plane PC2 vs. PC1. The objects are la-
belled by Slovenian wine growing regions. The first principal com-
ponent (PC1) explained 78% of the variation between the samples,
and the second (PC2) explained 18% of the variation. PC1 and PC2
values separate samples according to TPC and TFC, respectively
(<> Primorska wine growing region; A Podravje wine growing re-
gion and O Posavje wine growing region)

3. 3. 2. Linear Discriminant Analysis (LDA)

For LDA classification of the samples from three
wine growing regions, TPC and TTC were selected as pa-
rameters. The graphic output of classification is shown in
Figure 2. The classification rates for the categories men-
tioned were acceptably good; overall correct classification

Wine growing

regions

-2 @ Pnmorska

@ Podravie

® Posavye
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Figure 2. Graphic output of LDA in the plane of the first two dis-

criminant functions. Classification according to Slovenian wine
growing regions
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Figure 3. Graphic output of LDA in the plane of the first two dis-
criminant functions. Classification according to varieties.

ratio was 80% for the training set and almost 70% for the
validation set.

LDA was also used to categorize wine samples for
the Cabernet, RefoSk, Modra Frankinja and Modri Pinot
varieties employing optimally selected variables: TFC,
TTC and total acids content; the results are presented in
Figure 3. Classification ratio was 90% for the training set,
and 80% for the validation set. Using the aforementioned
descriptors, the RefoSk variety is distinguished from the
other classes, and formed a group in the positive part of
DF 1. This analysis showed a strong similarity between
the Modri Pinot and Modra Frankinja vine varieties, and
together they form a group in the negative part of DF 1.
The similarity between these two varieties, according to
some other parameters, was also shown.”” LDA analysis
resulted in classification of samples according to both re-
gions and varieties.

4. Conclusions

This paper is one of a few studies on systematic
chemical characterization of the most well-known Slo-
venian red wines. Twenty five wine samples were analy-
sed and 7 selected chemical descriptors (variables) were
used for wine characterization. The results show that
Slovenian red wines are a very rich source of health be-
neficial compounds, especially flavonoids. Additionally,
the results obtained were chemometrically processed.
For this purpose, PCA and LDA were used as the main
chemometrical tools. Taking into account TPC, TFC and
TTC as the selected descriptors, satisfactory classifica-
tion of wines was achieved with respect to (a) wine gro-
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wing regions and (b) variety. This study demonstrates
the usefulness of variable selection and also suggests the
application of a developed model which could be used
for wine classification according to several other para-
meters such as vintage, winemaking practices and alco-
hol content.

5. Acknowledgments

The authors would like to thank dr. Roman Kranvogl
for his helpful comments regarding chemometric interpre-
tation.

This work has been supported by the Erasmus Mun-
dus Join-EU-SEE Penta project.

6. References

1. S. Moncayo, J. D. Rosales, R. Izquierdo-Hornillos, J. Anza-
no, J. O. Caceres, Talanta 2016, 158, 185-191.
https://doi.org/10.1016/j.talanta.2016.05.059

2. F. Mattivi, C. Zulian, G. Nicolini, L. Valenti, Ann. N. Y. Acad.
Sci. 2002, 957, 37-56.
https://doi.org/10.1111/j.1749-6632.2002.tb02904.x

3. D. Serrano-Lourido, J. Saurina, S. Herndndez-Cassou, A.
Checa, Food Chem. 2012, 135, 1425-1431.
https://doi.org/10.1016/j.foodchem.2012.06.010

4. R. Garrido-Delgado, L. Arce, A.V. Guamin, A. Pardo, S.
Marco, M. Valcarcel, Talanta. 2011, 84, 471-479.
https://doi.org/10.1016/j.talanta.2011.01.044

5. 1. Geana, A. Iordache, R. Ionete, A. Marinescu, A. Ranca, M.
Culea, Food Chem. 2013, 138, 1125-1134.
https://doi.org/10.1016/j.foodchem.2012.11.104

6. B. T. Weldegergis, A. de Villiers, A. M. Crouch, Food Chem.
2011, /28, 1100-1109.
https://doi.org/10.1016/j.foodchem.2010.09.100

7. A. Caligiani, D. Acquotti, G. Palla, V. Bocchi, Anal. Chim.
Acta. 2007, 585, 110-119.
https://doi.org/10.1016/j.aca.2006.12.016

8. L. Jaitz, K. Siegl, R. Eder, G. Rak, L. Abranko, G. Koellens-
perger, S. Hann, Food Chem. 2010, 122, 366-372.
https://doi.org/10.1016/j.foodchem.2010.02.053

9. A. de De Villiers, G. Vanhoenacker, P. Majek, P. Sandra, J.
Chromatogr. A. 2004, 1054, 195-204.
https://doi.org/10.1016/S0021-9673(04)01291-9

10. Zakon o vinu (Slovenian wine laws), Uradni list Republike
Slovenije. 2006,
https://www.uradni-list.si/1/content?id=75822

11. M. A. Brescia, 1. J. Kosir, V. Caldarola, J. Kidri¢, A. Sacco, J.
Agric. Food Chem. 2003, 51, 21-26.
https://doi.org/10.1021/jf0206015

12. N. Ogrinc, I. J. KoSir, M. Kocjancic, J. Kidri¢, J. Agric. Food
Chem. 2001, 49, 1432-1440.
https://doi.org/10.1021/j£000911s

13.V. S. Selih, M. Sala, V. Drgan, Food Chem. 2014, 153,
414-423. https://doi.org/10.1016/j.foodchem.2013.12.081

14. M. Ivanovié, M. 1. RazborSek, M. Kolar, Acta Chim. Slo.
2016, 63, 661-669.
https://doi.org/10.17344/acsi.2016.2534

15. X. Dewanto, K. Wu, K. Adom, R. H. Liu, J. Agric. Food
Chem. 2002, 50, 3010-3014.
https://doi.org/10.1021/jf0115589

16. B. Sun, J. M. Richardo-Da-Silva, 1. Spranger, J. Agric. Food
Chem. 1998, 46, 4267-4274.
https://doi.org/10.1021/jf980366j

17. http://www.mt.com/es/en/home/applications/Application_
Browse_Laboratory_Analytics/Application_fam_browse_
main.html.

18. M. Seruga, I. Novak, L. Jakobek, Food Chem. 2011, 124,
1208-12016.
https://doi.org/10.1016/j.foodchem.2010.07.047

19. V. Katalini¢, M. Milo§, D. Modun, I. Musié, M. Boban, Food
Chem. 2004, 86, 593-600.
https://doi.org/10.1016/j.foodchem.2003.10.007

20.J. Piljac, S. Martinez, T. Stipéevic, Z. Petrovi¢, M. Metikos-
Hukovié, Am. J. Enol. Vitic. 2004, 55, 417-422.

21. D. Di Majo, M. La Guardia, S. Giammanco, L. La Neve, M.
Giammanco, Food Chem. 2008, 111, 45-49.
https://doi.org/10.1016/j.foodchem.2008.03.037

22. A. Stasko, V. Brezova, M. Mazur, M. Certik, M. Kalinak, G.
Gescheidt, LWT- Food Sci. Technol. 2008, 41, 2126-2135.

23. A. Hosu, V. M. Cristea, C. Cimpoiu, Food Chem. 2014, 150,
113-118. https://doi.org/10.1016/j.foodchem.2013.10.153

24. L. M. Magalhaes, M. Ines, G. S. Almedia, L. Barreiros, S.
Reis, M. A. Segundo, Food Anal. Meth. 2012, 5, 530-539.
https://doi.org/10.1007/s12161-011-9278-1

25.J. F. Harbertson, R. E. Hodgins, L. N. Thurston, L.
J. Schaffer, M. S. Reid, J. L. Landon, C. F. Ross, D.
O. Adams, Am J Enol Vitic. 2008, 59, 210-214.

26. E. Buyuktuncel, E. Porgah, C. Colak, Food and Nut. Sci.
2014, 5, 1660-1667.
https://doi.org/10.4236/tns.2014.517179

27. Projekt »Modra frankinja — Zametno vino Posavja« http://
www.modra-frankinja.com/upload/urejevalnik/datoteke/
2014_11_27_Strategija-trzenja-vina-modra-frankinja_
FINAL.pdf

Ivanovic et al.: Chemometric Characterization

541



542 Acta Chim. Slov. 2017, 64, 537-542

Povzetek

Vsebnost skupnih fenolov (TPC), flavonoidov (TFC) in taninov (TTC), kakor tudi skupni SO,, skupne kisline, pH, re-
ducirajoci sladkorji so bili doloceni v petindvajsetih slovenskih rdecih vinih iz treh klju¢nih vinorodnih obmocij: Po-
dravja, Posavja in Primorske. Rezultati so bili kemometri¢no ovrednoteni, vina pa razvrScena glede na vinorodno ob-
mocje in sorto vinske trte. Metoda glavnih osi je pokazala, da so vsebnosti TPC, TFC in TTC v prvi vrsti odgovorne za
razliko med vini. Z rezultati linearne diskriminantne analize (LDA) pa smo ugotovili, da so analizirani parametri odvi-
sni tako od sorte vinske trte kot tudi od vinorodnega obmocja.
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Abstract

Normal porcine urothelial cells have been shown to have a much lower rate of endocytosis than urothelial papillary neo-
plasm cells. This could be used as a mechanism for selective delivery of toxic compounds, such as polyethyleneimine
coated nanoparticles (NPs). However, these NPs induce nonselective toxicity through direct membrane disruption. This
toxicity can be reduced by functionalization of NPs with L-glutathione reduced or bovine serum albumin by reducing
their surface charge. Functionalization was confirmed with Fourier Transform Infrared Spectroscopy, Dynamic Light
Scattering and zeta potential measurements. Viability assays showed that bovine serum albumin coating reduced NPs
cytotoxicity immediately after 3 h exposure and that such NPs were more toxic to urothelial papillary neoplasm cells
compared to normal porcine urothelial cells at 50 ug/ml NPs concentration. However, 24 h after exposure, bovine serum
albumin functionalized NPs had similar effect on viability of both cell lines. NPs showed some selective toxicity to-
wards urothelial papillary neoplasm cells compared to normal cells after 3 h, however this was not confirmed after 24 h.

Keywords: polyethyleneimine, urothelial cell models, magnetic nanoparticles, toxicity, urothelial papillary neoplasm

1. Introduction

Urothelial papillary neoplasms are a group of non-
invasive urinary bladder cancers that have a high recurren-
ce rate and can progress to an invasive form of bladder
cancer.? The treatment typically involves transurethral
resection followed by intravesical therapy, where chemot-
herapeutic agents are administered directly into the blad-
der. Despite obvious advantages of local delivery, intra-
vesical therapy has its limitations and is thus an important
area for further development,* in which nanoparticles
(NPs) proved to be a promising strategy for improve-
ment.’

Several different types of NPs have already been de-
signed for treatment of bladder cancer, mostly to deliver
chemotherapeutic drugs and other therapeutic and ima-
ging molecules.®!'! For targeted delivery to bladder cancer
cells, different ligands have been used, such as lectins'*!?
or transferrin.'* Also, magnetic targeting has been applied
for delivery of magnetic NPs with encapsulated doxorubi-
cin.’® In vivo studies demonstrated that complexation or
encapsulation of cytotoxic agents into different NPs (lipo-
somes, polymeric NPs) can improve the efficiency of in-
travesical therapy.>'"1 Moreover, some NP formulations
are already in preclinical and clinical studies.'’

Furthermore, in a recent study we have shown en-
hanced uptake of anionic polyacrylic acid (PAA) coated
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cobalt ferrite NPs by urothelial papillary neoplasm cell
model (RT4) compared to differentiated normal porcine
urothelial cell model (NPU). Similar selective uptake was
also shown for cationic chitosan coated poly-g-caprolac-
tone NPs by mouse bladder carcinoma cells compared to
normal mouse urinary bladder cells.'® The highly locali-
zed intravesical treatment in combination with the signifi-
cant difference in endocytic activity between normal and
cancerous cells thus represents a unique opportunity for
selective delivery of anti-cancer therapeutics, such as NPs.

In this paper we analyse potential applicability of
polyethyleneimine (PEI) coated NPs for selective treat-
ment of urothelial papillary cells. PEI is a cationic poly-
mer with one of the highest cationic charge-density poten-
tials,' that is mostly used as a transfection agent.”**' PEI
has been already successfully applied as a delivery vehic-
le on bladder cancer models*** and researchers have also
used PEI in a clinical study for the treatment of bladder
cancer (NCT00595088). However, cationic properties of
PEI are also responsible for its toxicity**® either through
direct membrane damage (i.e. extracellular toxicity) or
through damage to the endosomes, lysosomes and mitoc-
hondria (i.e. intracellular toxicity).”***** So to achieve
selective cytotoxicity of NPs for cancer cells compared to
normal cells based on the selective NPs uptake into cancer
cells, the extracellular toxicity of PEI NPs had to be redu-
ced first.

The aim of the study was to design modified PEI
NPs coated with the additional layer in order to obtain se-
lective toxicity against cancer cells, and to test their ef-
fectiveness. We tested two coatings: L-glutathione redu-
ced (GSH)*' and bovine serum albumin (BSA)*>** for
which we hypothesized that would reduce extracellular
toxicity (membrane toxicity) while retaining intracellular
toxicity.

2. Experimental

2. 1. Nanoparticle Synthesis and
Characterization

PEI coated cobalt ferrite (CoFe,O,) NPs were pre-
pared as described previously.”**!** PEI NPs were addi-
tionally functionalized with L-glutathione reduced (GSH;
Sigma-Aldrich, St. Luis, Missouri, USA) at 0.25 to 1
mass ratio (PEI_GSH NPs), or with bovine serum albu-
min (BSA; Sigma-Aldrich) at 0.5 to 1 mass ratio
(PEI_BSA NPs) immediately prior to use. NPs were
dialyzed against distilled water and sterilized by filtration.
IR spectra of dry samples were recorded on a Bruker
FTIR (Fourier Transform Infrared Spectroscopy) Alpha
Platinum ATR spectrophotometer (Bruker, Billerica, Mas-
sachusetts, USA). Dynamic light scattering and zeta po-
tential were measured using Malvern Zetasizer NanoZS
(Malvern Industries, Malvern, UK).

2. 2. Cell Culturing

Cells were maintained at 37 °C in a humidified 5%
CO, atmosphere. Human bladder papillary neoplasm
(RT4) cells were grown in A-DMEM/F12 (Gibco, Gait-
hersburg, Maryland, USA), 5% fetal bovine serum (FBS;
Gibco), 4 mM glutamax (Gibco), 100 U/ml penicillin, and
100 pg/ml streptomycin. Cultures of primary normal por-
cine urothelial cells (NPU) were established from porcine
urinary bladder as described previously.*> For the estab-
lishment of the highly differentiated normal porcine urot-
helial (NPU) cell model, which represents a biomimetic
model of a normal differentiated urothelium in vivo, cells
were grown in UroM medium without FBS and with
physiological 2.5 mM calcium concentration for 3 weeks
before experiments.

The experiments with NPU cells were approved by
the Veterinary Administration of the Slovenian Ministry
of Agriculture and Forestry in compliance with the Ani-
mal Health Protection Act and the Instructions for Gran-
ting Permits for Animal Experimentation for Scientific
Purposes.

2. 3. Viability Testing

Cell viability was determined with Trypan blue via-
bility assay. Cells were incubated with PEI, PEI_GSH or
PEI_BSA NPs (50, 100, 150 pg/ml) for 3 h in A-DMEM
cell culture medium without FBS and washed to remove
the NPs. Cells were trypsinized immediately after the 3 h
incubation or after additional 24 h culturing in the com-
plete medium (A-DMEM for RT4 cells and UroM for
NPU cells) without NPs. Trypsinized cells were stained
with Trypan Blue stain (Life Technologies, Eugene, Ore-
gon, USA) and counted using Countess™ Automated Cell
Counter (Invitrogen, Carlsbad, California, USA). The
number of dead cells was subtracted from the total num-
ber of cells to obtain the number of viable cells. The per-
centage of viable cells (Viability) in a given sample was
determined as the ratio between the number of viable cells
in each sample (Ns) and the number of all cells in the con-
trol sample (N,):

Viability = 100 X Ns/Nj. (1)

2. 4. Transmission Electron Microscopy

Transmission electron microscopy was performed as
described in Bregar et al.** following 3 h incubation with
50 pg/ml PEI and PEI_BSA NPs.

2. 5. Data Analysis

Data analysis was performed in R software environ-
ment (version 3.2.2.). Results are shown as mean and stan-
dard error of the mean for three independent experiments.
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3. Results and Discussion

In our previous study, we showed that the uptake of
PAA coated NPs is higher in the urothelial tumour cell
models (RT4, T24) compared to NPU cells due to lower
endocytic activity of healthy urothelial cells. Due to cell-
type dependent nature of such selective uptake, this prin-
ciple could be applied also to other NP types, including
PEI NPs. PEI NPs have so far been used for delivery of ot-
her toxic molecules,?>** however PEI itself can also cause
toxicity through membrane damage, ROS induction and
lysosomal damage.*® We wanted to exploit PEI intrinsic
toxicity as a mechanism to induce selective toxicity, but in
order to limit PEI toxicity to NPU cells, PEI’s ability to
damage outer cell membranes (non-selective toxicity) had
to be reduced. The aim of the study was to modify PEI
NPs with the negatively charged GSH and BSA molecules
to decrease PEI NPs highly positive surface charge and
thus to obtain selective toxicity. GSH was chosen for its
antioxidant properties and excess of negative charge, in
order to reduce the zeta potential of the modified
(PEI_GSH NPs). This strategy proved to be efficient for
reducing cytotoxicity of PEI_NPs towards CHO cells.?!
BSA was used as a protein pre-coating, a strategy descri-
bed in Mirshafie et al.*

The successful modifications were confirmed with
physicochemical characterization of NPs through the dif-
ferences in FTIR spectra (Figure 1), changes in DLS (Fi-
gure 2a) and zeta potential measurements (Figure 2B).
DLS measurements showed that functionalization with
GSH reduced the hydrodynamic diameter of PEI NPs (122
+ 19 nm) to 93 + 32 nm, indicating additional stabilization
of NPs by GSH in distilled water (Figure 2a). This effects
was most probably due to steric repulsion of GSH molecu-
les on PEI NP surface, which impeded the formation of NP
aggregates.”’ On the other hand, BSA coating increased
the hydrodynamic diameter to 179 = 6 nm. Upon additio-
nal functionalization, the highly positive zeta potential of
PEI NPs (56 £ 1 mV) was reduced to 44 + 5 mV and 50 +
4 mV for GSH and BSA, respectively (Figure 2B). This
was due to interaction of anionic GSH or BSA molecules
with cationic PEI NPs, which neutralized some of the
functional groups on the surface of PEI NPs.

We postulated that reduction of the highly positive
charge of PEI NPs would decrease their binding to the
plasma membrane and thus reduce the membrane damage
and increasing their selective toxicity. Moreover, we assu-
med that the exposure to acidic pH and proteolytic enzy-
mes in the lysosomes would damage the GSH and BSA
layers, thus exposing again the highly cationic surface of
PEI NPs and enabling intracellular cytotoxic action of
PEL It is important to note that if the incubation of NPs
would be performed in a standard culture medium with
serum, this could modify internalization and the cytotoxi-
city, since protein corona importantly determines biologi-
cal response of the cells to NPs.*
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Figure 1: FTIR spectra of PEI (a), PEI_GSH (b) and PEI_BSA (c)
NPs.
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Figure 2: Physical characterization of NPs. Hydrodynamic diame-
ter of PEI, PEI_GSH and PEI_BSA NPs dispersed in water (a). Ze-
ta potential of PEI, PEI_GSH and PEI_BSA NPs dispersed in wa-
ter (b). Means with standard errors of the mean from three indepen-
dent experiments are shown.

To simulate potential intravesical therapy, normal
(NPU) and papillary neoplasm (RT4) urothelial cell mo-
dels were exposed to increasing concentrations of the
three types of NPs for 3 h and viability was determined
with Trypan blue viability assay (Figure 3). Experiments
were performed in the media without FBS, as this was
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more relevant for potential in vivo application. Immedia-
tely after the incubation, a significant proportion of dead
cells was observed in all treated samples, among which
PEI NPs predictably induced the highest toxicity. BSA
coating (PEI_BSA NPs) showed the highest reduction of
PEI NPs toxicity, resulting in increased NPU cell viability
at concentrations 50 and 100 pug/ml (Figure 3A). The hig-
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Figure 3: Viability of NPU (a) and RT4 (b) cells immediately after
3 h exposure to increasing concentrations of PEI, PEI_BSA and
PEI_GSH NPs. Viability was determined by Trypan Blue viability
assay. Means with standard errors of the mean from three indepen-
dent experiments are shown.

_Control

NPUngs

RT4 cens

PEI

hest selective toxicity was obtained with 50 pg/ml
PEI_BSA NPs, where the obtained viability was 90% and
75% for NPU and RT4 cells, respectively. On the other
hand, PEI and PEI_GSH NPs induced no selective toxi-
city to RT4 compared to NPU cells (Figure 3). Intere-
stingly, the overall cytotoxicity of NPs was greater in
NPU cells than in RT4 cells, which is most probably due
to a higher number of cell layers in RT4 cell model, but
could also be due to the different molecular composition
of cell membrane in RT4 and NPU cells.*

Interestingly, the increasing NP concentration had
only a small effect on cell viability. This can be explained
by short exposure time, which limited the sedimentation
and internalization of NPs. Moreover, cells in these cell
models grow in confluent layers, thus limiting the exposu-
re to NPs only to the uppermost layer. All used NP con-
centrations were enough to damage the first layer and the
remaining cell debris protected the lower laying cells.
This was confirmed with TEM analysis, where following
3 h incubation, NPs were observed in contact only with
the uppermost cell layer of RT4 in membrane structures
which could represent macropinocytotic uptake (Figure 4)
and possibly lead to internalization of NPs. No NPs were
observed associated with NPU cells (Figure 4).

To determine, if these NPs can cause delayed selec-
tive toxicity, cell models were cultured for additional 24 h
after the initial 3 h NP exposure (Figure 5). PEI and
PEI_BSA NPs caused additional cytotoxicity to RT4 cells
after 24 h compared to cytotoxicity determined immedia-
tely after 3 h exposure, partially due to intracellular toxi-
city, and also partially due to delayed effect of the 3 h ex-
posure to NPs. The later effect was confirmed on NPU

PEI_BSA NPs

Figure 4: TEM micrographs of NPU and RT4 cells without NPs (control), with 50 ug/ml PEI NPs or 50 ug/ml PEI_BSA NPs after 3 h incubation.

Arrows denote NPs.

Strojan et al.: In vitro Assessment of Potential Bladder Papillary Neoplasm ...



Acta Chim. Slov. 2017, 64, 543-548

a) 1254
< 100- °
> 75 - 4 A
= ¢ m ¢
4 504 % none
K o
S 559 PEI @
0] 4 PEIBSA
0 50 100 150
b) NPs concentration [ug/mi]
1254
~— 100- o
S A A
2 751 w A
S 504 ¢ none ®
S m
S ,5]% PEI
0 4 PEI_BSA

0 50 100
NPs concentration [ug/ml]

150

Figure 5: Viability of NPU (a) and RT4 (b) cells 24h after the 3h
exposure to increasing concentrations of PEI and PEI_BSA NPs.
Viability was determined 24h after the removal of NPs, by Trypan
blue viability assay. Means with standard errors of the mean from
three independent experiments are shown.

cells, since s reduced viability was observed for both PEI
and PEI_BSA NPs. For both cell lines, this reduction in
viability could be caused by NPs that remained on the sur-
face of cell models after the washing step. Again,
PEI_BSA NPs proved to be less toxic to NPU and RT4
cells compared to PEI NPs at equal concentrations. Also,
only a negligible number of dead cells were observed (re-
sults not shown), indicating that the damaged cells were
washed away, and leaving only healthy cells to regenerate
the urothelium. Thus, analysis after 24 h showed that de-
veloped NP formulations exhibit no selective toxicity for
cancer RT4 cells.

Unfortunately, despite the promising results on the
reduction of PEI NP toxicity, the additional BSA coating
did not induce selective toxicity towards cancer cells. This
is partially caused by the still high extracellular toxicity of
modified NPs at the concentrations used, but could also be
due to the short incubation time, which significantly limi-
ted the interactions between NPs and cell membranes and
thus also the amount of internalized NPs in RT4 cells. Ad-
ditional strategies to more effectively reduce the extracel-
lular toxicity of PEI NPs should thus be explored.

4. Conclusions

PEI NPs were successfully coated with GSH or
BSA and the functionalization was confirmed with FTIR,
DLS and zeta potential measurements. Reduced extracel-
lular toxicity of PEI NPs with additional functionalization

proved to be a promising method for achieving selective
toxicity to urothelial cells after 3 h of exposure, as indica-
ted by the reduced cytotoxicity of BSA modified PEI NP-
s towards NPU cells compared to RT4 cells. However,
viability experiments performed 24 h after the initial ex-
posure to NPs indicated that further optimisation is nee-
ded in order to decrease nonspecific membrane toxicity of
NPs and thus obtain therapeutic window with specific
cytotoxicity to RT4 cancer cells.
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Normalne prasic¢je urotelijske celice imajo nizjo stopnjo endocitoze kot urotelijske celice papilarne neoplazme. To lahko
izkoristimo kot mehanizem za selektivno dostavo nanodelcev oplascenih s polietileniminom. Nanodelci pa lahko delu-
jejo toksicno tudi preko interakcije s celiécno membrano. Tej toksi¢nosti se lahko izognemo z dodatno plastjo nasprotno
nabitih molekul na povrSini nanodelcev. V naSem primeru smo to Zeleli doseci z dodatno plastjo glutationa oziroma
govejega serumskega albumina. Test viabilnosti je pokazal, da dodatna plast govejega serumskega albumina uspesno
zmanjs$a neselektivno citotoksi¢nost nanodelcev takoj po 3 h izpostavitvi. Taisti nanodelci so izkazali visjo

pri koncentraciji 50 pg/ml. 24 h po izpostavitvi je u¢inek nanodelcev enak na obeh celi¢nih linijah.
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Abstract

Cytosolic lipid droplets (LDs) store excess fatty acids (FAs) in the form of neutral lipids and prevent starvation-induced
cancer cell death. Here we studied the ability of mono- and polyunsaturated FAs to affect LD formation and survival in
HeLa cervical cancer cells. We found that the LD content in HeLa cells increases with cell density, but it decreases in
MDA-MB-231 breast cancer cells. Exogenously-added unsaturated FAs, including oleic (OA), linoleic (LA), arachido-
nic (AA), eicosapentaenoic (EPA) and docosahexaenoic acid (DHA) displayed a similar ability to alter LD formation in
HelLa cells. There was a dual, concentration-dependent effect on neutral lipid accumulation: low micromolar concentra-
tions of LA, AA and DHA reduced, while all FAs induced LD formation at higher concentrations. In serum starved He-
La cells, OA stimulated LD formation, but, contrary to expectations, it promoted cell death. Our results reveal a link bet-
ween cell population density and LD formation in HeLa cells and show that unsaturated FAs may both suppress or sti-
mulate LD formation. This dynamic regulation of LD content must be accounted for when studying the effects of lipids
and lipid metabolism-targeting drugs on LD metabolism in HeLa cells.

Keywords: lipid droplets, lipid metabolism, cell density, HeLa cervical cancer cells, unsaturated fatty acids, apoptosis

1. Introduction

Tumours have developed different molecular mec-
hanisms that enable their uncontrolled proliferation.' On-
cogene activation and loss of tumour suppressors lead to
both proliferative and metabolic reprogramming of cancer
cells. The most common metabolic adaptations in cancer
are increased glucose uptake, high rate of anaerobic
glycolysis and increased glutamine consumption, but re-
cent studies have revealed a dependence on elevated de
novo lipid synthesis, internalization of exogenous lipids,
mitochondrial fatty acid (FA) oxidation and lipid media-
tor-induced proliferative signalling.'™ Lipids and their
metabolites are currently under intense investigation in
cancer-related studies, where new aspects of their role in

cancer signalling, survival and apoptosis are beginning to
emerge.

Lipid droplets (LDs) are now widely recognized as
dynamic cytosolic organelles, present in all eukaryotic
cells, with prominent roles reaching beyond that of inert
energy storage depots.’ LDs are composed of a tightly
packed core of neutral lipids, triacylglycerol (TAG) and
sterol esters, surrounded by a phospholipid monolayer
embedded with proteins and enzymes. At the cellular le-
vel, besides providing energy and building blocks for
biosyntheses, they have important roles in protein quality
control, viral replication and cell signalling, and are impli-
cated in physiological processes ranging from immunity
to neural development.® Strong evidence suggests that
LDs also control the synthesis of an array of lipid signal-
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ling molecules and that changes in LD metabolism inf-
luence the risk of developing metabolic diseases and can-
cer.”®

Increased accumulation of LDs has been observed
in cancer cells in vivo and in vitro and LDs have been pro-
posed as markers of cancer aggressiveness.”*’'? The
mechanisms of their involvement in cancer are currently
under intense investigation. LDs are primary cellular
sources of FAs for mitochondrial B-oxidation, which has
been shown to enable cancer cell survival during various
stress conditions.'*'> We have previously shown that se-
creted phospholipase A,-induced release of unsaturated
FAs induces TAG synthesis and LD formation in aggressi-
ve breast cancer cells, thus stimulating proliferation and
preventing cell death during serum starvation.'®!” The
protective effects of LDs are associated with upregulation
of B-oxidation enzymes and may be abolished with eto-
moxir, a potent inhibitor of B-oxidation. Intriguingly, LD
formation is also induced during complete cell starvation,
i.e. in the absence of glucose, amino acids and exogenous
sources of lipid, when LDs become critical for providing
FAs for B-oxidation that enables the survival of different
cells, including HeLa cervical cancer cells.'®"

The role of different unsaturated FA species in sup-
porting LD accumulation and cell survival in different
cancer cell types in different environmental conditions is
not clear. In general, LDs prevent FA lipotoxicity by ac-
ting as transient buffers for excess endogenous and exoge-
nous FAs. Saturated FAs are particularly toxic to the cell
and induce ER-stress and apoptosis, while monounsatura-
ted FAs, such as oleic acid (OA; 18:1, ®-9), are generally
regarded as cytoprotective.?’ The supplementation of un-
saturated FAs may even avert lipotoxicity by syphoning
saturated FAs to inert TAGs stored in LDs.?! A number of
studies have demonstrated that polyunsaturated FAs
(PUFAs) have distinct and contrasting effects in cancer,
with @-6 PUFAs, such as arachidonic acid (AA; 20:4, ®-
6), mostly displaying pro-tumorigenic effects and ®-3
PUFAs, such as eicosapentaenoic (EPA; 20:5, »-3) and
docosahexaenoic acid (DHA; 22:6, ®»-3), showing anti-tu-
morigenic, anti-inflammatory and pro-apoptotic effects in
cancer cells.?*?® However, the association between LD
metabolism and individual FA species in the context of
cancer cell survival and metabolism is unknown. Here we
studied the ability of different exogenous unsaturated FA-
s, namely OA, linoleic acid (LA; 18:2, w-6), AA, EPA and
DHA to induce LD formation and affect cell death in He-
La cervical cancer cells.

2. Experimental
2. 1. Materials

HeLa cervical adenocarcinoma cells (HeLLa H2 clo-
ne) were obtained from John V. Moran, Howard Hughes
Medical Institute, USA. MDA-MB-231 breast adenocar-

cinoma cells and RPMI-1640 culture medium were from
ATCC (USA). DMEM, foetal bovine serum (FBS) and
Dulbecco’s phosphate buffered saline (DPBS) were from
Gibco, USA. Nile Red, tetramethylrhodamine, methyl es-
ter (TMRM), LA, EPA, DHA, AA, fatty acid-free bovine
serum albumin (FAF-BSA) were from Sigma-Aldrich
(USA), YO-PRO-1 iodide, TrypLE Select were from Life
Technologies (USA), while OA and DMSO were from
Merck (Germany).

2. 2. Cell Lines and Culture Conditions

HeLa and MDA-MB-231 cells were cultured in
DMEM and RPMI-1640 medium, respectively, supple-
mented with 10% FBS. In experiments with serum-depri-
ved cells, FBS was replaced by 0.02% FAF-BSA to ren-
der cells quiescent. Exogenously added FAs were com-
plexed with 0.5% FAF-BSA or 10% FBS in culture me-
dium for 1 h at room temperature before addition to cell
culture.

2. 3. Flow Cytometry Analysis of Cellular LD
Content

LD analysis was performed as described previ-
ously.'® Briefly, cells were seeded in complete medium in
24-well culture plates, left to attach for 24 h, and treated
with different concentrations of FAs for 48 h. Prior to
treatment, FAs were complexed as described above. Cells
were harvested, the pellet resuspended in 500 pl of 1
pg/ml Nile Red solution in DPBS, incubated in the dark
for 10 min and analysed by flow cytometry on a BD
FACSCalibur system (BD Biosciences, USA). Logarith-
mic fluorescence signals were collected using the FL1 fil-
ter (530/30) from at least 2 x 10* events per sample.

2. 4. TMRM/YO-PRO-1 Apoptosis Assay

Cell death was determined by measuring mitochon-
drial and plasma membrane integrity using the
TMRM/YO-PRO-1 assay and flow cytometry as descri-
bed prevoiously.'” Cells were seeded in complete medium
in 24-well plates at a concentration of 3 x 10* cells/well.
24 h later, the medium was replaced by serum-free
DMEM containing 0.02% FAF-BSA and the cells pre-
starved for 24 h. Medium was replaced, cells treated with
different concentrations of FAs (pre-complexed with
DMEM containing 0.5% FAF-BSA) and incubated for
168 h. Cells were harvested, the pellet resuspended in 100
ul of 150 nM TMRM in DPBS and incubated in the dark
for 15 min. Finally, 1 pl of 20 uM YO-PRO-1 in DMSO
was added and cells incubated for additional 10 min. TM-
RM and YO-PRO-1 signals from 5 x 10* cells per sample
were measured by flow cytometry using the FL1 (530/30)
and FL3 (650LP) filters. TMRM negative and YO-PRO-1
positive cells were considered apoptotic.

Gustin et al.:  Lipid Droplet Formation in HeLa Cervical Cancer ...



Acta Chim. Slov. 2017, 64, 549-554

2. 5. Statistical Analysis

Data are presented as means + SEM. Graphpad
Prism (GraphPad Software, USA) was used for statistical
analysis, using one-way ANOVA with Bonferroni adjust-
ment for multiple comparisons. P values lower than 0.05
were considered statistically significant.

3. Results and Discussion

In the course of our flow cytometry assay optimiza-
tion for the detection of LDs in Hela cells, we observed
significant changes in their LD content depending on the
number of cells seeded. In order to determine whether cell
density affects LD accumulation, HeLa cells were seeded at
different densities, grown for 48 h in complete medium and
the average LD amount in the cell population was determi-
ned by flow cytometry. We found that the LD content in
HeLa cells increased proportionally with cell density (Fig.
1a). On the contrary, the average LD amount in MDA-MB-
231 breast cancer cells, a cell line with high propensity for
LD formation from exogenous FAs,'® decreased with cell
density (Fig. 1b). Namely, rapidly proliferating cancer cells
grown in complete medium are highly metabolically active
and they take up and metabolize glucose and amino acids to
support biosynthesis, cell growth and proliferation.! Lipids
may be synthesized de novo or are taken up from exoge-
nous sources, and are necessary for the maintenance and
synthesis of cell membranes and thus a prerequisite for cell
proliferation.* Therefore, we expected that LD content will
decrease with increasing cell density, since there is an in-
creasing number of cells competing for the fixed supply of
exogenous lipids found in serum. The increase in LD
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amount in HeLa cells suggests that with increasing cell
density, and in the absence of contact inhibition, HeLa cells
either gradually increase the rate of exogenous lipid uptake
or significantly upregulate de novo lipid synthesis. In both
cases, LDs may be necessary for supporting cell growth
and proliferation processes characteristic of HeLa cells. In
support of our finding, a similar relationship between LD
amount and cell density has been reported for C6 rat glioma
cells in culture,?* and, interestingly, an increase in the
amount and size of LDs is characteristic of adipogenic dif-
ferentiation, which may occur also in cancer cells, inclu-
ding cancer stem cell subpopulations of HeLa cells.*> Alt-
hough the role of LDs in cell growth and proliferation is not
clear, it may be easily envisaged that LDs act as master re-
gulators of cellular lipid homeostasis, finely tuning the ba-
lance between lipid requirements and supply during cell
growth. Additionally, LDs may be necessary to alleviate
ER-stress that occurs in cancer cells undergoing oncogene-
driven, uncontrolled proliferation.?

We next asked whether different exogenous unsatura-
ted FA species vary in their abilities to induce LD accumula-
tion in HeLa cells. We found that all tested FAs displayed a
similar ability to modulate LD accumulation in HeLa cells
(Fig. 2a—e). As expected, high micromolar concentrations of
FAs, which are regularly used to induce LD formation in va-
rious cell types, stimulated LD accumulation in HeLa cells.
This is in accordance with the conserved mechanism of pre-
vention of FA lipotoxicity by their incorporation into TAG
and LD formation.**' Surprisingly, a slight decrease in neu-
tral lipid levels was observed when cells were exposed to
low concentrations of FAs (10 uM and below; Fig. 2a—e). A
statistically significant reduction for LA, AA and DHA,
which reduced LD amounts by 20, 15 and 19%, respecti-
vely, was indeed confirmed in a separate experiment using
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Figure 1. LD content in HeLa cells increases with cell density. (a) HeLa and (b) MDA-MB-231 cells were seeded in 24-well plates at the stated
cell densities in complete medium. After 24 h the medium was replaced and cells were cultivated for another 48 h in complete medium. Cells were
collected, stained with Nile Red and LD content was determined by flow cytometry. The resulting values are means += SEM of at least two experi-

ments performed in duplicate.
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Figure 2. Unsaturated FAs have dual effects on LD accumulation in HeLa cells. (a) HeLa cells were grown for 48 h in complete media in the
presence of a range of concentrations of OA (a), LA (b), AA (c), DHA (d) and EPA (e) or in the presence of 10 uM of each FA (f). LD content was
determined by flow cytometry. The resulting values are means + SEM of at least two (Fig. 2a—e) or seven (Fig. 2f) experiments performed in dupli-
cate. Results that are statistically significant over control samples are indicated (¥, P < 0.05; **, P < 0.01; *** P < 0.001; one-way ANOVA with

Bonferroni adjustment).

only 10 uM FAs (Fig. 2f). The negative effect on LD accu-
mulation may be a consequence of stimulated LD break-
down or suppressed LD formation, and is reminiscent to the
anti-adipogenic effect of unsaturated FAs, in particular ®-3
PUFAs, in differentiating adipocytes.?” The relevance of this
finding for cancer cell biology remains to be established.
We have shown recently that OA induces LD forma-
tion in MDA-MB-231, MCF-7 and T-47D breast cancer
cells, but it suppresses starvation-induced cell death only
in MDA-MB-231 cells.'® To find out whether OA promo-
tes LD accumulation and suppresses the death of HelLa
cells, we treated starving HeLa cells with a range of con-
centrations of OA. Interestingly, we observed that OA in-
duced significant LD accumulation only at the highest
concentration used and it did not reduce, but it rather pro-
moted cell death at higher concentrations (Fig. 3). Thus,
in contrast to the highly invasive MDA-MB-231 cells,®
and despite the well-known cytoprotective effect of OA,*
our results suggest that serum-deprived HeLa cells cannot
use exogenous OA to support cell survival. It is possible
that starved HeLa cells are either not efficient in packa-

ging exogenous OA into TAGs for transient storage in
LDs or their LD breakdown pathways are overly active,
thus leading to lipotoxicity of the unesterified OA.**!

4. Conclusions

We show that LD content in HeLa cells is proportio-
nal with cell culture density, that unsaturated FAs have
differential effects on LD accumulation, and that OA can-
not support the survival of starved HeLa cells. These inte-
resting novel features of LD metabolism in HeLa cells
may be useful for future studies providing fresh insights
into cancer LD metabolism, in particular the relationship
between cancer cell proliferation and lipid metabolism.
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Povzetek

Citosolne lipidne kapljice shranjujejo presezne mascobne kisline (MK) v obliki nevtralnih lipidov in preprecujejo smrt
rakavih celic tekom stradanja. V tem delu smo preucili vplive mono- in polinenasi¢enih MK na tvorbo lipidnih kapljic
in preZivetje celic raka materni¢nega vratu HeLa. Pokazali smo, da vsebnost lipidnih kapljic v celicah HeLa naras¢a z
gostoto celi¢ne kulture, v celicah raka dojke MDA-MB-231 pa pada. Eksogeno dodane nenasi¢ene MK, oleinska (OK),
linolna (LK), arahidonska (AK), eikozapentaenojska (EPK) in dokozaheksaenojska kislina (DHK) so imele podobne
vplive na tvorbo lipidnih kapljic v celicah HeLa. Opazili smo dvojni, od koncentracije odvisen ucinek na kopicenje nev-
tralnih lipidov: nizke mikromolarne koncentracije LK, AK in DHK so znizale koli¢ino lipidnih kapljic, medtem ko so
pri visjih mikromolarnih koncentracijah vse MK inducirale njihovo tvorbo. OK je spodbudila tvorbo lipidnih kapljic v
stradanih celicah HeLa, a je, nasprotno od pri¢akovanj, spodbudila tudi celi¢no smrt. Nasi rezultati razkrivajo povezavo
med gostoto celic v populaciji in tvorbo lipidnih kapljic pri celicah HeLa in kaZejo, da lahko nenasi¢ene MK tako zavi-
rajo kot tudi stimulirajo tvorbo lipidnih kapljic. To dinami¢no regulacijo vsebnosti lipidnih kapljic je potrebno
upostevati pri Studijah ucinkov lipidov in u¢inkovin, ki ciljajo lipidni metabolizem, na metabolizem lipidnih kapljic v
celicah HeLa.
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Abstract

Integrins are plasma membrane proteins, whose dysfunction frequently results in cancer pathology, and therefore they
represent important targets of anti-tumour therapy. Snake venoms are a rich source of disintegrins (Dis), proteins that
specifically bind integrins and thus interfere with their functions. In an attempt to discover new molecules for treatment
of breast cancer, the major type of cancer in women, we isolated a dimeric Dis (Vaa-Dis) from the venom of the nose-
horned viper. By cell viability testing we demonstrated that 50 nM and higher concentrations of Vaa-Dis were toxic to
highly invasive human breast adenocarcinoma cell line MDA-MB-231. Wound-healing assay revealed that already at
one order of magnitude lower concentrations Vaa-Dis efficiently inhibited MDA-MB-231 cell migration. This exposed
a promising anti-metastatic potential of Vaa-Dis and a good perspective of these natural snake venom proteins for furt-

her research and development towards the application in breast cancer treatment.

Keywords: snake venom, disintegrin, integrin, cancer, metastasis, drug

1. Introduction

Cancer, one of the deadliest diseases worldwide, is
caused by inherited or acquired mutations of the genetic
material. The main characteristics of cancer include su-
staining proliferative signalling, evading growth suppres-
sors, resisting cell death, enabling replicative immortality,
inducing angiogenesis, and activating invasion and meta-
stasis. Such properties enable cancer cells an unlimited
growth and spreading, invasion through the organism and
finally causing its death.' Prevention of metastatic growth
is an efficient therapy in cancer control. The key roles in
the process of migration and cell viability are played by
transmembrane proteins called integrins.!?

Integrins are cell adhesion receptors on the cells’
surface that bind components of the extracellular matrix
(ECM), various biological ligands and receptors on adja-
cent cells. They are heterodimeric proteins consisting of

one o.- and one B-subunit. 18 different a-subunits and 8 -
subunits are known, which have been found to appear in
24 different o-3 combinations, each of them possessing
unique binding specificity.” Recent studies have exposed
integrins as important factors in tumour cell survival, tu-
mour growth and metastasis by establishing and breaking
bonds between malignant cells and molecules in their sur-
roundings. For this reason, integrins have become impor-
tant targets of anti-tumour therapy.” Despite the fact that
several therapeutics, integrin antagonists, have already
been developed, a search for more efficient integrin-bin-
ding substances continues.”™

Snake venom (SV) proteins are broadly investigated
as substances that can be used in diagnosis and treatment
of human diseases. Among them, disintegrins (Dis) have
been found to inhibit various cell functions by their inte-
raction with different integrins, for example platelet ag-
gregation, angiogenesis, tumour growth and metastasis.’
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Dis are non-enzymatic cysteine-rich polypeptides. Their
molecular mass ranges between 4 kDa and 15 kDa. They
can be directly synthesized or formed by proteolysis of
the P-II class metalloproteinases (MPs). SV Dis can be
monomeric or dimeric, hetero- or homodimeric. In dime-
ric Dis, individual subunits are interconnected by disulp-
hide bonds, which is crucial for stability and maintenance
of a distinct globular structure. Dimerization also defines
the configuration of the so called inhibitory loop, essential
for the interaction with integrin receptor and, conse-
quently, the biological activity.*’

In this work we focused on Dis from the venom of
Vipera ammodytes ammodytes (Vaa-Dis). They were puri-
fied and biochemically characterized. We investigated
their influence on cell viability and in vitro migration in a
model of highly invasive triple-negative breast cancer and
found that Vaa-Dis potently inhibited the migration of
cancer cells.

2. Material and Methods

2. 1. Purification of Vaa-Dis

Raw Vaa venom was obtained from the Institute of
Immunology, Zagreb, Croatia. Lyophilized venom was
stored at —20 °C and before use dissolved in 50 mM Tris,
2 mM CaCl,, 300 mM NaCl, pH 7.0 (buffer A). 250 pl of
the raw Vaa venom solution (16.67 mg) was applied on a
Superdex 75 column 10/300 (GE Healthcare BioSciences
AB, Sweden), equilibrated in buffer A and attached on a
FPLC AKTA system (Amersham Biosciences, UK). Gel
chromatography was performed at a constant flow rate of
0.5 ml/min. Concentration of proteins in the mobile phase
was followed by measuring the absorbance at 280 nm
(A,gy)- The B2 fraction was dialysed against 20 mM MES,
2 mM CaCl,, pH 6.5 (buffer B) and further fractionated on
a SP Sepharose Fast Flow column (GE Healthcare Bio-
Sciences AB, Sweden). Bound material was eluted by ad-
dition of 500 mM NaCl in buffer B. The material not retai-
ned by the cation-exchanger was collected and separated
by reverse phase-high performance liquid chromato-
graphy (RP-HPLC) on a PLRP-S column (4.6 mm x 150
mm; 2.7 um; 120 A, Agilent Technologies, USA), equili-
brated with 0.1% (v/v) trifluoroacetic acid (TFA) in water
(solvent A), at a flow rate of 1 ml/min. The proteins were
eluted from the column with a gradient of solvent B (90%
(v/v) acetonitrile in 0.1% (v/v) TFA in water) as follows:
0-45% in 13 min and 45-55% in 10 min. A, 5 was moni-
tored to locate proteins in fractions, which were collected
manually. Samples were dried using a vacuum concentra-
tor SpeedVac (Savant, USA).

2. 2. SDS-PAGE Analysis

Venom samples were analysed using 15% (m/v) pol-
yacrylamide gels in the presence of SDS (SDS-PAGE) un-

der non-reducing and reducing conditions according to
Laemmli.® Proteins in gels were visualized by Page-
Blue™ (Thermo Scientific, USA) as instructed by the ma-
nufacturer. Molecular mass standards were from Fermen-
tas (Lithuania).

2. 3. N-terminal Amino Acid Sequence
Analysis

Proteins were N-terminally sequenced by automated
Edman degradation on a Procise 492A protein sequencing
system (Applied Biosystems, USA).

2. 4. Culturing of MDA-MB-231 Cells

To carry out the migration assays the highly invasive
breast cancer cell line MDA-MB-231 (ATCC, USA) was
used. Cells were grown in RPMI-1640 medium (Invitro-
gen, USA) supplemented with 10% (v/v) fetal bovine se-
rum (FBS) at 37°C in an atmosphere of 5% (v/v) CO,. Ad-
herent cell monolayers were routinely cultured in T25 and
T75 tissue culture flasks (Corning, USA) and passaged in
ratiosof 1 : 3to 1:4.

2. 5. Cell Viability Testing

The in vitro cytotoxic potency of Vaa-Dis was eva-
luated using the PrestoBlue™ viability assay (Invitrogen,
USA) essentially as described previously.” Cells were
trypsinized and counted by Trypan blue (Thermo Scienti-
fic, USA) exclusion assay'® using a hemocytometer (For-
tuna, Germany). Cells were seeded in 96-well plates (TPP,
Switzerland) at a density of 5000 cells/well in 100 L
RPMI-1640 medium and left to attach overnight. Cells
were then treated with different concentrations of Vaa-Dis
(0.005; 0.05; 0.5; 5; 50; 500 nM) for 0, 24, 48, and 72 h.
After the treatment, 10 uL of PrestoBlue™ was added to
each well, and the plates were incubated for 30 min at 37
°C. Cell supernatants were transferred to black microtiter
plates (Corning, USA) and fluorescence was measured at
an excitation of 560 nm and emission of 590 nm on an In-
finite M1000 microplate reader (Tecan, Switzerland) to
determine metabolic activity of the cells. Wells containing
only the cell culturing medium and PrestoBlue™ were
used as blank reference standards. Experiments were per-
formed in triplicate. The normalization of cell viability
was calculated as the ratio of sample absorbance to con-
trol absorbance (cells in media without Vaa-Dis).

2. 6. Wound-healing Assay

The wound-healing assay (WHA) was used to esti-
mate the potency of Vaa-Dis to inhibit cell migration (an-
ti-migratory potency). MDA-MB-231 cells were trypsini-
zed, counted as specified above and plated in 48-well cell
culture dishes (TPP, Switzerland) at a density of 2 x 10°
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cells/well. Wounds (millimetre gaps) were then scratched
in each cell monolayer using a pipette tip. Dead cells we-
re removed by washing with D-PBS buffer and solutions
of Vaa-Dis in RPMI-1640/10% FBS at different concen-
trations (2.5, 5.0, 7.5 and 15.0 nM) were added. Control
samples contained only media. The influence of Vaa-Dis
on cell migration was determined by observing the width
of the gap under a CKX41 inverted microscope equipped
with an E-450 camera (Olympus, Japan) after 1 h, 6 h, 12
h and 24 h of incubation. The gap was analysed using the
ImageJ software (Softonic International S.A., Spain). The
width of the gap was measured as specified (Suppl. Fig. 1)
in three different wells for each concentration and incuba-
tion time.

2. 7. Statistical Analysis

Each experiment was performed in at least three in-
dependent repeats. If not stated otherwise, data are pre-
sented as a mean percent difference from control with cor-
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responding standard error of the mean. Statistical tests
were run by GraphPad Prism 6 (GraphPad Software Inc.,
La Jolla, CA, USA) using two-way ANOVA followed by
Dunett’s multiple comparisons test. Statistical significan-
ce is as follows: not significant for p > 0.05 (no mark in
Fig. 2); significant for p < 0.05 (* in Fig. 2), p < 0.001 (**
in Fig. 2) and p <0.0001 (*** in Fig. 2).

3. Results and Discussion

Using gel-filtration chromatography we separated in
the first step the raw venom of Vaa into seven fractions
(A-F in Fig. 1a). The efficient inhibition of platelet aggre-
gation induced by ADP or collagen by the gel filtration
fraction B2 has been suggested to be due to the presence
of Dis, which may obstruct this process by binding to
04y, B4 fibrinogen receptor.'! For this reason, we decided to
analyse the fraction B2 further and split it on a strong ca-
tion exchanger into a fraction retained by the exchanger
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Figure 1: Purification of Dis from the Vaa venom. (a) Using gel filtration on Superdex 75, the raw venom of Vaa was split to seven fractions.
Presence of Dis in fraction B2 was indicated by its strong inhibition of platelet aggregation.'® (b) Separation of the gel filtration fraction B2 on the
SP Sepharose Fast Flow column to column-bound and unbound part. (¢) RP-HPLC analysis of the proteins not retained by the SP Sepharose on the
PLPR-S column. Vaa-Dis eluted from the column at 40% of solvent B (90% (v/v) acetonitrile in 0.1% (v/v) TFA in water). Dotted line designates
the gradient, while full line the absorbance. (d). SDS-PAGE analysis of Vaa-Dis under non-reducing (NR) or reducing (R) conditions revealed the

presence of only one protein band. The gel was stained by PageBlue™.
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(bound) and a flow-through fraction (unbound) (Fig. 1b).
The latter was chromatographed on an RP-HPLC column.
Vaa-Dis was found in a sharp peak eluting at 40% of sol-
vent B (Fig. 1c). SDS-PAGE analysis of this peak under
non-reducing conditions revealed only one protein band
of about 17 kDa. Under reducing conditions the protein
displayed a lower apparent molecular mass of about 13 k-
Da (Fig. 1d). This was expected as the usual structure of
Viperidae Dis is a cystine-crosslinked dimer,®® which dis-
sociates to monomers in the presence of reducing agents.
The homogeneity of Vaa-Dis sample was inspected by N-
terminal amino acid sequencing using Edman degrada-
tion. Two N-terminal sequences, NSANP and NSGNP,
were obtained, both characteristic for Dis.!> Considering
also the SDS-PAGE analysis, this means that the Vaa-Dis
sample did not contain any non-Dis protein. The heteroge-
neous N-terminal sequence of the sample indicates that
Vaa-Dis is either a heterodimer or a mixture of two homo-
dimeric Dis proteins. Calvete et al. reported about VA6, a
homodimeric Dis from the venom of Vipera ammodytes
with the N-terminal sequence NSANP identical to one of
the sequences that we have found in our sample.'? This is
a hint that our sample may consist of two homodimeric
rather than one heterodimeric Dis. VA6 is an RGD motif-
containing Dis.”!? It has been demonstrated that such Dis
efficiently bind to oy, B, receptor on platelets and in this
way inhibit platelet aggregation.'> The observed inhibi-
tion of ADP- and collagen-induced platelet aggregation
by the Vaa venom gel filtration fraction B2'' thus also
suggests the same interpretation of our results.

Some RGD-containing Dis have been demonstrated
to inhibit o B, (vitronectin receptor)-mediated migration
of endothelial and cancer cells — two examples of such SV
Dis are triflavin and DisBa-01."* As one of our main re-
search topics is discovering new substances to oppose
breast cancer, the major cause of death in women popula-
tion worldwide,'* the possibility that Vaa-Dis also affects
the migration of cancer cells directed our subsequent ex-
periments. To this end, resolving the question of whether
Vaa-Dis is a heterodimeric Dis or a mixture of two homo-
dimeric Dis was secondary so we did not go further to
answer it. We study metastatic breast cancer on a model
cell line, highly invasive human breast adenocarcinoma
MDA-MB-231 cells. We found that Vaa-Dis is not cytoto-
xic to these cells at concentrations lower than 50 nM (Fig.
2a). At 50 nM and higher concentrations, Vaa-Dis induced
a significant drop in cell viability, possibly by effecting
proliferation and/or dying of the cells. Both processes are
namely regulated via integrins,>* which are present in hig-
her amounts in cancer cells than in the healthy cells.’ The
level of expression of integrins o f3;, 0. Bs, 0B, 0B,
0,3, and o B has been found in positive correlation with
the ability of cells to migrate.'* In MDA-MB-231 cells the
integrin o 35 and o B, are particularly highly expressed.'?
Drugs should not be toxic to healthy cells therefore the ef-
fect of Vaa-Dis on migration of cancer cell was evaluated

at sub-cytotoxic concentrations of Vaa-Dis. As evident
from the WHA results presented in Suppl. Fig. 1 and Fig.
2b, Vaa-Dis significantly slowed down the in vitro migra-
tion of MDA-MB-231 cells already at the concentration of
2.5 nM, well below concentrations at which cytotoxic ef-
fects were detected (Fig. 2a) and in the same concentra-
tion range as rhodostomin, triflavin and trigramin, all SV
Dis."
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Figure 2: Effects of Vaa-Dis on breast cancer cells. (a) As estab-
lished by PrestoBlue™ cell viability testing, the cytotoxicity of
Vaa-Dis for MDA-MB-231 cells is evident at 50 nM and higher
concentrations. Each result is an average of three independent ex-
periments. (b) The wound-healing assay on MDA-MB-231 cells
was performed in the presence of Vaa-Dis at concentrations, which
did not affect cell viability. Each result is an average of three inde-
pendent experiments. Units are arbitrary (arb. U). Statistical signi-
ficance is displayed as follows: no mark for p > 0.05 (not signifi-
cant), * for p < 0.05, ** for p <0.001 and *** for p < 0.0001.

4. Conclusions

We have described the isolation and characterisation
of novel Dis from the venom of Vaa. Due to a potent can-
cer cell anti-migratory activity, Vaa-Dis sample is promi-
sing for further research and development towards the use
in breast cancer therapy.
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Integrini so proteini v plazemski membrani celic. Nepravilno delovanje teh proteinov lahko vodi v nastanek tumorjev,
zato so pomembna tarCa protitumorskih terapij. Disintegrini (Dis) so proteini iz kac¢jega strupa, ki se specifi¢no veZejo
na integrin in s tem ovirajo njihovo normalno delovanje. Z namenom odkrivanja novih molekul za terapijo raka dojke,
najbolj razsirjene vrste raka pri Zenskah, smo iz strupa modrasa izolirali dimerni Dis (Vaa-Dis). Izmerili smo vpliv Vaa-
Dis na viabilnost celic celi¢ne linije visoko invazivnega adenokarcinoma dojke MDA-MB-231 in ugotovili, da je bil
Vaa-Dis v koncentracijah, vi§jih od 50 mM, za celice toksicen. Test celjenja celicne rane, s katerim smo preverili vpliv
Vaa-Dis na migracijo celic, pa je pokazal, da je Vaa-Dis ucinkovito upocasnil migracijo rakavih celic Ze pri koncentraci-
jah, ki so bile za en velikostni red niZje. Dobljeni rezultati potrjujejo antimetastatski potencial Vaa-Dis in predstavljajo
dober obet za nadaljnji razvoj teh molekul iz kacjega strupa v smeri priprave novih uc¢inkovin za zdravljenje raka dojke.
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Abstract

Calculations of molecular electrostatic potential were correlated with experimental pK, values for different sets of aci-
dic molecules (carboxylic acids, phenols, and anilines) to obtain linear relationships of variable quality. A single tri-pa-
rameter model function was constructed to describe the pK, dependence on MEP maxima together with two automati-
cally generated molecular descriptors, namely the counts of carboxylic acid and amine functional groups.

Keywords: molecular electrostatic potential, pKa, quantum mechanical calculations, multivariable linear regression

1. Introduction

Any distribution of the electrical charge in a mole-
cule creates an electrostatic potential V(r) at each point of
the surrounding space r:'

(r"ar'
o=y 52 0

where z, is the charge of the nucleus A located at R, and
p(r) is the electronic density function of the molecule, that
can be determined either computationally, or experimen-
tally by diffraction methods.? This so-called molecular
electrostatic potential (MEP) is a well-established tool for
interpreting and predicting molecular reactivity.~

One of the physico-chemical properties that have re-
cently been shown to be correlated with the MEP is pK,
value which describes the acid strength of certain organic
acids.” The background of the correlation is due to the
fact that MEP is a quantum-mechanical descriptor influen-
ced by electronic or stereoelectronic properties of the
groups in close vicinity to a particular acidic atom. Simi-
larly, NAO (the sum of valence p natural atomic orbitals)
has also been used for such calculations and it has been

proven that this descriptor is equivalent to MEP.® Other
examples of descriptors in QSAR models that have already
been successfully used for determining pKa values are to-
pological’, atom type descriptors'®, and group philicity''.

The correlation was established by comparing the
calculated MEP values via different theoretical methods
with the experimentally determined pK, values for the sa-
me sets of compounds. The success of the method conse-
quently depends on the training set used in the program
learning process, and the similarity of the studied com-
pounds.”

A relatively good correlation between the maximum
in MEP and the pK, value was found for amines, anilines,
carboxylic acids, alcohols, sulfonic acids, and tioles.'?
Furthermore, a good correlation was established recently
between pK, and the most positive value of the MEP of
benzoic acids and phenols, and between the most negative
value of MEP and the local ionization energies of these
compounds.'® Nevertheless, all the published work has
studied only one set of similar compounds and to the best
of our knowledge, a model that could be applied to the wi-
der array of differently functionalized molecules has not
yet been presented.
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Since the knowledge of the pK, values is vital for
predicting the reactivity of the compounds in question and
is therefore of broad interest in drug design, toxicology
studies, chemical synthesis etc., it is desirable to extend
the current knowledge to other compounds.

This paper describes the correlation between pK,
values and MEP for certain tested carboxylic acids, phe-
nols, and anilines and additional physico-chemical des-
criptors, which are introduced in a regression model to
improve the correlation.

2. Methods

Calculations of molecular electrostatic potential ma-
xima (V) were executed using Spartan "14 (v. 1.1.4)
software. Energy minimizations of equilibrium geome-
tries were performed on sets of 39 aliphatic carboxylic
acids, 17 monosubstituted benzoic acids, 19 mono-substi-
tuted anilines, and 19 phenols (Given in Supporting Infor-
mation, Table S1).

The starting molecular conformations were formed
using the Merck molecular force field (MMFF) optimiza-
tion.'* Further, semi-empirical methods AM1, and PM6,
ab initio Hartree-Fock method HF 6-31G*, and a density
functional theory method B3LYP 6-31G* were used to
calculate the MEP."

Several isoelectronic densities (0.2, 0.02, 0.002, and
0.0002) were examined for a linear correlation between
the maximum in MEP, V., and pK, values obtained from
the literature.'®!” The best correlation was obtained for the
isoelectronic value of 0.02, which was used in the further
calculations.

To improve the correlation between pK, and calcu-
lated descriptors from MEP, CANVAS’s ligfilter descrip-
tors were included into the calculation of multiple linear
regression analysis with CANVAS software from
Schrodinger 2015 Suite. These descriptors denote the pre-
sence/absence of certain functional groups, which are im-
portant for the stability of the molecules studied. The mo-
del was constructed using V. and two best suited ligfil-
ter descriptors, which count the number of certain functio-
nal groups.

For the validation of the model, a group of 87 com-
pounds was divided into two sets. The first set of com-
pounds (named training set) was composed of 70% ran-
domly selected compounds, which were used for building
a model. The second one (testing set) contained the re-
maining 30% of compounds used for the validation of the
prediction capacity of the model.

The best subset of descriptors for the construction
of the model was selected with CANVAS’s simulated an-
nealing'® algorithm with performing maximum of 1000
MC steps, initial and final temperature which corres-
ponds to standard deviation of y being 0.5 and 0.05 res-
pectively.

3. Results and Discussion

The results for the correlation between V__ in MEP
for the isoelectronic density 0.02 and pK, for phenols (a),
anilines (b), aliphatic (c), and benzoic acids (d) are given
below. Multivariable analysis of the compounds studied is
presented in subsection (e).

a) The correlation between V| and pK, for the cho-
sen set of monosubstituted phenols is shown in Figure 1.
The results obtained with different methods are shown

with different symbols/colours.
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Figure 1. The correlation between the V,_ calculated using diffe-
rent methods at IsoValue 0.02, and pK, values'®'” of phenols.

Regardless of the used method for calculating the
MEP, the correlation coefficient, R?, is around 0.8. If we
disregard the values for nitrophenols calculated via PM6
method, the slopes of the fitted curves are approximately
the same, indicating that the results are not dependent on
the method of calculation.

b) The results for the anilines are shown in Figure 2.
For the determination of the correlation for the set of ani-
lines, we modelled the V_ on protonated molecules (ani-
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linium cations). As with the set of phenols, the value of R?
being higher than 0.8 shows good correlation between cal-
culated and experimental properties.

¢) In the case of aliphatic acids, a poor correlation
between V ___and pK, was obtained (Figure 3). The corre-
lation coefficient R? ranged from 0.395 to 0.588, depen-
ding on the method of calculation, the semi-empirical
PM6 method having the lowest score. Poor correlations
could be the consequence of structural diversity of the test
set, and its larger pK, range span.'> However, to indispu-
tably prove this speculation, further calculations on a lar-
ger set of systematically substituted aliphatic acids would
be required.

v (AM)
v (PM)
V_.(HF) L

V., (B3LYP) . A

04 T T T T T T T T
450 500 550 B00 650 700 750 800 850 |00

V., [kdimol]

Figure 3. The correlation between the V  calculated using diffe-
rent methods at IsoValue 0.02, and pK values!'®!7 of aliphatic acids.

d) The results for the correlation between V_ and
pK, for the benzoic acids studied is shown in Figure 4. As
seen, the values of V| and pK, for the set of mono-sub-
stituted benzoic acids are poorly correlated. We speculate
that the solvent effect, which was not specifically accoun-
ted for in the calculations, could be the reason. An evident
deviation from linearity can be observed in values for p-

methoxybenzoic, which could be due to the stronger reso-
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Figure 4. The correlation between the V_ calculated using diffe-
rent methods at IsoValue 0.02, and pK, values'®'” of benzoic acids.

nance effect from substituent in para position influencing
the MEP in a non-linear fashion corresponding to pK,.
The relatively large scatter in the studied pK, range, there-
fore, suggests a non-linear response of the V to the
electronic effects of some substituents.

As evident from the Figure 5, the obtained linear
correlations for the applied molecules can be classified in-
to three groups. By incorporating additional parameters, it
should be possible to construct a single model to predict
pK, values for all four molecule sets.
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Figure 5. Experimental pK, values
for all molecule sets.

(AM1)

e) To improve the obtained correlations we made an
attempt to include some software-generated descriptors
into the multivariable analysis. Using CANVAS, we de-
termined ligfilter descriptors to be the parameters of choi-
ce. The inclusion of a number of carboxylic acids or car-
boxylates (N,) and a number of quaternary ammonium
groups (Ny,,,,) together with calculated V  _provides the
possibility of unifying the correlation between chemical
descriptors and pK, for different types of molecules (Fi-
gure 6).

pK (pred.)

pK (training)
pK,(test)

0 T T T T T
] 2 4 & 8 10

pK, (exp.)

Figure 6. Predicted versus experimental pK, values'®! for training
and testing sets of molecules.

Virant et al.: Modelling the correlation between molecular



Acta Chim. Slov. 2017, 64, 560-563

Some deviations are present in the case of dicar-
boxylic aliphatic acids. As a result, they were excluded
from the set for model construction. Using a more compli-
cated calculation method does not notably improve the
correlation. R? has the same value (0.96) for the models
with V_ from AM1, HF or B3LYP methods. A slight di-
stinction between models can be seen from the quality of
prediction for a test set of molecules. The Q* parameter
for the models with V| from AMI, HF or B3LYP met-
hods has the values 0.95, 0.92 and 0.92, respectively. Cal-
culated parameters and the equation of the model for the
simplest computational method are given in Table 1. The
data for models obtained via B3LYP, and HF method is
presented in Table S2 (see Supporting Information) for
comparison. The implemented descriptors were used as a
correction factor to enable the construction of a single
model for different sets of compounds.

Table 1. Coefficients of the model for pK, prediction with
V_ (AMI) and its statistical parameters.

max

Model Coefficient Standard deviation
N, 30.2 +1.5

V. (AM1) —0.0438 +0.0032

Ncoo -5.16 +0.18

Nymas 6.18 +0.59

PK yprea) = -0.0438V,_-5.16 N, +6.18 NNH; +30.2

Set of compounds Validation parameter

R2=0.96
Q?=0.95

training
testing

4. Conclusions

Good correlations were obtained between the maxi-
ma of molecular electrostatic potential and pK, values for
anilines and phenols. With the inclusion of certain physi-
co-chemical descriptors, it was possible to unify the corre-
lation between chemical descriptors and pK, for different
types of molecules with a single model function. The cor-
relation is satisfying even with the simplest quantum mec-
hanical calculation methods (semi-empirical method
AM1).
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V ¢lanku smo predstavili linearno zvezo med izra¢unanimi vrednostmi molekulskega elektrostatskega potenciala
(MEP) in eksperimentalnimi pK, vrednostmi. Obravnavali smo sete razli¢nih molekul (karboksilne kisline, fenole in
aniline), za katere smo dobili dobre linearne korelacije z maksimumi MEP. Z uvedbo avtomati¢no generiranih molekul-
skih deskriptorjev, natan¢neje Stevila karboksilnih skupin in $tevila amino skupin, smo uspeli sestaviti enoten triparame-
trski model za izracun pKa, ki je zajemal vse obravnavane molekule.
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Abstract

Differential scanning calorimetry provides unique signatures of blood plasma samples. Plasma samples from diseased
individuals yield specific thermograms, which differ from each other and from plasma samples of healthy individuals.
Thermograms from individuals suffering from chronic lymphocytic leukemia, multiple myeloma and acute myeloid
leukemia were measured with DSC. To obtain additional information about thermal behaviour of plasma proteins im-
munoaffinity chromatography was introduced. An immunoextraction of HSA using a chromatographic column with im-
mobilized anti-HSA was carried out in order to enrich less abundant plasma proteins, which could provide a further in-
sight into disease development. Efficiency of HSA depletion and protein composition of fractionated plasma was vali-
dated by SDS-PAGE.

Keywords: DSC, IAC, blood plasma, immunoextraction, diagnostic tool

1. Introduction

Despite of rapid development of medicine and other
sciences, timely and reliable diagnosis of diseases is so-
metimes still a pretentious task. In addition when it comes
to ascertaining the health status of an individual some
diagnostic procedures are very invasive. A solution to
such difficulties could lie in new methods for human pla-
sma analysis. Human plasma serves as an important sour-
ce of information about human health. Various diseases
are often associated with biomarkers, which have been de-
fined by Hulka et al. as biochemical, molecular or cellular
changes that are measureable in human fluids, tissues and
cells." The human plasma proteome consists of more than

3000 proteins and peptides, therefore the search for poten-
tial disease biomarkers, and their identification in the pla-
sma proteome is a very complicated procedure.” Only ten
proteins make up 90% of the mass of plasma proteins and
albumin (HSA) and immunoglobulins (Ig) represent 75%
out of these ten proteins. Majority of biomarkers in blood
plasma are often scarce and small in size. Consequently,
their detection can be limited by the presence of more
abundant and larger proteins such as HSA or IgG?. Becau-
se of the complexity of plasma no single technique can
fully exploit the information plasma has to offer. Until
now mass spectrometry and 2D-electrophoresis have been
routinely used for detection and characterization of speci-
fic biomarkers.® Chaires et al. have discovered the poten-
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tial use of differential scanning calorimetry (DSC) for pla-
sma analysis.” Using a DSC to analyze plasma yields a
thermogram that is sensitive to differences in thermodyna-
mic properties of the most abundant plasma proteins.
Chaires et al. have shown that thermograms of plasma
from diseased individuals differ significantly from ther-
mograms of plasma from healthy individuals.>* Another
tool to facilitate the search for biomarkers is liquid chro-
matography, in particular affinity chromatography and
ion-exchange chromatography. Several researchers have
demonstrated that depletion of most abundant plasma pro-
teins amplifies the contribution of least abundant plasma
proteins, thus creating the opportunity to uncover and
study specific proteins/peptides.® Polymethacrylate
chromatographic monoliths afford flow rate independent
binding capacity and resolution for large biomolecules
due to the convective nature of the flow, which allows re-
latively short analysis times compared to traditional chro-
matographic supports.” Having these advantages in mind
we decided to partially deplete human serum albumin
from plasma sample using chromatographic monoliths
bearing immunoaffinity ligand. The purpose of our re-
search was to develop and optimize procedures for combi-
ned use of DSC and immunoaffinity chromatography
(IAC) for the investigation of different plasma samples
from diseased individuals.

2. Experimental

2. 1. Plasma Samples

We investigated plasma samples from three indivi-
duals with three different haematological diseases, na-
mely chronic lymphocytic leukemia (CLL), multiple
myeloma (MM) and acute myeloid leukemia (AML). In-
dividuals diagnosed with MM and AML were females and
the one with CLL was a male. Due to ethical issues further
information about these individuals cannot be revealed.
Chaires et al.} have shown that the main shape of plasma
thermograms is unbiased by age, gender and ethnicity, ho-
wever small deviations in HSA unfolding signal amplitu-
des can be observed due to higher HSA concentrations in
male plasma samples. For the control sample blood pla-
sma from a healthy child was used. At the University Me-
dical Centre Ljubljana (UMCL) the peripheral blood sam-
ples were withdrawn in tubes with EDTA and centrifuged
at 2500 RPM for 10 minutes to obtain plasma. The use of
plasma was approved by National Medical Ethics Com-
mittee (Approval number: MZ 0120-299/2016-2, KME
83/05/16)

Because only 3 plasma samples were investigated
we have to emphasize that this is only a preliminary study
in which our main aim was to identify the effectiveness of
our approach and not to generalize differences for the
three investigated diseases. It should be clear that for vali-
dation of our method more plasma samples should be

analyzed. Even though only one set of measurements was
performed for CLL and AML samples, the robustness and
reproducibility of our method was tested with other pla-
sma samples (data not shown) and two separate fractiona-
tions of MM sample (Figure S1).

2. 2. Sample Preparation

The buffer solutions used in our experiments consi-
sted of 20 mM disodium phosphate and 300 mM NacCl.
HCI was added to disodium phosphate to reach pH of 7.4.
All buffers were filtered before use. Samples were first di-
luted 5- to 7-fold and then extensively dialyzed against the
buffer at 4 °C (three changes of buffer solution in 24 h) us-
ing a dialysis tube Float-A-Lyzer with a 3500 Da cut-off.
Total protein concentration of plasma samples was deter-
mined spectrophotometrically according to the bicincho-
ninic acid method procedure (Sigma-Aldrich).’

2. 3. IAC Protocol

Separations were performed using a Knauer high-
performance liquid chromatography (HPLC) worksta-
tion, consisting of two pumps, an autosampler injection
system with a sample loop volume of 100 uL and a UV-
detector at a wavelength of 280 nm. Samples were loaded
by using a mobile phase consisting of 20 mM disodium
phosphate and 300 mM NaCl, pH = 7.4 at a flow rate of 1
mL/min. For experimental data acquisition, Eurochrom
2000 software was used. The hydrazide-modified mono-
lithic chromatographic column (CIM® HIDA) with 1 mL
bed volume and 6 um pore size was provided by BIA Se-
parations d.o.o. The immobilization of polyclonal anti-
HSA was performed according to the procedure descri-
bed by Tarasova et al.'” and the determined dynamic
binding capacity at 50% breakthrough of prepared CIM
otHSA column for pure HSA in phosphate buffered saline
was 0.35 mg/mL. Before injection, diluted and dialyzed
plasma samples were filtered through 0.45 pm membrane
filters (Sartorius) and diluted with dialysate to a total pro-
tein concentration of approximately 4 to 5 mg/mL. 100 pl
loop was used to load the sample and flow-through and
bound fractions of plasma were collected. Succeeding
collection of flow-through fraction the bound fraction
was eluted using 0.1 M HCOOH, pH = 2.5, followed by
immediate neutralization by 200 mM disodium phospha-
te, 300 mM NaCl, pH = 8.5. Both fractions were transfer-
red to Vivaspin sample concentrators with MWCO of
3500 Da and centrifuged to final volume of 1 to 1.5 mL at
5000 RPM. This was repeated 18 times.

2. 4. DSC Protocol

DSC thermograms were obtained using nano DSC II
(CSC). Dialyzed plasma samples were diluted 3- to 4-fold
with dialysate and degassed for 15 min. DSC scans were
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recorded from 20 °C to 100 °C at 2 °C/min. Correspon-
ding buffer scans were also recorded. Raw data was analy-
zed with NanoAnalyze software and Microsoft Excel. The
corresponding baseline (buffer—buffer) scans were sub-
tracted from the plasma scans and normalized to total pro-
tein concentration to obtain partial heat capacity as a func-
tion of temperature.

2. 5. SDS-PAGE

Fractions were examined using sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE).
Plasma fractions from IAC were diluted to a final concen-
tration between 0.5 and 1.0 mg/mL. Separation of pro-
teins was performed on 12% resolving gel and 4% stac-
king gel. Electrophoresis was carried out under reducing
conditions according to the basic Laemmli SDS-PAGE
procedure.'' Gels were run at 200 V and 15 °C for 75 min.
Visualization of protein bands was done by silver stai-
ning."” Gel images were altered to achieve more efficient
interpretation of result (color was changed to black&whi-
te and positions of lanes on the same gel were shuffled).
Unaltered images can be seen in Figure S2.

3. Results and Discussion

3. 1. Comparison of Blood Plasma
Thermograms

Figure 1 shows that plasma thermograms belonging
to diseased individuals differ significantly from one anot-
her and from “healthy” plasma thermograms. The thermo-

healthy plasma (150mM NaCl)
0,4+ healthy plasma (300mM NaCl)
——CLL plasma
{ ——AML plasma
" —— MM plasma
[=)]
o 0,34
o
=)
S 02
%q
0,14
0,0+
T v T Y T T T T T T
50 60 70 80 a0 100
T/°C

Figure 1. Comparison of thermograms of blood plasma from disea-
sed individuals dissolved in 20 mM phosphate buffer and 300 mM
NaCl and with a thermogram of blood plasma from healthy indivi-
dual dissolved in 10 mM phosphate buffer and 150 mM NacCl (das-
hed cyan line) and 20 mM phosphate buffer and 300 mM NaCl (full
cyan line).

grams of plasma display multiple peaks that can be asso-
ciated to the melting temperatures (7)) characteristic of
main plasma proteins.

Chaires et al. have performed thermal denaturation
of “healthy” blood plasma at heating rate of 1 °C/min and
in 10 mM phosphate buffer with 150 mM NaCl to mimic
physiological conditions. Several peaks were identified
corresponding to transition temperatures of fibrinogen
(T,~51°C), HSA (T, ~63 °C), IgG (T, ~70 °C) and trans-
ferrin (T, ~85 °C).? Thermograms in our research were
recorded at heating rate of 2 °C/min to increase the num-
ber of processed samples and 20 mM phosphate buffer
with 300 mM NaCl was used to avoid non-specific pla-
sma-column interactions. Higher heating rate and salt
concentration shifted the melting temperatures of majo-
rity of plasma proteins to higher values (Figure 1). Thus
T of fibrinogen shifts to ~53 °C, T, of HSA to ~67 °C,
T of IgG to ~72 °C) and T of transferrin to ~86 °C.
Melting temperatures are not the only obtainable data
from thermograms. The integration of area under the
thermograms of plasma yields the enthalpy of plasma
proteins denaturation (Table 1).

Table 1. Denaturation enthalpies of plasma from healthy individual
and from blood plasma of diseased individuals. NF-non-fractio-
nated plasma; F1-flow-through plasma fraction. Experimental er-
ror due to baseline correction is + 5%.'®

Sample Unfolding enthalpy [cal/g]
Healthy plasma 3.64 +0.18
CLL plasma NF 3.80+0.19
CLL plasma F1 2.94 £0.15
AML plasma NF 3.96 +0.20
AML plasma F1 2.89£0.14
MM plasma NF 4.57+0.23
MM plasma F1 4.27+0.21

Figure 1 shows that thermograms obtained from
thermal denaturation of blood plasma from diseased indi-
viduals are shifted to higher temperatures. The shift in un-
folding temperatures is in agreement with previously re-
ported results for other diseases.>!*!>!1¢ Proteins in plasma
from diseased individuals seem to unfold at higher tempe-
ratures for a yet undefined reason. Chaires et al. had
hypothesized that such stabilization of proteins occurs due
to interactions between major plasma proteins and speci-
fic disease biomarkers.” Thermal denaturation of plasma
from an individual with CLL yields a thermogram, where
at least four transitions could be identified. These could
correspond to denaturation of fibrinogen (7, ~53 °C),
HSA (T, ~68 °C), 1gG (T,,~72 °C) and transferrin (T, ~91
°C). The transitions are shifted from 0 to 5 °C towards
higher temperatures when compared to thermogram of
“healthy” plasma. For instance, T of fibrinogen does not
change, but T of transferrin is shifted for approximately
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5 °C. The denaturation enthalpy of non-fractionated CLL
plasma is 3.80 =+ 0.19 cal/g. This value is approximately
the same as the denaturation enthalpy of plasma proteins
from healthy individuals. Figure 1 shows that DSC ther-
mograms of CLL and AML plasma are distinct even
though both diseases are characterized by prominent
changes in blood leukocytes not in plasma protein compo-
sition. In the thermogram of plasma from an individual
with AML an additional endothermic peak can be obser-
ved at 62 °C. We hypothesize this peak is present due to
thermal denaturation of haptoglobin, as it is supposed to
unfold in the same temperature region as HSA.> T values
of fibrinogen and transferrin from AML plasma denatura-
tion seem to be at approximately the same position as T
values from “healthy” plasma denaturation. The denatura-
tion enthalpy of non-fractionated blood plasma from an
individual with AML is 3.96 + 0.20 cal/g, which is com-
parable to denaturation enthalpy of CLL and “healthy”
plasma. Lastly Figure 1 shows a specific thermogram of
plasma from an individual with MM. Three main transi-
tion peaks for most abundant plasma proteins can be cha-
racterized. A similar thermogram for this disease was ob-
tained by Todinova et al.'” Thermally induced peaks are
shifted to higher temperatures to an even greater extent
than those characteristic for proteins from CLL and AML
plasma samples. Also in contrast to AML and CLL sam-
ples protein concentration in MM plasma was increased
above reference range (94 g/L) due to monoclonal IgG
fraction (M spike) typical for MM. Thermogram exhibits
three distinct peaks (T,~62 °C, T, ,~71 °C and T, ,~82
°C) and is dramatically different from other thermograms.
The determined enthalpy of denaturation for non-fractio-
nated MM plasma was 4.57 + 0.23 cal/g, which is appro-
ximately 20% higher from denaturation enthalpies of ot-
her samples. These results suggest that the amount of un-
folding enthalpy is not a determining factor for disease
conditions. We believe that only the shape of plasma ther-
mograms can serve as a diagnostic tool for disease deter-
mination.

3. 2. Fractionation and Characterization
of Proteins in Blood Plasma

To gain further insight into thermal behavior of dif-
ferent blood plasma samples, fractionation of plasma
samples and thermal denaturation of obtained fractions
were carried out. The thermogram of the flow-through
fraction of plasma from an individual with CLL in Figure
2 shows a distinct drop in signal intensity in the region
characteristic of HSA, as a result of HSA depletion by a
CIM oHS A column. As a result, transition peaks for other
proteins are more pronounced. Along with enrichment of
less abundant proteins we can observe an entirely new
peak at approximately 65 °C, which seems to have been
previously masked by HSA. We hypothesize that this peak
is a result of haptoglobin denaturation.
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Figure 2. Thermograms of blood plasma from an individual with
CLL (top). DSC thermogram of a non-fractionated blood plasma
sample (full line) is compared to thermograms of flow-through
(dotted line) and bound fraction (dashed line) obtained from HPLC
fractionation. The right AC  axis corresponds to the bound fraction.
SDS-PAGE of blood plasma from an individual with CLL (bot-
tom); P. L. — protein library, CLL, — non-fractionated blood pla-
sma (1 mg/mL), CLL, — flow-through fraction (1 mg/mL), CLL,
—bound fraction (0.8 mg/mL).

The obtained unfolding enthalpy of the flow-
through fraction of CLL plasma was 2.94 + 0.15 cal/g
(Table 1), which is 22% lower than that of non-fractiona-
ted plasma. The thermogram of the bound fraction in Fi-
gure 2 shows a major exothermic effect above 82 °C due
to protein aggregation. We hypothesize that this pheno-
menon is due to elution of HSA with HCOOH, even
though this fraction was intercepted by high capacity buf-
fer to neutralize acid. Very acidic conditions are non-
physiological for HSA and can change its structure in a
way that favors aggregation. Similar behavior of bound
fractions was observed in all plasma samples and repor-
ted by other researchers'®!” and will not be discussed any
further. Together with the thermogram of the flow-
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through fraction, results of SDS-PAGE (Figure 2) show
that only partial HSA depletion was achieved even
though the applied concentration was bellow theoretical
binding capacity. This was most likely due to complexity
of plasma samples and overuse of our CIM aHSA co-
lumn. Even though HSA is still present in the flow-
through fraction, the corresponding thermogram seems to
be missing peak assigned to HSA denaturation. We have
to assume that HSA unfolding is masked by the unfol-
ding of other plasma proteins. CLL, lane (bound frac-
tion) displays an intensive band at 66 kDa, characteristic
of HSA, no slower migrating bands and some low inten-
sity bands in lower MW region that could correspond to
heavy (~50 kDa) and light (~25 kDa) IgG chains. Results
of flow-through fraction PAGE can be seen in CLLy, la-

—— AML plasma
0,44 -+ Flow-through fraction } 128 2
- = = ~Bound fraction L ™
i ]
i 1 -
S 031 2!
‘_ w©
- {15 ©
o —
8 0,2 §
—
41,0
Q" 3
5 L2
0,14
{05 o
4
0,0 a0
100
M,/ kDa

200
150
120

100
80

T0

-
—
—
0 -
40—
| —

o
(]

o -

[l AML, AML AML

NF F1 F2

Figure 3. Thermograms of blood plasma from an individual with
AML (top). DSC thermogram of a non-fractionated blood plasma
sample (full line) is compared to thermograms of flow-through
(dotted line) and bound fraction (dashed line) obtained from HPLC
fractionation. The right AC, axis corresponds to the bound fraction.
SDS-PAGE of blood plasma from an individual with AML (bot-
tom); P. L. — protein library, AML, — non-fractionated blood pla-
sma (1 mg/mL), AML;, — flow-through fraction (1 mg/mL), AML,
— bound fraction (0.7 mg/mL).

ne. An intensive band at ~180 kDa, representing a subunit
of o,,-macroglobulin, is present in the high MW y-region.
Below in the B-region lies a distinct band at 80 kDa, cha-
racteristic of transferrin. HSA band is less intensive but
still present because in order to reduce the number of
fractionations, high concentration of plasma with HSA
concentration on the limit of binding capacity was injec-
ted on CIM oHSA column. Beneath the band represen-
ting HSA there is a broader band consisting of BJ-fibri-
nogen at ~56 kDa, transthyretin at ~55 kDa and heavy Ig-
G chains at ~50 kDa. The band at ~15 kDa could not be
identified.? It is clear that intensities of all bands, which
were weaker in the whole plasma sample are noticeably
increased in the CLL, lane, suggesting that enrichment
of less abundant proteins was successful.
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Figure 4. Thermograms of blood plasma from an individual with
MM (top). DSC thermogram of a non-fractionated blood plasma
sample (full line) is compared to thermograms of flow-through
(dotted line) and bound fraction (dashed line) obtained from HPLC
fractionation. The right AC  axis corresponds to the bound fraction.
SDS-PAGE of blood plasma from an individual with MM (bottom);
P. L. — protein library, MM — non-fractionated blood plasma
(1 mg/mL), MM, — flow-through fraction (1 mg/mL), MM, —
bound fraction (0.5 mg/mL).
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The thermogram of the flow-through fraction of
AML plasma (Figure 3) shows that depletion of HSA
from blood plasma resulted in well-defined peak at 62 °C
which in our opinion is a result of haptoglobin denatura-
tion. Signals for other plasma proteins, such as fibrinogen
at 53 °C and transferrin at 86 °C are also slightly enriched.
The remaining peak at 72 °C can be attributed to IgG de-
naturation. The obtained unfolding enthalpy for the flow-
through fraction was 2.89 + 0.14 cal/g (Table 1), which is
approximately 27% lower than for non-fractionated AML
plasma. Thermogram obtained from thermal denaturation
of the bound fraction of AML plasma (Figure 3) displays
an intensive endothermic peak, followed by a steep exot-
hermic effect characteristic of protein aggregation. Re-
sults of SDS-PAGE of AML plasma (Figure 3) show an
intensive HSA band in AML, lane, suggesting that we
have successfully depleted the majority of HSA from the
AML plasma. Some faster migrating bands corresponding
to heavy (=50 kDa) and light (~25 kDa) IgG chains can al-
so be seen in AML, lane. AML, lane corresponds to the
flow-through fraction and contains a band at 66 kDa sho-
wing that not all of HSA was removed. The intensities of
other bands are increased, proving that we have succeeded
in increasing the relative concentration of other proteins.

When comparing thermograms of non-fractionated
sample and flow-through fraction of the MM plasma (Fi-
gure 4), a distinct drop in signal intensity at temperature
of 71 °C and increase in signal intensity at temperature of
82 °C are observed. The denaturation enthalpy of the
flow-through fraction was 4.27 + 0.21 cal/g, which is only
7% lower than for non-fractionated MM plasma. SDS-
PAGE of MM flow-through fraction, MM, shows de-
creased intensity of HSA band at 66 kDa and increased in-
tensities of other bands (Figure 4). On the other hand
SDS-PAGE of MM bound fraction, MMp,, shows strong
band, characteristic of HSA along with weaker bands re-
presenting heavy and light IgG chains. SDS-PAGE results
suggest that almost all of the HSA is removed from flow
through fraction which could be associated to drop in
DSC signal intensity at temperature of 71 °C. Thermo-
grams of MM plasma show that HSA and IgG unfolding
have shifted to higher temperature, perhaps due to interac-
tions with drugs®' or interactions with monoclonal immu-
noglobulin.”> About 25 % drop in DSC signal intensity at
temperature of 71 °C does not correspond to drop in band
intensity observed in SDS-PAGE which means that HSA
is unfolding in the same region as other proteins. Compa-
rison of lanes with bound fractions in Figures 2, 3 and 4
reveals that the intensities faster migrating bands are
strongest in the case of MM plasma. This could be a result
of HSA-IgG complex formation, non-specific interactions
or column degradation and should be further investigated.
The stained gel (Figure 4) gives information not only
about the effectiveness of MM plasma fractionation, but
also of multiple myeloma signs. This is especially evident

from several protein bands in MM, lane. A weak band,
characteristic of HSA and abnormally intensive bands,
characteristic of heavy and light IgG chains can be obser-
ved. Both phenomena are typical of multiple myeloma
and it should be emphasized that MM plasma was obtai-
ned from patient with IgG clonality and light chain kappa
restriction.

4. Conclusions

DSC provides a unique signature of the three exami-
ned diseases (chronic lymphocytic leukemia, multiple
myeloma and acute myeloid leukemia), thus showing po-
tential for plasma proteome investigation. Because only 3
plasma samples were investigated we have to emphasize
that obtained results may not be used to generalize diffe-
rences for the three investigated diseases. IAC with the
use of a CIM otHSA column enables enrichment of less
abundant plasma proteins, thus providing the tool to en-
hance the relative presence and/or influence of potential
disease biomarkers. Enrichment of plasma proteins in
flow-through fractions was verified with SDS-PAGE and
analyzed with DSC. The obtained results suggest that
combination of DSC and IAC could be introduced as a
possible novel and non-invasive diagnostic tool, although
further research in this field is required.
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Diferenc¢na dinami¢na kalorimetrija (DSC) nam nudi svojevrsten vpogled v lastnosti proteoma krvne plazme.
Termogrami krvne plazme bolnih posameznikov so specifi¢ni in se razlikujejo med seboj, kakor tudi od krvne plazme
zdravih posameznikov. Z DSC smo izmerili termograme krvne plazme posameznikov s kroni¢no limfati¢no levkemijo,
plazmocitomom in akutno mieloi¢no levkemijo ter jih med seboj primerjali. Da bi pridobili dodatne informacije o ter-
micno inducirani denaturaciji plazemskih proteinov, smo uporabili imunoafinitetno kromatografijo. S kromatografsko
kolono z imobiliziranimi anti-HSA protitelesi smo izvedli imunoekstrakcijo HSA in s tem poviSali deleZ manj pogostih
proteinov v krvni plazmi. To nam je omogocilo snemanje termogramov frakcij z razli¢no proteinsko sestavo in s tem
boljse razumevanje interakcij med proteini, ki sestavljajo krvno plazmo. U¢inkovitost odstranitve HSA in sestavo frak-

cionirane krvne plazme smo preverili z uporabo SDS-PAGE.

Brudar et al.: Use of Differential Scanning Calorimetry
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Abstract

Period 2 (PER2) is an important factor in daily oscillations called circadian rhythms, which are emerging as one of the
most important regulatory networks, responsible for homeostasis and transcriptional regulation of a number of genes.
Our work shows that PER2 could act as a co-activator of the constitutive androstane receptor (CAR), a key nuclear re-
ceptor (NR) that regulates the metabolism of endobiotics and xenobiotics. Bioinformatic analysis shows that PER2 and
CAR possess structural elements that could enable them to interact which was confirmed experimentally by ColIP expe-
riment. Co-transfection of mouse hepatocarcinoma cells with plasmids overexpressing Per2 and Car increases expres-
sion of Bmall, a potential CAR target gene, more than transfections with Car only. This is the first report indicating the

interaction of PER2 and CAR.

Keywords: circadian rhythms, metabolism, period 2, constitutive androstane receptor, co-activator

1. Introduction

Circadian rhythms are daily oscillations in most
cells and organisms. They are governed by autonomous
molecular circadian oscillators that are synchronized by
external cues, such as light and food. The circadian mac-
hinery is composed of positive and negative transcriptio-
nal and translational feedback loops. The major positive
loop comprises of transcriptional activators BMAL1 and
CLOCK that can heterodimerize and drive their own
transcription as well as that of elements of the negative
loop, such as Period (PER) homologues, Cryptochromes
and Rev-erbo. The transcriptional repression of Bmall
due to REV-ERBa can be counter-balanced by RORo and
PPARo."

PER2 is involved in the negative feedback loop
where it directly interacts with the transactivation com-
plex of BMAL1-CLOCK and represses its transcriptional
activation capability. It also acts in the positive loop whe-

re it drives Bmall expression by acting as a co-activator of
NRs, eg PPARo.! PER2 in metabolic and mental disor-
ders, cancer and other pathologies is currently being in-
tensively studied.*® Due to its two LXXLL structural mo-
tifs, which can interact with a hydrophobic pocket of NR-
s, it has been studied as a nuclear receptor co-activator.’
Perhaps one of the most important transcriptional regu-
lator of metabolism is CAR, a NR regulator of primary
and secondary metabolism. CAR can be directly or indi-
rectly activated by various endogenous ligands, eg biliru-
bin, and xenobiotics, eg barbiturates.'®'® After activation
and nuclear localization it interacts with co-activators and
heterodimerization factors, most often the retinoid X re-
ceptor (RXR). The final protein complex can transactivate
enzymes of the cytochrome P450 (CYP), glucuronosyl-
transferase (UGT) and multi drug resistance protein
(MRP) families.>!*1519-2!

The interaction between nuclear receptors and their
co-activators is a well-documented interaction that is
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highly conserved among species.”*? Nuclear receptors ha-
ve high levels of similarity in their ligand binding do-
mains, especially in the region of helices 3, 4 and 5. These
helices form a hydrophobic cleft which interacts with leu-
cines of the co-activators’ LXXLL motifs. The two resi-
dues between the three leucines have little or no importan-
ce to binding of LXXLL motifs as they are in direct con-
tact with the surrounding aqueous solution. Charged resi-
dues of the helices 3-5 form interactions with amino acids
surrounding the LXXLL motifs which are crucial for the
specificity of interactions and recognition of appropriate
co-activators. The most important factor for specificity of
co-activators are the two residues just before the first leu-
cine of the LXXLL motif, usually referred as -2 and —1.
Of most interest to this study was the class 3 of LXXLL
motifs, according to Savkur and Burris, which encompas-
ses motifs SXLXXLL.>*

Here it was shown that CAR and PER?2 interact
with, and activate Bmall transcription. The initial predic-
tion was made on the basis of homology of LXXLL mo-
tifs of PER2 and several known CAR co-activators and
was confirmed experimentally. Our data presents the first
report of communication between drug metabolism and
the circadian rhythm at the level of direct interaction bet-
ween PER2 and CAR.

2. Results

Bioinformatic analysis of the transcription factor
binding sites using MatInspector, Matrix Library 9.4 and
User-defined IUPAC strings revealed potential binding si-
tes for CAR on the Bmall promoter, eg for CAR/RXR at
414-438 (positive strand) of GXP_5050588 (Bmall Mus
musculus).>**® This provided a sufficient basis for the
transfection experiments that showed induced expression
of a Bmall luc reporter when Hepa 1-6 cells were trans-
fected with Car (P < 0.01). The induction was further en-
hanced when co-transfection with Car and Per2 was per-
formed (P < 0.01) which suggests an either direct or indi-
rect influence of PER2 on CAR transactivation of Bmall
(Figure 1). Surprisingly, the transactivation of Bmall with
vectors overexpressing CAR and PER2 was not signifi-
cantly different than transactivation with positive control
overexpressing PPARo and PER2 (Figure 1) that co-im-
munoprecipitate at Bmall regulatory sites.! The lack of a
statistically significant difference might suggest a similar
mechanism of transactivation which may lead to the ex-
ploration of structural properties of both PER2 and CAR
to evaluate if a direct interaction between the proteins is
plausible.

Bioinformatic analysis showed that PGClo
(PPARYC1A), a known CAR and PPARY co-activator,
may interact with CAR via its motif SLLKKLL (Mus
musculus), which is homologous to both SXLXXLL mo-
tifs of PER2 (Figure 2), namely SGLLNLL (Mus muscu-
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Figure 1. Co-transfection of Hepa 1-6 cells with CAR and
PER2 overexpression plasmids induces promoter activity of
Bmall luc reporter. This induction is similar to the one observed
when performing co-transfections with Pparo and Per2 (P <
0.0001) and different to the one observed when performing trans-
fections with Car only (P < 0.0001). The log10 relative luciferase
units of individual wells for the specific transfection mix are
shown. ** - P < 0.01

lus) and SDLLNLL (Mus musculus).”*° A further co-ac-
tivator of CAR and PPARY, PGCI1p, which has three
LXXLL motifs, all with a serine at a 1 or -2 position, also
exists. A similar arrangement with a serine residue in front
of a LXXLL motif can also be observed in NCoA6, anot-
her CAR co-activator.”*

As both PER2 and PGClo are co-activators of
PPARY, a NR involved in lipid and carbohydrate metabo-
lism, attention was focused on the homology of the nuc-
lear receptor. Most receptor residues that are in contact
with LXXLL motifs have no charge pointing towards the
co-activator motifs, besides two very distinct lysins at
both the CAR and PPARY at homologous positions. The
receptors also seem to have high 3D similarity of the
hydrophobic cleft as helices 3, 4, 5 are positioned in a si-
milar manner. Both receptors seem to bind LXXLL motifs
at the »end of helix 5« to the »end of helix 3«, which coin-
cides with the lysine positioning.*’~*> Even though this
could be projected onto many nuclear receptors, the posi-
tion of the lysine at helix 5 could additionally explain the
favouring of co-activators with a serine before
LXXLL.>#-6

The hypothesis that PER2 and CAR interact di-
rectly was confirmed with co-immunoprecipitation (Fi-
gure 3). For this, Car-Flag and Per2-V5 co-transfection
was performed. Initial release of proteins from Sepharo-
se beads was performed at 70 °C and revealed the V5
reactive protein at an approximate size of 40 kDa. After
additional heating of Sepharose at 95 °C for 2 min, a 135
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hPER2/1st 01555
hPER2/2nd 015855
hPGCla/2nd QoUBK2
hPGCla/3rd Q9UBK2
hPGClB/lSt Q8BYN6
hPGC1B/2nd  Q86YN6
hNCoAB6/1st Q14686
hNCoA6/2nd Q14686
mPER2/1st 054943
mPER2/2nd 054943
mPGCla/2nd 078343
mPGCla/3rd 0708343
mPGC1B/1st Q8VH17
mPGC1B/2nd  Q8VHI7
mPGC1B/3rd Q8VHI7
mNCoA6/1st  Q9IL19
mNCoA6/2nd Q9JL19

KSHENEIRYHPFRMTPYLVKVRDQQGAESQLECLLLAERVHSGYEAPRIPPEKRI
TSRDQQPKAPLTRDEPSDTQNSDALSTSSGLLNLLLNEDLCSASGSAASESLGSG
DGDVTTDNEASPSSMPDGTPPPQEAEEPSLLKKLLLAPANTQLSYNECSGLSTQN
PATVKTENSWSNKAKSICQQQKPQRRPCSELLKYLTTNDDPPHTKPTENRNSSRD
SASPAPSSAPPSPAPEKPSAPAPEVDELSLLQKLLLATSYPTSSSDTQKEGTAWR
PKACSNPSQQVRSRPWSRHHSKASWAEFSILRELLAQDVLCDVSKPYRLATPVYA
PFSGAPNGNQMSCGQNPGFPVNKDVTLTSPLLVNLLQSDISAGHFGVNNKQNNTN
DGQPSDPNKLPSVEENKNLVSPAMREAPTSLSQLLDNSGAPNVTIKPPGLTDLEY
KHHENEIRYQPFRMTPYLVKVQEQQGAESQLCCLLLAERVHSGYEAPRIPPEKRI
TSRDRQPKAPPTCNEPSDTQNSDAISTSSDLLNLLLGEDLCSATGSALSRSGASA
DGAVTTDNEASPSSMPDGTPPPQEAEEPSLLKKLLLAPANTQLSYNECSGLSTQN
PAIVKTENSWSNKAKSICQQQKPQRRPCSELLKYLTTNDDPPHTKPTENRNSSRD
GLAAFPELDEGDTPSCTPASPAPLSAPPSPTLERLLSPASDVDELSLLQKLLLAT
PASPAPLSAPPSPTLERLLSPASDVDELSLLQKLLLATSSPTASSDALKDGATWS
PIPQACSSLSRQVQPRSRHPPKAFWTEFSILRELLAQDILCDVSKPYRLAIPVYA
PFGGAPNGSQMSCGQNPGFPVNKDVTLTSPLLVNLLQSDISAGHFGVNNKQNNTN
DGQPLDPNKLPSVEENKNLMSPAMREAPTSLSQLLDNSGAPNVTIKPPGLTDLEV

Figure 2. Alignment showing similarity between PER2 and known co-activator LXXLL motifs of CAR, namely PGClalpha, NCoA6 and
PGClbeta.”* The letters h and m before the protein name designate species Homo sapiens and Mus musculus, with the sequential number of the
noted LXXLL and UniProt/Swiss-Prot entry number following the protein name. The predicted LXXLL motifs with residues marked as 1-5 are
shown in red, as are serines located just before LXXLL. Of note is a negatively charged side-chain, or a hydroxyl group containing residues (E, S,

T) just in front of the -2 serine.”
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Figure 3. Co-immunoprecipitation with FLAG Ab conjugated
Sepharose of Car-Flag and Per2-V5. A: Western blot with V5 Ab
— PER2 shows two bands, at 40 and 135 kDa. After the final incu-
bation of Sepharose beads at 70 °C, only the 40 kDa form was vi-
sible on the blot. The 135 kDa isoform was visible after additional
incubation at 95 °C. B: Western blot with FLAG Ab — the signal of
CAR is in the range of expected protein size (40 kDa).

kDa protein was released (Figure 3A), corresponding to
the expected size of PER2.” The FLAG reactive protein
was detected very faintly, irrespective of temperature, at
40 kDa (Figure 3B). This could correspond to CAR.”
This corroborates the prediction that the two proteins
could interact in a co-activator and nuclear receptor
manner.

3. Materials and Methods
3. 1. Plasmids

Bmall luc, having a Bmall promoter cloned into a
pGL3 luciferase reporter vector, Per2, coding for a V5-
tagged PER2, and Pparo constructs were kindly provided
by J. Ripperger and U. Albrecht (Department of Biology,
Faculty of Science, University of Fribourg, Switzerland)
and have been previously described in more detail.'

The Car expression construct was kindly provided
by JeanMarc Pascussi (Institut de genomique fonctionnel-
le, Montpellier, France) and it was constructed by Negishi
Masahiko (NIH, North Carolina, USA) and has previ-
ously been described in more detail.*’

The Car-Flag plasmid was kindly provided by
Negishi Masahiko (NIH, North Carolina, USA) and has
previously been described in more detail.*

An empty pGL3 basic vector (Promega) was used to
perform transfections with equal ammounts of DNA. All
wells were transfected with 50 ng Bgal — pSV-B-Galacto-
sidase Control Vector (Promega), for normalization. All
constructs besides the commercial pGl3 basic and Bgal
represent Mus musculus.

3. 2. Transfections

Transfections were performed on Hepa 1-6 cells
available from the European Collection of Authenticated
Cell Cultures. The cells were held at 5% CO2 and 37 °C
and transfered to 96-well microplates 24 hours prior to
transfections with 5 x 10° cells in DMEM and 10% FBS.
For transfections X-tremeGENE HP DNA (Roche) was
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used according to manufacturer’s instructions. Total pla-
smid mass was equal to 200 ng per well, with each con-
struct of interest at 50 ng and total mass added to 200 ng
with the pGL3 basic vector. The negative control repre-
sents transfections with Bgal, Bmall luc and pGL3 basic
vector, a positive control of Bgal, Bmall luc, Pparo and
Per2 was used.

3. 3. Luciferase assay and statistical analysis
of results

Cells were lysed using Passive Lysis Buffer (Prome-
ga). Luciferase assay was performed using the ONE-Glo
Luciferase (Promega) according to manufacturer’s in-
structions and measurements were performed on Synergy
H4 (BioTek). Results were normalized using analysis of
[-galactosidase activity and additional normalization to
positive control using luciferase activity was performed
for microplate comparisson. Analysis of variance was per-
formed and results were logarithmized to achieve variance
homogeneity. The t-test analysis was performed with
GraphPad Prism 6.0 software. In cases where significance
is very high, the software returns p values in the form
p>0.0001.

3. 4. Co-immunoprecipitation (Co-IP)

HeLa cells were seeded on 6-well plates and co-
transfected with Car-Flag and V5-tagged Per2 using Lipo-
fectamine 2000 (Thermo Fisher Scientific). Cells were
harvested 2 days after transfection using 200 microliters of
the lysis buffer: 50 mM Tris - HCI at pH 7.5, 150 mM Na-
Cl, 0,5% (w/v) NP-40 and complemented with protease in-
hibitors (Roche). The cell lysate was agitated for 10 min at
4 °C and centrifuged at 14000 g 20 min at 4 °C. Superna-
tant was transferred to a tube containing FLAG-coupled
Sepharose beads (Sigma-Aldrich) and rotated for 2 h at 4
°C. After the centrifugation at 10000 g for 5 min at 4 °C
the supernatant was then collected and stored as a whole
cell lysate sample. Sepharose was washed 3 times with ad-
ditional 200 microliters of lysis buffer and the first wash-
out was collected as wash out sample. 50 microliters of
Laemmli buffer was added to the Sepharose, followed by
heating for 10 min at 70 °C and again for 2 min at 95 °C.
Western blot was perfomed with 3 different samples: who-
le cell lysate, wash out and immunoprecipitate (IP) in two
parallel conditions, one with anti-FLAG Ab A8592 (Sig-
ma-Aldrich) and the other with anti-V5 Ab V8137 (Sigma-
Aldrich).

3. 5. Discussion

The comparable transactivation of Bmall following
co-transfections with Car/Per2, or Ppara/Per2 may sug-
gest a similar mechanism of transcriptional activation of
Bmall. If this is the case then, in conjucntion with ChIP

experiments revealing binding of PER2 and PPAR« at re-
gulatory regions of Bmall,' this could further support the
proposal that PER?2 could potentially act as CAR’s co-ac-
tivator and that the pair can form transactivation comple-
xes either alone or with other partners. This is further sup-
ported by finding CAR binding sites at the Bmall promo-
tor. The discovery is interesting as both proteins are im-
portant for cell homeostasis. However, PER2 is not the
only co-activator of these nuclear receptors and PER2 is
expressed at certain times of the day. To confidently state
how important is the effect of different Bmall transcrip-
tional activity, this should be tested on reporter cell lines.
We can speculate that additive effects of xenobiotic inge-
stion, social jet lag and nutrition overload can affect circa-
dian clock driven endogenous liver metabolism. This can
result in liver abnormalities, such as non-alcoholic fatty li-
ver disease that could terminate in HCC.

Since some of the predictions of this study were ba-
sed on homology, it is worth noting that according to Sav-
kur and Burris the amino acid at —1 of their class 3
LXXLL motifs should be an non-polar amino acid.’ Ho-
wever, since human and mouse 2nd PER2 LXXLL have G
or D at -1, with high conservation of the rest of the se-
quence, motifs that do not follow this strict consensus of
an unpolar —1 residue are shown in our alignment.”” As
well as this, the residue at —1 most probably points out-
wards from the hydrophobic pocket and therefore does
not directly interact with helices 3-5 of NRs.* It would be
worth exploring if it could interact with the charge clamp
of NRg 9314042

Another interesting observation is the presence of a
band at approximately 40 kDa at the western blot with an-
ti-V5 Ab. Similar sized bands have been observed in our
previous work, where a >40 kDa band was detected with
western blot from mouse liver samples, with the use of a
different Ab (Abcam ab467). Unfortuantely this could not
be verfified using our ColP samples with these Ab, as Ab-
cam does not provide this specific Ab any more. Work
from other researchers has shown the existence of a shor-
ter PER2S isoform in Homo sapiens with the size of 45 k-
Da and co-IP at 55 kDa.** If a similar truncated form of
PER?2 was observed, it could be speculated that PER2 can
interact with CAR with its first LXXLL. However, this
does not exclude an interaction of PER2 with CAR with
its second LXXLL.! It may be possible that a co-activator
interacts with an NR with multiple LXXLL motifs, but
with a different affinity. Although a cocktail of protease
inhibitors were used with the lysis buffer, it is still possib-
le that the >40kDa band is a product of protein degrada-
tion.

It is interesting to note that Car shows both diurnal
expression patterns in liver, with Car mRNA levels oscil-
lating in phase with Bmall, and the possibility to be acti-
vated by ligands. The induction could very well be depen-
dent on the phase or time of induction.*** If this is the ca-
se, such findings should be considered in the pharmacoki-
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netics of drug active ingredients, especially as CAR regu-
lates the expression of several CYPs.'8?!4¢ This work may
therefore provide an important new link in understanding
the connection between internal clock machinery, meta-
bolism and pharmacokinetics.

As CAR can be activated by xenobiotics, such as
flavonoids, cathehins and similar poliphenols, and also
active ingredients of drugs, eg. barbiturates, paracetamol
and some compounds with a steroid-like structure, it
would also be interesting to see if such activation has any
physiological effect on transcription of genes involved in
circadian rhythms.'*'®146 It would be possible that high
levels of CAR could affect the molecular clock in the pe-
riphery, but CAR also binds other co-activators. We can-
not exclude that the robust molecular clock could be af-
fected, which would mean that different CAR activators
(eg. xenobiotics) could have an effect on liver circadian
regulation of various metabolic pathways.

This work also suggests that period homologues
should be considered as possible NR co-activators, not
only of NRs that have an established role in circadian
rhythms. Perhaps such mechanisms of multiple co-activa-
tors being able to activate a single NR could provide a
compensatory mechanism in case of co-activator deregu-
lation. On the other hand, different co-activators are ex-
pressed differentially in tissues with different phases of
expression, which could in fact define a NR’s tissue and
time specific function.

In conclusion, we show that CAR and PER2 can
form an interaction which has implicaitons for circadian
aspects of drug metabolism.
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Period 2 (PER2) je pomemben faktor pri dnevnih oscilacijah, imenovanih cirkadiani ritmi. Ti so eni najpomembne;jSih
regulatornih zank, ki so pomembne za uravnavanje homeostaze in uravnavanja prepisa velikega Stevila genov. Dokazali
smo, da lahko PER2 deluje kot ko-aktivator konstitutivnega androstanskega receptorja (CAR), kljucnega jedrnega re-
ceptorja pri uravnavanju metabolizma endobiotikov in ksenobiotikov. Bioinformatska analiza je pokazala, da PER2 in
CAR vsebujeta strukturne elemente, ki omogocajo njuno interakcijo. To je bilo eksperimentalno potrjeno s ColP posku-
som. KO-transfekcija mi§jih hepatokarcinomskih celic s plazmidi, ki omogocajo povecano izraZzanje Per2 in Car,
poveca izraZanje Bmall, potencialni tar¢ni gen CAR. Povecano izraZanje Bmall v celicah je vi§je, kot Ce so tranficirane
le s Car plazmidom. To je prvo porocilo o interakciji PER2 in CAR.

Martini et al.: Interaction of PER2 with the Constitutive



DOI: 10.17344/acsi.2016.2889

Acta Chim. Slov. 2017, 64, 577-581

Short communication

Preliminary Evaluation of Animal Bone Char
as Potential Metal Stabilization Agent
in Metal Contaminated Soil

Evelin Gruden, Peter Bukovec and Marija Zupancic*

Faculty of Chemistry and Chemical Technology, University of Ljubljana, Vec¢na pot 113, SI 1000 Ljubljana, Slovenia

* Corresponding author: E-mail: marija.zupancic @fkkt.uni-lj.si,
Phone: +386 14798 531

Received: 04-09-2016

For Cutting Edge 2017

Abstract

The aim of this study was to evaluate the potential effect of animal bone char (ABC) addition on metal mobility in mi-
ne tailings. The mobility of metals after addition of ABC to tailings at four different application rates (0.6 g, 1.2g,1.8 g
and 3.6 g ABC per 100 g of tailings) was evaluated by Toxicity Characteristic Leaching Procedure (TCLP) one step ex-
traction. The obtained results indicated that the mobility of Pb, Cr and Cd gradually decreased with increasing quantity
of added ABC. According to the TCLP, mobile concentrations of Pb in tailings exceeded threshold values for almost
eight times. After ABC addition, Pb TCLP-extractable concentrations decreased from 39 mg L™ in tailings to lower than
the TCLP limit values of 5 mg L™" at all ABC application rates, except in mixtures with the lowest addition of ABC. We
concluded that ABC could be a successful metal stabilization agent for multi-metal contaminated soil, although atten-

tion should be paid at highly As contaminated soil.

Keywords: Animal bone char, metal stabilization, phosphate, mine tailings

1. Introduction

The contamination of soil with Pb is an important
ecological problem worldwide whereas mining is among
the main sources of Pb contamination in mine areas.’
Contaminated mine sites are poorly developed soils, de-
pleted of organic matter and nutrients and are characteri-
sed by their excessive metal contents.” In the past, large
amounts of mine wastes were dumped near the sites whe-
re they were produced and dispersed into nearby soils,
crops and ecosystem.*™ The accumulation of metals in
soil may have serious consequences for animal and human
health through the food chain, groundwater, plant growth
and microorganism diversity.*

In situ chemical immobilization is a promising
green and cost effective soil remediation technique where
mobile metal chemical species are transformed into less
mobile ones by adding different amendments.> Phospha-
te amendments have been shown to be highly effective to
reduce metal mobility and bioavailability. Many metals
(Pb, Zn, Cd, Cu and others) can precipitate with phospha-
te sources as relatively insoluble metal phosphate species.

Pb can be mainly converted into insoluble forms, such as
pyromorphite (Pb,(PO 4)30H).1’7"8

Animal bone char (ABC) is a granular material, rich
of phosphates, that is produced by animal bone pyroly-
sis.”!% It mainly contains about 70~76 % of biological, re-
latively crystalline calcium hydroxyapatite (Cay(PO,),
(OH)), 9-11 % of organic carbon and 7-9 % of CaCO,." "
Few previous studies highlighted the potential use of ABC
as a green and low—cost P-amendment for Pb and Zn im-
mobilisation in contaminated soil.”'* However the use of
ABC as a metal stabilization agents in multi-metal conta-
minated soil has rarely been reported.

In this research we investigated the use of ABC as
metal immobilization agents and potential remediation so-
lution for degraded metal contaminated area as mine tai-
lings.

2. Experimental

In this study the mine tailings from Sasa zinc and
lead mine in Macedonia were used as an example of metal
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contaminated poorly developed mine area soil. The tai-
lings were previously air dried and analyzed for their
physical and chemical properties. The tailings had a loamy
sand (LS) texture (74.9% sand, 17.4% silt and 7.7% clay).
The principal crystalline tailings mineral phases were pyri-
te (FeS,), quartz (Si0,), epidote (Ca,ALFeSi,O ;H), cli-
nochlore (MgMSFez*l'ZSSi3A12010(OH)8), cordierite
(Na, ,,(Mg, ,¢Fe, | Liy )(Al; (Be ,)Si50,4(H,0), ), calcite
(CaCO;) and mica (K(Mg, ¢Li, 5,sNay 110)(S1; 5,Fe 65 O1)F, ).
The total element concentration in tailings was determined
as the content of elements soluble in aqua regia according
to SIST ISO 11466:1996. The mobility of elements was
evaluated according to the SIST EN 12457—4 one-stage
batch test (water extraction, S/L = 1:10) and Toxicity Cha-
racteristic Leaching Procedure — TCLP."* To classify and
quantify the metal fractionation in tailings, the modified
BCR sequential extraction procedure was conducted.'
Exchangeable fraction was evaluated on 1 g of tailings by
extraction with 40 mL of 0.11 mol L™ acetic acid solution,
reducible fraction with 40 mL of 0.5 mol L™! NH,OH -
HCI, oxidizable fraction with 10 mL of 30 % H,O, and
residual fraction with 6 mL of HCI, 2 mL of HNO, and
2 mL of HE.

The animal bone char (ABC) was air dried and pow-
dered by planetary mill. The physicochemical properties
of tailings and ABC are outlined in Table 1.

To immobilize metals in contaminated soil sample,
mixtures of tailings with ABC were prepared. ABC was
added to tailings at four different application rates: 0.59 g,

Table 1: Physicochemical properties of the mine tailings and ABC.

1.19 g, 1.82 g and 3.64 g ABC per 100 g of tailings. To ac-
hieve sufficient homogenization, the mixtures were prepa-
red as water suspensions, shaken by a mechanical shaker
for 1 h and slowly air dried. All of the experiments were
carried out in triplicate.

The Toxicity Characteristic Leaching Procedure
(TCLP) was carried out to evaluate the metal stabilization
efficiency of the ABC.'"* 20 mL of 0.11 M acetic acid (pH
= 2.83) were added to 1.000 = 0.001 g of air-dried sam-
ples in 30 mL polypropylene centrifugation tubes. The
samples were shaken by a mechanical shaker for 20 hours
at 150 rpm. The extractants were separated from the solid
residues by centrifugation at 2800 rpm for 15 min and fil-
tered through a cellulose nitrate filter of 0.45 um pore size
(Sartorius, Germany).

The mobility of P in mixtures was evaluated by so-
dium hydrogen carbonate extraction of mixtures follo-
wing by spectrometric determination of P according to
SIST ISO 11263:1996. The absorbance measurements
were carried out at 880 nm.

3. Results and Discussion

Total metal concentration, acetic acid and water ex-
tractable metal concentrations in tailings and the corres-
ponding legislative limits are presented in Table 2.

The total concentrations of Cu, Zn, As and Pb in tai-
lings exceeded the critical limits of dangerous substances

Tailings sample (T) ABC sample
pH value (CaCl,) 7.46 +0.02 pH value (CaCl,) 7.53 £0.04
Cation exchange capacity (cmol kg™) 6.8 Available P content (mg kg™") 600 £ 15
Reduction potential (mV) 392 Total P content (%) 155+0.3
Total C content (%) 0.78 Total C content (%) 9.51
Organic C content (%) 0.19 Total N content (%) 0.64
Inorganic C content (%) 0.59 Total H content (%) 0.94

Table 2: Total metal concentration (mg kg™"), TCLP (mg L") and water extractable (mg L") metal concentrations in tailings with the correspon-

ding legislative limits.

Cr Co Cu Zn As Cd Pb
Total metal concentration
Conc. (mg kg™ 37 15 212 2423 93 12 3316
“Critical level (mg kg™") 380 240 210 300 720 55 12 530
TCLP
Conc. (mg L) 0.007 0.010 0.043 0.08 7 0.030 0.046 39
Regulatory levels (mg L) 5.0 - - 250 5.0 1.0 5.0
Water extracts (S/L = 1:10)
Conc. (mg L") <0.002 <0.002 <0.002 <0.002 <0.02 <0.002 <0.002 0.031
bLimit value (mg L) 0.3 - 0.6 18 0.3 0.03 0.3

“ The critical legislative limits of dangerous substances in soil.'®  The legislative limits for soil burdening with waste spreading.!’
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in the soil stated in Slovenian legislation,lf’ whereas the
concentrations of metals in water extracts were far below
the legal limits.!” The mobility of metals, evaluated by
TCLP, was also quite low, except for Pb which acetic acid
extractable concentrations exceed the TCLP regulatory li-
mits by a factor of almost eight.

The partitioning of metals in tailings determined by
modified BCR procedure is presented in Figure 1. Pb in
tailings was mainly partitioned between exchangeable
(29.7 %), residual (27.0 %) and oxidizable fraction (26.4
%). The highest proportion of Cr and As were found in the
residual fraction, additionally Co, Ni, Cu, Zn and Cd were
mainly partitioned in the residual and oxidizable fraction.
Small amounts of metals in exchangeable form indicate
that the mobility of metals was quite low, except for Pb,
which is in agreement with our TCLP results.

The change in pH values of soil is normally an im-
portant mechanism for metal stabilization.'® In this study
the pH value of ABC was just slightly higher than the pH
value of tailings. Therefore, the addition of ABC to tai-
lings did not significantly change the pH of the mixtures
(values between 7.44 and 7.56) and therefore have negli-
gible influence on metal bioavailability reduction.

The stabilisation of specific elements in mixtures
was estimated by comparing TCLP metal concentrations
of mixtures to TCLP metal concentrations of tailings
(Fig. 2).

The most efficient stabilization of metals was achie-
ved for Pb. The addition of ABC at application rates of 0.6
%, 1.2%, 1.8 % and 3.6 % decreased the mobility of Pb to

45 %, 12 %, 5 % and 3 % of the Pb mobility in tailings,
respectively. Application of ABC at higher application ra-
tes was very effective in reducing the TCLP concentration
of Pb to values lower than the USEPA toxic regulatory le-
vel (5 mg L™")." Pb mobility reduction could be due to the
formation of Pb hydroxyapatite-like minerals (Pb,,(PO,),
(OH),) by precipitation of Pb and P released from calcium
hydroxyapatite.'* As shown in Fig. 2, the mobility of P
gradually increases with respect to increasing application
rate of ABC to tailing, but still remained at environmen-
tally acceptable levels.

High metal stabilization efficiencies were also ob-
served for Cr and Cd, respectively. Their mobility decrea-
sed down to 8 % (Cr) and 63 % (Cd) of original mobility
in tailings. For both elements the increase in ABC addi-
tion resulted in increased stabilization efficiency. On the
other hand, the effect of ABC on Zn mobility was quite
small. A significant stabilization effect was observed only
at the highest ABC application rates (80 % of Zn mobility
in tailings), whereas at low application rates, the effect
was even slightly destabilizing. As mentioned in literatu-
re, a possible removal mechanism for these three ele-
ments, besides metal phosphates precipitation, could be
due to sorption mechanisms, like surface complexation
and ion exchange.'”!®

Unlike other elements, the mobility of As increased
0.9, 1.3, 1.5 and 2.3 times in mixtures T-ABC(0.6),
T-ABC(1.2), T-ABC(1.8) and T-ABC(3.6), respectively.
The highest TCLP concentrations of As was 0.069 mg L™
(1.39 mg kg™") and still remained well below the TCLP re-
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Fig. 1. Partitioning of metals in tailings, determined by modified BCR procedure (with corresponding concentration values in mg of metal per kg

of tailings).
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Fig. 2. TCLP concentrations of metals (in mg L") and the mobility of P (in mg kg™") of the tailings and mixtures. Results are presented as the ave-
rage of three replicates with standard deviations as the error bars.

gulatory value of 5 mg L™'. As(V) species at moderately
acidic and neutral pH can be present as arsenate(V) oxya-

nions." Since the arsenate(V) is very similar to phospha-
te(V), competitive adsorption could occur and result as in-

creased leaching of As.®

4. Conclusions

The addition of ABC to the studied multi-element
contaminated mine tailings resulted in a considerable re-

duction of TCLP-extractable Pb, Cr and Cd in mixtures up
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to 3 %, 8 % and 63 % of concentrations in extracts of tai-
lings, respectively. After the treatment, the concentration
of acetic acid extractable Pb decreased below the regula-
tory level stated by TCLP. The addition of ABC gradually
induced the desorption of the retained As in tailings and
the increased concentration of mobile P in mixtures, but
concentrations of As still remained far below TCLP thres-
hold.

In summary, ABC amendments show promising re-
sults as metal-stabilization agents, especially for Pb im-
mobilization. However, attention should be paid upon
ABC amendments to highly mobile arsenic-metal pollu-
ted soil.
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Namen naSega raziskovalnega dela je bil prouciti vpliv dodatka biooglja, pripravljenega iz Zivalskih kosti (ABC), na
mobilnost kovin v jalovinskem materialu. Jalovinskemu materialu smo dodali $tiri razli¢ne deleze ABC (0.6 g, 1.2 g,
1.8 gin 3.6 g ABC na 100 g jalovine) in dolocili mobilnost kovin s pomocjo enostopenjske ekstrakcije z 0,11 M ocetno
kislino (TCLP Toxicity Characteristic Leaching Procedure). Rezultati so pokazali, da se mobilnost Pb, Cr in Cd posto-
poma zmanjsuje z nara$c¢ajoco koli¢ino dodanega ABC. Pb je s stalis¢a mejnih vrednosti, dolo¢enih s strani TCLP, pred-
stavljal edini problemati¢ni element v vzorcu. Koncentracija Pb v ocetnokislinskih ekstraktih se je pri treh visjih dodat-
kih ABC zmanj§ala z 39 mg L™! na vrednosti, ki so bile pod mejno vrednostjo TCLP testa (5 mg L™). Rezultati so po-
kazali uporabnost ABC kot u¢inkovitega stabilizacijskega sredstva za s kovinami onesnaZena tla.
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Abstract

Solvent extraction of microamounts of Eu** and Am** from water into nitrobenzene by means of a mixture of hydrogen
dicarbollylcobaltate (H*B™) and N,N,N’,N’-tetrabutyl-1,10-phenanthroline-2,9-dicarboxamide (L) was studied. The
equilibrium data were explained assuming that the species HL*, H,L**, HL}, ML}*, and ML}* (M** = Eu™*, Am*"; L =
N,N,N’,N’-tetrabutyl-1,10-phenanthroline-2,9-dicarboxamide) are extracted into the nitrobenzene phase. Extraction and
stability constants of the cationic complex species in nitrobenzene saturated with water were determined and discussed.
From the experimental results it is evident that this effective N,N,N’,N’-tetrabutyl-1,10-phenanthroline-2,9-dicarboxa-
mide receptor for the Eu** and Am>* cations could be considered as a potential extraction agent for nuclear waste treat-
ment.

Keywords: Europium and americium; N,N,N’,N’-Tetrabutyl-1,10-phenanthroline-2,9-dicarboxamide; Extraction and
stability constants; Water—nitrobenzene system; Solvent extraction.

1. Introduction americium and curium from lanthanides. High selecti-

vity of actinides/lanthanides separation has been achie-

Removal of heavy metals from wastes and soils is a
very urgent environmental and technological problem.
Solvent extraction is one of the most popular methods
for separation of hazardous metals and for radioactive
waste processing. One of the most challenging tasks in
high-level waste (HLW) processing is the separation of

ved when polynitrogen extractants were employed.'™
However, in spite of very high separation factors for
americium/europium separation, some ligands proposed
so far have demonstrated some disadvantages (e. g., low
chemical stability, slow kinetics, and limited solubility
in diluents).
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Dicarboxylic acid diamides are a subject of active
research as potential extractants of actinides (in particular
of minor actinides) from radioactive wastes. Important in-
formation, concerning substituted malonic diamides has
been reported.'®!! Lately, interest has shifted to the pro-
perties of tetraalkyl-diglycolamides,'>”"> with emphasis
on tetraoctyl-diglycolamide (TODGA), suggested as an
extractant of Pu(IV), Np(IV), Am(IIl), and Cm(III) in so-
lutions with hydrocarbon diluents.'>'* The ability of
TODGA to extract many other metals has been discussed
1516 and the very high extractive capacity of this agent was
shown to allow its application as a solid extractant.'’
Complexation of trivalent lanthanides and actinides with
several novel diglycolamide-functionalized calixarenes
has been studied recently.'®?° Besides, some of these
functionalized calixarenes have been applied for the isola-
tion of carrier-free *°Y from *°Sr.?!

The dicarbollylcobaltate anion** and some of its ha-
logen derivatives have been employed often for the sol-
vent extraction of various metal cations (e. g., Cs*, Sr*,
Ba®*, Eu**, and Am**) from aqueous solutions into a polar
organic phase, both under laboratory conditions for theo-
retical or analytical purposes,”” and on the technologi-
cal scale for the separation of some high-activity isotopes
in the reprocessing of spent nuclear fuel and acidic radi-
oactive waste.”®? Furthermore, a process involving chlo-
rinated cobalt dicarbollide, polyethylene glycol, and dip-
henyl-N, N-dibutylcarbamoylmethyl phosphine oxide, also
called UNEX, has been suggested for the simultaneous re-
covery of cesium, strontium, lanthanides, and actinides
from highly acidic media into phenyltrifluoromethyl sul-
fone (abbrev. FS-13).%%% It is necessary to emphasize that
the FS-13 diluent was developed for the UNEX process as
an alternative organic diluent to the highly polar nitroben-
zene. Finally, FS-13 has the advantage of low viscosity
and good solubility of metal solvates as well as the UNEX
extractants.”’ However, in Russia, nitrobenzene derivati-
ves (e.g., 3-nitro-o.,o,0-trifluorotoluene, also denoted by
F-3) have been successfully utilized as diluents for cobalt
dicarbollide processes.?

Recently, diamides of 1,10-phenanthroline-2,9-di-
carboxylic acid have been proposed as selective extrac-
tants for trivalent americium and curium. The mixture of
N,N,N’N’-tetraoctyl-1,10-phenanthroline-2,9-dicarboxa-
mide and Br-cosan effectively extracts americium with a
separation factor (SF, . ) over forty.”® High SF, . va-
lues (up to 51) have been also demonstrated for metal ex-
traction by 1,10-phenanthroline-2,9-dicarboxamides from
perchloric media.’!

In the current work, the solvent extraction of mi-
croamounts of trivalent europium and americium into ni-
trobenzene by using hydrogen dicarbollylcobaltate
(H*B")** and N,N,N’,N’-tetrabutyl-1,10-phenanthroline-
2,9-dicarboxamide (abbrev. L; see Scheme 1) was investi-
gated. In this context we must add that the solvent extrac-
tion of these trivalent cations into nitrobenzene by means

of the mentioned electroneutral N,N,N’,N’-tetrabutyl-
1,10-phenanthroline-2,9-dicarboxamide ligand (L) is
nearly negligible; therefore, the mixture of H'B™ and L
was employed. Moreover, we intended to find the compo-
sition of the species in the organic phase of the water—ni-
trobenzene extraction system and to determine the corres-
ponding equilibrium constants.

2. Experimental

N,N,N’,N’ - Tetrabutyl-1,10-phenanthroline-2,9-di-
carboxamide (puriss., = 99%; abbrev. L; see Scheme 1)
was supplied by St. Petersburg State University, Russia,
and it was employed as received. Cesium dicarbollylco-
baltate, Cs*B~, was synthesized by the method published
by Hawthorne et al.**> Other chemicals used (Lachema,
Brno, Czech Republic) were of reagent grade purity. A ni-
trobenzene solution of hydrogen dicarbollylcobaltate
(H*B)** was prepared from Cs*B~ by the procedure des-
cribed elsewhere.®® The carrier-free radionuclides
2B and 2*' Am®* were obtained from Polatom, Po-
land; their radionuclidic purities were 99.9%.

Scheme 1. Structural formula of N,N,N’,N’-tetrabutyl-1,10-phe-
nanthroline-2,9-dicarboxamide (abbrev. L).

The extraction experiments in the two—phase sys-
tems Water—HNO3—'52’154Eu3+ (ca. 20 kBq) —nitrobenzene
— L (V,N,N’,N’ — tetrabutyl-1,10-phenanthroline-2,9-di-
carboxamide) — H*B™ and water-HNO,~**'Am** (ca. 20
kBq) —nitrobenzene — L. (N,N,N’,N’ — tetrabutyl-1,10-phe-
nanthroline-2,9-dicarboxamide) — H*B~ were performed
in 10 mL polypropylene test-tubes with polypropylene
stoppers, using 2 mL of each phase. In these extraction
systems, the respective initial aqueous phases additionally
contained 2 x 107° mol/L of Eu(NO,),. The test-tubes fil-
led with the solutions were shaken for 30 min at 25 + 1
°C, using a laboratory shaker. However, under these con-
ditions, the equilibria in the systems under study were es-
tablished after approximately 5 min of shaking. Then the
phases were separated by centrifugation. Finally, 1 mL
samples were taken from each phase and their J~activities
were measured by means of a well-type Nal(T1) scintilla-
tion detector connected to a y-analyzer Triathler (Hidex,
Turku, Finland).

The equilibrium distribution ratios of europium and
americium, D, were determined as the ratios of the corres-
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ponding measured radioactivities of '"*'**Eu’* and
2! Am** in the nitrobenzene and aqueous samples (the un-
certainties of these distribution ratios were always lower
than 3%).

3. Results and Discussion

The dependences of the logarithm of the europium
and americium distribution ratios (log D) on the logarithm
of the numerical value of the total (analytical) concentra-
tion of the N,N,N’,N’ — tetrabutyl-1,10-phenanthroline-
2,9-dicarboxamide) ligand in the initial nitrobenzene pha-
se, log c(L), are presented in Figures 1 and 2, as well as in
Tables 1 and 2, respectively. The initial concentrations of
hydrogen dicarbollylcobaltate (H*B") in the organic pha-
se, ¢z = 0.0025 and 0.005 mol/L, as well as the initial con-
centration of HNO, in the aqueous phase, c(HNO,) =
0.05 mol/L, are always related to the volume of one phase.
The occurrence of the characteristic maxima on these de-
pendences can be explained qualitatively in terms of the
competition between the charged trivalent complexes

ML}, (M* = Eu™, Am™) and the protonized ligand L
(.e., HLf)rg, H2Lg:’g, and HLY, | : in detail, see the text be-

low) during the balancing of the dicarbollylcobaltate elec-
trostatic charge in the organic phase, analogously as in our
previous work.*

Regarding the results of our previous papers,
the considered water-HNO,-M>* (microamounts; M** =
Eu®*, Am**)-nitrobenzene— N,N,N’,N’-tetrabutyl-1,10-

22,25-27,35

1.0
log D
0.5

2.5 L L
4.0 -3.0 2.0
log c(L)

Figure 1. Log D as a function of log c(L), where L = N,N,N’,N’-te-
trabutyl-1,10-phenanthroline-2,9-dicarboxamide, for the system
water — HNOfEu“(microamounts)—nitrobenzenef N,N,N’,N’-te-
trabutyl-1,10-phenanthroline-2,9-dicarboxamide (L)-H*B~; 1
c(HNO;) = 0.05 mol/L, ¢ = 0.0025 mol/L; 2 ¢(HNO,) = 0.05
mol/L, ¢, = 0.005 mol/L. The curves were calculated using the con-
stants given in Table 5.

3.0
2.5

log D
2.0
1.5
1.0
0.5
0
-0.5

-1.0

1 1
1.3 4.0 -
log c(L)

Figure 2. Log D as a function of log c¢(L), where L = N,N,N’,N’-te-
trabutyl-1,10-phenanthroline-2,9-dicarboxamide, for the system
water — HNOS—Am“(microamounts)—nitrobenzene— N,N,N’,N’-te-
trabutyl-1,10-phenanthroline-2,9-dicarboxamide (L)-H*B~; 1
c(HNO,) = 0.05 mol/L, c; = 0.0025 mol/L; 2 c(HNO,) = 0.05
mol/L, ¢ = 0.005 mol/L. The curves were calculated using the con-
stants given in Table 6.

Table 1. Logarithm of the europium distribution ratio (log D) as a
function of logarithm of the numerical value of the analytical con-
centration of the N,N,N’,N’-tetrabutyl-1,10-phenanthroline-2,9-
dicarboxamide ligand in the initial nitrobenzene phase (log c(L));
the values of log c(L) and log D are given for all experimental
points.

¢(HNO,) = 0.05 mol/L, ¢, = 0.0025 mol/L

—4.301, -2.105; —4.046-1.805; -3.796, —1.413; -3.553, -0.987,
-3.301, -0.545; -3.046 -0.140; -2.796, 0.109; -2.553, —1.215;
-2.301 -2.297

¢(HNO,) = 0.05 mol/L, ¢, = 0.005 mol/L

—4.301, -1.455; —4.046, —1.288; -3.796, —0.994; -3.553, —-0.630;
-3.301, -0.201; -3.046, 0.252; -2.796, 0.666; —2.553, 0.977,
-2.301, 0.084

Table 2. Logarithm of the americium distribution ratio (log D) as a
function of logarithm of the numerical value of the analytical con-
centration of the N,N,N’,N -tetrabutyl-1,10-phenanthroline-2,9-di-
carboxamide ligand in the initial nitrobenzene phase (log c(L));
the values of log c(L) and log D are given for all experimental
points.

¢(HNO,) = 0.05 mol/L, c; = 0.0025 mol/L

-4.301, -0.921; —4.046, -0.422; -3.796, 0.065; —-3.553, 0.526;
-3.301, 0.992; -3.046, 1.414; -2.796, 1.669; -2.553, 0.156;
-2.301, -0.901

¢(HNO,) = 0.05 mol/L, ¢, = 0.005 mol/L

—4.301, -0.584; —4.046, -0.117; -3.796, 0.372; -3.553, 0.831;
-3.301, 1.313; -3.046, 1.796; -2.796, 2.223; -2.553, 2.491;
-2.301, 1.482
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phenanthroline-2,9-dicarboxamide (L)-H*B~ systems can
be described by the set of reactions:

Lig S Lorg (1
H., +L, SHL, 2)
2H, +L, S H,L%, (3)
H;, +2L,, SHL, . 4)
M} +3H,, &= M, +3H, 5
M+ +nL,, +3H, & ML} +3H] (6)

to which the following equilibrium constants correspond:

L
K, = [[L'“]] ™
[HL! ]
i )= Hles ®)
PHLw) = e 1L,
BH, L )= LHE20n] ©)
7 [ FIL,,)
) [HLY ]
HL, S0 (10)
PHL )= e, 1
M3 J[H, T
KL\M,,. org aq 11
Mo = vz p (v
o,y LI )

M3 L, 1" [H, T

The subscripts “aq” and “org” denote the aqueous
and organic phases, respectively. At this point we must
add that Eq. (5) characterizes the investigated two-phase
systems for [L ] — 0.

A subroutine UBBE, based on the relations given
above, the mass balance of the N,N,N’,N’-tetrabutyl-1,10-
phenanthroline-2,9-dicarboxamide (L) ligand and the
electroneutrality conditions in both phases of the system
under consideration, was formulated 3% and introduced
into a more general least-squares minimizing program
LETAGROP 3® used for determination of the “best” values
of the extraction constants K, (ML3n+0r) (M** = Eu’*,
Am*; L = NNN,N’,N’ tetrabutyl 1,10- phenanthrohne -2,9-
dicarboxamide). The minimum of the sum of uncertainties
in log D, i.e., the minimum of the expression

U=2(logD

~log D) (13)

calc

was sought.

The values log K, = 2.2 (see Table 5, footnote a),
logB(HL] .) = 9.4 (Table 5, footnote b), logB(HzLir*g) =11.0
(Table 5, footnote b), 10g[3(HL20r =12.7 (Table 5, footnote
b), log K, (Euf;:'g) 1.3 (1nferred from Ref. 40), and
K. (Am3+) = 1.5 (inferred from Ref. 40) were used for the
respectlve calculations. The results are listed in Tables 3 and
4. From these tables it is evident that the extraction data can
be best explained assuming the complexes ML3* and ML3*
(M** = Euv**, Am*; L = = N,N,N’,N’-tetrabutyl-1,10-
phenanthroline-2,9-dicarboxamide) to be extracted into the
nitrobenzene phase.

Table 3. Comparison of various models of europium extraction
from aqueous solution of HNO, by nitrobenzene solution of H'B~
in the presence of N,N,N’,N’-tetrabutyl-1,10-phenanthroline-2,9-
dicarboxamide (L).

Europium complexes

a b
in the organic phase logK,, U

EuL3* 24.31 (24.79) 23.50
EuL3* 32.84 (33.39) 17.60
EuL}¥ EuL* 23.76 £ 0.21, 31.12(31.41) 0.03

* The values of the extraction constants are given for each complex.
The reliability interval of the constants is given as 36(K), where
o(K) is the standard deviation of the constant K.*® These values are
given in the logarithmic scale using the approximate expression
log K + {log [K+1.56(K)] — log [K-1.56(K)]}. For 6(K) > 0.2 K,
the previous expression is not valid and then only the upper limit is
given in the parentheses in the form of log K (log [K +30(K)]).*®

® The error-square sum U = Y(log D, —log Dexp)2

Table 4. Comparison of various models of americium extraction

from aqueous solution of HNO, by nitrobenzene solution of H*B~

in the presence of N,N,N’,N’ tetrabutyl 1,10-phenanthroline-2,9-

dicarboxamide (L).

Americium complexes

a b
in the organic phase logK., U
AmL; 3+ 25.92 (26.59) 20.14
AmL3+ 34.46 (35.17) 16.98
AmLY, AmL3+ 25.15 + 0.22, 32.24(32.52) 0.02
2 See Table 3, footnote a.  See Table 3, footnote b.
Knowing the values K, (Eu3+ ) = 1.3 and log

K, (Ami:'g) which were 1nferred from Ref. 40, as well as
the extraction constants log K, (EuL;*or) = 23.76, log
K, (EuL30r ) =31.12, log K, (AmL20r ) = 25.15, and log
K (AmL3 o) =32.24 (Tables 5 and 6) the stability con-
stants of the complexes ML3" and ML3* (M** = Eu™,
Am*:; L =NN,N’,N’ tetrabutyl 1,10-phenanthroline-2,9-
dicarboxamide) in the nitrobenzene phase defined as

. ML}, ]
ML, )=— 2% (14)
PMUsen) = v 11, T

. [ M L“;Ur& ]
B(MLS.UQ,) [M::_\][ - ] (15)
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can be calculated employing the following simple rela-
tions:

log B (ML) =log K (ML? log K. . (M') (16)

20rg ) JE org

log B (ML =logK,, (MLY a7

Jorg 3.org )

~log K, (M,)

The respective equilibrium constants are summarized
in Tables 5 and 6. It should be noted that the stability con-
stants of the cationic complex species ML3*and ML3* (M**
= Eu, Am**; L = N,N,N’,N -tetrabutyl-1,10-phenanthroli-
ne-2,9-dicarb0xarnide) in water-saturated nitrobenzene
are logB(EuL;’rOr = 22.46, logB(AmL%{'Or = 23.65,
log[3(EuL3 o) = 29 82 and logB(AmL3" Org) =30.74, as gi-
ven in Tables 5 and 6. This means that in the mentioned
nitrobenzene medium, the stability constants of the com-
plexes AmL3’ = and AmL3  are somewhat higher than
those of the correspondlng cationic complex species
EuLZJrOrg and EuL;J'Org

Moreover, Figure 3 presents the contributions of the

species HY , HL! , H,L>* and HL? __ to the total hydro-

org’ org’ org’ 2,0rg

Table 5. Equilibrium constants in the Water—HNO3—Eu3+(microa—
mounts)—nitrobenzene— N,N,N’,N’-tetrabutyl-1,10-phenanthroline-
2,9-dicarboxamide (L) — H'B~system.

Equilibrium log K
L, oL, 22°
H + L 4:» HL;, 9.4°
2H+g+L @HL2+ 11.0°
H;%g + 2ng & HL; o 12.7°

Euy + 3H+g4:>Eu3+ +3H+q; 1.3°¢
Eu;+ 2L, +3H}, & Euly}  +3H}, 23.76
Ew?+ 3L, +3H, & Eul} +3H., 3112
Buy’ + o , & Euly 22.46
Eu’t + 3L <:> EuL>* 29.82

org 3,0rg

* Determined by the method of the concentration dependent distri-
bution.* ® Determined by the method described in Ref. 34. © In-
ferred from Ref. 40.

Table 6. Equilibrium constants in the water—HCl-Am>**(microa-
mounts)—nitrobenzene— N,N,N’,N’-tetrabutyl-1,10-phenanthroline-
2,9-dicarboxamide (L) -H*B~ system.

Equilibrium log K
L, oL, 22°
H +L, «:» HL;, 9.4°
2H+g+L @HLz* 11.0°
H +2L < HL;D 12.7°

Am*™ 430, & Am’: + 3H 1.5¢
Am3;+ 2L, +3H,, © AmL;} +3H!, 25.15
Amy + 3L, +3H, © AmLy +3H], 32.24
Amy +2L, & AmLY 23.65
AmY + 3L < AmL3 30.74

org 3,0rg

* Determined by the method of the concentration dependent distri-
bution.* ® Determined by the method described in Ref. 34. ©In-
ferred from Ref. 40.

1.0

0.5

log c(L)

Figure 3. Distribution diagram of hydrogen cation in the equili-
brium nitrobenzene phase of the water-HNO,~Eu*(microa-
mounts)—nitrobenzene— N,N,N’,N’-tetrabutyl-1,10- phenanthrolme-
2,9-dicarboxamide (L) H*B~ extraction system in the forms of H*,
H,L*, and HL}; c¢(HNO,) = 0.05 mol/L, ¢, = 0.0025 mol/L
1 6H") = [H* /e(H") 2 S(HL") = [HL;rg]/c(H*)m,
38(H,L*) =2 [HL %* g /C(H), ., 4 S(HLY) = [HL}  Vc(H" Jorg> Whe-
re C(H*)m [H;ro] + [HL:rg] +2[H Li:g] + [HL;N;] The dlstrlbu—
tion curves were calculated using the constants given in Table 5.

gen cation concentration in the equilibrium nitrobenzene
phase, whereas Figures 4 and 5 show the contributions of
the cations M>*, ML3* and ML} (M** = Eu**, Am**;

org’ 2,0rg’ 3,or;

L = N,N,N’,N’-tetrabutyl-1,10-phenanthroline-2,9-dicar-

1.0/2’_ wa '

0.5 - -

4 ) .
-3.0 -2.0

-4.0
log c(L)

Figure 4. Distribution diagram of europium in the equilibrium ni-
trobenzene phase of the water—HNOS—Eu“(microamounts)—nitro—
benzene— N,N,N’,N’-tetrabutyl-1,10-phenanthroline-2,9-dicarbo-
xamide (L) H*B~ extraction system in the forms of Eu®, EuLS*,
and EuL}*; ¢(HNO;) = 0.05 mol/L, c; = 0.0025 mol/L.
1 B(Eu”) = [Buj}, ]/c(Eu“) 2 §(EuL) = [EuLg;rg]/c(Eu“)
3 §(EuL¥) = [EuL}, ]/c(Eu“)w, where c(Eu™), = [Eu}y,
[EuL2 Org] + [EuL2 ore ] The distribution curves were calculated us-
ing the constants given in Table 5.
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1.0 [ a"g '
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0.5 -1
, 1 J.l .
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Figure 5. Distribution diagram of americium in the equilibrium ni-
trobenzene phase of the water— HNO —Am3*(m1croamounti)—mtro-
benzene— N,N,N’,N’-tetrabutyl-1,10- phenanthrolme 2,9-dicarboxa-
mide (L)-H*B~ extraction system in the forms of Am>", AmL3* and
AmL?; c(HNO,) = 0.05 mollL, ¢, = 0.0025 mOl/L.
1 8(Am‘+) =[Am}’ J/c(Am™)__, 2 8(Am;*) = [AmL3* _]/c(Am*)

org org’ 2. nrg org’>
3 8(AmLY) = [AmL3* ]/c(Am**) where c(Am**) =[Am* ] +
[AmL2 Y [AmL3 -

30rg org
]. The dlstrlbutlon curves were calculated us-
ing the constants given in Table 6.

boxamide) to the total trivalent metal cation concentra-
tions in the corresponding equilibrium organic phase.
From Figures 3, 4, and 5 it follows that the species HL] ,
EuLngorg and AmLi*Or are present in significant concentra-
tions only at relatlvely high amounts of the N,N,N’,N’-te-
trabutyl-1,10-phenanthroline-2,9-dicarboxamide (L) li-
gand in the systems under consideration. On the other
hand, the contributions of the cations HzLijg, Euorg, and
Ami:g are very small, as also follows from Figures 3, 4,
and 5.

Finally, Table 7 summarizes the stability constants
of the complex species ML3*and ML (M?* = Eu**, Am")
with two electroneutral ligands L (L = N,N,N’,N’-tetra-
butyl-1,10-phenanthroline-2,9-dicarboxamide, bis(dip-
henylphosphino)methane dioxide (DPPMDO) — see Sche-
me 2) in water-saturated nitrobenzene. From the data re-

@) o
i
O - @
Scheme 2. Structural formula of bis(diphenylphosphino)methane
dioxide (abbrev. DPPMDO).

viewed in this table it is apparent that in the considered ni-
trobenzene medium, the stabilities of the complexes
ML;*Or and ML;*Or (M** = Eu**, Am*") containing
N,N,N’,N’ tetrabutyl 1,10-phenanthroline-2,9-dicarboxa-
mide ligand are essentially higher than those of respective
cationic complexes ML}’ .~ and ML’ =~ (M** = Eu™,
Am*) with the ligand DPPMDO. It means that complexa-
tion ability towards Eu** and Am*" of the N,N,N’,N -tetra-
butyl-1,10-phenanthroline-2,9-dicarboxamide ligand un-
der study is also substantially higher than that of the DPP-
MDO ligand.

In conclusion, we must state that the separation fac-
tors SF, ., reached in the studied two—phase water—ni-
trobenzene extraction system, defined by means of the
corresponding equilibrium distribution ratios, D(Am*) /
D(Eu®"), are in the range from 12 to 38. This fact follows
from the results presented in Figures 1 and 2 or in Tables

1 and 2, respectively.

4. Conclusions

In the present work, the solvent extraction of triva-
lent europium and americium from acidic aqueous solu-
tions into nitrobenzene was investigated by means of a
mixture of hydrogen dicarbollylcobaltate (H*B~) and
N,N,N’,N’-tetrabutyl-1,10-phenanthroline-2,9-dicarboxa-
mide (L). It was proven that the cationic species HL,
H,L**, HL}, ML}* and ML}* (M** = Eu**, Am’; L =
N,N,N’,N’-tetrabutyl-1,10-phenanthroline-2,9-dicarboxa-
mide) are extracted into the organic phase of the water—ni-

Table 7. Stability constants of the complexes ML3" and ML3* (M* = Eu**, Am*'; L = N,N,N’,N -tetra-
butyl-1,10-phenanthroline-2,9-dicarboxamide, b1s(dlphenylphosphmo)methane dioxide (DPPMDO) —
see Scheme 2) in nitrobenzene saturated with water at 25 °C.

L
Quantity DPPMDO? N,N,N’,N’-tetrabutyl-1,10-
phenanthroline-2,9-dicarboxamide "
log B(EuL2 org 17.76 22.46
log B(EuLZ"mg 24.59 29.82
log B(AmL2 ore 17.73 23.65
log LS(AmL?Org 24.72 30.74

2 Ref. 27. ® This work.
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trobenzene system. It was found that in nitrobenzene satu-
rated with water, the stability constants of the complexes
AmL>* and AmL3* are somewhat higher than those of

2,0rg 3,0rg
the corresponding cationic species EuL3* ~and EuL3*

2,0rg 3.0rg*
Finally, it was evidenced experimentally that the
N,N,N’,N’-tetrabutyl-1,10-phenanthroline-2,9-dicarboxa-
mide ligand can be considered in the nitrobenzene me-
dium as the very strong receptor for the Eu®* and Am** ca-
tions. On the basis of the previous facts it is obvious that
this investigated electroneutral ligand L could be also con-
sidered as a potential extraction agent for nuclear waste
treatment.
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Proudevali smo ekstrakcijo mikrokoli¢in Eu** in Am* iz vode v nitrobenzen s pomo¢&jo meSanice hidrogen dikarbo-
lilkobaltata (H*B™) in N,N,N',N'-tetrabutil-1,10-fenantrolin-2,9-dikarboksamida (L). RavnoteZje smo obravnavali s
predpostavko, da se kompleksi HL*, H,L**, HL%, ML3}*, in ML}* (M* = Eu**, Am™) ekstrahirajo v fazo nitrobenzena.
Dolocili smo konstante ekstrakcije in stabilnosti kationskih kompleksov v nitrobenzenu, nasicenem z vodo. 1z dobljenih
eksperimentalnih podatkov je razvidno, da N,N,N',N'-tetrabutil-1,10-fenantrolin-2,9-dikarboksamid sodeluje kot recep-
tor za Eu®* in Am>" ter bi ga torej lahko uporabljali pri ravnanju z z jedrskimi odpadki.
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Abstract

An ionic liquid-assisted liquid-liquid microextraction based on the solidification of floating organic droplet (ILSFOD-
LLME) was investigated for analysis of four herbicide residues (i.e. simazine, atrazine, propazine, and linuron) by high
performance liquid chromatography. For ILSFOD-LLME, the optimal extraction conditions were 5% w/v Na,SO,, 30
uL [C,MIM][PF,]RTIL, 100 pL of 1-octanol, ultrasonication time 30 s and centrifugation at 5000 rpm for 5 min. Under
the optimal conditions, linearity was obtained within the range of 0.1-1000 ug kg™', with the correlation coefficients
greater than 0.999. The high enrichment factors of the target analytes were in the range of 64.5-139.9 and low limit of
detection could be obtained. A modified QUEChERS was applied for fruit sample preparation before analysis. Matrix
effects were also investigated using matrix matched standards for construction of the calibration graph. The proposed
method has been successfully applied for extraction and preconcentration of herbicide residues in fruit samples, and
good recoveries in the range of 87.32% to 99.93% were obtained.

Keywords: QUEChERS; ILSFOD-LLME; ionic liquid; extraction; HPLC; herbicides

1. Introduction

Triazines and phenylureas are widely used in agri-
culture around the world as selective pre- and post-emer-
gence herbicides for the control of broadleaf and grassy
weeds.! The intensive application of herbicides has resul-
ted in the contamination of the atmosphere, ground and
wastewaters, agricultural products and, consequently, in
the direct and indirect pollution of food and food pro-
ducts.? The European Union (EU) legislation harmonizes
a maximum residue limits (MRLs) of the pesticides and

fixes default value of MRLs at 0.01 mg kg™' for human
food and animal feeding stuffs.> Because of these restric-
tions, it is important to develop simple, rapid, environ-
mentally friendly and sensitive analytical methods for
monitoring of trace level of trizine and phenylurea herbi-
cides.

Almost all of the analytical methods for herbicide
residues are based on separation techniques, i.e. gas chro-
matography (GC), high-performance liquid chromato-
graphy (HPLC), and capillary electrochromatography.
High-performance liquid chromatography (HPLC)*® with
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UV and PDA detection has been adopted as an effective
and reliable technique for the determination of selected
herbicides. Due to the low concentration of these com-
pounds and matrix complexity of real sample, an effective
sample preparation and preconcentration can be used.
Sample pretreatment is an important step in chemical
step, especially in the analysis of trace analytes in envi-
ronmental samples,® and compensates for the drawbacks
of UV detector. The quick, easy, cheap, effective, rugged
and safe (QuEChERS) method has been presented for the
analysis of pesticide residues in fruits and vegetables.” It
is based on the acetonitrile extraction, addition of salts to
induce partition and then clean-up by dispersive solid-
phase extraction (DSPE) with sorbents, such as C18, pri-
mary secondary amine (PSA) and graphitized carbon
black (GCB).® It provides some advantages including high
recovery for wide polarity and volatility range of pestici-
des and the use of small amounts of organic solvent. Ho-
wever, one of the main drawbacks of QUEChERS metho-
dology is that there is no pesticide concentration step in
the final extract.’

Dispersive liquid-liquid microextraction (DLLME)
has been investigated to resolve this problem. However,
one of the main drawbacks of DLLME methodology is
that there is toxic organic solvent as extraction solvent
such as chlorobenzene, chloroform and carbon tetrachlo-
ride. Therefore, the development of sample preparation
methods based on green analytical chemistry is highly
interesting to investigate.'” Tonic liquids (ILs) consist of
organic cations and organic or inorganic anion with some
special characteristics, such as negligible vapor pressure,
good chemical and thermal stability, good ability to dis-
solve both organic and inorganic compounds, as well as
adjustable miscibility and polarity.!"'? At least part of the
current interest is due to the favorable environmental pro-
perties of ILs, which support their use as green solvents in
sample preparation processes.'* In 2011, ILs have been
used as extraction solvents in dispersive liquid—liquid mi-
croextraction (DLLME),'*!*> microwave assisted ionic-
liquid microextraction (MAILME),'® ionic liquid—salt
aqueous two-phase floatation (ILATPF),'” and single drop
microextraction (SDME).!8

The first application by ionic-liquid foaming-based
solvent floatation was reported in 2012 by Li et al."” for
trace level determination of triazine and phenylurea herbi-
cides in yoghurt. In this work a strong and active oxidi-
zing agent such as perchloric acid was used. In this study,
a simple extraction procedure using acetonitrile, namely
modified QUEChERS, followed by preconcentration with
ionic liquid-assisted liquid-liquid microextraction based
on the solidification of floating organic droplet (ILSFOD-
LLME) was investigated for determination of some herbi-
cides, including simazine, atrazine, propazine, and linu-
ron. The experimental parameters affecting the extraction
efficiency and enrichment factor were investigated and the
proposed method was applied to analyze surface water

and fruit samples. The satisfactory recovery was achieved.
Compared to DLLME method, the proposed method of-
fers advantage of extraction and preconcentration in a
simple and sensitive extraction step.

2. Experimental

2. 1. Chemicals and Reagents

All reagents were of at least analytical reagent gra-
de. All herbicide standards of herbicides including sima-
zine, atrazine, propazine, and linuron were obtained
from Fluka (Germany). The stock solutions of each her-
bicide were prepared at 1000 mg L' by dissolving each
herbicide standard in methanol. Working standard solu-
tions were prepared by diluting the stock solution with
water. Methanol (MeOH), acetonitrile (ACN) and 1-oc-
tanol of HPLC grade were obtained from Merck (Ger-
many). Sodium chloride (NaCl) and anhydrous sodium
sulphate (Na,SO,) were obtained from Ajax Finechem
(New Zealand), sodium acetate (CH;COONa) and so-
dium carbonate (Na,CO,) were obtained from Carlo Er-
ba (France). 1-butyl-3-methylimidazolium hexafluorop-
hosphate [C,MIM][PF] RTIL was provided by Merck
(Germany). Aqueous solutions were prepared with deio-
nized water from RiOs™ Type I Simplicity 185 (Milli-
pore Waters, USA) with the resistivity of 18.2 MQ.cm"

2. 2. Instrumentation

Chromatographic separation was performed on a
Waters 1525 binary HPLC pump (USA), a Rheodyne in-
jector with a sample loop of 20 uL and a Waters 2489
UV/Visible detector. The Empower software was used for
data acquisition. A LiChroCART RP-8 endcapped (4.6 x
150 mm, 5.0 pm) column (Merck, Germany) was used. A
centrifuge (Centurion, England) was used for complete
phase separation. An ultrasonic bath (Dksh, Germany)
and a vortex mixer (Fisher Scientific, USA) were also
used.

2. 3. Ionic Liquid-Assisted Liquid—Liquid
Microextraction based on the
Solidification of Floating Organic

Droplet Procedure

A volume of 10.00 mL of the standard solution (or
sample solution) and 5% w/v of Na,SO, was placed in a
conical bottom tube. The solution was then vortexed befo-
re adding 30 pL of [C,MIM][PF,] RTIL. Then, 100 uL of
I-octanol was rapidly injected into the solution through
the 1-mL syringe and the tube was ultrasonicated for 30 s
to obtain the mass transfer and provide high extraction ef-
ficiency. In order to complete the phase separation, the tu-
be was centrifuged at 5000 rpm for 5 min and the reconsti-
tuted solution was floated on the top of the solution. The
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upper phase (~100 to 150 pL) was directly injected into
HPLC. The concentrations of the reagents used in this
work were optimized (see Optimization of ILSFOD-
LLME).

2. 4. Chromatographic Separation
Conditions

After extraction procedure, four herbicides were se-
parated using isocratic elution of 52% (v/v) methanol in
water at a flow rate of 1.0 mL min™'. The separation co-
lumn was at room temperature. The detection was at 220
nm. Four herbicides were separated within 7 min with the
elution order of simazine, atrazine, propazine, and linu-
ron. The retention time (t) and resolution (Rs) are shown
in Table 1.

Table 1. The retention time (t;) and resolution (Rs) of the studied
compounds after HPLC analysis

Analyte Retention time (t;, min) Resolution (Rs)
Simazine 1.48 -
Atrazine 4.65 3.72
Propazine 6.20 4.44
Linuron 6.93 2.16

2. 5. Sample Preparation

Fruit samples including orange, guava, apple and
grape were randomly purchased from local markets at
Mahasarakham province in Northeast Thailand. The edib-
le parts of fruit samples (500 g) were cut and blended us-
ing a commercial food mixer. A modified QuEChERS
method®® was applied for sample preparation of the stu-
died fruit samples. Briefly the procedure was as follows:
10 g of sample was placed in a 50-mL centrifugation tube
and mixed with 25 mL of 1% (v/v) acetic acid in acetoni-
trile, and the mixture was vortexed for 1 min. After that,
sodium acetate and anhydrous magnesium sulphate (15 g)
were added and the mixture was immediately shaken ma-
nually. The solution was then centrifuged at 3500 rpm for
10 min. The supernatant was subsequently evaporated to
dryness using a rotary evaporator (40 °C water bath). The
resulting residue was re-dissolved with 10.00 mL of water
before extraction by ionic liquid-assisted liquid-liquid
microextraction based on the solidification of floating or-
ganic droplet and analysis using HPLC.

Matrix-match calibration standards were prepared
by adding known amounts of selected herbicides from
0.01-0.50 ug g! to the real sample extracts. In order to
confirm the accuracy of the proposed method, recovery
was tested. For recovery determinations, samples of blen-
ded fruit were spiked with the standard solution at three
levels of concentration, 10, 50 and 100 pg kg", for each of
herbicide. The spiked samples were allowed to stand for

10 min before extraction to allow the spiked solution to
penetrate the test materials.

3. Results and Discussion

3. 1. Optimization of Conditions for
ILSFOD-LLME

Several extraction parameters for ILSFOD-LLME
such as salt addition, type and volume of RTIL, type and
volume of extraction solvent, vortex, ultrasonication and
centrifugation time, were investigated and the optimum
conditions have been established. All the experiments we-
re performed in triplicate by spiking 10 mL of water with
50 ug kg™' of each herbicide and the mean of the results
was used for optimization of the extraction efficiency of
the method.

Generally, the addition of salt could increase the io-
nic strength of the aqueous medium with an electrolyte,
reduce the solubility of both analytes and the RTIL in the
aqueous sample solution and promote analyte transfer in-
to the organic phase.*' To investigate the effect of salt ad-
dition on the extraction efficiency, various kinds of salts
including NaCl, Na,SO,, Na,CO,, CH,COONa were stu-
died with the concentration of each salt being kept con-
stant at 1%(w/v), and the results were compared with
those obtained from the process without salt addition. As
shown in Figure la, it was found that the addition of
Na,SO, provided higher extraction efficiency in terms of
peak area of target herbicides. Therefore, Na,SO, was se-
lected for further study.

The effect of salt addition on the extraction effi-
ciency in terms of peak area was investigated by the addi-
tion of different concentrations of Na,SO, from 1 to 10%
(w/v) into aqueous sample solution while keeping other
experimental parameters constant. As shown in Figure 1b,
the results of this study indicated that peak areas of selec-
ted herbicides increased with the increase in Na,SO, up to
5% (w/v). Beyond this point, the extraction efficiency de-
creased because higher amounts caused an increase of the
solubility of the RTIL in aqueous phase at high ionic
strength, therefore reducing the volume of the sediment
(RTIL) phase.” Consequently, Na,SO, 5% (w/v) was used
for further studies.

Selection of the appropriate RTIL, is an important
parameter in order to obtain satisfactory extraction perfor-
mance of the target analytes. RTIL could accelerate the
emulsification of extraction solvent into the aqueous sam-
ple solution under ultrasound, resulting in increasing the
extraction recovery. To work as an alternative solvent, an
RTIL must meet certain requirements, such as being inso-
luble in water, having a low volatility and high extraction
capability.”> Based on these consideration, 1-butyl-3-
methylimidazolium hexafluorophosphate [C,MIM][PF]
RTIL was used in this study owing to its low viscosity and
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compatability to chromatographic system, compared with
[C,MMIM][PF,] and [C;MIM][PF,].”* The effect of the
RTIL volume was studied in the range of 5-50 pL (data
not shown). It was found that symmetrical peaks, good ba-
seline and high sensitivity was observed when
[C,MIM][PF,] 30 uL was added. Thus, RTIL 30 pL was
choosen as disperser solvent.

The selection of suitable extraction solvent is of a
great importance for the extraction of selected herbici-
des. The extraction solvent is dispersed as fine droplets
in the sample solution, which is convenient for the mass
transfer of the target analytes from the aqueous phase
into the organic phase. 1-octanol (density, 0.8240 g m-
L"), I-dodecanol (density, 0.8309 ¢ mL™") and 2-dode-
canol (density, 0.8290 ¢ mL™") were investigated as an
extraction solvent (data not shown). It was observed that
1-octanol provided high extraction efficiency because
1-octanol has a lower density than the other extraction
solvents and the solubility of 1-octanol in the common
dispersive solvent was low. Therefore, 1-octanol was
considered as an appropriate extraction solvent for the
microextraction step.

The volume of the extraction solvent in microextrac-
tion step has a direct influence on the volume of the floa-
ted phase and substantial enrichment factor for the final
concentration.?® Different volumes of 1-octanol (50, 100,
150, 200, 250, and 300 uL) were investigated with the ot-
her experimental parameters being kept constant. It was
found that if the extraction solvent volume is 50 pL, the
solution cannot complete phase separation. Moreover, the
extraction solvent volume more than 100 pL decreased the
peak areas of target herbicides, which may be due to the
increased extract volume with the analyte signal decrea-
sed accordingly. As can be seen from Figure 1c, the hig-
hest extraction efficiency was obtained using 100 puL of 1-
octanol. Therefore, 100 uL of 1-octanol was selected for
further studies.
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Figure 1a. Effect of salt addition on the extraction of selected her-
bicides
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Figure 1b. Effect of concentration of salt on the extraction of selec-
ted herbicides
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Figure 1c. Effect of volume of 1-octanol on the extraction of selec-
ted herbicides

Generally, the dispersion of the extraction solvent
into the aqueous sample could depend on the rotational
speed, vortex and ultrasonication time.”> Both rapid dis-
persion and mass transfer processes are the most impor-
tant parameters in the extraction process, which is regar-
ded as the interval time between the formation of cloudy
solution and before centrifuging. The effect of the ultraso-
nication time affects the mass transfer between two phases
in the extraction procedure, and the influence of ultrasoni-
cation time on the peak area was studied in the range of
30-150 s, under the optimal experimental conditions (da-
ta not shown). Results revealed that there was no signifi-
cant effect on the extraction efficiencies at different ex-
traction times. In the experiment, 30 s was chosen as ex-
traction time.
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In extraction process, centrifugation time affects
the size of the settled phase and the concentration of
analyte in the extract phase. The effect of centrifugation
time on the extraction efficiency of the proposed method
was investigated by varying the centrifugation time from
2-10 min, at the speed of 3500 rpm (data not shown). It
was observed that the peak areas of the analyte slightly
increased up to 5 min, and then stayed constant. Thus,
centrifugation time 5 min was selected for further experi-
ments.

3. 2. Analytical Performances

Quantitative parameters of the proposed method
such as linear ranges, linear equation, coefficient of deter-
mination (RZ), precision, limit of detection (LOD), limit
of quantitation (LOQ) and enrichment factor (EF) were
evaluated under the optimal conditions (Table 2). Before
extraction using the proposed method, the selected herbi-
cides show linearity in the range from 10 to 5000 ug kg™
with correlation coefficient (R?) greater than 0.98. Limits
of detection (LODs) of the analytes were determined ba-
sed on the signal to noise (S/N) ratio of 3 and found to be
10 pg kg' for all compounds. The limit of quantitation
(LOQ) (S/N = 10) was found to be 30 ug kg™'. After ex-
traction using the proposed method, the selected herbici-
des exhibit good linearity in the range from 0.1 to 1000 pg
kg™ with correlation coefficient (R?) of 0.9991-0.9997.
Limits of detection (LODs) of the analytes were determi-
ned based on the signal to noise (S/N) ratio of 3 and found
in the range of 0.01-0.10 ug kg™'. The limit of quantita-
tion (LOQ) (S/N = 10) was found in the range of
0.03-0.30 pg kg™'. In order to test the reproducibility of
the proposed method, precision in terms of intra-day and
inter-days were studied by replicate injection of the stan-
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w 008 -
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o
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Figure 2. Chromatogram obtained for the separation of selected
herbicides by (a) direct HPLC injection and (b) after preconcentra-
tion using ILSFOD-LLME combined with HPLC: concentration of
all standard herbicides was 500 ug kg™

dard mixture of 0.01 ug kg™ each in a day (n = 5) and se-
veral days (n = 3 x 5). The relative standard deviations
(RSDs) were less than 2.88% and 6.38% for retention ti-
me (ty) and peak area, respectively. The enrichment factor
(EF), defined as the concentration ratio of the analytes in
the settled phase (C,,) and in the aqueous sample (C),
were in the range of 64.5-139.9. The chromatograms ob-
tained for the separation of selected herbicides by direct
HPLC injection (Figure 2a) and ILSFOD-LLME combi-
ned with HPLC (Figure 2b) were compared. Using the
proposed ILSFOD-LLME, the chromatographic signals
of selected herbicides were increased.

3. 3. Application to Real Samples

To test the applicability of the method for selected
herbicides determination in fruit samples, four fruits we-
re collected and examined. Matrix effects are known to
be problematic in pesticide residue analysis, which can
result in either decreased detection response or increased
analytical signal.® The extent of matrix effects can be cal-
culated as the percent differences in slopes of the calibra-
tion graphs from matrix-matching vs. those from stan-
dards in solvent-only.26 In this work, matrix-matched ca-
libration was used for quantitation of the selected herbici-
des in fruit samples. The working linear range was
0.1-50 ug kg™'. The slope of the matrix-matched calibra-
tion graph is dependent on the sample matrix, however,
the correlation coefficients (R?) of greater than 0.999
were obtained for all compounds (as shown in Table 3).
From the analytical results, all target herbicides fre-
quently appeared in studied samples. The results are sum-
marized in Table 4. The concentration ranges of residues
were 2.0-4.0 ug kg™' for simazine, 3.0-7.0 pg kg™' for
atrazine, 0.5-4.0 ug kg™' for propazine, and 0.2-4.0 ug
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Figure 3. Chromatogram of (a) orange sample, (b) orange sample
spiked at 10 pg kg™! of each herbicide, (c) orange sample spiked at
50 pg kg™ of each herbicide, and (d) orange sample spiked at 100
pg kg™ of each herbicide
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Table 2. Analytical performance of ionic liquid-assisted dispersive liquid-liquid microextraction method compared to direct HPLC method for determination of selected herbicides

3x5)
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(n

=5)

Intra-day®
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Linear range Linear equation R’ EF
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7.72

Area tr

2.18
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0.18

0.3
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0.9996
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(7.44)
5.68

(0.50)
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0.03
(30)
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0.01
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0.9991
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(0.16)

(10)
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(10-5000)

 Precision was investigated at the concentration of 100 pg kg™ ® The values in parentheses are obtained from direct HPLC method.

Table 3. Matrix-matched calibrations of selected herbicides in fruit juice samples (n = 3)
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6666124x + 32310

2545602x-22313

4412534x-12310

2182608x + 18116

=3)

Grape (n

kg™! for linuron. However, the amount of some
herbicides found in fruit sample was lower
than the MRLs established by EU (simazine,
0.01 mg kg’1 in orange, apple, and guava; atra-
zine and linuron, 0.05 mg kg™ in orange, ap-
ple, grape, and guava).

In order to validate the accuracy of the
presented extraction method, different
amounts of target analytes were spiked to fruit
samples at concentration levels of 10, 50, and
100 pg kg™'. The spiked samples were analy-
zed and the results are shown in Table 5. Reco-
veries were between 87.32% and 99.93%, and
RSD values ranged from 1.15% to 6.57%. The
results demonstrated that the matrix effects
caused by the fruit samples had a negligible af-
fect on the efficiency and sensitivity of the pro-
posed method. Figure 3 shows chromatograms
corresponding to real sample and real sample
spiked with selected herbicides.

4. Conclusions

A method of ILSFOD-LLME coupled to
HPLC has been investigated for sensitive and
robust determination of selected herbicides in
fruit samples. The effective sample preparation
using modified QUEChERS method was used.
The target compounds were simply extracted
by 1-octanol with ionic liquid [C,MIM][PF]
as green disperser solvent, which is less toxic
than the solvent normally used in the typical
conventional DLLME. The matrix-matched
calibration provided good recoveries in real
sample determination at trace levels of herbici-
des. The proposed method shows good analyti-
cal features providing low limit of detection at
the levels of 0.1 pg kg™ which are below the
acceptable MRLs established by EU. A high
preconcentration factor in the range of 64.5 to
139.9, good recoveries and high reproducibi-
lity were also obtained. The proposed method
offers the advantages of simplicity and sensi-
tivity.
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Table 4. Analysis of selected herbicides in fruit juice samples

Amount found = SD, pg kg™ (n = 3)

Samples Simazine Atrazine Propazine Linuron
Orange (n=3) 4.0 £0.02 7.0+0.10 - 0.2 +0.01
Guava (n=3) - 3.0+0.20 0.5+0.01 4.0+0.01
Apple (n=3) - 4.0+0.01 4.0+0.01 -
Grape (n = 3) 2.0+0.10 - - -
—; not detected
Table 5. Recovery obtained from the determination of target herbicides in fruit juice samples (n = 3)
Analytes Spiked Orange (n = 3) Guava (n=3) Apple (n = 3) Grape (n =3)
(ug kg™ RR(%) RSD (%) RR(%) RSD (%) RR(%) RSD (%) RR(%) RSD (%)
Simazine 10 93.55 1.80 97.27 1.23 97.78 4.63 98.65 1.56
50 97.13 2.30 95.83 2.64 92.37 1.54 91.72 1.78
100 94.63 1.02 96.56 2.59 95.33 2.65 96.57 1.58
Atrazine 10 92.63 2.32 87.32 2.33 95.87 2.73 87.75 2.27
50 93.23 3.05 93.62 2.61 97.39 3.54 90.23 3.23
100 97.69 3.04 92.18 2.27 93.43 1.41 92.17 3.57
Propazine 10 92.87 1.15 92.17 2.83 89.82 4.54 92.83 2.76
50 93.53 222 98.78 3.37 99.58 3.58 91.57 6.57
100 92.12 2.35 92.23 2.63 91.27 4.53 89.84 5.38
Linuron 10 99.78 343 99.67 2.78 98.67 4.73 99.93 2.23
50 91.63 2.33 91.23 1.15 92.25 4.23 92.25 2.37
100 94.32 2.78 90.43 3.75 93.57 441 91.58 2.48

RR: Relative recovery RSD: Relative standard deviation
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Preucevali smo mikroekstrakcijo z ionsko teko¢ino, osnovano na strjeni plavajoci organski kapljici ILSFOD-LLME) za
analizo Stirih preostankov herbicidov (simazin, atrazin, propazin in linuron) z visoko zmogljivo teko¢insko kromatogra-
fijo. Za ILSFOD-LLME so bili optimalni ekstrakcijski pogoji 5% w/v Na,SO,, 30 uL [C,MIM][PF]RTIL, 100 pL
1-oktanola, ¢as ultrazvoka 5 min in centrifugiranje pri 5000 rpm 30 s. Pri optimalnih pogojih je bila linearnost v ob-
modju 0,1-1000 pg kg™, korelacijski koeficienti pa ve&ji kot 0,999. Visoki obogatitveni faktorji za analite so bili v ob-
mocju 64,5-139,9, dobili smo tudi nizko mejo zaznave. Za pripravo vzorcev sadja pred analizo smo uporabili modifici-
rano QuEChERS metodo. Raziskali smo tudi matri¢ne u¢inke, tako da smo standarde v ustrezni matrici uporabili za pri-
pravo umeritvene krivulje. Predlagano metodo smo uspe$no uporabili za ekstrakcijo in predkoncentracijo ostankov her-
bicidov v vzorcih sadja, Dobili smo dobre izkoristke v obmocju 87,32% do 99,93%.
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Abstract

A sample of phonolite was treated by cold plasma and hydrochloric acid diluted in water to study the change of its struc-
ture and acid properties. The phonolite and treated samples were analysed by XRD, elemental analysis XRF, specific
surface area BET, TPD-NH, and FT-IR spectroscopy. They were also tested in the adsorption of Ca, K, Mg, P and Na
impurities present in waste cooking oil. Plasma treated sample presented almost the same structure with some surface
differences respect to the original phonolite. However, acid treated sample presented bigger total surface compared to
the other samples, different structure, composition and acid properties.

Keywords: phonolite, cold plasma, acid treatment, structure modification, adsorption

1. Introduction

Phonolite is an igneous rock formed composed
mainly by alkali feldspar and other compounds.! Many
works were published about phonolite but they were based
mainly in geology, geochemistry or mineralogy. Neverthe-
less, a lower number of publications were found about the
experimental modification of the structure of phonolite.
However, some experiments were carried out with the aim
of studying the structure modifications of new solids obtai-
ned at high temperature and pressure.” Acid treatment of
solids has been extensively studied for many applications
such as catalysis, agriculture, membranes, etc. This treat-
ment could be an effective tool to modify the structure and
composition of the phonolite." Acid treatment could be an
advantage increasing the porosity of the material for using
it as adsorbent or catalyst as described for other type of
materials.® Also, it could be a disadvantage as K* donor
material for being used as fertilizer.” Nevertheless, no pre-
vious publications were found about the acid treatment ef-
fects on phonolite structure. Another treatment for the mo-
dification of solids is the plasma application which has
been used for modifying the adsorbent surfaces.* '’ Plasma
is classified as cold plasma when the temperature used is
lower than 500 °C. The advantages of this treatment are
clean reaction and a short processing time without affec-

ting the bulk structure.''> However, this treatment could
also be a disadvantage for changing its bulk structure.
Some studies using cold plasma were published.!'™"> Ne-
vertheless, no studies have been reported on the modifica-
tion of phonolite using this methodology. This paper is the
first study on the modification of phonolite using cold pla-
sma and acid treatment. The aim of this work was to study
the modification of the phonolite by using two separate
processes (surface modification by cold plasma and struc-
ture change by acid treatment).

2. Experimental

The phonolite (Ph) was supplied in powder form by
the company Keramost a. s.'® Ph sample (20 g) was dried
at 120 °C overnight. Then, it was leached by 3M HCI so-
lution (80 °C for 4 h). The phonolite:acid (g:ml) ratio was
1:10. After the leaching process, the product was filtered,
washed (by several times with hot demineralised water)
and dried overnight at 120 °C. Finally, the dried samples
were calcined at 500 °C during 6 h (gradient 1 °C/min
from room temperature) in air obtaining the acid treated
phonolite (A-Ph). The plasma treated phonolite (CP-Ph)
was synthesized by nonthermal DBD plasma which was
conducted in ambient air (humidity 32%) at atmospheric
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pressure and the discharges were operated in filamentary
mode (they were constituted by a high amount of tiny mi-
cro discharges randomly distributed over the entire area of
the electrodes). The plasma reactor consisted of two plane
parallel electrodes covered with a 1 mm layer of dielec-
tric. The upper electrode (105 x 20 x 12 mm) was covered
with corundum and the bottom electrode (120 x 60 x 20
mm) with a mobile rubber providing transport of the ma-
terial at the same time. The distance between the electro-
des was 4 mm. Plasma treatment conditions and parame-
ters were: AC source voltage 20 kV, frequency 3 kHz, no-
minal power 120 W, modification time periods 5 s. XRF,
XRD, specific surface area BET and NH, temperature
programmed desorption (TPD-NH,) were carried out us-
ing the same methodology described in the literature.!”
Mercury porosimetry measurements were performed on a
Micromeritics AutoPore IV 9510 mercury porosimeter.
All samples were dried before the analysis in a glass-cell
at 110 °C under vacuum for 16 hours. Attenuated total ref-
lectance technique (ATR) using an instrument Nicolet iS
10-Thermo Scientific (crystal diamond; number of scans
= 64; resolution 4 cm™') was used for the FT-IR measure-
ments. The scanning electron microscopy (SEM) was car-
ried out using a Zeiss ULTRA Plus microscope equipped
with Oxford detector for energy-dispersive analysis
(EDX). Finally, the samples were tested in the adsorption
of Ca, Mg, K, P and Na in waste cooking oil (WCO). The
adsorption procedure was carried out using 20 g of filtered
WCO which was previously heated at 95 ° C. Then, 2 g of
sorbent (phonolite) were added. The mixture was stirred
during 1 hour at room temperature and filtered. Finally,
the liquid product was analyzed by the instrument ICP-
OES/Agilent 725. The WCO elemental composition was
78 %wt. of carbon, 11.9 %wt. of hydrogen, 0.387 mg kg™
of Ca, 0.104 mg kg™ of Mg, 1.02 mg kg™' of K, 2.04 mg
kg of P, 1.82 mg kg™' of Na, 4.13 mg kg™ of sulfur and
64.2 mg kg™ of nitrogen content. The supplied WCO pre-
sented a total acid number of 2 mg KOH g™'.

Table 1. Elemental XRF Composition and surface area.

3. Results and Discussion

As shown in XRF results, practically no changes
were found for samples Ph and CP-Ph (Table 1). Sample
A-Ph presented higher Si and lower Al, Na and K contents
respect to the Ph sample. The acid treatment implied an
increment in the total porosity as consequence of the re-
moving of Al, Na and K. Also, the content of Fe and Ca
decreased for A-Ph respect to the Ph sample.

Almost identical Hg porosimetry results were
found for Ph and CP-Ph samples with a low total poro-
sity. No mesopores and a minimum number of micropo-
res were detected in these samples. Acid treatment sup-
posed an increment in the total porosity. The increment
of the porosity in the 3-30 nm range (mesopores) was
an interesting result taking in account possibly future
applications of this material as catalyst or absorbent for
large molecules. Nevertheless, BET specific surface
showed a bigger specific surface compared than the to-
tal pore area by Hg porosimetry (table 1) indicating the
presence of a high number of micropores. The acid
treatment also implied an increment in the total intru-
sion volume of the sample mainly due to the macropo-
res volume.

XRD results informed about a similar content of
analcime 25.2%, nepheline 42.9% and sanidine 31.9% in
samples Ph and CP-Ph. However, a change in the structu-
re-composition was found for the A-Ph sample with
41.7%, 14.9%, 1.2% and 42.3% of sanidine, nepheline,
analcime and albite respectively. Surely, these changes
were produced mainly by the removing of Al, Na during
the acid treatment process of the original phonolite as ref-
lected in the elemental composition.

For FT-IR results, some bands were identified bet-
ween 1200 and 650 cm™' which were related to bond
stretchings of Si—O-Si or Si—O-Al, due to the presence
of silicon and aluminium oxides. The treatment of each
sample at 100 °C removed the possible content of water

Material Ph CP-Ph A-Ph
Specific Surface BET (m” g™) 4.9 8 167
Hg porosimetry / Total pore area (m” g™') 1.7 2.3 34
Composition (%owt.) (% wt.) (% wt.)
Si 26.5 26.5 38.6
Al 11.8 11.9 4.5
Na 79 79 1.7
K 5.1 5.1 4.3
Fe 1.4 1.3 0.6
Ca 0.7 0.7 0.1
Cl 0.3 0.4 0.1
Ti 0.2 0.2 0.1
'Calculated sum 99.4 99.4 99.6

"Total sum of theoretically present Si0,, Al,0,, Na,0, K,0, Fe,0,, CaO, Cl and TiO,.
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in the samples. Thus, no representative bands between
3650 and 3200 cm™ related to the vibration stretching of
OH bond were found.>'® However, the OH vibration
stretching also could be due to the OH present in mine-
rals. So, a low content of hydroxides is expected for the
surface of these solids. The cold plasma treatment could
modified slightly the surface of the phonolite as shown in
a more intensive band at 850-1150 cm™" for sample Ph
compared to CP-Ph. The biggest change was found for
the A-Ph sample. The lost of intensity in the bands range
of 650-1300 cm™" was surely due to a lower amount of
Si-O-Si and/or Si-O-Al bonds type. A-Ph sample contai-
ned less Al than the other samples so it could be reason of
the lowest intensity band. The difference between sam-
ples Ph and CP-Ph could be explained by the change of
Si-O-Al to other type of bonds which could affect the aci-
dity of the sample.

For the TPD-NH, characterization (Fig. 1), all mate-
rials showed a broad NH, desorption peak stretched in a
wide range from 175 to 350 °C corresponding to the inter-
mediate and stronger acid sites. The characteristics and
the amount of acid sites varied when the phonolite was
treated. CP-Ph presented slightly lower intensity in the
signal related to the intermediate and strong acid sites and
the same intensity than Ph for the weak acid sites. A-Ph

0.06
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Fig. 1. TPD-NH, for Ph, CP-Ph and A-Ph samples. 100 mg of sam-
ple was pre-treated in He at 500 °C, cooled to 180 °C and finally
saturated with ammonia. Then, the temperature was increased to
500 °C with a rate of 15 °C/min.

sample presented the highest number of weak acid sites
(peak at 100 °C) as consequence of the removing of Al in-
stead of a higher % of Si present in the surface of the so-
lid. Thus, the acid treatment implied an increment in the
total number of weak acid sites and the cold plasma treat-
ment slight decrease in the number of intermediate and
stronger acid sites.

WCO adsorption test results (Table 2) were diffe-
rent depending on the type of adsorbent used. When the
oil was treated with Ph, the filtered product presented
higher Ca, K and Na contents. However, the content of P
was a half from the original WCO content, for the oil
treated with Ph. CP-Ph oil treatment supposed a clear in-
crement of K and Na in the final oil. Only the treatment
using A-Ph solid supposed a decrease in Ca, Mg, K, P
and Na in the oil. CP-Ph oil treatment test results infor-
med about a bigger increment of K and Na compounds in
the oil respect to the results from the treated oil with Ph.
These different results could be attributed only to the dif-
ferent surface of Ph and CP-Ph because the two solids
presented similar elemental composition and XRD re-
sults. Thus, A-Ph was the only solid, which actuated as
absorber and not as donor of Ca, Mg, K, P and Na in the-
se tests.

SEM images (Fig. 2) of Ph and CP-Ph showed par-
ticles of approximately 5-20 pum size ratio in diameter
with different forms. For sample A-Ph, the particle size
was in the 5-40 um range. The differences are not clear
between the Ph and CP-Ph samples. Nevertheless, sample
A-Ph presented a clear difference in its surface respect to
the original phonolite.

The same sample of phonolite was treated three ti-
mes (acid and plasma treatments) and the resultant XRF,
XRD and Hg porosimetry measurements presented almost
the same results (XRF elemental composition with a per-
centage error lower than 0.5%). The adsorption procedure
was repeated three times presenting similar results for the
elemental analyses with a percentage error lower than 1%
(Ca, Na, sulphur, Mg, K and nitrogen contents).

4. Conclusions

The phonolite was modified by acid and cold plasma
treatments. Then, it was tested in a WCO absorption test.
The cold plasma treatment supposed a modification of the

Table 2. Ca, Mg, K, P and Na contents in WCO treated samples with Ph, CP-Ph and A-Ph.

Parametr QOil-Feedstock
Ca [mg kg™'] 0.39
Mg [mg kg™'] 0.10
K [mg kg™] 1.02
P [mg kg™'] 2.04
Na [mg kg™'] 1.82

Oil/Ph Oil/CP-Ph Oil/A-Ph
1.07 1.56 0.25
0.09 0.23 0.04
2.14 7.53 1.00
1.33 1.5 1.07
3.56 5.15 1.25
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Fig. 2. SEM images. (a) Ph (x1,000, x10,000 and x50,000); (b) CP-Ph (x1,000, x10,000 and x50,000); (c) A-Ph (x1,000, x10,000 and x50,000).

original Ph surface and the acid treatment supposed a
change in the original Ph structure and composition chan-
ging dramatically its total surface and acid properties. For
the WCO tests, A-Ph sample absorbed the biggest amount
of Ca, Mg, K, P and Na. This work could be the beginning
of another new generation of materials, which could be
used in many current applications.
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Vzorce fonolita smo obdelovali v hladni plazmi in razredceni klorovodikovi kislini ter preucevali vpliv postopkov na
strukturo in kislinske lastnosti. Analizirali smo jih z naslednjimi metodami: rentgensko praSkovno difrakcijo (XRD),
elementno analizo (rentgensko fluorescen¢no spektrometrijo XRF), meritvami specifi¢ne povrSine (BET), temperatur-
no programirano desorpcijo NH, (TPD — NH,) in infrardeco spektroskopijo (FT-IR). PreizkuSali smo tudi primernost
vzorcev za adsorpcijo necisto¢ Ca, K, Mg, P in Na iz odpadnega jedilnega olja. Vzorci, ki smo jih obdelali v plazmi, so
imeli glede na zacetno stanje skoraj enako strukturo z nekaj razlikami na povrsini. Ve¢ji vpliv je imelo obdelovanje s ki-
slino. V tem primeru se je povecala povrSina vzorca, spremenila njegova struktura in sestava ter kislinske lastnosti.
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Abstract

Derivatisation of parent structure in terpenoids often results in enhancement of biological activity of newly obtained
compounds. Thymol, a naturally occurring phenol biosynthesized through the terpene pathway, is a well known biocide
with strong antimicrobial attributes and diverse therapeutic activities. We have aimed our study on a single modification
of phenolic functionality in thymol in order to obtain a small focused library of twenty thymyl esters, ten of which we-
re new compounds. All compounds were involved in in vitro antimicrobial testing. Another important aspect of current
study was implementation of in silico calculation of physico-chemical, pharmacokinetic and toxicological properties,
which could be helpful by giving an additional guidance in further research.

Keywords: chemical synthesis, thymyl esters, in vitro antimicrobial activity, in silico calculation

1. Introduction

Terpenoids constitute an abundant and potent group
of natural products, which play an important role in the
enzyme systems of plants and reflect conspicuous biologi-
cal activity against various pests. Their biological activity
is believed to be related to the nature and the position of
functional groups or substituents. Chemical modification
of natural monoterpenoids has been reported to result in
enhancement of biological activities when compared to
parent compounds.”” Thymol (1), a monoterpene
biosynthetically directly related to para-cymene (1a)® and
a naturally occurring phenol, is a well known biocide and
most dominant constituent of the oils of thyme (Thymus
vulgaris L.) and oregano (Origanum vulgare L.).

Numerous studies have demonstrated the antimicro-
bial effect of thymol, ranging from inducing antibiotic

1 la

Sheme 1. Chemical structures of thymol (1) and para-cymene (1a).

susceptibility in drug-resistant pathogens through a syner-
gistic effect, to a powerful antioxidant properties.’
Thymol has been shown to be an effective fungicide, par-
ticularly against fluconazole-resistant strains® and was de-
monstrated to have strong antimutagenic effect.’ In addi-
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tion, there is evidence that thymol has antitumor proper-
ties.'”

The primary mode of antibacterial action of thymol
is not fully known, but is believed to involve outer- and in-
ner membrane disruption, and interaction with membrane
proteins and intracellular targets.''~'® The mode of action
of thymol against yeast and fungi has been sparsely inve-
stigated, though certain studies point to interactions with
the cell envelope and intracellular targets.'®"°

Thymyl derivatives are well represented in Astera-
ceae plants, particularly within tribes Senecioneae, Eupa-
torieae, Inuleae and Helenieae. In some Inula, Doronicum
and Pulicaria species, thymyl derivatives rather than ses-
quiterpenoids are the major root constituents.?>* A re-
view by Talavera-Aleman and collaborators®* estimated
that only 10% of known functionalized thymy] derivatives
have been employed in biological testing, showing vast
array of diverse activities, such as antimicrobial*>?%2>-27
(several papers reporting inhibitory activity against
plants’ pathogenic fungi**?®), antioxidant,?® antinocicepti-
ve,” anti-parasitic (antileishmanial),***! antiprotozoal,*?
insecticidal®® and piscicidal® activity. The usefulness of
thymyl derivatives as transdermal drug delivery enhancers
has also been reported.™

There are several papers reporting isolation, syn-
thesys*#32%3336 and biological activity*>222328-30.33 of
thymyl esters. Grodnitzky and Coats* have tested insecti-
cidal activity of thymyl esters of acetic, dichloracetic,
trichloroacetic, chlorodifluoroacetic, pivalic and chloropi-
valic acid on Musca domestica. Mathela and collabora-
tors* evaluated antibacterial activity of thymyl esters of
acetic, propanoic, 2-methylpropanoic, 3-methylbutanoic,
but-2-enoic, benzoic and 2-phenylacetic acids and repor-
ted the enhancement in the activity of derivatives in com-
parison to thymol. Kumbhar and Dewang’ tested antifun-
gal activity and observed structure-activity relationship,
stating that thymyl ethers showed better antifungal po-
tency over esters (thymyl acetate, benzoate, cinnamate,
dithymyl malonate, succinate and glutarate) and that the
addition of a methylene group or a carbon, an olefinic
bond or an aromatic moiety in side chain led to com-
pounds with improved potency over the parent compound
(thymol).” Angeles-Lopez et al.*? have undertaken a study
to establish the potential acute toxicity and the antinoci-
ceptive activity in animal models of thymyl esters of
C,—C straight chain, C,—C acids positional isomers, dia-
steroisomers of 2-pentenoic, and of benzoic acid, repor-
ting several esters with antinociceptive effect at a dose of
1 mg/kg.

Keeping in view diverse pharmacological activities
of thymol’™" and preliminary results on bioactivity of
thymyl derivatives*>222328-30.33 e have set the aim of our
study. By making a single modification of a phenolic
functionality in thymol we have obtained a series of ester
compounds (3a-t), performed their structural characteri-
zation, in vitro antimicrobial testing and in silico calcula-

tion of physico-chemical, pharmacokinetic and toxicolo-
gical properties. The most important contribution of this
study is the synthesis of ten new compounds (3i, 3k-s)
followed by results obtained in antimicrobial assay and in
silico calculations, which all together could be an impor-
tant aspect and an additional guidance in further research.

2. Materials and Methods
2. 1. Chemicals Used

All of the reagents, standards and solvents used we-
re of analytical reagent grade. Unless specified otherwise,
all chemicals were purchased from Merck (Darmstadt,
Germany).

2. 2. General Synthetic Procedures

Acetyl, benzoyl and palmitoyl chloride were purc-
hased from Sigma—Aldrich. The conversion of the other
carboxylic acids to acyl chlorides®™* and the preparation
of thymyl esters utilized methods from the literature.**
Scheme 1 presents the synthesis of thymyl esters.

2. 2. 1. General Procedures for Synthesis of Acid
Chlorides

(a) An old procedure developed by Brown?’ was
used for the preparation of volatile acid chlorides. This
procedure involves the action of a relatively slightly vola-
tile benzoyl chloride upon an organic acid. Following this
protocol, the synthesis of chlorides up to 10 carbons, as
well as 2-chloroacetyl chloride was achieved. In a round-
bottom flask equipped by a fractionating column 0.25 mol
of the acid and 0.375 mol of benzoyl chloride were placed
The mixture was heated until the boiling point was reac-
hed, and then the acid chloride was distilled from the reac-
tion mixture. The material so obtained was used directly
in the synthesis.

(b) For the preparation of chlorides higher than 10 C
atoms the corresponding acid was refluxed for 2 h with
thionyl chloride in CCl,.”* The solvent and the excess of
thionyl chloride were removed with the aid of the water
pump vacuum.

The products obtained in either way were used di-
rectly in the synthesis.

2. 2. 2. General Procedure for the Synthesis of
Thymyl Esters 3a—t

Series of thymyl esters were made following the
procedure described by Paolini et al.** A solution of acid
chloride (4.5 mmol) in CH,Cl, (15 mL) was added drop
by drop to a cooled mixture (0 °C) of thymol (3.3 mmol)
and Et,N (4.5 mmol) in CH,Cl, (20 mL). The mixture was
stirred at room temperature and then refluxed for 3 h. The
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organic layer was washed with water (3 x 200 mL), dried
over anhydrous Na,SO, and concentrated under vacuum.
The esters were purified by column chromatography, sta-
tionary phase Silica Gel 60 (70-230 mesh), mobile phase
(hexane/diethyl ether, gradient 9:1 to 8:2). For yields, see
supplementary data.

Thymyl Acetate (3a)

Chromatographic purification gave colorless oil.
C,H,,O, (M =192.25); yield 85%; MS (EI): m/z (%) 192
(M*) (11.3), 151 (4.8), 150 (42.6), 151 (4.8), 135 (100),
136 (11.0), 115 (7.3), 105 (4.7), 77 (5.1), 43 (4.1); RI
(HP5-MS): 1367; '"H NMR (500.13 MHz, CDCL,): 8
(ppm) 7.22 (1H, d, J = 8 Hz, Ar-H), 7.05 (1H, d, J/ = 8 Hz,
Ar-H), 6.84 (1H, s, Ar-H), 3.00 (1H, spt, J = 7 Hz, CH),
2.34 (6H, s, CH,), 1.22 (6H, d, J = 7 Hz, CH,); *C NMR
(125.76 MHz, CDCl,): & (ppm) 169.77 (C=0), 147.84
(C,), 136.95 (C,), 136.52 (C,), 127.52 (C,), 126.78
(C,), 123.23 (C, ), 26.89 (CH), 26.57 (CO-CH,), 22.99
(2 x CH,), 21.21 (CH,).

Thymyl 2-Chloroacetate (3b)

Chromatographic purification gave colorless oil.
C,,H,;0,Cl (M = 226.70); yield 85%; MS (EI): m/z (%)
226 (M%) (10.1), 150 (30.4), 149 (19.4), 136 (9.4), 133
(11.1), 115 (6.5), 105 (8.1), 91 (14.6), 77 (11.4); RI (HP5-
MS): 1572; 'H NMR (500.13 MHz, CDCL,): & (ppm) 7.24
(1H, d, J = 8 Hz, Ar-H), 7.08 (1H, d, J = 7.6 Hz, Ar-H),
6.87 (1H, s, Ar-H), 4.33 (2H, s, CH,), 3.00 (1H, spt, J =
6.90 Hz, CH), 2.34 (3H, s, CH,), 1.22 (6H, d, J = 6.90 Hz,
CH,). "C NMR (125.76 MHz, CDCL,): & (ppm) 166.11
(C=0), 147.45 (C,), 136.81 (C,)), 136.79 (C,), 127.64
(C,), 126.60 (C,), 122.20 (C,)), 40.74 (CH,), 27.01
(CH), 22.98 (2 x CH,), 20.77 (CH,-Ar).

Thymyl Propanoate (3c)

Chromatographic purification gave colorless oil.
C;H,,0, (M =206.28); yield 82%; MS (EI): m/z (%) 206
M%) (9.5), 151 (4.5), 150 (42.1), 135 (100), 136 (9.5),
115 (5.7), 105 (5.4), 91 (11.0), 77 (5.1), 57 (12.6); RI
(HP5-MS): 1455; 'H NMR (500.13 MHz, CDCl,): &
(ppm) 7.21 (1H, d, J = 8 Hz, Ar-H), 7.04 (1H, d, J/ = 8 Hz,
Ar-H), 6.83 (1H, s, Ar-H), 2.99 (1H, spt, J = 14 Hz, CH),
2.63 (2H, q, J = 8 Hz, CH,), 2.33 (3H, s, CH,), 1.32 (3H,
m, CH,), 1.21 (6H, d, J = 7 Hz, CH,); 13CNMR(12576
MHz, CDCl,): & (ppm) 173.16 (C=0), 147.93 (C,),
136.96 (C,), 136.5 (C,), 126.69 (C,), 123.24 (C,),
122.77 (C,,), 27.73 (CH), 26.91 (CH,), 22.90 (CH,),
23.03 (2 x CH,), 9.31 (CH,).

Thymyl Butanoate (3d)

Chromatographic purification gave yellowish oil.
C,,H,,0, (M =220.31); yield 84%; MS (EI): m/z (%) 220
(M*) (9.7), 151 (6.1), 150 (55.5), 136 (9.5), 135 (100),
115 (5.4), 105 (5.7), 91 (10.4), 71 (9.3), 43 (7.1); RI
(HP5-MS): 1544; '"H NMR (500.13 MHz, CDCL,): §

(ppm) 7.21 (1H, d, J = 8 Hz, Ar-H), 7.04 (1H, d, J = 8 Hz,
Ar-H), 6.82 (1H, s, Ar-H), 2.99 (1H, spt, J = 7 Hz, CH),
258 (2H, t, J = 7 Hz, CH,), 2.33 (3H, s, CH,), 1.84 (2H,
sxt, J =7 Hz, CH,), 2.1 (6H, d, J = 7 Hz, CH,), 1.08 (3H,
t, J = 7 Hz, CH,); *C NMR (125.76 MHz, CDCL,): &
(ppm) 172.34 (C=0), 147.88 (C, ), 136.98 (C,.), 136.49
(C,), 126.66 (C,.), 125.99 (C,), 123.24 (C, ), 36.24
(CH,), 26.90 (CH), 23.07 (2 x CH,), 18.55 (CH,), 13.78
(CH,).

Thymyl 2-Methylpropanoate (3e)

Chromatographic purification gave colorless oil,
C,,H,,0, (M =220.31); yield 75%; MS (EI): m/z (%) 220
(M*) (11.4), 150 (59.6), 136 (9.4), 135 (100), 115 (7.3),
105 (8.0), 91 (15.1), 77 (6.8), 71 (18.8), 43 (21.9); RI
(HP5-MS): 1495; 'H NMR (500.13 MHz, CDCl,): 8
(ppm) 7.21 (1H, d, J = 8 Hz, Ar-H), 7.03 (1H, d, /= 7.6
Hz, Ar-H), 6.81 (1H, s, Ar-H), 2.99 (1H, spt, J = 6.9 Hz,
CH), 2.85 (1H, spt, J =7 Hz, CH), 2.33 (3H, s, CH,) 1.36
(6H, d, J=7.3Hz, 2 x CH,), 1.21 (6H, d, J= 6.9 Hz, 2 x
CH,). ”C NMR (125.76 MHz, CDCL,): & (ppm) 175.71
(C=0), 147.99 (C,), 136.97 (C,)), 136.47 (C,)), 126.62
(C,), 126.56 (C,), 122.14 (C,,), 33.95 (CH), 26.78
(CH), 22.99 (2 x CH,), 19.20 (CH,), 19.05 (2 x CH,,).

Thymyl Pentanoate (3f)

Chromatographic purification gave colorless oil.
CsH,,0, (M =234.33); yield 87%; MS (EI): m/z (%) 234
(M*) (8.1), 151 (7.4), 150 (67.6), 135 (100), 136 (9.3),
115 (5.5), 105 (6.1), 91 (10.7), 85 (8.0), 57 (16.4); RI
(HP5-MS): 1640; '"H NMR (500.13 MHz, CDCL,): 8
(ppm) 7.21 (1H, d, J = 8 Hz, Ar-H), 7.04 (1H, d, J/ = 8 Hz,
Ar-H), 6.82 (1H, s, Ar-H), 2.99 (1H, spt, J = 14 Hz, CH),
2.6 (2H,t,J =17.6 Hz, CH,), 2.33 (3H, s, CH,), 1.79 (2H,
quin, J = 7.5 Hz, CH,), 1.49 (2H, sxt, J = 15 Hz, CH,),
1.21 (6H, d, J=6.9 Hz, 2 x CH,), 1.01 (3H, t, /= 7.5 Hz,
CH,); PC NMR (125.76 MHz, CDCL,): & (ppm) 172.45
(C=0), 147.90 (C,), 136.95 (C,), 136.45 (C,), 126.96
(C,), 1263 (C,)), 122.7 (C, ), 34.06 (CH,), 27.06 (CH,),
27.02 (CH), 22.28 (CH,), 22.96 (2 x CH,), 20.76 (CH;-
Ar), 18.55 (CH,), 13.8 (CH,).

Thymyl 3-Methylbutanoate (3g)

Chromatographic purification gave colorless oil.
C,sH,,0, (M = 234.33); yield 81%; MS (ED): m/z (%) 234
(M*) (8.9), 151 (8.3), 150 (71.4), 135 (100), 136 (9.3),
115 (5.4), 105 (6.8), 91 (11.0), 85 (9.3), 52 (21.5); RI
(HP5-MS): 1590; 'H NMR (500.13 MHz, CDCL,): 8
(ppm) 7.21 (1H, d, J = 8 Hz, Ar-H), 7.04 (1H, d, J = 7.6
Hz, Ar-H), 6.81 (1H, s, Ar-H), 3.00 (1H, spt, J = 6.9 Hz,
CH), 2.48 (2H, d, J = 6.9 Hz, CH,), 2.33 (3H, s, CH,),
2.28 (1H, m, CH), 1.49 (2H, sxt, J = 15 Hz, CH,), 1.20
(6H, d, J=6.9 Hz, 2 x CH,), 1.09 (6H, d, / = 6.6 Hz, 2 x
CH,); PC NMR (125.76 MHz, CDCL,): & (ppm) 171.74
(C=0), 147.87 (C,), 136.99 (C,), 136.45 (C,), 126.99
(C,p, 126.32 (C,), 122.70 (C,)), 43.34 (CH,), 26.98
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(CH,), 25.98 (CH), 23.01 (2 x CH,), 22.44 (2 x CH,),
20,78 (CH,-Ar).

Thymyl Hexanoate (3h)

Chromatographic purification gave colorless oil,
C,H,,0, (M = 248.36); yield 79%; MS (EI): m/z (%) 248
(M*) (7.3), 151 (8.9), 150 (79.2), 136 (9.4), 135 (100), 105
(6.7),99 (6.6), 91 (10.5), 71 (9.7), 43 (9.3); RI (HP5-MS):
1738; 'H NMR (500.13 MHz, CDCl,): & (ppm) 7.20
(1H.,d, J = 8 Hz, Ar-H), 7.03 (1H, d, J = 7.6 Hz, Ar-H),
6.81 (1H, s, Ar-H), 2.98 (1H, spt, J = 6.9 Hz, CH), 2.58
(2H, t,J=7.6 Hz, CH,), 2.32 (3H, s, CH,), 1.79 (2H, quin,
J=1.5Hz, CH,), 1.41 (4H, m, CH,), 1.20 (6H, d, /= 6.9
Hz, CH,), 0.95 (3H, m, CH,); °*C NMR (125.76 MHz,
CDCL,): 6 (ppm) 172.50 (C=0), 147.90 (C,,), 137.00
(C,), 136,50 (C,), 127.00 (C, ), 126.3 (C, ), 122.7 (C,),
34.38 (CH,), 31.36 (CH,), 27.08 (CH), 24.76 (CH,), 23.03
(2 x CH,), 22.36 (CH,), 20.83 (CH,), 13.94 (CH,).

Thymyl Heptanoate (3i)

Chromatographic purification gave colorless oil.
C,;H,O, (M =262.39); yield 84%; MS (EI): m/z (%) 262
(M*) (7.6), 151 (10.8), 150 (95.6), 149 (5.3), 136 (9.4),
135 (100), 113 (5.6), 105 (6.4), 91 (9.8), 43 (9.4); RI
(HP5-MS): 1840; 'H NMR (500.13 MHz, CDCL,): 8
(ppm) 7.21 (1H, d, J/ = 8 Hz, Ar-H), 7.03 (1H, d, J/ = 8 Hz,
Ar-H), 6.81 (1H, s, Ar-H), 2.99 (1H, spt, J = 14 Hz, CH),
2.59 (2H, t, J = 8 Hz, CH,), 2.33 (3H, s, CH,), 1.79 (2H,
m, CH,), 1.45 (2H, m, CH,), 1.36 (4H, m, CH,), 1.22 (6H,
m, CH,), 0.92 (3H, m, CH,); ?C NMR (125.76 MHz,
CDCl,): 6 (ppm) 172.53 (C=0), 147.91 (C,)), 136.99
(C,), 136.49 (C,), 126.99 (C,), 126.33 (C, ), 122.73
(C,), 34.39 (CH,), 31.44 (CH,), 28.84 (CH,), 27.03
(CH), 25.0 (CH,), 23.0 (2 x CH;), 22.49 (CH,), 20.8
(CH;-Ar), 14.01 (CH,).

Thymyl Octanoate (3j)

Chromatographic purification gave colorless oil.
C,sH,30, (M = 276.41); yield 85%; MS (ED): m/z (%) 276
(M%) 151 (11.3), 150 (100), 136 (9.3), 135 (98.3), 109
(6.4), 105 (7.2), 91 (10.9), 57 (27.2), 55 (9.4), 43 (6.3); RI
(HP5-MS): 1938; 'H NMR (500.13 MHz, CDCL,). 8
(ppm) 7.21 (1H, d, J=7.9 Hz, Ar-H), 7.03 (1H,d, /=79
Hz, Ar-H), 6.81 (1H, s, Ar-H), 2.99 (1H, spt, J = 6.9 Hz,
CH), 2.59 (2H, t,J=7.5 Hz, CH,), 2.33 (3H, s, CH,), 1.79
(2H, quin, J =7.5 Hz, CH,), 1.47-1.29 (8H, m, CH,), 1.21
(6H, bd, CH,), 0.92 (3H, t, J = 6.8 Hz, CH,); "C NMR
(125.76 MHz, CDCI,): & (ppm) 174.20 (C=0), 148.00
(C,,), 136.80 (C,), 136.09 (C, ), 127.00 (C, ), 126.30
(C,), 122.80 (C,), 36.10 (CH,), 34.00 (CH,), 32.04
(CH,), 29.00 (CH,), 28.00 (CH), 26.00 (CH,), 23.0 (2 x
CH,), 22.10 (CH,), 20.5 (CH,-Ar), 14.00 (CH,).

Thymyl Nonanoate (3k)
Chromatographic purification gave colorless oil.
C,oH;,0, (M =290.44); yield 79.80%; MS (ED: m/z (%)

290 (M*) (5.7), 151 (12.0), 150 (100), 141 (3.2), 136
(7.7), 135 (79.0), 121 (3.4), 117 (2.0), 115 (2.3), 91 (3.3);
RI (HP5-MS): 2044; 'H NMR (500.13 MHz, CDCL,): §
(ppm) 7.24-7.19 (1H, m, Ar-H), 7.06-7.01 (1H, bd, Ar-
H), 6.84-6.79 (1H, bs, Ar-H), 3.04-2.93 (1H, bm, CH),
2.63-2.56 (2H, bm, CH,), 2.36-2.31 (3H, s, CH,),
1.84-1.75 (2H, bm, CH,), 1.49-1.26 (10H, bm, CH,),
1.24-1.18 (6H, bt, CH,), 0.95-0.87 (3H, bm, CH,); °C
NMR (125.76 MHz, CDCL,): & (ppm) 172.53 (C=0),
147.91 (C,), 136.99 (C,,), 136.49 (C,), 126.99 (C,,),
126.33 (C,), 122.73 (C,,), 36.10 (CH,), 34.20 (CH,),
32.00 (CH,), 28.80 (2 x CH,), 27.60 (CH), 25.60 (CH,),
23.0 (2 x CH,), 22.50 (CH,), 20.8 (CH,-Ar), 14.01 (CH,).

Thymyl Decanoate (31)

Chromatographic purification gave colorless oil.
C,,H;,0, (M =304.47); yield 75.50%; MS (EI): m/z (%):
304 (M%) (4.6), 151 (12.3), 150 (100), 136 (6.7), 135
(71.9), 109 (5.3), 91 (5.7), 71 (4.8), 57 (4.8), 55 (5.5); RI
(HP5-MS): 2147; 'H NMR (500.13 MHz, CDCL,): &
(ppm) 7.21 (1H, d, J = 8 Hz, Ar-H), 7.03 (1H, d, J = 7.6
Hz, Ar-H), 6.82 (1H, s, Ar-H), 2.99 (1H, spt, J = 6.9 Hz,
CH), 2.59 (2H, t,J=7.5 Hz, CH,), 2.33 (3H, s, CH,), 1.8
(2H, quin, J = 7.5 Hz, CH,), 1.49-1.25 (12H, bm, CH,),
1.21 (6H, d, J = 6.9 Hz, CH;), 0.91 3H, t, J = 6.2 Hz,
CH,); ”C NMR (125.76 MHz, CDCL,): & (ppm) 172.52
(C=0), 147.91 (C,), 136.99 (C,)), 136.48 (C,)), 126.99
(C,), 126.33 (C,), 122.73 (C, ), 34.39 (CH,), 31.85
(CH,), 29.43 (CH,), 29.25 (2 x CH,), 29.17 (CH,), 27.04
(CH), 25.05 (CH,), 23.0 (2 x CH,), 22.67 (CH,), 20.8
(CH,-Ar), 14.09 (CH,).

Thymyl Undecanoate (3m)

Chromatographic purification gave colorless oil.
C,,H,,0, (M = 318.49); yield 82.00%; MS (EI): m/z (%)
318 M) 151 (7.9), 150 (100), 149 (7.4), 135 (80.1), 134
(6.8), 105 (7.0), 91 (13.3), 57 (18.4), 55 (20.2), 43 (12.1);
RI (HP5-MS): 2245; 'H NMR (500.13 MHz, CDCL,): &
(ppm) 7.21 (1H, d, J = 8 Hz, Ar-H), 7.03 (1H, d, /= 7.6
Hz, Ar-H), 6.82 (1H, s, Ar-H), 2.99 (1H, spt, J = 13.9 Hz,
CH), 2.59 (2 H, t, J = 7.46 Hz, CH,), 2.33 (3H, s, CH,),
1.79 (2H, quin, J = 7.54 Hz, CH,), 1.41-1.48 (2H, m,
CH,), 1.26-1.39 (12H, m, CH,), 1.21 (6H, d, J/ = 6.94 Hz,
CH,), 0.91 (3H, t, J = 6.76 Hz, CH,); °C NMR (125.76
MHz, CDCl,): 8§ (ppm) 172.52 (C=0), 147.91 (C,),
136.99 (C,), 136.48 (C,), 126.99 (C,), 126.33 (C,),
122.73 (C,)), 34.39 (CH,), 31.88 (CH,), 29.54 (CH,),
29.47 (CH,), 29.30 (CH,), 29.26 (CH,), 29.17 (CH,),
27.04 (CH), 25.05 (CH,), 23.0 (2 x CH,), 22.67 (CH,),
20.8 (CH,-Ar), 14.10 (CH,).

Thymyl Dodecanoate (3n)

Chromatographic purification gave colorless oil.
C,,H,0, (M = 332.52); yield 76.30%; MS (ED): m/z (%)
332 (M%) (4.4), 151 (15.2), 150 (100), 136 (6.7), 135
(67.8), 109 (7.3), 91 (4.6), 57 (6.4), 55 (5.6), 43 (3.6); RI
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(HP5-MS): 2355; '"H NMR (500.13 MHz, CDCl,): &
(ppm) 7.21 (1H, d, J = 8 Hz, Ar-H), 7.03 (1H, d, J = § Hz,
Ar-H), 6.81 (1H, s, Ar-H), 2.98 (1H, spt, J = 6.9 Hz, CH),
2.59 (2 H,t,J=7.6 Hz, CH,), 2.33 (3H, 5, CH,), 1.79 (2H,
quin, J = 7.5 Hz, CH,), 1.48-1.40 (14H, m, CH,), 1.20
(6H, d, J = 6.9 Hz, CH,), 0.90 (3H, t, J = 6.8 Hz, CH,);
13C NMR (125.76 MHz, CDCL,): 8 (ppm) 172.55 (C=0),
147.91 (C,,), 136.99 (C,), 136.49 (C,,), 126.99 (C,),
126.33 (C,), 122.73 (C, ), 34.40 (CH,), 31.90 (CH,),
29.60 (2 x CH,), 29.47 (CH,), 29.33 (CH,), 29.18 (CH,),
29.17 (CH,), 27.04 (CH), 25.06 (CH,), 23.01 (2 x CH,),
22.68 (CH,), 20.81 (CH,-Ar), 14.10 (CH).

Thymyl Tridecanoate (30)

Chromatographic purification gave colorless oil,
C,;H;,O, (M = 346.55); yield 85.1%; MS (ED): m/z (%)
346 (M) (2.4), 347 (0.6), 197 (0.9), 152 (0.9), 151 (12.9),
150 (100), 137 (0.4), 136 (5.0), 135 (54.2), 119 (0.5); RI
(HP5-MS): 2453; '"H NMR (500.13 MHz, CDCL,): 8
(ppm) 7.21 (1H, d, J = 7.98 Hz, Ar-H), 7.03 (1H, d, J =
7.98 Hz, Ar-H), 6.81 (1H, s, Ar-H), 2.98 (1H, spt, /= 13.9
Hz, CH), 2.59 (2 H, t, J = 7.63 Hz, CH,), 2.33 (3H, s,
CH,), 1.79 (2H, quin, J = 7.54 Hz, CH,), 1.26-1.48 (16H,
m, CH,), 1.20 (6H, d, J = 6.94 Hz, CH,), 0.90 3H, t, J =
6.76 Hz, CH,); °C NMR (125.76 MHz, CDCL,): 8 (ppm)
172.5 (C=0), 1479 (C,), 137 (C,), 136.5 (C,), 127.0
(C,), 1263 (C,), 122.7 (C, ), 34.43 (CH,), 31.94 (CH,),
29.67 (2 x CH,), 29.51 (CH,), 29.38 (CH,), 29.3 (CH,),
29.22 (CH,), 27.08 (CH), 25.09 (CH,), 23.04 (2 x CH,),
22.71 (CH,), 20.83 (CH,-Ar), 14.13 (CH,).

Thymyl Tetradecanoate (3p)

Chromatographic purification gave colorless oil.
C,,H,,0, (M = 360.57); yield 72.05%; MS (ED): m/z (%)
360 (M*) (1.9), 152 (0.9), 151 (12.7), 150 (100), 135
(50.7), 134 (4.8), 121 (1.3), 117 (0.7), 115 (1.9), 109
(5.1); RI (HP5-MS): 2555; "H NMR (500.13 MHz, CDC-
1,): 8 (ppm) 7.21 (1H, d, J =8 Hz, Ar-H), 7.03 (1H, d, J =
7.6 Hz, Ar-H), 6.81 (1H, s, Ar-H), 2.99 (1H, spt, J = 6.9
Hz, CH), 2.59 (2H, t, J = 7.6 Hz, CH,), 2.33 (3H, s, CH,),
1.79 (2H, quin, J = 7.5 Hz, CH,), 1.49-1.25 (20H, m,
CH,), 1.21 (6H, d, J = 6.9 Hz, CH,), 0.91 3H, t, J=6.9
Hz, CH,); "C NMR (125.76 MHz, CDCl,): & (ppm)
172.53 (C=0), 147.93 (C,)), 136.99 (C,), 136.48 (C,),
126.99 (C,), 126.33 (C,), 122.73 (C,), 34.39 (CH,),
31.92 (CH,), 29.67 (CH,), 29.65 (2 x CH,), 29.60 (CH,),
29.48 (CH,), 29.35 (CH,), 29.27 (CH,), 29.19 (CH,),
27.04 (CH), 25.06 (CH,), 23.00 (2 x CH,), 22.68 (CH,),
20.80 (CH,-Ar), 14.10 (CH,).

Thymyl Pentadecanoate (3q)

Chromatographic purification gave colorless oil.
C,H,,0, (M = 374.60); yield 68.90%; MS (ED): m/z (%)
374 (M%) (5.3), 151 (23.9), 150 (100), 149 (7.5), 136
(8.3), 135 (76.4), 109 (11.9), 71 (4.4), 57 (7.0), 55 (6.2);
RI (HP5-MS): 2669; '"H NMR (500.13 MHz, CDCL,): &

(ppm) 7.21 (1H, d, J = 8 Hz, Ar-H), 7.03 (1H, d, J = 8 Hz,
Ar-H), 6.81 (1H, s, Ar-H), 2.99 (1H, spt, J = 6.90 Hz,
CH), 2.59 (2H, t, J = 7.6, CH,), 2.33 (3H, s, CH,), 1.79
(2H, quin, J = 7.5 Hz, CH,), 1.48-1.24 (22H, bm, CH,),
1.21 (6H, d, J = 6.90 Hz, CH,), 0.9 (3H, t, J = 6.90 Hz,
CH,); °C NMR (125.76 MHz, CDCL,): § (ppm) 172.54
(C=0), 147.92 (C,), 136.99 (C,), 136.49 (C, ), 126.99
(C,), 12633 (C,), 122.73 (C,), 34.40 (CH,), 31.92
(CH,), 29.67 (2 x CH,), 29.65 (2 x CH,), 29.60 (CH,),
29.48 (CH,), 29.35 (CH,), 29.27 (CH,), 29.18 (CH,),
27.04 (CH), 25.06 (CH,), 23.01 (2 x CH,), 22.68 (CH,),
20.81 (CH,-Ar), 14.10 (CH,).

Thymyl Hexadecanoate (3r)

Chromatographic purification gave colorless oil.
C,H,,0, (M = 388.63); yield 95.06%; MS (ED): m/z (%)
388 (M*) (5.8), 150 (100), 135 (65.4), 121 (4.3), 108
(3.4), 105 (4.0), 97 (3.3), 69 (5.6), 55 (6.1), 43 (4.3); RI
(HP5-MS): 2772; '"H NMR (500.13 MHz, CDCL,): 8
(ppm) 7.20 (1H, d, J/ = 8 Hz, Ar-H), 7.03 (1H, d, J/ = 8 Hz,
Ar-H), 6.81 (1H, s, Ar-H), 2.98 (1H, spt, J = 6.90 Hz,
CH), 2.58 2H, t, J = 7.5, CH,), 2.33 (3H, s, CH,), 1.78
(2H, quin, J = 7.5 Hz, CH,), 1.51-1.28 (24H, bm, CH,),
1.21 (6H, d, J = 6.90 Hz, CH,), 0.9 (3H, t, J/ = 6.90 Hz,
CH,); PC NMR (125.76 MHz, CDCL,): & (ppm) 172.50
(C=0), 147.94 (C,), 136.99 (C,)), 136.49 (C,)), 126.99
(C,), 126.33 (CH, ), 122.73 (C,)), 34.40 (CH,), 31.92
(CH,), 29.68 (2 x CH,), 29.65 (2 x CH,), 29.60 (CH,),
29.47 (CH,), 29.35 (CH,), 29.27 (CH,), 29.19 (CH,),
25.06 (CH,), 23.01 (2 x CH,), 22.68 (CH,), 20.81 (CH,-
Ar), 14.10 (CH,).

Thymyl Heptadecanoate (3s)

Chromatographic purification gave colorless oil.
C,-H,O, (M = 402.65); yield 72.50%; MS (EI): m/z (%)
402 (M"), 151 (19.6), 150 (100), 136 (5.4), 135 (55.2),
109 (9.2), 71 (3.3), 69 (3.0), 57 (5.5), 55 (5.0), 43 (3.0); RI
(HP5-MS): 2870; '"H NMR (500.13 MHz, CDCL,): 8
(ppm) 7.21 (1H, d, J=7.9 Hz, Ar-H), 7.03 (1H, d, J=7.9
Hz, Ar-H), 6.82 (1H, s, Ar-H), 2.99 (1H, spt, J = 6.80 Hz,
CH), 2.59 2H, t, J = 7.5, CH,), 2.33 (3H, s, CH,), 1.8
(2H, quin, J = 7.5 Hz, CH,), 1.48-1.25 (26H, bm, CH,),
1.21 (6H, d, J = 6.80 Hz, CH,), 0.91 (3H, t, J = 6.90 Hz,
CH,); PC NMR (125.76 MHz, CDCL,): & (ppm) 172.50
(C=0), 147.9 (C,), 137.0 (C,), 136.5 (C,), 127.0 (C,)),
126.30 (CH,)), 122.70 (C, ), 34.43 (CH,), 31.96 (CH,),
29.72 (2 x CH,), 29.52 (2 x CH,), 29.40 (CH,), 29.31
(CH,), 29.22 (CH,), 26.54 (CH,), 25.09 (CH,), 23.05 (2 x
CH,), 22.72 (CH,), 20.84 (CH,-Ar), 14.15 (CH,).

Thymyl Benzoate (3t)

Chromatographic purification gave white solid.
C,;H (O, (M = 254.32); yield 95%; MS (ED): m/z (%): 254
M"Y, (9.7), 150 (2.7), 149 (25.0), 133 (2.3), 106 (9.4),
105 (100), 91 (5.1), 78 (3.1), 77 (34.5), 51 (4.1); RI (HP5-
MS): 1955; 'H NMR (500.13 MHz, CDCL,): 8 (ppm) 8.26
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(2H, d, J = 7.3 Hz, Ar-H), 7.68 (1H, t, Ar-H), 7.56 (2H, t,
Ar-H), 7.28 (1H, d, J = 8 Hz, Ar-H), 7.11 (1H, d, J = 8 Hz,
Ar-H), 6.98 (1H, s, Ar-H), 3.10 (1H, spt, J = 6.90 Hz,
CH), 2.38 (3H, s, CH,), 1.25 (6H, d, J = 6.90 Hz, CH,);
13C NMR (125.76 MHz, CDCI,): & (ppm) 165.33 (C=0),
148.11 (C,), 137.16 (C,), 136.62 (C,.), 133.50 (C,),
130.12 (2 x CH,), 129.63 (CH, ), 128.60 (2 x CH, ),
127.15 (CH,,), 126.45 (CH,,), 122.84 (CH,,), 27.24
(CH), 23.03 (2 x CH,), 20.85 (CH,-Ar).

2. 3. Identification of Synthetized
Compounds

2. 3. 1. GC-MS Analysis

MS spectra of samples of the synthesized com-
pounds were recorded on a 7890/7000B GC/MS/MS tri-
ple quadrupole system (Agilent Technologies, USA,
equipped with a Combi PAL auto sampler). The fused si-
lica capillary column HP-5MS (5% phenylmethylsiloxa-
ne, 30 m x 0.25 mm, film thickness 0.25 im, Agilent Tech-
nologies, Palo Alto, CA, USA) was used. The injector,
source and interface operated at 250, 230 and 300 °C, res-
pectively. The temperature program: from 60 for 5 min
isothermal to 300 °C at a heating rate of 8 °C/min and on
300 °C for 5 min isothermal. The solutions in hexane we-
re injected in split ratio 10:1. The carrier gas was helium
with a flow of 1.0 mL/min. Post run: back flash for 1.89
min, at 280 °C, with helium at 50 psi. MS conditions we-
re as follows: ionization voltage of 70 eV, acquisition
mass range 50-650, scan time 0.32 s. Semi-quantitative
analysis was carried out directly from peak areas in the
GC profile.

Linear retention indices (RI) were determined based
on the retention times of C;—C,, alkanes run on HP-5MS
column using the above mentioned temperature program-
me.*!

2. 3. 2. NMR Analysis

'H NMR spectra were recorded in CDCI, (isotopic
enrichment 99.95%) solutions at 25 °C using a Bruker
AVANCE 500 instrument (500.13 MHz for 'H, 125.76
MHz for "*C) using 5 mm inverse detection broadband
probes and deuterium lock.

2. 4. Antimicrobial Activity
2. 4. 1. Microbial Strains

The in vitro antimicrobial activity of the synthesized
compounds was tested against a panel of laboratory con-
trol strains belonging to the American Type Culture Col-
lection Maryland, USA. Gram-positive: Bacillus subtilis
ATCC 6633 and Staphylococcus aureus ATCC 6538;
Gram-negative: Escherichia coli ATCC 8739, Pseudomo-
nas aeruginosa ATCC 9027; fungal organisms: Aspergil-

lus niger ATCC 16404 and Candida albicans ATCC
10231. The Gram-negative bacteria Salmonella abony
NCTC 6017 and Salmonela typhimurium ATCC 14028
were obtained from the National Collection of Type Cul-
tures. All microorganisms were maintained at —20 °C un-
der appropriate conditions and regenerated twice before
use in the manipulations.

2. 4. 2. Screening of Antimicrobial Activity

The minimal inhibitory concentration (MIC) of es-
ters was determined based on a broth microdilution met-
hod in 96-well microtitre plates.*> The inocula of the bac-
terial strains were prepared from overnight broth cultures
and suspensions were adjusted to 0.5 McFarland standard
turbidity. Dimethyl sulphoxide (10% aqueous solution)
was used to dissolve and to dilute samples to the highest
concentration to be tested (stock concentrations 1 mg/m-
L). A serial doubling dilution of the samples was prepared
in a 96-well microtiter plate, using the method of Sarker et
al.** with slight modifications. The minimal bacterici-
dal/fungicidal concentration (MBC/MFC) was evaluated
as the lowest concentration of tested samples at which
inoculated microorganisms were 99.9% killed. Tests were
carried out in triplicate.

2. 5. In silico Physico-chemical, Pharmacoki-
netic and Toxicological Properties of the
Synthetized Compounds

In order to obtain a complete picture of the synthesi-
zed compounds 3a—t an in silico study was performed.
Physico-chemical, pharmacokinetic and toxicological
properties of compounds were calculated using the Mo-
linspiration,* admetSAR,* DataWarrior*® and Toxtree
prediction tools.*’

3. Results and Discussion

3. 1. Chemical Synthesis

A small focused library of twenty thymyl esters was
synthesized. To the best of our knowledge ten of twenty
compounds are new (i.e. 3i, 3k—s; Scheme 1).

Although enzyme-catalyzed esterification of alco-
hols of different structures is a well-established ap-
proach,* the enzymatic esterification of phenols is not
frequently reported.” Since a biocatalytic approach ap-
peared especially appealing to us, we have tried to repeat
the experimental protocol reported for the esterifcation of
functionalized phenols with Candida antarctica lipase
(CAL-B)* using thymol and propanoic acid as substrates
and tert-butyl methyl ether and hexane as solvents. Howe-
ver, although no reaction occurred in our hands, the bioca-
talytic approach deserves further investigation within the
recent trends of green chemistry methodologies.
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Scheme 2. Synthesis of thymyl esters: (a) chemical synthesis approach; (b) enzyme-catalyzed approach.

Table 1. Thymyl esters: chemical entity, yields (%) and entry

R Yield Product Name and Number
(%)

CH, 85.00 Thymyl Acetate 3a
CH,CI 85.00 Thymyl 2-Chloroacetate 3b
CH,CH, 82.00 Thymyl Propanoate 3c
CH,CH,CH, 84.00 Thymyl Butanoate 3d
CH(CH,), 75.00 Thymyl 2-Methylpropanoate 3e
CH,(CH,),CH, 87.00 Thymyl Pentanoate 3f
CH,CH(CH,), 81.00 Thymyl 3-Methylbutanoate 3g
CH,(CH,),CH, 79.00 Thymyl Hexanoate 3h
CH,(CH,),CH, 84.00 Thymyl Heptanoate 3i
CH,(CH,),CH, 85.00 Thymyl Octanoate 3j
CH,(CH,),CH, 79.80 Thymyl Nonanoate 3k
CH,(CH,),CH, 75.50 Thymyl Decanoate 31
CH,(CH,),CH, 82.00 Thymyl Undecanoate 3m
CH,(CH,),CH, 76.30 Thymyl Dodecanoate 3n
CH,(CH,),,CH,  85.10 Thymyl Tridecanoate 30
CH,(CH,),,CH, 72.05 Thymyl Tetradecanoate 3p
CH,(CH,),,CH, 68.90 Thymyl Pentadecanoate 3q
CH,(CH,),;CH,  95.06 Thymyl Hexadecanoate 3r
CH,(CH,,,CH, 72.50 Thymyl Heptadecanoate 3s
Ph 95.00 Thymyl Benzoate 3t

3. 2. Antimicrobial Activity

The results obtained in broth microdilution assay are
presented in Supplementary data, Table S1. The assayed

samples were less effective than antibiotic/antimycotic
used as reference standard and if noted, activity was never
greater than the values obtained for the parent compound
1 MIC/MBC/MEFC never exceeded 0.5 mg/mL, Supple-
mentary data, Table S1). The results are indicating selecti-
ve susceptibility of the microorganisms, with S. aureus
(3a,b,e), P. aeruginosa (3b,j,k,p) and C. albicans
(3a—e,g,n,p) being the most sensitive strains to synthesi-
zed derivatives. On the other hand, five microorganisms
(B. subtilis, E. coli, S. abony, S. typhimurium and A. niger)
were completely resistant to synthesized compounds te-
sted (initial concentration 1 mg/mL).

Five of our samples (3a,c,e,g,t) are matching the
samples tested by Mathela and collaborators,* who were
making evaluation of antibacterial activity on Streptococ-
cus mutans (IMTCC 890), S. aureus IMTCC 96), B. subti-
lis (MTCC 121), Staphylococcus epidermidis (MTCC
435) and E. coli (MTCC 723), and who reported the en-
hancement of the activity for esters in comparison to thy-
mol. For all other synthesized compounds antimicrobial
results are reported for the first time. An interesting fact is
that MIC values by Mathela* were three- (2-methylpropa-
noate 3¢ and 3-methylbutanoate 3e) to even ten- (acetate
3a) times lower for B. subtilis than for thymol. Having in
best case comparable, but never greater MIC values than
for thymol itself, in our in vitro experiment we could not
confirm such results.* The importance of free hydroxyl
group in the phenolic structure was confirmed in terms of
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activity when carvacrol was compared to its methyl et-
her,”® however results presented by Mathela* are contrary
to the above-mentioned fact and to our results (Supple-
mentary data, Table S1).

3. 3. In silico Study

3. 3. 1. Physico-chemical Properties of the
Thymyl Esters 3a—t

Lipinski’s rule of 5 gives evaluation to drug-likeness
and determines if a substance with certain pharmacologi-
cal or biological activity has properties that would make it
a likely orally active drug in humans.’' Calculations of
important molecular parametars stated by Lipinski such as
fragment based contributions and correction factors
(m,Log P), topological polar surface area (TPSA) and
drug-likeness were obtained by Molinspiration software.**
Drug-likeness score of compounds 3a-t is given in Suple-
mentary data, Table S2.

Seven compounds (3a—g) had mLogP values below
5 and thus were predicted to have sufficient oral bioavaila-
bility. The rest of the compounds were estimated as lypop-
hilic. All of the tested compounds (3a—t) had TPSA below
60 A2, and thus were predicted to have both good intesti-
nal absorption and good BBB penetration. All of the te-
sted compounds (3a—t) had less than 10 H-bond acceptors
(ngy) and less than 5 H-bond donors (nyy,;)- The confor-
mational flexibility, described by the number of rotatable
bonds (n, ), for 12 compounds (3a-k,t) was between 0
and 10, which warrants good oral bioavailability. Finally,
all compounds (3a-t) had both molecular weight (MW)
and molecular volume below 500.

Calculated physico-chemical properties showed that
seven thymyl esters (3a—g) were predicted to have good
oral bioavailability, with values for fragment based contri-
butions and correction factors m.LogP < 5, TPSA < 140,
MW <500, nyy < 10, ngp gy < Sand n, < 10.

rotb

3. 3. 2. Pharmacokinetic Properties of the
Thymyl Esters 3a—t

Absorption properties of compounds 3a—t were pre-
dicted by admetSAR* (Supplementary data, Table S3).
The results suggested that all of the tested compounds
(3a—-t) might be able to pass through blood-brain barrier
(BBB) and penetrate into the CNS, might be capable of
being absorbed by intestine, and were supposed to have
positive Caco-2 permeability. Moreover, compounds 3a—t
were predicted as non-substrates for P-glycoprotein, non-
inhibitors of P-glycoprotein, and as non-inhibitors against
renal organic cation transporter (ROCT).

Metabolic properties of the thymyl esters 3a—t were
predicted by admetSAR* (Supplementary data, Table
S4). None of the compounds was predicted as CYP450
2C9 and 2D6 substrate, while 16 compounds (3b,d.f,h-t)
were predicted as CYP450 3A4 substrates. All of the te-

sted compounds were predicted as CYP450 1A2 inhibi-
tors, but none of them was predicted as CYP450 2D6 and
3A4 inhibitors. Moreover, 15 compounds (3b,d,h-t)
might be able to inhibit CYP450 2C19 enzyme, while on-
ly compound 3t was predicted as CYP450 2C9 inhibitor.
Almost all thymyl esters (3a—s) were predicted to have
low CYP inhibitory promiscuity, except compound 3t.

3. 3. 3. Toxicological Properties of the Thymyl
Esters 3a—t

The structural alerts for DNA and protein binding
for compounds 3a—t were predicted using Toxtree predic-
tion tool based on decision tree approach.*’ Compounds
3a-t showed structural alerts for DNA binding as they
were predicted as compounds able to undergo Michael ad-
dition. Moreover, compounds 3a—t showed structural
alerts for protein binding due to their predicted ability to
undergo Michael addition, ability to participate in acyl
transfer and ability to undergo Sy 2 reactions (results given
in Supplementary data, Table S5).

Toxicological properties of compounds 3a—t predic-
ted by admetSAR* have characterized compounds 3a—t
as weak HERG (human Ether-a-go-go-Related Gene) in-
hibitors, non-AMES toxic and non-carcinogens, but high-
ly toxic for fish, Tetrahymena pyriformis and honey bee.
Ready biodegradable were supposed to be six compounds
(3a,c—g). Depending on the risk for acute oral toxicity, on-
ly compound 3b was predicted as Category II, or com-
pound with LD, value greater than 50 mg/kg but less than
500 mg/kg, while the rest of the tested compounds
(3a,c—t) were predicted as Category III, or compounds
with LD, values greater than 500 mg/kg but less than
5000 mg/kg. According to the TD,, values, compounds
3a—t were predicted as »non-required« or non-carcinoge-
nic chemicals (Supplementary data, Table S6).

Only one study involving thymyl esters was under-
taken to establish the potential acute toxicity in animal
models.” The esters shown no acute toxicity to mice at
doses higher than 5000 mg/kg which represents good con-
gruence and indicate the usefulness of data obtained in
our in silico study.

Toxicological properties of thymyl esters 3a—t pre-
dicted by DataWarrior*® have shown that only compound
3b has a high risk for all mutagenic, tumorigenic, repro-
ductive and irritant effects. Compound 3h was predicted
to have high risk for tumorigenic and irritant effects. Ho-
wever, all compounds were predicted to have high risk for
irritant effects (Supplementary data, Table S7).

4. Conclusion

We synthesized twenty esters of thymol, of which
ten represent new compounds. All of the compounds were
employed in antimicrobial bioassay and was found that
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lower representatives of the synthesized homologous se-
ries of esters are antimicrobials comparable to thymol and
can be considered as activity key holders, too. Results of
our in silico study predicted that seven esters (lower repre-
sentatives and short-chain fatty acids esters 3a—g) obey
Lipinski’s rule of five, showing drug-likeness. The rest of
the compounds were estimated as lipophilic. All com-
pounds, except thymyl 2-chloroacetate (3b) and thymyl
hexanoate (3h), were predicted as non-mutagenic, non-tu-
morigenic, non-AMES toxic and non-carcinogenic, but
highly toxic for fish, T. pyriformis and honey bee. They
are likely to be absorbed by intestine and were predicted
as ready biodegradable, weak HERG inhibitors, Category
IIT of risk for acute toxicity, with no risk for reproductive
effects, but with high risk for irritant effects. Taking in
consideration predicted in silico properties and estimated
drug likeness score, pharmacological and toxicological
profile, thymyl esters might be used as prodrugs. Among
the chemical bonds used to link parental drug and carrier,
esters have already proven to be promising due to their
amenability to hydrolysis in vivo and are most frequently
used in order to enhance the lipophilicity®? and passive
membrane transport.
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Z derivatizacijo izhodnih struktur terpenoidov lahko pogosto pripravimo nove spojine, ki imajo izboljSane bioloske ak-
tivnosti. Naravni fenolov derivat timol, ki biosintezno nastane po terpenski poti, predstavlja dobro znan biocid z
moc¢nim antimikrobnim delovanjem in razli¢nimi drugimi terapevtskimi aktivnostmi. Namen nase Studije je bil pripra-
viti majhno, fokusirano knjiZnico dvajsetih timilnih estrov s pomocjo ene same modifikacije fenolne funkcionalne sku-
pine v timolu. Deset izmed pripravljenih spojin je novih. Vsem sintetiziranim spojinam smo in vitro dolo¢ili antimikrob-
ne lastnosti. Drug pomemben aspekt nase Studije pa je bila uporaba in silico ratunskih metod za dolocitev fizikalno-ke-
mijskih, farmakokineti¢nih in toksikoloskih lastnosti spojin, kar je omogocilo dodaten vpogled v njihove aktivnosti in

daje nove usmeritve za nadaljnje raziskave.
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Abstract

The dinuclear Cu(II) complexes [Cu(en)(MAA)(u-CH,COO)], (1) and [Cu(pn)(MAA)(u-CH,COO)], (2) where MAA,
en and pn are methacrylate, ethylendiamine and 1,3-propylendiamine, respectively, have been synthesized and charac-
terized by elemental analysis, FT-IR and UV-Vis spectroscopy. The structures of the complexes have been determined
by single-crystal X-ray diffraction analyses. In the dinuclear complexes 1 and 2 the two copper centers are five-coordi-
nated and exhibit distorted square pyramidal geometries. The theoretical geometries of the studied compounds have
been calculated by means of density functional theory (DFT) at the B3LYP/6-311+G(d,p)/LanL.2DZ level considering

effective core potential (ECP).
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1. Introduction

Recently, specific attention have been paid to the
synthesis of multinuclear complexes because of their im-
portance in the fields of bioinorganic chemistry,'* molecu-
lar magnetic materials,>® catalysts,”® and their interesting
chemical structures.>®'* One strategy for synthesis of di-
and multi-nuclear compounds includes the use of bridging
ligands and so metal centers are forced by the molecular
topology to stay close to each other.!®* The carboxylates
and their derivatives exhibit various possible bonding mo-
des when coordinating to metal ions such as monodentate
and bidentate either by forming bridges or chelation. Ne-
vertheless, carboxylate ligands commonly act as bidentate
ligand in the transition metal complexes. Generally, each
of the two oxygen atoms of the carboxylate group are coor-
dinated to a different metal ion as bridging ligands.' "’
However, metal complexes with these ligands could adopt
different coordination modes, depending on the nature of
metal ion and the presence of other ligands.'”~"

Copper is an essential element to biological func-
tions. The exchangeable portion of copper in blood pla-
sma occurs mainly as a result of mixed-ligand formation
involving copper—nitrogen interactions. Cu(II) mixed-li-
gand antineoplastic agents, containing diamine ligands
exhibit cytotoxicity, genotoxicity, and antitumor ef-
fects.?*?!

In the present work, we report the synthesis, spec-
troscopic characterization, structural aspects and density
functional theory (DFT) calculations for two new mixed-
ligand Cu(Il) complexes containing diamine, acetate and
methacrylate ligands. The complexes are synthesized by
reaction of diaminum-methacrylic acid salt (diamine are
ethylendiamine, en, and 1,3-propylendiamine, pn) with
Cu(II) acetate (Scheme 1).

Here, the carboxylate ligands (acetate from the ini-
tial metal acetate input and methacrylate from diaminum-
methacrylic acid salt) are of particular interest, since the
carboxylate can coordinate to metals in different modes.
The carboxylate ligands are coordinated to the copper(Il)

Vafazadeh et al.: Synthesis, X-ray Structural Characterization,

@Eroe}ﬁ%ns 613



614

Acta Chim. Slov. 2017, 64, 613-620

(CH2)n o
HoN NH, +2
diamine OH *H,N
n=1,en MAA MAA™
n=2 pn

Scheme 1. Synthesis of the complexes 1 and 2

ion in both monodentate and bidentate modes, and binuc-
lear copper complexes can be formed.

2. Experimental
2. 1. Materials and Methods

All chemicals were of analytical reagent grade
and were used without further purification. Infrared
spectra were taken with an Equinox 55 Bruker FT-IR
spectrometer using KBr pellets in the 400-4000 cm™!
range. Absorption spectra were determined in the sol-
vent of methanol using GBC UV-Visible Cintra 101
spectrophotometer with 1 cm quartz in the range of
200-800 nm. Elemental analyses (C, H, N) were per-
formed by using a CHNS-O 2400 IT PERKIN-ELMER
elemental analyzer.

2. 2. X-ray Crystallography

Diffraction images 1 and 2 were measured at 150 K
on Agilent Xcalibur and SuperNova diffractometers us-
ing Mo Kot (A =0.71073 A) and Cu Kot (A = 1.54180 A)
radiation, respectively. Data were extracted using the
CrysAlis PRO package.*” The structures were solved by
direct methods with the use of SIR92.%* The structures
were refined on F2 by full-matrix last-squares techniques
using the CRYSTALS program package.’* The H atoms
were initially refined with soft restraints on the bond
lengths and angles to regularize their geometry (C-H in
the range 0.93-0.98, N-H = 0.87, O-H = 0.82 A) and
with U, (H) in the range 1.2-1.5 times U, of the parent
atom, after which the positions were refined with riding
constraints for those bonded to C and without constraints
for those bonded to N or O. Atomic coordinates, bond
lengths and angles and displacement parameters have
been deposited at the Cambridge Crystallographic Data
Centre. Crystallographic data and refinement details for
the complexes are given in Table 1. Details of the refine-
ment procedures for the structures are given in the Sup-
plementary Information.

2. 3. Theoretical Calculations

All computations were performed by means of
standard DFT method using the Gaussian09 (G09) pro-

CH
/ (\2)" Cu(CHyCO0),.H,0
NH,*

[Cu(diamine)(MAA)(u-CH3;COO)],

Table 1. Crystallographic data and structural refinement for com-

plexes 1-2

Compound

1

2

Empirical formula

C,6H3,Cu,N, O

C,sH;34Cu,N, O

Formula weight 535.54 563.60
Crystal system Triclinic Triclinic
Space group Pi P1
T (K) 150 150
a/A 6.8324 (3) 6.8283 (3)
b/A 8.6113 (3) 9.3019 (3)
c/A 10.4862 (3) 10.6562 (3)
al 68.132 (4) 70.211 (6)
Br 88.717 (3) 80.563 (7)
V24 72.239 (4) 76.054 (6)
v /A3 542.37 (4) 615.58 (8)
Z 1 1
F(000) 278 294
D, (gem™) 1.640 1.520
u (mm™) 2.01 2.55
Measured reflections 12128 9439
Independent reflections 2724 2424

it 0.032 0.023
Observed reflections 2412 2360
R[F? > 26(F%)] 0.028 0.024
wR(F?) (all data) 0.058* 0.061%**

*w = 1/[6*(F*) + (0.01P)* + 0.69P], where P = (max(F_%0) +
2F)/3  ** w = 1/[6*(F*) + (0.03P)* + 0.52P], where P =
(max(F 2%,0) + 2F »)/3

gram package.”>*® The geometries of the studied com-
plexes have been optimized at the B3LYP level of theo-
ry.27 The basis set of 6-31G(2df,p) was used for the C, H,
N, and O atoms as recommended by Curtiss and his co-
workers, while the basis set of LanL.2DZ was employed
for Cu atom considering the size of complexes and hard-
ware limitations.?8=° Special care was taken to select the
(global) minimum energy conformation via systematic
conformational searching at this level. The nature of each
stationary point was established by frequency calcula-
tions at the same level of B3LYP/6-31G(2df,p)/Lan-
L2DZ. The geometry optimizations have been completed
in the absence of solvent molecules and other impurities,
and the optimized structures were compared with the cry-
stalline structures. Charges on atoms have been calcula-
ted using Natural Bond Orbital (NBO) theory at the hig-
her level of B3LYP/6-311+G(2df,p)/LanL.2TZf.3"#
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2. 4. Syntheses

Synthesis of 1, 2-di(A*-azanyl)ethane dimethacryla-
te, L' and 1,3-di(A*-azanyl)propane dimethacrylate,
L2

The diaminum-methacrylic acid salts L' and L2,
were prepared by reaction between two equivalents of
methacrylic acid (20 mmol, 1.70 mL) and one equiva-
lent of related diamine, 1,2-ethylendiamine (10 mmol,
0.67 mL) and 1,3-propandiamine (10 mmol, 0.84 mL)
in methanol medium (40 mL), respectively. The resul-
ting bright yellow solution was heated to reflux for two
hours. After two days, solid yellow powder obtained
was filtered, washed with acetone and acetonitrile, and
dried in air.

L', Yield: 1.76 g (76%), m.p. 148 °C. Anal. Calc. for
C, H,,N,O, (232.28): C, 51.71; H, 8.68; N, 12.06%.
Found: C, 51.79; H, 8.69; N, 12.36%. IR (KBr, vmax/cm‘l)
bands: 3500, 1650, 1530, 1455, 1380 and 1230. UV-Vis,
A (CH;OH)/nm: 226 (log €, 4.50).

L2, Yield: 1.50 g (61%), m.p. 123 °C. Anal. Calc. for
C,H,,N,0, (246.31): C, 53.64; H, 9.00; N, 11.37%.
Found: C, 53.36; H, 8.97; N, 11.65%. IR (KBr, Vmax/cm’l)
bands: 3393, 1646, 1543, 1455, 1386 and 1234. UV-Vis,
A (CH;OH)/nm: 216 (log €, 3.73).

2. 4. 1. Synthesis of Copper(II) Complexes

Cu(CH,C00),.H,0 (2.00 mmol, 0.399 g) was
slowly added to a methanol solution (40 mL) of the rela-
ted ligand (Ll, 2.00 mmol, 0.464 g and L2 2.00 mmol,
0.492 g) and the resulting solution was stirred for two
hours at room temperature. The color of solution turned
to blue and after two days solid blue powder was obtai-
ned.

[Cu(en)(MAA)(u-CH,COO)],, 1

Yield: 0.99 g (93%). The blue solid product was re-
crystallized from acetonitrile/toluene (3:1 v/v). Blue cry-
stals appeared at the bottom of the vessel upon slow eva-
poration of the solvents, which were filtered and dried in
air. Anal. Calc. for C,H,,Cu,N,O, (534.54): C, 35.88; H,
6.02; N, 10.46%. Found: C, 35.62; H, 6.18; N, 10.36%. IR
(KBr, cm™): 3254, 3154, 1630, 1592, 1559, 1454 and
1382. Electronic spectra for CH,OH: d-d, A (loge) 332
nm (4.03), 633 nm (1.83).

max

[Cu(pn)(MAA)(p-CH,COO0)],, 2

Yield: 0.48 g (43%). The blue solid product was re-
crystallized from dichloromethane/n-hexane/toluene (5:1:1
v/v). Blue crystals were obtained upon slow evaporation of
the solvents, which were filtered and dried in air. Anal.
Calc. for C,{H,,Cu,N,O, (563.60): C, 38.36; H, 6.44; N,
9.94%. Found: C, 38.53; H, 6. 53; N, 9. 63%. IR (KBr,
cm™): 3235, 3138, 1644, 1591, 1558, 1454 and 1384. Elec-
tronic spectra for CH,OH: d-d, A (log €) 255 nm (4.38),
643 nm (2.07).

3. Results and Discussion

3. 1. Syntheses and Characterization
of the Complexes

The diaminum-methacrylic acid salt ligands was
obtained by reaction of related diamine (ethylendiamine,
en, and 1,3-propylendiamine, pn) and methacrylic acid in
methanol under reflux. Copper(II) complexes 1 and 2 we-
re obtained from the reaction mixture of the related li-
gand with the corresponding Cu(CH,CO0),.H,0 salt in
equimolar ratio in methanol as a solvent at room tempe-
rature. The reaction of copper(Il) acetate with L' and L?
ligands leads to the formation of dinuclear complexes 1
and 2.

The most significant IR bands for ligands and com-
plexes are given in the experimental section. The IR spec-
tra of the free ligands, L! and L2, shows v(N-H) bands at
3500 and 3393, v(C=C) bands at 1530 and 1543, respecti-
vely. The two strong bands at 1650 and 1455 cm™ (for LY
and 1646 and 1455 cm™ (for L?) corresponding to stretc-
hing frequencies of the carboxylate group: asymmetric
V,ym(COO7) and symmetric v (COO), respectively.

In IR spectra of complexes 1 and 2, the N-H stretc-
hes (NH,) were observed at 3254 and 3154 cm! (for 1),
3235 and 3138 cm™ (for 2). Complex 1, [Cu(en)(MAA)(u-
CH,COO)],, shows strong bands at 1630 and 1420 cm™
(for methacrylate ion, MAA), 1601 and 1454 cm™ (for
acetate ion) corresponding to stretching frequencies of the
carboxylate groups: asymmetric v, (COO") and symme-
tric v, (COO), respectively. For the acetate ion the diffe-
rence between asymmetric and symmetric frequencies
A[Vasym(COO’) - Vsym(COO’)] <200 cm™! indicates a brid-
ging coordination mode.'”**** The infrared spectrum of
complex 2 is quite similar with the complex 1. The bands
for the asymmetric and symmetric stretching vibrations,
due to the carboxylate groups appear at 1644 and 1402
cm™! (for methacrylate ion, MAA), 1591 and 1454 cm™!
(for acetate ion).

The absorption spectra of the free ligands L' and L2
in methanol solution show band n-m* transition at 226 and
216 nm, respectively. The electronic spectra of the copper
complexes 1 and 2 in methanol solution show a broad
band at 633 and 643 nm and a sharper signal at 255 and
246 nm, which arise from a spin-allowed d-d transition of
the copper(II) ion (d° electronic configuration) and a char-
ge transfer transition, respectively.’>*

3. 2. Description of X-ray Crystal Structures
1 and 2

The molecular structures of 1 and 2 are shown in
Fig. 1. Both complexes 1 and 2 have dimeric structure.
Compounds crystallize in triclinic space group P1 and the-
re is one molecule in the unit cell (Z = 1). The single cry-
stal X-ray diffraction data for compounds 1 and 2 are li-
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(1)

)]

Fig. 1. The ORTEP view of complexes 1 and 2 showing 30% probability thermal ellipsoids. Symmetry codes: —x, —=y + 2, —z+ 1 for Land x + 1, —y

+1,—z+ 1 for2.

sted in Table 1. Selected bond lengths and angles as well
as interatomic distances are summarized in Table 2.

In the dimeric structures of 1 and 2, the two copper
centers are five-coordinate with distorted square pyrami-
dal geometry. Coordination geometry about each copper
ions complexes 1 and 2, are close to square pyramidal
with the Addison parameters 7= 0.015 and 0.121. The pa-
rameter of Tis defined as 7= (ot — B)/60, (¢t > ), where o
and B are two largest angles around the Cu center; 7= 1
for a regular trigonal bipyramid and 7 = O for a regular
square pyramid.*” According to the bond lengths between
the copper and the coordinating atoms, the square base
consists of two nitrogen atoms of the ethylendiamine (for
1) and 1,3-propandiamine (for 2) ligand, the oxygen atom
of the methacrylate ion and the bridging acetate oxygen
atom, and the apical position is occupied by the oxygen
atom of the bridging acetate which has the longer Cu-O
distance (i.e., the square base position consists of four
short bond lengths of 1.9507(14)-2.0015(17) A (for 1);
1.9689(12)-2.0104(14) A (for 2), along the apical posi-
tion with longer bond lengths of 2.2837(13) A and
2.3069(11) A, for 1 and 2, respectively). The copper ion in
complexes 1 and 2 is displaced from the basal plane of
N,O, by 0.046 and 0.024 A towards the apical oxygen
atom, respectively. The deviations from orthogonality of
the cis bond angles (80.29(4)-98.98(6)°) and from linea-
rity of the frans bond angles (168.70(5)-175.96(6)°)
shows distortions from ideal square pyramidal geometry
around the Cu centers.

Table 2. Selected bond lengths (A) and angles (°) in Cu(II) comple-
xes

bond lengths (A) bond angles (°)

Complex 1

Cul-02 1.9742(13) 02-Cul-02* 82.87(5)
Cul-02* 2.2837(13) 02-Cul-06 87.26(5)
Cul-06 1.9507(14) N15-Cul-02 173.75(6)
Cul-NI12 2.0015(17) N12-Cul-06 172.83(7)
Cul-N15 1.9879(16) N12-Cul-02 88.13(6)
C3-02 1.282(2) N15-Cul-06 98.98(6)
C3-04 1.237(2) 06-C7-08 125.53(18)
Cul---Cul? 3.1987(5) Cul-02-Cul? 97.13(5)
Complex 2

Cul-0O1 2.3069(11) 0O1-Cul-O1* 80.29(4)
Cul-O1?% 1.9850(11) 03-Cul-01 95.73(5)
Cul-03 1.9689(12) N1-Cul-03 168.70(5)
Cul-N1 2.0101(14) N2-Cul-O1* 175.96(6)
Cul-N2 1.9825(14) N1-Cul-O1 89.72(5)
C4-01 1.2867(19) N1-Cul-N2 94.08(6)
C4-02 1.235(2) 03-C6-04 125.39(16)
Cul---Cul? 3.2874(3) Cul-O1-Cul? 99.71(4)

Symmetry codes: —x, =y + 2, —z+ I forland x + 1, -y + 1, —z + 1
for 2.

The Cu---Cu distance within the dinuclear 1 is
3.1987(5) A which is slightly shorter than in dinuclear 2
(3.2874(3) A). The bond lengths Cu-O and Cu—N are in
the range of 1.9507(14)-2.3837(13) A and 1.9825(14)-
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2.0104(14) A, see Table 2), respectively, which have good
agreement with analogous square pyramidal Cu(Il) com-
plexes previously reported.®!7-3-40

In 1, the Cul—(p-O)—Cul? (symmetry code a: —x, —y
+ 2, —z + 1) bond angle is 97.13(5)°, which is similar to
that in 2 (99.71(4)°, symmetry code a: x + 1, -y + 1, —z +
1, Table 2) and are in good agreement with analogous
Cu(II) complexes observed in the literature.>*!”*! In com-
plexes 1 and 2, the C-O bond lengths of carboxylate
groups in methacrylate and acetate ions are very similar
(see Table 2).

The oxygen atoms of carboxylate groups (acetate
and methacrylate ions) and the NH, amine groups of the

diamine ligand (ethylendiamine for 1 and 1,3-propylen-
diamine for 2) play a significant role in intramolecular
and intermolecular hydrogen-bonding interactions (Figs.
2 and 3). In 1, the hydrogen atoms of the coordinated
ethylendiamine molecule are involved in an intermolecu-
lar hydrogen-bonding interaction with the oxygen atoms
of a neighboring coordinated methacrylate ion and the
oxygen atoms of uncoordinated methacrylate and acetate
ions. Also, there is an intramolecular hydrogen bonding
between the hydrogen atom H151 of the NH of the ethy-
lendiamine molecule with the oxygen atom O8 of uncoor-
dinated methacrylate ion. In 2, there are intermolecular
hydrogen bonding interaction between the hydrogen

Table 3. Hydrogen bonding (A) and angles (°) in complexes 1 and 2

D-H--A D-H H--A DA D-H--A Symmetry code
1 N15-H152.--04 0.88(3) 2.33(3) 3.084(3) 144(1) —x,—y+2,—z+1
N15-H152---08 0.88(3) 2.58(3) 3.156(3) 128(1) —x+1,-y+1,—z+1
N15-H151---08 0.87(3) 2.24(3) 2.948(3) 138(1) D4
N12-H122---06 0.89(3) 2.40(3) 3.229(3) 155(1) X, -y +2,-z+1
N12-H121---04 0.86(3) 2.24(3) 2.997(3) 148(1) —x+1,-y+2,—z+1
2 NI1-H1--03 0.81(2) 2.58(2) 3.257(3) 143(2) —x+1,-y+1,—z+1
NI1-H2---02 0.84(2) 2.12(2) 2.930(3) 161(2) x=1,y,z2
N2-H3.---02 0.86(2) 2.25(2) 3.028(3) 152(2) X,z
N2-H4---04 0.82(2) 2.13(2) 2.862(3) 149(2) X,z

Fig. 2. Various hydrogen bonding interactions in complex 1 (a) intramolecular (b), intermolecular.

Fig. 3. Various hydrogen bonding interactions in complex 2 (a) intramolecular (b), intermolecular.
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atoms of the coordinated 1,3-propylendiamine molecule
with the uncoordinated oxygen atom O2 of the bridging
acetate ligand and coordinated oxygen atom O3 of the
methacrylate ion. Also, there are intramolecular hydrogen
bonding between the hydrogen atom of the NH of the 1,3-
propylendiamine molecule with the uncoordinated oxy-
gen atoms O2 and O4 of acetate and methacrylate ions,
respectively. Full details of the hydrogen bonding are gi-
ven in Table 3.

3. 3. DFT Optimized Geometries

The geometry optimization of copper complexes
were carried out in their singlet and triplet spin states. The
optimized geometric parameters at their most stable,
triplet states, is shown in Fig. 4.

As shown in Table 4, the calculated bond lengths for
the studied complexes agree well with the X-ray experi-
mental data. For example, the calculated Cul-N12,
Cul-N15, Cu-06 and Cu—02 bond lengths for the dinuc-
lear complex 1 are 2.00, 2.05, 1.96 and 2.00 10%, and they
correlate nicely with the experimental values of 2.00,
1.99, 1.95 and 1.97 A, respectively.

(1)

Fig. 4. The optimized structures of the complexes 1 and 2.

(2)

Fig. 5. Atom-by-atom superimposition of the calculated structures
(black) over the X-ray structure (red); hydrogen atoms have been
removed for clarity.

The differences between optimized geometrical pa-
rameters and experiment are less than 0.05 A (bond distan-
ces) and 2° (bond angles) in most cases (see also Fig. 5).

In general, the predicted bond lengths are slightly
longer in comparison with the values based upon the X-ray
crystal structure data. The geometrical differences might

Table 4. Selected geometric parameters from X-ray and DFT-B3LYP calculations

Bond length A) Expt. Calc. [ALd| Bond angle (°) Expt. Calc. |ALS|
1 Cul---Cul? 3.20 3.09 0.11 02-Cul-06 87.3 91.1 3.8
Cul-02 1.97 2.00 0.03 N12-Cul-02 88.1 85.3 3.0
Cul-06 1.95 1.96 0.01 N15-Cul-N12 85.4 82.6 3.0
Cul-N12 2.00 2.00 0.08 N15-Cul-06 99.0 100.9 1.9
C3-02 1.28 1.29 0.02 Cul- 0O2-Cul? 97.1 94.4 2.7
2 Cul-Cul® 3.29 3.26 0.03 03-Cul-Ol1 95.7 97.7 2.0
Cul-03 1.97 2.00 0.03 N1-Cul-03 168.7 165.19 35
Cul-N2 1.98 2.01 0.03 N1-Cul-N2 94.1 95.5 1.4
C4-01 1.29 1.30 0.01 N2-Cul-03 95.2 97.8 2.6
Cul-0Ol-Cul? 99.7 97.0 2.7

Symmetry codes: —x, =y +2,—z+ 1 forlandx+ 1, -y + 1, —z + 1 for 2.
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be a result of crystal packing forces which have an influen-
ce on the molecules as expected for the experimental ones
(solid state), but the calculated geometries are in the gas
phase.***> The crystal packing forces, which have an inf-
luence on the molecules, as expected for the experimental
parameters (solid state), are a reason for the difference of
calculated bond lengths in the gas phase and solid phase.

The calculated charges on the metal centers in com-
plexes 1 and 2 are +0.875 and +0.873 respectively, and
these values are greatly lower than the formal charge of
+2. These differences are a result of charge donation from
the donor atoms of ligands.

4. Conclusion

The reaction of copper(Il) acetate with L' and L? li-
gands led to the formation of dinuclear copper(Il) complexes
1 and 2. The crystal structures were determined for two stu-
died complexes. An acetate oxygen bridge, a relatively rare
bridging mode of the carboxylate group, has been found in
dinuclear complexes 1 and 2. Coordination geometry for
each copper ion was square pyramid. The optimized structu-
re of complexes have been studied using the B3LYP/6-
31G(d)/LanL2DZ level of theory. The calculated molecular
geometries are in a very good agreement with the experimen-
tal data. It has been revealed that the triplet state for copper
complexes 1 and 2 are more stable than their singlet state.

5. Supplementary Material

The deposition numbers of the studied complexes 1
and 2 are CCDC 1481551 and 1481552, respectively.
These data can be obtained free-of-charge via
www.ccdc.cam.ac.uk/data_request/cif, by emailing data-
request @ ccdc.cam.ac.uk, or by contacting The Cambrid-
ge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB2 1EZ, UK; fax +44 1223 336033.
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Sintetizirali smo dva dvojedrna Cu(Il) kompleksa [Cu(en)(MAA)(u-CH,COO)], (1) in [Cu(pn)(MAA)(SSTimes-
CH,COO)], (2), kjer so MAA, en in pn metacrilat, etilendiamin in 1,3-propilendiamin, ter jih okarakterizirali z element-
no analizo, FT-IR in UV-Vis spektroskopijo. Strukturi kompleksov sta bili doloceni z monokristalno rentgensko difrak-
cijo. V dvojedrnih kompleksih 1 in 2 imajo bakrovi centri koordinacijsko Stevilo pet s popaceno kvadratno piramidalno
geometrijo. Izratunane geometrije proucevanih spojin so bile dolocene s pomocjo teorije gostotnostnega funkcionala

(DFT) na B3LYP/6-311+G(d,p)/LanL2DZ nivoju z uporabo ECP.
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Abstract

A series of 6-(4-substituted phenyl)-9-(tetrahydropyran-2-yl)purines 3-9, 6-(4-substituted phenyl)purines 10-16, 9-((4-
substituted phenyl)sulfonyl)-6-(4-substituted phenyl)purines 17-32 were prepared and screened initially for their in
vitro anticancer activity against selected human cancer cells (liver Huh7, colon HCT116, breast MCF7). 6-(4-Phenoxy-
phenyl)purine analogues 9, 16, 30-32, had potent cytotoxic activities. The most active purine derivatives 5-9, 14, 16,
18, 28-32 were further screened for their cytotoxic activity in hepatocellular cancer cells. 6-(4-Phenoxyphenyl)-9-
(tetrahydropyran-2-yl)-9H-purine (9) had better cytotoxic activity (ICy,5.4 uM) than the well-known nucleobase analo-
gue 5-FU and known nucleoside drug fludarabine on Huh7 cells. The structure—activity relationship studies reported
that the substitution at C-6 positions in purine nucleus with the 4-phenoxyphenyl group is responsible for the anti-can-
cer activity.

Keywords: Antitumor agents; Hepatocellular carcinoma; Heterocycles; Purine derivatives; Structure-activity relationships

Potent purine-based cyclin-dependent kinase inhi-
bitors olomoucine,’ roscovitine,® purvalanol A, B, ami-
Cancer is a major human health problem and one of no-purvalanol’ (Fig. 2) and heterocyclic analogues of
the principal reasons of death in both developing and indu- these compounds imidazo-pyrazines,® pyrazolo-pyrida-
strialized countries. Purine and purine nucleoside ana-
logues are important anti-cancer drugs used for the treat-

1. Introduction

R2
ment of both hematological malignancies and solid tumors Ry
in chemotherapy. In 1953 and 1966, among the first anti- (@
cancer drugs 6-mercaptopurine and 6-thioguanine (Fig. 1)
were used as an inhibitor of nucleic acid metabolism in NN )\/[
childhood acute lymphoblastic leukemia, respectively.'™ ’II \> Ho)\" J\ ) Hom A >

HO\/\ A 2
s Olomoucme Roscovntme Purvalanol A
$ (R,=H, R,= H)
HN N\ HN N\ Purvalanol B
D O LD (R,= COOH, R,= H)
— 2
N ﬁ HoNT N H Amino- Purvalanol
6-M t i 6 (R=H,R=NH,)
-Mercaptopurine -Thi i
plop loguanine Figure 2. Structures of olomoucine, roscovitine, purvalanol A, B
Figure 1. Structures of 6-mercaptopurine and 6-thioguanine and amino-purvalanol
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1011 thieno-pyridines,'?

14,15

zines,” imidazo-pyridines, pyrro-
lo-pyrimidines,'* pyrazolo-pyrimidines and triazolo-
pyrimidines'®!” have been investigated as anticancer
agents.

Furthermore, purine nucleosides such as fludarabi-
ne, cladribine, and pentostatine (Fig. 3) were approved in
FDA for the therapy of hematologic disorders between
1991 and 1992.'%"

NH3 HO_ H
S N N
)\)I p A I
Fludarabine Cladribine Pentostatine

Figure 3. Structures of fludarabine, cladribine and pentostatine

Hepatocellular carcinoma (HCC) is one of the
deadly cancers and affects most of the world population.
It is also the fifth most common cancer in men and se-
venth in women, accounting for 7% of all cancer cases,
and the third most common reason of cancer-connected
death worldwide, with around 700,000 new cases each
year.20-2!

Chronic liver damage is due to viral diseases, che-
mical exposure, environmental toxins or autoimmune di-
seases that are the risk factors for HCC. These conditions
cause an acquired tolerance to genotoxic stress, but finally
result in a cancerous case that does not respond to the
mechanism of cell death.”

The diagnosis of HCC patients is usually very poor
and HCC tumors are resistant to chemotherapeutic agents.
Lately, a multikinase inhibitor Sorafenib, was approved
by the FDA and the EU for the treatment of hepatocellular
carcinoma.?* Sorafenib HCC Assessment Randomised
Protocol (SHARP) indicated significantly improved ove-
rall survival and the time to progression by almost three
months in cases with advanced HCC upon treatment with
the antiangiogenic and antiproliferative agent Sorafe-
nib.>?7 Therefore, it is essential to discover new liver-
cancer-specific drugs for hepatocellular carcinoma treat-
ment.

As a result of our ongoing investigations of purine
and purine nucleoside derivatives, which have displayed
promising cytotoxic activity,”®* herein, we synthesized
new series of substituted purines (3-9, 10-16, 17-32) and
screened their anticancer activities on selected human
cancer cells (liver Huh7, colon HCT116, breast MCF7);
and the most potent purine derivatives (5-9, 14, 16, 18,
and 28-32) were further tested on a panel of hepatocellu-
lar cancer cell.

2. Experimental
2. 1. Chemistry

Melting points were recorded with a capillary mel-
ting point apparatus (Electrothermal 9100) and are uncor-
rected. NMR spectra were recorded on a VARIAN Mer-
cury 400 FT-NMR spectrometer (400 for 'H, 100.6 MHz
for 13C). TMS was used as internal standard for the 'H and
3C NMR spectra; values are given in & (ppm) and J va-
lues are in Hz. Mass spectra were taken on Waters Micro-
mass ZQ by using ESI+ ionization method. Elemental
analyses (C, H, N) were determined on a Leco CHNS 932
instrument and gave values within +0.4% of the theoreti-
cal values. Column chromatography was accomplished on
silica gel 60 (40-63 mm particle size). The chemical rea-
gents used in synthesis were purchased from Merck, Flu-
ka, Sigma and Aldrich.

2. 1. 1. 6-Chloro-9-(tetrahydro-2H-pyran-2-yl)-
9H-purine (2)*

p-TSA (0.01 g) was added to a solution of 6-chloro-
purine (0.15 g, 1 mmol) in dry THF at reflux. After 3,4-
dihydro-2H-pyran (0.098 g, 1.18 mmol) was added and
the mixture refluxed for 15 h. After cooling to ambient
temparature the reaction mixture was treated with 1 mL
25% NH,OH and sitirred for 5 min. The solution was eva-
porated in vacuo and treated with 25 mL EtOAc, washed
with brine and water. The organic phase was dried over
Na,SO,, the solvent was evaporated in vacuo, and recry-
stallized from hexane petroleum ether to yield 2 (220 mg;
95%): mp 69-71 °C (67-69 °C*). 'H NMR (CDCL,) &
1.64-1.88 (m, 3H, H-pyran), 2.02-2.21 (m, 3H, H-pyran),
3.80(td, J, =2.8 Hz, J, =12 Hz, 1H, H-5’a in pyran), 4.20
(d, 1H, H-5’b in pyran), 5.80 (dd, J, = 10.8 Hz, J, = 2.4
Hz, 1H, H-1" in pyran), 8.35 (s, 1H, H-8 in purine), 8.76
(s, 1H, H-2 in purine). MS (ESI+) m/z: 239.70 (10%)
(M+H).

2. 1. 2. General Procedure for the Synthesis
of 6-(4-Substituted Phenyl)-9-(tetrahy-
dropyran-2-yl)-9H-purines 3-9

6-Chloro-9-(tetrahydropyran-2-yl)-9H-purine (2)
was dissolved in 5 mL toluene, then K,CO, (1.5 mmol), 4-
substituted phenylboronic acid (1.5 mmol) and Pd(Ph,),
(0.05 mmol) were added. The mixture was refluxed for 12
h. The reaction mixture was concentrated in vacuo. The
residue was dissolved in CH,Cl, and purified by column
chromatography (EtOAC-hexane, 1:3 to 1:6).

6-Phenyl-9-(tetrahydro-2H-pyran-2-yl)-9H-purine (3)*!

Yield 60 mg (55%), mp 189-191 °C. '"H NMR
(CDCl,) 6 1.67-1.86 (m, 3H, H-pyran), 2.01-2.21 (m,
3H, H-pyran), 3.83 (td, J, = 11.6 Hz, J, = 2.8 Hz, 1H,
H-5’ain pyran), 4.21 (d, 1H H-5’bin pyran) 5.86 (dd, J,

Kucukdumlu et al.:
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=10 Hz, J, =2.8 Hz, 1H, H-1" in pyran), 7.53 (t, J = 7.6
Hz, 2H, H-3,5 in phenyl), 7.60 (t, J = 7.6 Hz, 1H, H-4 in
phenyl), 8.35 (s, 1H, H-8 in purine), 8.77 (d, J = 6.4 Hz,
2H, H-2,6 in phenyl), 9.03 (s, 1H, H-2 in purine). MS
(ESI+) m/z: 197.52 (100%) (M+H-THP), 281.71 (77%)
(M+H).

6-(4-Fluorophenyl)-9-(tetrahydro-2H-pyran-2-yl)-9H-
purine (4)°!

Yield 190 mg (63%), mp 161-163 °C. '"H NMR
(DMSO-dy) 6 1.57-1.65 (m, 2H, H-pyran), 1.70-1.82 (m,
1H, H-pyran), 1.97-2.03 (m, 2H, H-pyran), 2.29-2.40 (m,
1H, H-pyran), 3.72 (td, J, = 3.2 Hz, J, = 11.2 Hz, 1H,
H-5’a in pyran), 4.03 (d, 1H, H-5’b in pyran), 5.81 (dd, J,
=2Hz, J,=10.8 Hz, 1H, H-1" in pyran), 7.43 (t, / = 8.8
Hz, 2H, H-3,5 in phenyl), 8.87-8.91 (m, 3H, H-2,6 in
phenyl, H-8 in purine), 8.98 (s, 1H, H-2 in purine) (Ref.
[31] 1.6-1.9 and 2.0-2.2 (2 x m, 6H, CH,), 3.81 (dt, 1H,
J,=22Hz,J,=11.5,H-5"a), 4.20 (brd, 1H, /= 11.5 Hz,
H-5’b), 5.84 (dd, 1H, J, = 10.3 Hz, J, = 2.3 Hz, H-1"),
7.22 (t, 2H, J = 8.7 Hz, H-0-Ar), 8.31 (s, 1H, H-8), 8.84
(dd, 2H, J, = 8.7 Hz, J, = 5.7 Hz, H-m-Ar), 8.99 (s, 1H,
H-2)). MS (ESI+) m/z: 215.5 (100%) (M+H-THP), 299.7
(100%) M+H).

6-(4-Chlorophenyl)-9-(tetrahydro-2H-pyran-2-yl)-9H-
purine (5)

Yield 240 mg (77%), mp 173-175 °C. '"H NMR
(CDClL,) 61.65-1.86 (m, 3H, H-pyran), 2.02-2.18 (m, 3H,
H-pyran), 3.80 (td, /, =2.8 Hz, J,=11.6 Hz, 1H, H-5’ain
pyran), 4.19 (d, 1H, H-5’b in pyran), 5.83 (dd, J, = 2.8 Hz,
J,=10.8 Hz, 1H, H-1" in pyran), 7.51 (d, J = 8.4 Hz, 2H,
H-3,5 in phenyl), 8.32 (s, 1H, H-8 in purine), 8.76 (d, J =
8.4 Hz, 2H, H-2,6 in phenyl), 8.99 (s, 1H, H-2 in purine).
MS (ESI+) m/z: 231.5 (100%) (M+H-THP), 315.7
(100%) (M+H). Anal. Calcd for C, H ;CIN,O - 0.2EtOAc
-0.2H,0: C, 60.05; H, 5.09; N, 16.67. Found C, 59.82; H,
4.69; N, 16.32.

6-(4-Bromophenyl)-9-(tetrahydro-2H-pyran-2-yl)-9H-
purine (6)

Yield 250 mg (70%), mp 160-162 °C. 'H NMR
(CDCl,) 61.64-1.87 (m, 3H, H-pyran), 2.02-2.20 (m, 3H,
H-pyran), 3.81 (td, /,=2.8 Hz, J,= 11.2 Hz, 1H, H-5’ain
pyran), 4.19 (d, 1H, H-5’b in pyran), 5.84 (dd, J, = 2.4 Hz,
J, =10 Hz, 1H, H-1’ in pyran), 7.67 (d, J = 8.4 Hz, 2H,
H-3,5 in phenyl), 8.33 (s, 1H, H-8 in purine), 8.69 (d, J =
8.8 Hz, 2H, H-2,6 in phenyl), 8.99 (s, 1H, H-2 in purine).
MS (ESI+) m/z: 275.6 (100%) (M-THP), 359.7 (78%)
(M). Anal. Calcd for C,;H .BrN,O: C, 53.50; H, 4.21; N,
15.60. Found C, 53.29; H, 4.30; N, 15.99.

6-(4-Trifluoromethylphenyl)-9-(tetrahydro-2H-pyran-
2-y)-9H-purine (7)

Yield 250 mg (73%), mp 164-165 °C. 'H NMR
(CDCl,) 0 1.67-1.88 (m, 3H, H-pyran), 2.05-2.21 (m, 3H,

H-pyran), 3.82 (td, J,=2.4 Hz, J,=11.6 Hz, 1H, H-5’ain
pyran), 4.21 (d, 1H, H-5’b in pyran), 5.86 (dd, J, = 2.8 Hz,
J,=10.8 Hz, 1H, H-1" in pyran), 7.80 (d, J = 8 Hz, 2H, H-
2,6 in phenyl), 8.37 (s, 1H, H-8 in purine), 8.91 (d, J =8
Hz, 2H, H-3,5 in phenyl), 9.05 (s, 1H, H-2 in purine). MS
(ESI+) m/z: 265.6 (100%) (M+H-THP), 349.8 (75%)
(M+H). Anal. Calcd for C,;H,;F;N,O - 0.04CH,CI,
0.15EtOAc: C, 58.05; H, 4.49; N, 15.35. Found C, 58.44,
H, 4.09; N, 14.95.

6-(4-tert-Butylphenyl)-9-(tetrahydro-2H-pyran-2-yl)-
9H-purine (8)

Yield 230 mg (67%), mp 161-162 °C. '"H NMR
(CDCl,) 6 1.37 (s, 9H, CH,), 1.66-1.84 (m, 3H, H-pyran),
2.04-2.20 (m, 3H, H-pyran), 3.81 (td, J, = 2.8 Hz, J, =
11.6 Hz, 1H, H-5’a in pyran), 4.20 (d, 1H, H-5’b in
pyran), 5.84 (dd, J, = 2.8 Hz, J, = 10.4 Hz, 1H, H-1" in
pyran), 7.58 (d, J = 8.4 Hz, 2H, H-3,5 in phenyl), 8.31 (s,
1H, H-8 in purine), 8.67 (d, J = 8 Hz, 2H, H-2,6 in
phenyl), 9.0 (s, 1H, H-2 in purine). MS (ESI+) m/z: 253.7
(100%) (M+H-THP), 337.8 (100%) (M+H). Anal. Calcd
for C,,H,,N,O: C, 71.40; H, 7.19; N, 16.65. Found C,

207724

71.0; H, 7.34; N, 16.78.

6-(4-Phenoxyphenyl)-9-(tetrahydro-2H-pyran-2-yl)-
9H-purine (9)

Yield 220 mg (60%), mp 147-149 °C. '"H NMR
(CDCl,) 6 1.64-1.85 (m, 3H, H-pyran), 2.02-2.18 (m, 3H,
H-pyran), 3.80 (td, J, = 2.4 Hz, J,= 11.6 Hz, 1H, H-5’a in
pyran), 4.19 (d, 1H, H-5’b in pyran), 5.83 (dd, J, = 2.8 Hz,
J,=10.4 Hz, 1H, H-1" in pyran), 7.08 (d, J/ = 8.8 Hz, 2H,
H-2,6 in O-phenyl), 7.13-7.16 (m, 3H, H-3,5, H-4" in
phenyl), 7.36 (t, J = 8 Hz, 2H, H-3,5 in O-phenyl), 8.30 (s,
1H, H-8 in purine), 8.78 (d, J = 8.8 Hz, 2H, H-2,6 in
phenyl), 8.98 (s, 1H, H-2 in purine). MS (ESI+) m/z:
289.7 (88%) (M+H-THP), 373.8 (100%) (M+H). Anal.
Calcd for C,,H, \N,0O,: C, 70.95; H, 5.41; N, 15.04. Found
C,71.23; H, 5.44; N, 15.30.

2. 1. 3. General Procedure for the Synthesis of 6-
(4-Substituted Phenyl)-9H-purines 10-16

A mixture of 6-(4-substituted phenyl)-9-(tetrahy-
dropyran-2-yl)-9H-purines (1 mmol) 3-9, Dowex 50 x 8
(H") (700 mg), MeOH (10 mL) and H,O (1 mL) was ref-
luxed. Then the reaction mixture was filtered and washed
with saturated methanolic NH; and MeOH. The filtrate
was evaporated in vacuo, and recrystallized from EtOAc
—hexane.

6-Phenyl-9H-purine (10)°'

Yield 160 mg (80%), mp 279-281 °C (280-282
°C3!). 'H NMR (DMSO-d,) 67.28-7.40 (m, 3H, H-3,4,5
in phenyl), 7.76 (d, J = 6.4 Hz, 2H, H-2,6 in phenyl), 8.01
(s, 1H, H-8 in purine), 8.81 (s, 1H, H-2 in purine). MS
(ESI+) m/z: 197.6 (100%) (M+H).
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6-(4-Fluorophenyl)-9H-purine (11)*'

Yield 190 mg (87%), mp 295-298 °C (299-302
°C*"). '"H NMR (DMSO-d,) & 7.41 (t, J = 8.8 Hz, 2H,
H-3,5 in phenyl), 8.63 (s, 1H, H-8 in purine), 8.86-8.91
(m, 2H, H-2,6 in phenyl,), 8.92 (s, 1H, H-2 in purine). MS
(ESI+) m/z: 215.6 (100%) (M+H).

6-(4-Chlorophenyl)-9H-purine (12)

Yield 190 mg (83%), mp 290-292 °C. 'H NMR
(DMSO-d,) 6 7.68 (d, J = 8.8 Hz, 2H, H-3,5 in phenyl),
8.68 (s, 1H, H-8 in purine), 8.87 (d, /= 8.8 Hz, 2H, H-2,6 in
phenyl), 8.97 (s, 1H, H-2 in purine). MS (ESI+) m/z: 231.4
(100%) (M+H). Anal. Calcd for C, H,CIN,: C, 57.28; H,
3.06; N, 24.29. Found C, 57.08; H, 3.05; N, 24.32.

6-(4-Bromophenyl)-9H-purine (13)

Yield 150 mg (55%), mp 310-311 °C. 'H NMR
(DMSO-dy) 6 7.82 (d, J = 8.4 Hz, 2H, H-3,5 in phenyl),
8.69 (s, 1H, H-8 in purine), 8.80 (d, J = 8.4 Hz, 2H, H-2,6
in phenyl), 8.97 (s, 1H, H-2 in purine). MS (ESI+) m/z:
275.6 (100%) M), 277.7 M+2) (90%). Anal. Calcd for
C, H,BrN, - 1.0H,0: C, 45.07; H, 3.09; N, 19.11. Found

11777

C, 45.44; H, 2.97; N, 19.52.

6-(4-Trifluoromethylphenyl)-9H-purine (14)

Yield 210 mg (80%), mp 221-223 °C. '"H NMR
(DMSO-d,) 6 7.66 (d, J = 8 Hz, 2H, H-2,6 in phenyl),
7.95 (d, J = 7.6 Hz, 2H, H-3,5 in phenyl), 8.33 (s, 2H,
H-2,8 in purine ). MS (ESI+) m/z: 265.6 (100%) (M+H).
Anal. Calcd for C,,H,F;N,: C, 54.54; H, 2.65; N, 21.21.
Found C, 54.37; H, 2.46; N, 21.39.

6-(4-tert-Butylphenyl)-9H-purine (15)

Yield 220 mg (88%), mp 291-293 °C. 'H NMR
(CDCly) 6 1.37 (s, 9H, CH,), 7.61 (d, J = 8.8 Hz, 2H,
H-3,5 in phenyl), 8.34 (s, 1H, H-8 in purine), 8.71 (d, J =
8.4 Hz, 2H, H-2,6 in phenyl), 9.10 (s, 1H, H-2 in purine).
MS (ESI+) m/z: 253.7 (100%) (M+H). Anal. Calcd for
CsH,(N,-0.1H,0: C, 70.89; H, 6.42; N, 22.04. Found C,

157716

71.23; H, 6.65; N, 21.66.

6-(4-Phenoxyphenyl)-9H-purine (16)

Yield 260 mg (90%), mp 240-241 °C. '"H NMR
(DMSO-d,) 67.14-7.25 (m, SH, H-3,5 in phenyl, H-2,4,6 in
O-phenyl), 7.46 (t, J = 7.6 Hz, 2H, H-3,5 in O-phenyl), 8.63
(s, 1H, H-8 in purine), 8.88 (d, J = 7.6 Hz, 2H, H-2,6 in
phenyl), 8.92 (s, 1H, H-2 in purine). MS (ESI+) m/z: 289.7
(100%) (M+H). Anal. Calcd for C;H ,N,O - 0.22EtOAc: C,
69.79; H, 4.50; N, 18.20. Found C, 70.08; H, 4.47; N, 17.81.

2. 1. 4. General Procedure for the Sulfonylation
of 6-(4-Substituted Phenyl)-9H-purines
(Preparation of Compounds 17-32)

A solution of (substituted phenyl)sulfonyl chloride
(2 mmol) in 5 mL CH,Cl, was slowly added to a solution

of 6-(4-substituted phenyl)-9H-purines 10-16 (1 mmol) in
1 mL pyridine. The reaction mixture was stirred for 40—48
h in an ice bath. The reaction mixture was treated with 1N
HCI (5 mL) and extracted with CH,Cl,. The extract was
dried over Na,SO,, the solvent was evaporated in vacuo,
and the residue was purified by column chromatography
(hexane:CH,Cl,, 1:1).

9-(4-Fluorophenylsulfonyl)-6-phenyl-9H-purine (17)

Yield 71 mg (20%), mp 255-256 °C. 'H NMR
(CDCl,) 6 7.29 (d, 2H, H-2,6 in phenyl), 7.55 (t, 3H,
H-3,4,5 in phenyl), 8.39 (dd, J, = 4.8 Hz, J, = 8.8 Hz, 2H,
H-2,6’ in phenyl), 8.56 (s, 1H, H-8 in purine ), 8.69 (dd,
2H, H-3’,5’ in phenyl), 9.09 (s, 1H, H-2 in purine). MS
(ESI+) m/z: 355.7 (100%) (M+H). Anal. Calcd for
C,H, FN,O,S: C, 57.62; H, 3.13; N, 15.81; S, 9.05.
Found C, 57.96; H, 3.27; N, 15.59; S 9.09.

9-(4-Trifluoromethylphenylsulfonyl)-6-phenyl-9H-pu-
rine (18)

Yield 190 mg (48%), mp 222-224 °C. 'H NMR
(CDC1,) 67.55 (t, 3H, H-3,4,5 in phenyl), 7.87 (d, 2H, J
= 8.8 Hz, H-2,6 in phenyl), 8.50 (d, J = 8.4 Hz, 2H,
H-2’,6’ in phenyl), 8.56 (s, 1H, H-8 in purine), 8.67-8.70
(m, 2H, H-3",5" in phenyl), 9.10 (s, 1H, H-2 in purine).
BC NMR (CDCl,) & 127.02 (q) (CF,), 129.04, 129.62,
130.13, 131.51, 132.02, 134.78, 137.0, 137.34 (C in
phenyl), 140.32 (C-5), 141.06 (C-8), 151.21 (C-6),
154.33 (C-2), 156.73 (C-4). MS (ESI+) m/z: 405.7
(100%) (M+H). Anal. Calcd for C,(H, F,N,0O,S: C,
53.46; H, 2.74; N, 13.86; S, 7.93. Found C, 53.69; H,
2.81; N, 13.59; S 7.97.

9-(4-tert-Butylphenylsulfonyl)-6-phenyl-9H-purine (19)

Yield 160 mg (40%), mp 236-237 °C. 'H NMR
(CDCl,) 61.30 (s, 9H, CH,), 7.52-7.55 (m, 3H, H-3,4,5 in
phenyl), 7.59 (d, J = 8.8 Hz, 2H, H-2,6 in phenyl), 8.23 (d,
J=9.2 Hz, 2H, H-3’,5” in phenyl), 8.56 (s, 1H, H-8 in pu-
rine), 8.67-8.69 (m, 2H, H-2’,6’ in phenyl), 9.11 (s, 1H,
H-2 in purine). *C NMR (CDC,) 6 31.12 (CH,), 35.74
(C in tert-butyl), 126.93, 128.76, 128.99, 130.07, 131.58,
131.79, 133.86, 135.01 (C in phenyl), 141.62 (C-5),
151.34 (C-8), 154.19 (C-6), 156.33 (C-2), 160.08 (C-4).
MS (ESI+) m/z: 393.9 (100%) (M+H). Anal. Calcd for:
C, H)N,0,S: C, 64.27; H, 5.14; N, 14.28; S, 8.17. Found
C,63.88;H,5.19; N, 13.97; S 8.11.

9-(4-Fluorophenylsulfonyl)-6-(4-fluorophenyl)-9H-pu-
rine (20)

Yield 130 mg (35%), mp 265-267 °C. '"H NMR
(CDCI,) 67.19-7.29 (m, 4H, H-3,5, H-3",5" in phenyl),
8.37 (dd, J, = 4.4 Hz, J, = 8.4 Hz, 2H, H-2°,6’ in
phenyl), 8.54 (s, 1H, H-8 in purine), 8.77 (dd, J, = 5.6
Hz, J, = 8.4 Hz, 2H, H-2,6 in phenyl), 9.10 (s, 1H, H-2
in purine). MS (ESI+) m/z: 373.8 (100%) (M+H). Anal.
Calcd for: C,,H,,F,N,0,S - 0.5H,0: C, 53.54; H, 2.90;

177710
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N, 14.69; S, 8.40. Found C, 53.14; H, 2.70; N, 14.45; S
8.47.

9-(4-Trifluoromethylphenylsulfonyl)-6-(4-fluorop-
henyl)-9H-purine (21)

Yield 140 mg (32%), mp 214-216 °C. 'H NMR
(CDCly) 67.22 (t, J = 8.8 Hz, 2H, H-3,5 in phenyl), 7.87
(d, J=8.8 Hz, 2H, H-2’,6’ in phenyl), 8.49 (d, /= 8.4 Hz,
2H, H-3’,5’ in phenyl), 8.55 (s, 1H, H-8 in purine), 8.77
(dd, J, = 5.6 Hz, J, = 9.2 Hz, 2H, H-2,6 in phenyl), 9.07
(s, 1H, H-2 in purine). °C NMR (CDCl,) & 115.88,
116.09, 125.84 (C in phenyl), 126.82 (q) (CF,), 129.42,
130.81, 131.0, 132.22, 132.31 (C in phenyl), 140.25
(C-5), 140.87 (C-8), 151.0 (C-6), 154.08 (C-2), 155.25
(C-4). MS (ESI+) m/z: 423.8 (100%) (M+H). Anal. Calcd
for: C ¢ H,,F,N,0,S - 0.4CH,Cl,: C, 48.42; H, 2.38; N,
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12.27; S, 7.02. Found C, 48.21; H, 2.48; N, 12.00; S 7.26.

9-(4-tert-Butylphenylsulfonyl)-6-(4-fluorophenyl)-9H-
purine (22)

Yield 80 mg (20%), mp 226-227 °C. 'H NMR
(CDCl,) 6 1.30 (s, 9H, CH,), 7.21 (t, J = 8.8 Hz, 2H,
H-3,5 in phenyl), 7.59 (d, J = 8.8 Hz, 2H, H-3",5’ in
phenyl), 8.23 (d, J = 8.4 Hz, 2H, H-2’,6’ in phenyl), 8.55
(s, 1H, H-8 in purine), 8.77 (dd, J, = 5.6 Hz, J, = 9.2 Hz,
2H, H-2,6 in phenyl), 9.09 (s, 1H, H-2 in purine). MS
(ESI+) m/z: 411.9 (100%) (M+H). Anal. Calcd for:
C, H(,FN,0,S: C, 61.45; H, 4.67; N, 13.65; S, 7.81.
Found C, 61.83; H, 4.78; N, 13.25; S 8.02.

9-(4-Fluorophenylsulfonyl)-6-(4-chlorophenyl)-9H-pu-
rine (23)

Yield 190 mg (49%), mp 237-239 °C. 'H NMR
(CDC1,) 6 7.51 (d, J = 8.4 Hz, 2H, H-3",5" in phenyl),
7.87 (d, J = 8.8 Hz, 2H, H-3,5 in phenyl), 8.49 (d, J = 8.8
Hz, 2H, H-2’,6’ in phenyl), 8.70 (d, J = 8.8 Hz, 2H, H-2,6
in phenyl), 9.11 (s, 1H, H-8 in purine), 9.19 (s, 1H, H-2 in
purine). ’C NMR (DMSO-d,) 6 126.75, 129.08, 129.40,
131.21, 133.02, 136.84, 138.21 (C in phenyl), 140.10
(C-5), 140.94 (C-8), 151.07 (C-6), 154.04 (C-2), 155.10
(C-4). MS (ESI+) m/z: 231.6 (100%) [M+H—(4-F-Ph-
SO,)]. Anal. Calcd for: C;;H,,CIFN,O,S - 0.4 CH,CL,: C,
49.43; H, 2.57; N, 13.25; S, 7.58. Found C, 49.11; H,
2.46; N, 12.85; S 7.38.

9-(4-Fluorophenylsulfonyl)-6-(4-bromophenyl)-9H-
purine (24)

Yield 110 mg (25%), mp 243-245 °C. 'H NMR
(CDCl,) 67.21 (t,J = 8.8 Hz, 2H, H-3",5” in phenyl), 7.61
(d, J=8.4 Hz, 2H, H-3,5 in phenyl), 8.32 (dd, J, = 5.2 Hz,
J,=71.2Hz, 2H, H-2’,6’ in phenyl), 8.50 (s, 1H, H-8 in pu-
rine), 8.56 (d, J = 8.4 Hz, 2H, H-2,6 in phenyl), 9.01 (s,
1H, H-2 in purine). MS (ESI+) m/z: 433.7 (100%) (M),
435.8 (M+2) (60%). Anal. Calcd for: C;H, BrFN,O,S:
C, 47.13; H, 2.33; N, 12.93; S, 7.40. Found C, 47.39; H,
2.27; N, 12.89; S 7.62.

9-(4-Fluorophenylsulfonyl)-6-(4-trifluoromethylp-
henyl)-9H-purine (25)

Yield 110 mg (26%), mp 240-242 °C. 'H NMR
(CDCly) 6 7.28 (t, J = 8.8 Hz, 2H, H-3",5’ in phenyl),
7.79 (d, J = 8.4 Hz, 2H, H-2,6 in phenyl), 8.39 (dd, J, =
5.2 Hz, J,=9.2 Hz, 2H, H-2°,6’ in phenyl), 8.59 (s, 1H,
H-8 in purine), 8.85 (d, J = 8 Hz, 2H, H-3,5 in phenyl),
9.13 (s, 1H, H-2 in purine). MS (ESI+) m/z: 423.8 (80%)
(M+H). Anal. Calcd for: C ¢ H, F,N,0,S: C, 51.19; H,
2.39; N, 13.27; S, 7.59. Found C, 51.37; H, 2.26; N,
13.54; S 7.60.

9-(4-Trifluoromethylphenylsulfonyl)-6-(4-trifluoro-
methylphenyl)-9H-purine (26)

Yield 140 mg (31%) mp 240-241 °C. 'H NMR
(CDCL,) 67.79 (d, J = 8.4 Hz, 2H, H-2,6 in phenyl), 7.88
(d, J=8.4 Hz, 2H, H-3,5 in phenyl), 8.50 (d, J = 8 Hz, 2H,
H-2’,6’ in phenyl), 8.60 (s, 1H, H-8 in purine), 8.84 (d, J =
8 Hz, 2H, H-3",5’ in phenyl), 9.14 (s, 1H, H-2 in purine).
MS (ESI+) m/z: 265.6 (100%) [M+H—(4-F-Ph-SO,)].
Anal. Calcd for: C,;H, )F,N,O,S - 0.6CH,Cl,: C, 44.98; H,
2.16; N, 10.70; S, 6.13. Found C, 45.26; H, 2.28; N,
11.10; S 6.38.

9-(4-tert-Butylphenylsulfonyl)-6-(4-trifluoromethylp-
henyl)-9H-purine (27)

Yield 100 mg (22%), mp 193-195 °C. '"H NMR
(DMSO-d) 61.30 (s, 9H, CH,), 7.61 (d, J = 9.2 Hz, 2H,
H-3’,5" in phenyl), 7.79 (d, J = 8.4 Hz, 2H, H-2,6 in
phenyl), 8.25 (d, J = 9.2 Hz, 2H, H-2’,6" in phenyl),
8.61 (s, 1H, H-8 in purine), 8.86 (d, J = 8.4 Hz, 2H,
H-3,5 in phenyl), 9.16 (s, 1H, H-2 in purine). 13C NMR
(DMSO-d,) 6 30.88 (CH,), 35.53 (C in tert-butyl),
125.61 (q) (CF,), 126.75, 128.60, 130.14, 130.86,
131.66, 132.73, 133.49, 138.04 (C in phenyl), 141.97
(C-5), 151.34 (C-8), 153.96 (C-6), 154.25 (C-2), 160.04
(C-4). MS (ESI+) m/z: 461.8 (100%) (M+H). Anal.
Calcd for: C,,H ,F;N,O,S - 0.1Hexane: C, 57.87; H,
4.38; N, 11.94; S, 6.84. Found C, 58.31; H, 4.55; N,
11.62; S 6.52.

9-(4-Fluorophenylsulfonyl)-6-(4-tert-butylphenyl)-9H -
purine (28)

Yield 180 mg (44%), mp: 240-242 °C. '"H NMR
(CDCL,) 6 1.35 (s, 9H, CH,), 7.27 (t, J = 8.8 Hz, 2H,
H-3’,5’ in phenyl), 7.56 (d, J = 8.8 Hz, 2H, H-3,5 in
phenyl), 8.38 (dd, J, =4.8 Hz, J, = 8.8 Hz, 2H, H-2",6’ in
phenyl), 8.55 (s, 1H, H-8 in purine), 8.59 (d, J = 8.4 Hz,
2H, H-2,6 in phenyl), 9.10 (s, 1H, H-2 in purine). B¢
NMR (DMSO-dy) & 31.13 (CH,), 35.01 (C in tert-butyl),
115.32, 117.20, 125.82, 127.06, 128.38, 129.68, 131.13,
131.87 (C in phenyl), 140.83 (C-5), 150.85 (C-8), 153.96
(C-6), 155.30 (C-2), 156.38 (C-4). MS (ESI+) m/z: 411.8
(100%) (M+H). Anal. Calcd for: C,H,,FN,0,S: C,
61.45; H, 4.67; N, 13.65; S, 7.81. Found C, 61.09; H,
4.89; N, 13.22; S 7.69.
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9-(4-Trifluoromethylphenylsulfonyl)-6-(4-tert-butylp-
henyl)-9H-purine (29)

Yield 120 mg (26%), mp 199-201 °C. '"H NMR
(CDCl,) 6 1.38 (s, 9H, CH,), 7.57 (d, J = 8.8 Hz, 2H,
H-3,5 in phenyl), 7.87 (d, J = 8.4 Hz, 2H, H-2’,6’ in
phenyl), 8.50 (d, J = 8 Hz, 2H, H-2,6 in phenyl), 8.55 (s,
1H, H-8 in purine), 8.61 (d, J = 8.4 Hz, 2H, H-3’,5’ in
phenyl), 9.08 (s, 1H, H-2 in purine). 3C NMR (DMSO-
dy) 6 31.12 (CH,), 35.03 (C in fert-butyl), 124.89, 125.84,
126.78 (q) (CF,), 129.38, 129.70, 131.12, 131.78, 135.38,
137.07 (C in phenyl), 140.61 (C-5), 150.87 (C-8), 154.12
(C-6), 155.40 (C-2), 156.60 (C-4). MS (ESI+) m/z: 461.9
(100%) (M+H). Anal. Calcd for: C,,H,;F,N,0,S - 0.3He-
xane: C, 58.77; H, 4.80; N, 11.52; S, 6.59. Found C,
58.84; H, 4.55; N, 11.21; S 6.24.

9-(4-Fluorophenylsulfonyl)-6-(4-phenoxyphenyl)-9H -
purine (30)

Yield 300 mg (66%), mp 178-180 °C. '"H NMR
(CDCl,) 6 7.04-7.13 (m, 4H, H-3,5 in phenyl, H-2,6 in
O-phenyl ), 7.17 (t, J = 8.4 Hz, 1H, H-4 in O-phenyl), 7.27
(t, J = 8.4 Hz, 2H, H-3,5 in O-phenyl), 7.38 (t, J = 8.4 Hz,
2H, H-3",5" in phenyl), 8.38 (dd, J, =4.8 Hz, J, = 9.2 Hz,
2H, H-2’,6’ in phenyl), 8.54 (s, 1H, H-8 in purine), 8.71
(d, J = 8.8 Hz, 2H, H-2,6 in phenyl), 9.06 (s, 1H, H-2 in
purine). *C NMR (DMSO-d,) 6 115.33, 117.21, 118.05,
119.95, 124.31, 127.10, 128.47, 129.02, 129.96, 130.83,
131.87, 132.62 (C in phenyl), 140.83(C-5), 150.88 (C-8),
153.85 (C-6), 155.84 (C-2), 160.91 (C-4). MS (ESI+) m/z:
447.7 (100%) (M+H). Anal. Calcd for: C,;H,,FN,O,S -
0.5H,0: C, 60.65; H, 3.54; N, 12.30; S, 7.04. Found C,
60.89; H, 3.45; N, 11.90; S 7.42.

9-(4-Trifluoromethylphenylsulfonyl)-6-(4-phenoxyp-
henyl)-9H-purine (31)

Yield 110 mg (23%), mp 184-186 °C. 'H NMR
(CDCly) 6 7.07-7.12 (m, 4H, H-3,5 in phenyl, H-2,6 in
O-phenyl ), 7.17 (t, 1H, H-4 O-phenyl), 7.38 (t, J = 8.4
Hz, 2H, H-3,5 in O-phenyl), 7.87 (d, J = 8.8 Hz, 2H, H-
2,6’ in phenyl), 8.49 (d, J = 9.2 Hz, 2H, H-3",5" in
phenyl), 8.53 (s, 1H, H-8 in purine), 8.71 (d, J = 8.8 Hz,
2H, H-2,6 in phenyl), 9.04 (s, 1H, H-2 in purine). MS
(ESI+) m/z: 497.8 (100%) (M+H). Anal Calcd for:
C,,H;F:N,O,S - 0.35Hexane: C, 59.53; H, 3.80; N,
10.64; S, 6.09. Found C, 59.66; H, 3.41; N, 10.36; S 5.94.

9-(4-tert-Butylphenylsulfonyl)-6-(4-phenoxyphenyl)-
9H-purine (32)

Yield 210 mg (43%), mp 157-159 °C. '"H NMR
(CDCl,) 61.33 (s, 9H, CH,), 7.07-7.12 (m, 3H, H-2,4,6 in
O-pheny), 7.37 (t, J = 8.8 Hz, 2H, H-3,5 in O-phenyl),
7.54 (d, J = 8.8 Hz, 2H, H-3,5 in phenyl), 7.82 (d, J = 8.8
Hz, 2H, H-3’,5” in phenyl), 8.22 (d, J = 8.8 Hz, 2H, H-
2°,6’ in phenyl), 8.53 (s, 1H, H-8 in purine), 8.71 (d, J =
8.8 Hz, 2H, H-2,6 in phenyl), 9.07 (s, 1H, H-2 in purine).
BC NMR (DMSO-d,) 6 30.89 (CH,), 35.50 (C in tert-

butyl), 118.07, 119.89, 124.22, 126.19, 126.68, 127.69,
128.52, 129.38, 129.93, 130.91, 131.77, 133.69 (C in
phenyl), 141.12 (C-5), 151.02 (C-8), 153.93 (C-6), 155.38
(C-2), 160.70 (C-4). MS (ESI+) m/z: 485.9 (100%)
(M+H). Anal. Calcd for: C,,H,,N,0,S: C, 66.92; H, 4.99;
N, 11.56; S, 6.62. Found C, 66.63; H, 4.78; N, 11.84; S
6.29.

2. 2. Cytotoxic Activity
2. 2. 1. Cells and Culture

The human primary liver cancer cell lines (Huh7,
HepG2, Mahlavu and FOCUS) were grown in Dulbecco’s
Modified Eagle’s Medium (DMEM) (Invitrogen GIBCO),
with 10% fetal bovine serum (FBS) (Invitrogen GIBCO),
nonessential amino acids, and 1% penicillin (Biochrome).
It was incubated in 37 °C with 5% CO,. DMSO (Sigma)
was used as the solvent for the compounds. The concen-
tration of DMSO was always less than 1% in the cell cul-
ture medium. The cytotoxic drugs (5-FU, Fludarabine and
Cladribine) used as positive controls were from Calbio-
chem.

2. 2. 2. Sulforhodamine B (SRB) Assay for
Cytotoxicity Screening

Huh7, HCT116, MCF7, HepG2, Mahlavu, and
FOCUS cells were inoculated (2000-10000 cells/well in
200 pL) in 96-well plates. The next day, the media were
refreshed and the compounds dissolved in DMSO were
applied in concentrations between 1 and 40 uM in parallel
with DMSO-only treated cells as negative controls. At the
72nd hour of treatment with compounds 3-32 and the ot-
her drugs, the cancer cells were fixed with 100 uL of 10%
(w/v) trichloroacetic acid (TCA) and kept at +4 °C in the
dark for one hour. TCA fixation was terminated by was-
hing the wells with ddH, O five times. Air-dried plates we-
re stained with 0.4% sulphorhodamine B (SRB) dissolved
in 1% acetic acid solution for 10 min in the dark and at
room temperature. The protein-bound and dried SRB dye
was then solubilized with 10 mM Tris-Base pH 8. The ab-
sorbance values were obtained at 515 nm in a microplate
reader. The data were normalized against DMSO only
treated wells, which were used as controls in serial dilu-
tions. In all experiments, a linear response was observed,
with serial dilutions of the compounds and the drugs.

3. Results and Discussion

3. 1. Chemistry

The 6-(4-substituted phenyl)-9-[(4-substituted
phenyl)sulfonyl]purine derivatives 17-32 were prepared
as shown in Scheme 1. The N-9 position in the starting
compound 6-chloropurine (1) was protected as the tetra-
hydropyran-2-yl (THP) derivative 2°° by reacting 1 with
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627

the carbocation formed in situ from 3,4-dihydro-2H-pyran
and catalytic amount of p-TSA in refluxing THF. We pre-
pared the 6-(substituted phenyl)purines 3-9 by Suzuki
coupling reaction. This coupling with 4-substituted
phenyl boronic acids in toluene catalyzed by Pd(PPh,),

gave compounds 3-9. The THP derivatives 3-9 were de-
protected using wet Dowex 50 x 8 (H+) in methanol to
obtain 6-(4-substituted phenyl)purines 10-16. Com-
pounds 10-16 were N-sulfonylated with complete regio-
selectivity applying the same set of reaction conditions as

Cl Cl
| N —_— N\
Sy s

!

R4 R4 Rq R,
10 H 3 H
1 F 4 F
12 ¢l 5 cl
13 Br N7 N\ & N N\ 6 Br
14 CF, P 2 — N) 7 CF;
15 C(CHy); N | N @ 8 C(CHa)s
16 OPh 10-16 39 9 OPh
Ry
AN
N N\>
LA
)
o)
17-32 Rz
R R, Ry R,
17 H F 25 CF, F
18 H CF, 26 CF; CFs3
19 H C(CH3)s 27 CF, C(CH3)3
20 F F 28 C(CH3); F
21 F CF3 29  C(CHs)3 CF,
22 F C(CHs)3 30 oph F
23 cl F 31 opPh CF3
24 Br F 32 OPh C(CHg)s

Scheme 1. (a) 3,4-dihydro-2H-pyran, p-TSA, THF; (b) R, PhB(OH),, Pd(PPh,),, K,CO,, toluene; (c) Dowex 50 x 8 (H+), MeOH, H,0; (d) (4-sub-
stituted benzene)sulfonyl chloride, pyridine, CH,Cl,
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reported for the sulfonylation of adenine. This reaction
took place only at the N-9 atom, without the simultane-
ous N-7 sulfonylation .>*** Treatment of 6-(4-substituted
phenyl)-9H-purines  10-16  with  (4-substituted
phenyl)sulfonyl chlorides in CH,CI, and pyridine on an
ice bath gave the corresponding N°-sulfonylated purines
17-32.

3. 2. Cytotoxic Activity and Structure-
Activity Relationship (SAR)

The in vitro cytotoxicity of the compounds 3-32
were initially analyzed on human cancer cells (liver Huh7,
colon HCT116, breast MCF7), using a sulforhodamine B
(SRB) assay. The IC,, values for each compound were al-
so calculated in comparison with the known cell growth

Table 1. In vitro cytotoxicity of the compounds 3-32 on different human cancer cell lines (Huh7, HCT116, MCF7)

Rq
Ry Ri
N
=N N NlL i N\>
NlL = \> N|k 3 \> § \S¢O
N~ N_ o NZ N o~
O “ LS8
Rz
3-9 10-16 17-32
Cancer cell lines, IC,, (uM)*
Compound R, R, Huh?7 HCT116 MCF7
3 H - 69.8 £ 12.1 NI NI
4 F - 49.6+1.9 NI NI
5 Cl - 29272 NI NI
6 Br - 273£12.6 NI NI
7 CF, - 22269 NI NI
8 C(CH,), - NI NI NI
9 OPh - 5407 159+9.3 74x13
10 H - NI NI NI
11 F - NI NI NI
12 Cl - >100 78.8 £21.1 NI
13 Br - 56.4 +16.7 NI NI
14 CF, - 44.1£17.5 NI NI
15 C(CH,), - >100 NI NI
16 OPh - 16.0£1.2 448 1.1 24.0x0.1
17 H F NI >100 NI
18 H CF, 42155 NI 549 +57
19 H C(CH,), NI NI NI
20 F F NI 65.2 £25.8 NI
21 F CF, NI 53.1£41.6 NI
22 F C(CH,), NI NI NI
23 Cl F NI 78.2+59.9 NI
24 Br F NI NI NI
25 CF, F NI NI NI
26 CF, CF, NI NI NI
27 CF, C(CH,), NI NI NI
28 C(CH,), F NI NI NI
29 C(CH,), CF, 16.0£1.2 30249 27.1x£0.3
30 OPh F 143+£1.6 145x2.1 22.7+0.5
31 OPh CF, 13.6 £0.9 13.1 4.6 17.0£0.7
32 OPh C(CH,), 11.0£0.8 18233 21.1£1.6
5-FU 30618 4.1x03 35+0.7
Fludarabine 284192 8.0x34 152 £0.1
Cladribine 09+0.7 <0.1 2424

*1Cy, values were calculated from the cell growth inhibition percentages obtained with 5 different concentrations (40, 20,
10, 5, and 2.5 uM) of each molecule incubated for 72 h. NI: No inhibition
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inhibitors 5-fluorouracil (5-FU), fludarabine and cladribi-
ne and the results are summarized in Table 1.

Among the molecules synthesized in this study,
analogues accommodate substituted tetrahydropyran
moiety at their N-9 position 3-9, and the one with a pro-
mising IC, value against Huh7 (5.4 uM) is 6-(4-phe-
noxyphenyl)-9-(tetrahydropyran-2-yl)-9H-purine (9).

R] RI
o b
T “ /_J
NN N
> NS
|M"$ D

0o N
N
N
T;J 045/

Analyzing the data presented in Table 1, highlights the
4-phenoxyphenyl substitution as the group at C-6 as the
most responsible for the anti-cancer activity against
Huh7. When we compared their IC, values with the
nucleobase analogue 5-FU and nucleoside analogue Flu-
darabine, we observed that our compounds 9, 16, 30, 31
and 32 had showed lower values in micromolar concen-

| B & T

Better cytotoxic activity

v

R1=—O—©>CF3>Br>Cl>F>H

ﬂ

Ry= —0@ > CF;3 = Br 2 C(CH4); = Cl
R1= '—0@ > C(CH3)3 > H

Ry= C(CHz)3 2 CF3 > F

Most active cytotoxic compounds

ICso= 5.4 uM

ICsp= 11.0 uM

ICso= 13.6 uM

SN

C(CHz)s

Scheme 2. Structure-activity relationship (SAR) of substituted purines against Huh7 (3-32)
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trations and these molecules had a better cytotoxic acti- bearing a 4-tert-butylphenyl substituent at C-6 position
vity on Huh7 cells (5.4, 16.0, 14.3, 13.6 and 11.0 vs 30.6 of the purine, was active derivative with greater potency
uM and 28.4 for 5-FU and Fludarabine). Compound 29, against Huh7 cell line than 5-FU and Fludarabine. The

Table 2. IC, values of 5-9, 14, 16, 18, 28-32 against hepatocellular carcinoma (HCC) cell lines: Huh7,
HepG2, MAHLAVU, FOCUS.

Compound HCC Cancer cell lines, IC,, (uM)

Huh?7 HepG2 Mahlavu FOCUS
5 202+72 39.7x17.7 NI NI
6 273126 38.4+13.9 NI 82.6+43.3
7 222+6.9 NI NI NI
8 NI NI NI NI
9 54+0.7 NI 549 +69.4 6.2+1.6
14 44.1+£17.5 449 +23.6 54.1+49 45.0+14.6
16 16.0£1.2 23.4+0.6 30.2+1.7 254 +48
18 42,155 NI NI 90.0 +39.8
28 NI NI NI NI
29 160+1.2 47.1+19.5 17.4 0.9 NI
30 143+1.6 344+95 16.6 2.1 173+1.5
31 13.6 £0.9 234+1.5 21.0+0.3 27.0+54
32 11.0+0.8 145+0.9 23.5+04 222 +3.0
5-FU 30.6 = 1.8 51+0.8 100+ 1.8 37+05
Fludarabine 284 +19.2 17.0+59 13.5+49 13712
Cladribine 0.9+0.7 0.4+0.1 <0.1 <0.1

*1Cy, values were calculated from the cell growth inhibition percentages obtained with 5 different concen-
trations (40, 20, 10, 5, and 2.5 uM) of each molecule incubated for 72 h. NI: No inhibition

% cell death H uh7 % cell death MAHLAVU
: | i i 100 \
14 16 18 29 30 31 32 14 16 18 29 30 31 32
®m40uM ®m20uM ®10uM S5uM  m2.5uM 40V ®m20uM = 10pM S5uM W 2.5uM
% cell death HepG2 % cell death FOCUS
: L II i
14 16 18 29 30 31 32 14 16 18 29 30 31 32
m40uM m20uM m10uMm S5uM = 2.5uM | A40p™M m20uM B 10uM SpM m2.5uM

Figure 4. Percent cell death in the presence of the most active compounds. Huh7, HepG2, Mahlavu and FOCUS cells were inoculated in 96-well
plates. All molecules and their DMSO controls were administered to the cells in triplicate with five different concentrations: 40, 20, 10, 5, and 2.5
uM. After 72 h of incubation, SRB assays were generated and the cell death percentages were calculated in comparison with DMSO-treated wells.
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structure-activity relationship (SAR) results are summa-
rized in Scheme 2.

Notably 6,9-disubstituted derivative 9 showed supe-
rior cytotoxic activity (IC,,7.4 uM) compared with Fluda-
rabine (IC, 15.2 uM) against MCF7 tumor cell line. Wit-
hin the tested purine analogues on HCT116 cell, com-
pounds 9 and 31 with 4-phenoxyphenyl group at N-9 posi-
tion, showed good cytotoxic activity (IC,, 15.9 and 13.1
UM, respectively).

We then screened the cytotoxic activity of the most
potent purine derivatives (5-9, 14, 16, 18, 28-32) against
further hepatocellular cancer (HCC) cells: HepG2,
Mahlavu, and FOCUS (Table 2, Fig. 4). We found out that
the most important cell growth inhibition was observed in
the presence of 6-(4-phenoxyphenyl)-9-(tetrahydropyran-
2-yDpurine derivative 9, with IC,, values of 5.4-6.2 uM
against Huh7 and FOCUS cell lines. Furthermore, 9 had a
better cytotoxic activity than the cytotoxic drugs 5-FU and
Fludarabine on Huh7 cells (Table 2). The 9-(4-(tert-
butyl)phenylsulfonyl) analogue 32 was also very active
(IC,, values in range of 11.0-14.5 uM) against Huh7 and
HepG2 cell lines.

4. Conclusion

A series of 6-(4-substituted phenyl)-9-(tetrahydro-
pyran-2-yl)purines 3-9, 6-(4-substituted phenyl)purines
10-16, and 9-(4-substituted phenylsulfonyl)-6-(4-substi-
tuted phenyl)purine analogues 17-32 were prepared and
their cytotoxic activities identified. 6-(4-Phenoxy-
phenyl)purine derivatives 9, 16, 30, 31, 32 showed potent
anticancer activity at low concentrations against Huh7 cell
line when compared to 5-FU and Fludarabine as potent
cytotoxic drugs. Among the 30 compounds investigated,
the most potent purine derivatives 5-9, 14, 16, 18, 28-32
were further analysed for their activity on HCC cells
(Huh7, HepG2, Mahlavu, FOCUS). The molecule 9 exhi-
bited promising cytotoxic activity with IC,, value of 5.4
UM on Huh7 cell line.
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Pripravili smo serijo 6-(4-substituiranih fenil)-9-(tetrahidropiran-2-il)purinov 3-9, 6-(4-substituiranih fenil)purinov
10-16 in 9-((4-substituiranih fenil)sulfonil)-6-(4-substituiranih fenil)purinov 17-32. Pripravljenim spojinam smo do-
lo¢ili njihovo in vitro aktivnost proti izbranim ¢loveskih rakastim celicam (jeter Huh7, debelega ¢revesja HCT116, dojk
MCF7). 6-(4-Fenoksifenil)purinski analogi 9, 16, 30-32 so izkazali visoke citotoksi¢ne aktivnosti. Za najbolj aktivne
purinske derivate 5-9, 14, 16, 18, 28-32 smo nadalje dolo¢ili citotoksi¢no aktivnost za hepatoceli¢ne rakaste celice. Iz-
kazalo se je, da ima 6-(4-fenoksifenil)-9-(tetrahidropiran-2-il)-9H-purin (9) vecjo citotoksi¢no aktivnost (IC,;5.4 uM)
na Huh7 celice kot pa dobro znani analog nukleinskih baz 5-FU in tudi vecjo kot nukleozidna u¢inkovina fludarabin. Iz
$tudij odvisnosti aktivnosti od strukture lahko zaklju¢imo, da so za delovanje proti raku pomembni zlasti substituenti na
poloZaju C-6 purinskega jedra; 4-fenoksifenilna skupina pa se je izkazala kot najbolj uc¢inkovita izbira.

Kucukdumlu et al.: Synthesis of Some Substituted 6-Phenyl ...



DOI: 10.17344/acsi.2017.3423

Acta Chim. Slov. 2017, 64, 633-637 @EFAMGns ¢33

Scientific paper

Synthesis and Properties of two Cu' Complexes
Involving Tetrathia-fulvalene-Fused
Phenanthroline Ligand

Zhi-Gang Niu,*»" Xue-You Wang," Hao-Hua Chen,! Xun Wang' Sun Wei,!
Dong-Min Wu,' Guang-Ying Chen,’ Jie Qin** and Gao-Nan Li"*
! College of Chemistry and Chemical Engineering, Hainan Normal University, Haikou 571158, PR China

2 Key Laboratory of Tropical Medicinal Plant Chemistry of Ministry of Education, Hainan Normal University,
Haikou 571158, PR China

3 School of Life Sciences, Shandong University of Technology, Zibo 255049, PR China
* Corresponding author: E-mail: mailto:ligaonan2008 @ 63.com
Received: 08-04-2017

1 These authors made equal contributions.

Abstract

Two Cu' complexes based on the T-conjugated tetrathiafulvalene-annulated phenanthroline ligands (TTF-Phen, L,andL,),
[CuI(Xantphos)(Ll)]BF4 (1, Xantphos = 9,9-dimethyl-4,5-bis(diphenylphosphino)xanthene) and [CuI(Binap)(Lz)]BF4 2,
Binap = 2,2’-bis(diphenylphosphino)-1,1’-binaphthyl), have been synthesized. They have been fully characterized, and
their photophysical and electrochemical properties are reported together with those of L; and L, for comparison. Both Cu'
complexes show metal-to-ligand charge transfer (MLCT) absorption bands, whereas the *MLCT luminescence is strongly

quenched.

Keywords: Copper(I) complexes; Tetrathiafulvalene ligands; Photoluminescence; Cyclic voltammetry

1. Introduction

In the recent study of TTF chemistry, multifunctio-
nal molecular material involving interplay and synergy
between multiple physical properties have received consi-
derable attention.' An established strategy for the prepa-
ration of such molecular materials is the combination of
functional groups and electro-active TTF moieties.*”’
Indeed, in the past years this strategy has led to materials
exhibiting novel photofunctional properties, such as fluo-
rescence switches, metal ion sensors, photovoltaic cells,
and nonlinear optics.*!! Following this strategy, we re-
cently reported two TTF-based Cu' complexes, [Cu'(Bi-
nap)(TTF-TzPy)|BF, and [Cu'(Xantphos)(TTF-Tz-
Py)IBF,, which exhibit interesting electrochemical and
photophysical properties.'?

However, TTF-TzPy is a non-conjugated system
with o-bonded molecular bridge. Thus, in this paper, we

use more t-conjugated TTF-Phen ligand instead of TTF-
TzPy ligand to form two Cu' complexes, [Cu'(Xantp-
hos)(L,)IBF, (1, Xantphos = 9,9-dimethyl-4,5-bis(dip-
henylphosphino)xanthene) and [CuI(Binap)(Lz)]BF4 (2,
Binap = 2,2’-bis(diphenylphosphino)-1,1’-binaphthyl).
The photophysical and electrochemical properties of these
complexes are investigated.

2. Experimental

2. 1. Materials and Measurements

All air-sensitive and/or water-sensitive reactions
were carried out under a dry nitrogen atmosphere. All
commercial chemicals were used without further purifica-
tion unless otherwise stated. Solvents were dried and de-
gassed following standard procedures. Column chromato-
graphy was carried out using 200-300 um mesh silica.
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Scheme 1. Synthetic routes of Cu' complexes 1-2.

4’,5’-dimethyldithiotetrathiafulvenyl[4,5-f][1,10]phe-
nanthroline (L,) and 4’,5’-bis(methyloxycarbonyl)dithio-
tetrathiafulvenyl[4,5-f][1,10]phenanthroline (L,) were
synthesized according to the literature.'*

"H NMR spectra were recorded on a Bruker AM
400 MHz instrument. Chemical shifts were reported in
ppm relative to Me,Si as internal standard. ESIMS spectra
were recorded on an Esquire HCT-Agilent 1200 LC/MS
spectrometer. FT-IR spectra were taken on a Nicolet 6700
FTIR spectrometer (400-4000 cm™) with KBr pellets.
The thermoanalytical anaysis (TG) was performed with a
simultaneous NETZSCH STA 449C thermal analyzer.
The elemental analyses were performed on a Vario EL
Cube Analyzer system. UV-Vis spectra were recorded on
a Hitachi U3900/3900H spectrophotometer. Fluorescence
spectra were carried out on a Hitachi F-7000 spectropho-
tometer.

2. 2. Synthesis

2. 2. 1. Preparation of [Cu'(Xantphos)(L,)IBF, (1)
To a solution of L, (30 mg, 0.067 mmol) in degas-
sed, dry DCM (5 mL) and MeOH (5 mL), was added
[CuI(MeCN)A‘]BF4 (25 mg, 0.080 mmol) and Xantphos
(42 mg, 0.074 mmol). Then the mixture was degassed by
vacuum and charged with N, (three times). The mixture
was stirred at room temperature for 5 h under nitrogen at-
mosphere. The resulting solution was concentrated and
Et,0 was added to precipitate the product 1 (42 mg, yield:
53%) as a red solid. '"H NMR (400 MHz, CDCl,) & 8.50
(d, J=4.4 Hz, 2H), 8.15 (d, J = 8.0 Hz, 2H), 7.85 (dd, J,
= 4.8 Hz, J, = 8.0 Hz, 2H), 7.69 (d, J = 7.6 Hz, 2H),
7.11~7.25 (m, 8H), 7.04~7.08 (m, 8H), 6.86~6.91 (m,
8H), 2.49 (s, 6H), 1.78 (s, 6H). FT-IR (KBr, cm™):

MeS _
BF,
MeS
MeO,C
BF4
MeO,C

3056(w), 2922(w), 1578(w), 1405(s), 1228(m), 1058(s),
746(m), 696(m). MS (EI): m/z 1089.1 (M-BF,). Anal.
Calcd for C;,H,,BCuF,N,OP,S, (%): C 58.14, H3.77, N
2.38; Found: C 57.87, H 3.53, N 2.42.

2. 2. 2. Preparation of [CuI(Binap)(Lz)]BF4 2)

[CuI(Binap)(MeCN)z]BF4 (60 mg, 0.070 mmol) and
L, (30 mg mg, 0.063 mmol) were stirred in degassed, dry
DCM (5 mL) and MeOH (5 mL) for 5 h under nitrogen at-
mosphere. The resulting solution was concentrated and
Et,0 was added to precipitate the product 2 (38 mg, yield:
48%) as a red solid. 'H NMR (400 MHz, CDCl,) 6 8.74 (s,
2H), 8.12 (d, J = 6.8 Hz, 2H), 7.92 (s, 2H), 7.31~7.34 (m,
6H), 7.07~7.18 (m, 26H), 3.89 (s, 6H). FT-IR (KBr, cm™):
3056(w), 2925(w), 1727(s), 1576(m), 1433(s), 1269(s),
1060(s), 749(m), 697(m). MS (EI): m/z 1157.1 (M-BF)).
Anal. Calcd for CH,,BCuF,N,O,P,S, (%): C 61.71, H

3.56, N 2.25; Found: C 61.45, H 3.58, N 2.12.

2. 3. Cyclic Voltammetry

Cyclic voltammetry (CV) was performed on a CHI
1210B electrochemical workstation, with a glassy carbon
electrode as the working electrode, a platinum wire as the
counter electrode, an aqueous saturated calomel electrode
(SCE) as the reference electrode, and 0.1 M n-Bu,NCIO,
as the supporting electrolyte.

3. Results and Discussion

The synthetic routes to complexes 1-2 are shown in
Scheme 1. The TTF-fused ligands, copper(I) salt and PCP
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ligands were added in dry DCM and MeOH, and coordi-
nated to afford corresponding Cu' complexes 1-2. The
crude product was recrystallized from dichloromethane
and diethyl ether. Complexes 1-2 were characterized by
IR, ESI-MS, elemental analysis, '"H NMR, UV-vis, FL
spectra and cyclic voltammetry.

3. 1. IR and ESI Spectra

In the IR spectrum of complexes 1 and 2 (Fig. S1
and Fig. S2), their spectra have almost the same tendency.
The peaks at 3056, 2922, 1405 cm™! for 1 and 3056, 2925,
1433 cm™ for 2 are Ve of CH, group and v, ., and the
strong absorption peak at 1058 cm™ for 1 and 1060 cm™
for 2 are attributed to B-F stretches of BF,” group. Moreo-
ver, the strong absorption peaks at 746 and 696 cm™ for 1
and 746, 696 cm™' for 2 are 8. ;. Particularly, the strong
absorption peaks at 1727 cm™ for 2 are attributed to C=0
stretches of CO,Me group.

The structure of complexes 1 and 2 was also studied
by electrospray ionization mass spectrometry (ESI-MS).
A positive ion ESI-MS of complexes 1 and 2 (Fig. S3 and
Fig. S4) were measured in methanol solution. The main
peak at m/z 1089.1 of 1 is [CuI(Xantphos)(Ll)]+ ion and
m/z 1157.1 of 2 is [CuI(Binap)(Lz)]Jr ion, respectively.

3. 2. Photophysical Properties

3. 2. 1. Absorption Properties

The absorption spectra of the ligands L,-L, and
complexes 1-2 were measured in dichloromethane solu-
tion at room temperature (Fig. 1), and the data are provi-
ded in Table 1. For complexes 1-2, absorption spectra are
similar to that of the free ligand L,—L,. Intense absorption
bands from 250 to 350 nm at high energy are observed,
which is attributed to spin-allowed intraligand (n-rt ) tran-
sitions. Compared with L;—-L,, the absorption bands at
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Fig. 1. Electronic absorption spectra of ligands L,-L, and comple-
xes 1-2 in CH,Cl, at room temperature.

Table 1. Photophysical data for compounds L,-L, and 1-2

Absorption Emission
Complex labs (nm)* ’lem (nm)”
L’ 275, 308, 326, 435 382,400
L, 268, 318, 436 381, 400
1 271, 288, 406 383, 406
2 284,317, 406 381, 434

“ Measured in degassed CH,Cl, solution at room temperature. b Da-
ta from ref. 13.

low energy (A > 350 nm) of complexes 1-2 are slightly
blue shifted, and the intensities are increased around
400410 nm, which may be related to metalation of the li-
gand.'

3. 2. 2. Emission Properties

The normalized emission spectra of the ligands
L,-L, and complexes 1-2 in CH,Cl, solution are presen-
ted in Fig. 2. The emission data are also included in Table
1. In comparison to the related ligands, the emission spec-
tra of complexes 1-2 exhibit similar emission. The emis-
sion maxima at 381-383 nm and a shoulder peak at
406434 nm are observed resulting from the ligand-cente-
red (LC) m—n* relaxations. However, no obvious emis-
sions with *MLCT character are found. Similar observa-
tions are also found in other metal complex systems.!*"!’

Normlized Emission

I I I
400 450 500 550 600
Wavelength / nm

Fig. 2. Normalized emission spectra of ligands L,-L, and comple-
xes 1-2 in CH,Cl, at room temperature.

3. 3. Electrochemical Properties

Electrochemical properties of the complexes 1-2
were investigated by cyclic voltammetry in
CH,CN/CH,(CI, as illustrated in Fig. 3, and their electroc-
hemical data are collected in Table 2. All compounds
(L,-L,, 1-2) exhibit two one-electron oxidation processes,
which are associated with the successive oxidation of the

Niu et al.: Synthesis and Properties of two Cu! Complexes ...
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TTF unit to TTF" and TTF*. The redox potentials E,'
and E1/22 for 1 are 0.79 and 0.98 V, and those for 2 are 0.93
and 1.15 V, respectively. Upon coordination, the two oxi-
dation processes of TTF subunits for 1-2 are shifted to mo-
re positive potentials in comparison with the respective li-
gands (Table 2). This is attributed to the electron-withdra-
wing inductive effect of Cu' core.!> For the previously
synthesized Cu' complexes based on TTF-TzPy, redox po-
tentials for the ligand and Cu' complexes have no obvious
change.'® These differences result is that we use different
types of ligands. TTF-TzPy is a non-conjugated system
with 6-bonded molecular bridge, which is unfavorable to
the transmission of electrons. However, we use more 7-co-
njugated TTF-Phen ligand and the phen unit is grafted on
the TTF core through a conjugated spacer group, which is
advantageous to intramolecular electron transfer and com-
munications. Consequently, Cu' complexes 1-2 possess
better electron-withdrawing abilities than the free ligands.

-50

-40 A

-304

-20 4

Current/u A

0.0 0.4 0.8 1.2 16
Potential / V

Fig. 3. Cyclic voltammogram of 1-2 measured in CH,CN/CH,Cl,
(1:1) solution containing n-Bu,NCIO, (0.1 M), at a scan rate of
100 mV/s.

3. 4. Thermal Stability

The TG analyses were carried out from 30 °C to 700
°C in N, atmosphere with a heating rate of 10 °C min". As
shown in Fig.4, complex 1 began to lose weight at approxi-
mately 295 °C and continuous decomposition is observed
during 295 to 650 °C with the increase of temperature. The
residue weight of 6.94% is due to CuO and is in agreement

with the calculated value of 6.76%. For complex 2, no
weight loss was observed up to 250 °C, indicating that it is
stable below 250 °C. With the increase of temperature, the
organic fragments start to decompose gradually in range of
250 to 640 °C. The residue weight of 6.68% is due to CuO
and is in agreement with the calculated value of 6.38%.

T T T T
200 400 i 600
Temperature/ C

Fig. 4. TG curves of complexes 1 and 2

4. Conclusions

In summary, we have synthesized two new Cu'
complexes with TTF-Phen as the ligands, [Cu'(Xantp-
hos)(L,)IBF, (1) and [CuI(Binap)(Lz)]BF4 (2). Their ther-
mal stability, photophysical properties and electrochemi-
cal behaviors have been investigated. The two new Cu'
complexes are stable below 250 °C. The emission of com-
plexes 1-2 is no longer of "MLCT but rather of ligand-
centered (LC) nature. The interesting redox-active proper-
ties for complexes 1 and 2 have been evidenced by elec-
trochemical studies. The association of the redox-active
bridging TTF ligand to a variety of mixed-ligand transi-
tion-metal complexes may pave the way to obtain multi-
functional materials, which are currently under investiga-
tion in our laboratory.
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Sintetizirali smo dva Cu' kompleksa s m-konjugiranim tetratiafulvalen vsebujodim fenantrolinskim ligandom (TTF-
Phen, L, in L,) [CuI(Xantphos)(Ll)]BF4 (1, Xantphos = 9,9-dimetil-4,5-bis(difenilfosfino)ksanten) in [Cu!
(Binap)(L,)]BF, (2, Binap = 2,2’-bis(difenilfosfino)-1,1’-binaftil) ter ju okarakterizirali in dolociti fotofizikalne in elek-
trokemijske lastnosti v primerjavi z ligandoma L, in L,. Oba Cu' kompleksa izkazujeta absorpcijski vrh za prenos nabo-
ja s kovine na ligand (MLCT), medtem ko je *MLCT luminescenca preprecena.
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Abstract

A novel fluorescent probe based on dansyl-appended rhodamine B was developed. The probe can selectively recognize
and sense Hg?* and Cu?* from other common metal ions by showing unique fluorescence and absorption characteristics.
In MeCN/HEPES buffer solution, the probe gives a ratiometric fluorescent response to Hg?*, which was ascribed to the
fluorescence resonance energy transfer from dansyl moiety to the ring-opened rhodamine B moiety, while the presence
of Cu®* causes fluorescence quenching. Beside the fluorescence change, the presence of Cu®** and Hg?* can induce in-
tensive absorption at about 555 nm, which resulted in a color change from colorless to pink.

Keywords: Rhodamine; Fluorescent probe; Copper ion; Mercury ion

1. Introduction

Copper and mercury are among the most ubiquitous
of toxic heavy and transition metals in our environment
due to their widespread use in industrial production and
daily life. Copper overload is linked to brain damage and
oxidative stress although it is an essential trace element.’
Additionally, copper is highly toxic to aquatic organisms
and ecosystems. Mercury is a highly toxic element. All
humans are exposed to some level of mercury because it
diffuses globally through atmospheric circulation. In
freshwater and marine food webs, the bioaccumulation of
mercury is so efficient that the mercury levels in top pre-
dators, for example shark, may be thousands of times
higher than in the surrounding water.> Therefore, the de-
velopment of fluorometric or colorimetric probes for the
fast and convenient detection of Cu** and Hg>* in orga-
nisms and environment has attracted considerable atten-
tion.>'! In recent years, considerable efforts have been
made to take advantage of rhodamine dyes in construc-
ting fluorometric probes for metal ions,'>”'® and a number
of excellent fluorescent probes for Cu** or Hg?* have
been reported.!”"'® However, the probes that can sense
two or more mental ions separately were rarely repor-
ted.19-21

In the present work, a novel fluorescent probe (RD)
based on dansyl-appended rhodamine B was designed and

synthesized for detection of Hg** and Cu** (Scheme 1). In
MeCN/HEPES buffer solution, it can give a ratiometric
fluorescent response to Hg** and a fluorescent quenching
response to Cu’*. Meanwhile, the probe can give colori-
metric responses to Cu®* and Hg?*.

2. Experimental

2. 1. Reagents and Apparatus

All chemicals were purchased from commercial
suppliers and used as received without further purifica-
tion. Rhodamine B derivative (compound 1 in Scheme 1)
were prepared according to the published procedure.?
Analytical grade acetonitrile and deionised water were
used in all spectral measurements. The samples of metal
ions were prepared by dissolving the corresponding metal
nitrates in water except the sample of Hg**, which was ob-
tained by dissolving mercuric sulfate in dilute nitric acid
(0.1 mol/L).

'H and *C NMR spectra were recorded on a Bruker-
400 spectrometer. ESI-MS spectra were performed on a
Bruker Esquire HCT mass spectrometer. Fluorescence
spectra were taken on a Hitachi F-7000 fluorescence spec-
trometer. UV-vis absorption spectra were measured on a
TU-1901 spectrophotometer. The pH values were deter-
minated on a PHS-3C digital pH meter.
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2. 2. Synthesis of the Probe RD

Under -25 °C, rhodamine B derivative 1 (0.69 g, 1.2
mmol), dansyl chloride (0.35 g, 1.3 mmol) and
triethylamine (0.2 ml, 1.4 mmol) were combined in dich-
loromethane (20 mL) and then stirred for 6 h. After the
solvent was evaporated under reduced pressure, the crude
product was purified by column chromatography (petro-
leum ether/ethyl acetate, 1:1, v:v) to give RD as a red so-
lid (0.59 g, 61%). 'H NMR (400 MHz, CDCl,) & (ppm):
11.00 (s, 1H), 9.10 (s, 1H), 8.57 (d, 1H, J = 8.0 Hz), 8.39
(d, 1H, J=8.0 Hz), 8.04 (t, 1H, J=7.2 Hz), 7.94 (d, IH, J
=7.2 Hz), 7.64 (t, 1H, J = 8.0 Hz), 7.52 (m, 2H), 7.41 (t,
1H, J=8.0Hz), 7.23 (d, 1H, J=8.0 Hz), 7.15 (d, 1H, J =
7.2 Hz), 6.92 (d, 1H, J = 8.0 Hz). 6.42 (m, 5H), 6.36 (s,
1H), 6.23 (d, 2H, J = 8.0 Hz), 3.31 (q, 8H, J = 6.8 Hz),
2.90 (s, 6H), 1.14 (t, 12H, J = 6.8 Hz). 3C NMR (100
MHz, CDCI,) 6 (ppm): 164.2, 159.6, 153.5, 151.9, 151.4,
151.3, 150.6, 149.1, 133.6, 132.1, 132.0, 131.2, 131.0,
129.95, 129.86, 129.8, 129.0, 128.6, 128.0, 124.2, 123.3,
123.0, 119.4, 117.7, 115.7, 112.8, 110.6, 108.1, 105.2,
97.9, 66.5, 45.4, 44.3, 12.6. ESI-MS m/z: 810.4 [M+H]";

caled for C;H,(N.O.S, 810.3 (Fig.S1-3).
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Scheme 1. Synthesis of RD

3. Results and Discussion

3. 1. Fluorescence Responses to Hg>* and Cu**

The fluorescence changes of RD were investigated
in MeCN/H,O solution (9/1, 10 mM HEPES buffer, pH
7.2) upon addition of a wide range of metal ions including
Na*, K+’ Ca2+’ Mg2+’ A13+, Mn2+’ C02+, Niz+, Cu2+, CI'3+,
Ag*, Pb*, Zn>*, Cd*, Hg*, Fe**, and Fe**. As shown in
Fig. 1, RD alone displayed the emission of the dansyl mo-
iety around 545 nm when excited at 370 nm. Upon addi-
tion of Hg2+, the emission at 545 nm decreased, and
in the meantime the fluorescence of the rhodamine moiety
near 580 nm was observed. Besides ng*, the presence of

Cu** has a great impact on the RD fluorescence, which
was quenched by the addition of Cu**. The fluorescence
changes were visible to the naked eye: the addition of
Hg?* causes a fluorescence color change from green to
orange, while the addition of Cu®* leads to fluorescence
disappearance (Fig. 1 inset). Except Hg* and Cu?*, no te-
sted metal ions show any significant effect on the fluores-
cence spectrum of RD.

The fluorescence titrations of RD with Hg** and
Cu** were carried out by the addition of increasing
amount of Hg** or Cu**, respectively, to RD solution. As
shown in Fig. 2, upon gradual addition of Hg?* the signifi-
cant fluorescence enhancement at 580 nm, and mean-
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Figure 1. Fluorescence spectra of RD (10 uM) upon addition of va-
rious cations (10 uM) in MeCN-H, O solution (9/1, 10 mM HEPES
buffer, pH 7.2) when excited at 370 nm. Inset: the fluorescence

photographs of RD in the absence (a) and presence of Hg>* (b) and
Cu?* (c) in dark-box ultraviolet analyzer when excited at 365 nm.
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Figure 2. Fluorescence titration spectra of RD (10 uM) with Hg**

(0-12 uM). Inset: the fluorescent intensity ratio (I g/1s,s) as a func-
tion of Hg?* concentration.
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Figure 3. Fluorescence titration spectra of RD (10 uM) with Cu**

(0-12 uM). Inset: the fluorescent intensity at 545 nm as a function
of Cu®* concentration.

while, the gradual fluorescence disappearance at 540 nm
were observed, which should be ascribed to the fluores-
cence resonance energy transfer (FRET) from dansyl mo-
iety to the ring-opened rhodamine moiety.**~*® Therefore,
RD as a ratiometric fluorescent probe for Hg>* was estab-
lished. Fig. 3 shows the gradual fluorescence quenching
along with the increase of Cu?* concentration. Conse-
quently, RD can serve only as a fluorescence-quenching
probe for Cu®*. The detection limits of RD for Hg** and
Cu** were calculated to be 2.22 x 10 mol/L and 4.35 x
107® mol/L, respectively, with the equation DL = 38/S (8:
the standard deviation of the blank solution; S: the slope
of the calibration plot, Fig. S4-5).

3. 2. Colorimetric Signaling of Hg’* and Cu?*

RD alone shows no absorption in the visible light re-
gion, so it is colorless. Upon addition of Cu®* and Hg** se-
parately, strong absorption appeared at 552 nm and 558
nm, respectively, along with a color change from colorless
to pink. Obviously, the addition of Cu** induced a stron-
ger absorption and thicker pink color than that of Hg**.
Excluding Cu®* or Hg**, all the other metal ions have no
effect on the UV/vis spectrum of RD (Fig. 4). UV/vis ab-
sorption titration with Cu®* and Hg>* were recorded res-
pectively in Fig. 5 and 6. The absorbance of RD was
found to increase gradually with the increasing concentra-
tion of metal ions. In addition, a linear relationship bet-
ween the absorbance and metal ions concentration was
observed (Fig. 5 and 6, inset). This implies the possibility
of quantitative determination of Cu®>*/Hg>* by spectropho-
tometry. The colorimetric detection limits of RD for Hg**
and Cu’* were calculated to be 4.17 x 10~ mol/L and 1.36
x 10~ mol/L, respectively, with the equation DL = 358/S
(8: the standard deviation of the blank solution; S: the slo-
pe of the calibration plot Fig. S6-7).
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solution before (a) and after the addition of Hg?* (b) or Cu®* (c) un-
der natural light.

09 E
08 806 Pl
Sorfh L
. i o [ ]
% 08 1802
0.5 "
g 0'05 g
8 04/
=
$ 03
=]
< 0.2
0.14
0.0 | =

475 500 525 550 575 600
Wavelength (nm)

Figure 5. UV-vis spectra of RD (10 uM) in the presence of diffe-
rent concentrations of Cu** (0-10 pM) in MeCN-H,O buffer solu-
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3. 3. Effect of pH and Selectivities for Hg>*
and Cu*

It is well known that the spiroring-opening of rhoda-
mines can be induced by H* besides metal ions, so it is ne-
cessary to investigate the pH effect on the fluorescence
change of RD. The fluorescence intensity ratios (Lsg,/Is,s)
of RD in the absence and presence of Hg?" at different pH
values were shown in Fig.7. When pH>6.0, the fluores-
cence of RD without any interference was observed.
When Hg** was added, the fluorescence intensity ratios
were maintained at maximum value under pH<8.0. When
pH>8.0, the ratiometric fluorescent responses rapidly di-
sappeared. Therefore, the probe can be used in the pH ran-
ge from 6.0 to 8.0. The pH value of 7.2 was chosen for all
the spectral measurements in this work.

For evaluating the effects of common metal ions on
the selectivity of RD for Hg**/Cu**, competition experi-
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Figure 7. pH-dependent fluorescence intensity ratios of probe RD
(10 uM) in the absence and presence of Hg?* (10 uM).
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Figure 8. Selective responses of RD (10 uM) to 10 uM Hg?* in the
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Figure 9. Fluorescence spectra of 10 uM RD (black) upon succes-
sive addition of 8 uM Cu** (red), 8 uM Hg** (blue) and then 8 uM
Cu** (green).

ments were carried out by measuring the fluorescence
spectra of RD in the presence of testing ions and various
interfering metal ions. As can be seen from Fig. 8, the
highly selective response of RD to Hg”* was observed in
the presence of various interfering metal ions except Cu**
which can partially quench the Hg**-induced fluorescen-
ce. The interactive effect between Hg”* and Cu®* was exa-
mined by measuring fluorescence of RD upon successive
addition of Cu®*, Hg** and then Cu**. As shown in Fig. 9,
the presence of Cu®* induces a fluorescence quenching at
545 nm. The subsequent addition of Hg** causes a new
fluorescence enhancement at 580 nm, which decreases
following the addition of Cu**.

3. 4. Binding Mode and Signaling Mechanism

As is well known, the rhodamine-based probes give
turn-on fluorescence responses to specific metal ions by
way of coordination between them and the subsequent
spirolactam ring-opening. To determine the stoichiometry
between Hg?*/Cu?* and RD, Job’s plots were employed by
using the absorbance as functions of molar fraction of
Hg2+/Cu2+. For both metal ions, the maximum absorbance
appeared when molar fractions are 0.5, indicating 1:1
stoichiometry for RD-Hg?* and RD-Cu** complexes (Fig.
S8). The binding mode of RD-Cu®* complex was further
illuminated by ESI-MS testing of RD in the presence of
1.2 equiv of Cu(NO,),. As seen in Fig. 10, a peak with m/z
871.3 was observed, which was assigned to [RD-H+Cu]*
(caled. 871.2). The observed and calculated isotopic pat-
terns agree well with each other (Fig. 10, inset). The pre-
sence of [RD-H+Cu]* suggests the deprotonation of the
phenolic hydroxyl upon the coordination of RD with
Cu?*. Based on above discussion, the coordination struc-
ture of RD-Cu®* complex was proposed as shown in Fig.
10 inset. It is regrettable that the peak corresponding to
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Figure 10. ESI-MS spectrum of RD in the presence of Cu(NO,),.
Inset: observed (A) and calculated (B) isotopic patterns for [RD-
H+Cu]", and the proposed coordination pattern of RD-Cu2+ com-
plex.

RD-Hg** complex was not observed, but it can be infered
that Hg?* should coordinate with RD just like Cu*". The
Cu**-induced fluorescence quenching should be ascribed
to the fact that paramagnetic Cu®* is the most notorious
fluorescence quencher. 2"~

4. Conclusion

In summary, a new probe based on dansyl-appen-
ded rhodamine B, which is capable of detecting Cu** and
Hg?*, has been developed. Free RD emits green fluores-
cence. The presence of Cu?* can cause the green fluores-
cence quenching. Upon addition of Hg?*, an orange fluo-
rescence enhancement and meanwhile the disappearance
of the green emission were observed, which was ascribed
to the fluorescence resonance energy transfer from dan-
syl moiety to the ring-opened rhodamine B moiety. Addi-
tionally, the probe can give colorimetric responses to
Cu?* and Hg** by producing intense absorptions at 552
nm and 558 nm, respectively, which resulted in a color
change from colorless to pink. Other common metal ions
including heavy and transition metal ions have no effect
on the fluorometric and colorimetric responses to Hg**
and Cu**.
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Razvili smo novo fluorescen¢no senzorsko probo, osnovano na rodaminu B s pripeto danzilno skupino. Proba lahko se-
lektivno prepoznava in zaznava Hg?* in Cu®* ione preko edinstvenih fluorescenc¢nih in absorpcijskih lastnosti, ne pa tu-
di ostalih obicajnih kovinskih ionov. V pufrski raztopini MeCN/HEPES daje proba raciometri¢ni fluorescen¢ni odgovor
na Hg*, ki ga pripisujemo fluorescenénemu resonan¢nemu prenosu energije z danzilne skupine na odprti obro¢ roda-
mina B, medtem ko prisotnost Cu?* povzroci dusenje fluorescence. Poleg sprememb v fluorescenci prisotnost Cu?* in
Hg?* povzroéi tudi intenzivno absorpcijo pri priblizno 555 nm, zaradi esar se barva spremeni iz brezbarvne v roZnato.
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Abstract

The alumina nanoparticles (NPs) have been synthesized from reaction between alum with ammonia and then calcined
the precipitate at 1200 °C for 4 h. Its surface was modified by oleic acid (OA) and trimethoxyvinylsilane (TMVS) in
o-xylene at 50 °C. The alumina NPs and its modified were characterized by XRD, FT-IR, SEM, EDX and TGA. The
TGA analysis indicated that the grafting amount of OA and TMVS were 10.5 and 8.0% respectively. The dispersion of
modified NPs was determined in monomers such as methyl methacrylate (MMA), butyl acrylate (BuA) and styrene
(St) and in solvents such as ethanol, hexane and acetone. The experimental results showed that the highest dispersion
was happened NPs modified by oleic acid in n-hexane, while the highest dispersion was observed NPs modified by
TMVS in acetone. The results indicate that NPs modified by oleic acid formed a stable dispersion in MMA and BuA.
The highest amount of dispersion happened NPs modified by oleic acid in MMA and BuA in initial weight of 5 and
2.5% respectively, while stable dispersion is formed in styrene when TMVS is used as modifier. The highest amount
of dispersion was happened NPs modified by TMVS in styrene in initial weight of 2.5%.

Keywords: Surface modification; alumina nanoparticles; oleic acid; trimethoxyvinylsilane; dispersibility; lipophilic de-

gree

1. Introduction

In recent decades, the superfine particles in the na-
no-scale were of great interest due to their high surface
area.'? Nano-sized ceramic powders, because of their ex-
cellent properties such as structural, optical and electrical
behavior are effective in many fields.*

Alumina is an important component of ceramic oxi-
des. Alumina is used in the chemical industry, metallurgy,
pharmaceutical and food industries due to the cheapness
and having good mechanical and optical properties.®’
Al O, has been widely used as catalyst and catalyst sup-
port, and also it has extensive applications in ceramic in-
dustry and structural composites.®

The Surface of mostly ceramic NPs such as alumina
is polar and hydrophilic nature. That’s why they do not
disperse in organic environments. This feature prevents
their use in the industry. This limitation can be overcome
by modifying their surface by appropriate modifiers.

Fatty acids are used as modifiers for surface NPs,
such as the surface of SiO, NPs was modified by oleic

9-11

acid. Oleic acid was connected through an ester bond to
the surface of nano-SiO,. Results showed the modified
NPs dispersion capabilities in non-polar solvents such as
petroleum or mineral oils.'? The surface modified ZnO
NPs increases dispersibility NPs in organic solvents and
reduces photo-catalyst behavior. To do this, the surface of
ZnO NPs was modified through using plasticizers silane
(y-methacryloxypropyltrimethoxysilan) and modified by
polystyrene. Experimental results showed good dispersion
of NPs in non-polar solvents such as acetone after surface
modification.'* The surface HfO, NPs was modified by
oleic acid. The presence of organic groups on the surface
of the hafnium oxide NPs was proved by FT-IR spectra,
and it indicated that oleic acid is attached to the carboxyla-
te form on the surface of the HfO, NPs. The surface of NPs
changed from hydrophilic to hydrophobic by surface mo-
dification, so they were dispersed well in hexane.'*

The nanocomposites (NCs) containing non-aggrega-
ted NPs were functionalized by two coupling agents (ci-
tric and ascorbic acids). Surface morphology indicated a
picturesque network structure due to the existence of
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hydrogen bonds in the modified AL,O,. It also proved
good dispersion of modified NPs in the polymer matrix.'’
The surface of alumina NPs was modified using epoxy-
containing alkoxysilanes. Coupling of organic groups on-
to the surface of oxides using alkoxysilanes occurs via the
formation of Si-O-M or metallasiloxane bonds. The surfa-
ce modification decreased the thermal stability of alumi-
na, in comparison with pristine alumina NPs.'

The surface of Al,O, NPs was modified using vinyl-
trimethoxysilane (VTMS) layer. Analyses revealed that
the silane coupling successfully adsorbed on the surface
of nano Al,O, via chemical interaction. Results show that
NPs with 3% VTMS was in good agreement with the sto-
rage modulus and glass transition temperature values re-
vealed by DMTA analysis."’

High performance polysulfone/alumina biocompa-
tible NCs are reported and the effects of alumina surface
modification are explored by Anaya and co-workers.'®
They show that some fatty acids (palmitic, stearic, oleic
and erucic acids) chemisorb over the surface of alumina
forming nano-sized self-assembled structures. These
structures present thermal transitions at high temperatu-
res, 100 °C higher than the melting point of the pure acids,
and are further shifted about 50 °C in the presence of
polysulfone.'®

Llorente and co-workers have investigated the wear
and mechanical behavior, along with the thermal stability,
of polysulfone/modified alumina. Alumina NPs have been
modified with polysulfone (PSU) chains of two different
molecular weights. The modification leads to an enhanced
homogeneous dispersion and enhanced mechanical and
wear behavior.'” Nano-indentation measurements confir-
med that the elastic modulus values were enhanced when
modified NPs were used to prepare NCs. The PSU chains
grafted to alumina promoted enhanced particle dispersion,
which at the same time induced protection in the polysul-
fone matrix against wearing off. The results showed a clear
tendency for increased strength and wear resistance, wit-
hout sacrificing transparency.'’

Alumina NPs have been modified with polysulfone
(PSU) chains via 1,3-dipolar cyclo-addition reaction bet-
ween functionalized alumina with vinyl groups and termi-
nal azide polysulfone chains of two different molecular
weights.?* Homo-polymer NCs have been prepared by ex-
trusion and microinjection. The effectiveness of the grafts
on the dispersibility has been analyzed in terms of the pa-
rameters that govern the wettability between grafted and
matrix chains. The dispersion state and interfacial adhe-
sion of PSU grafted NPs have been evaluated. Results
show that the incorporation of the modified alumina im-
proves the dispersion state in comparison with bare alumi-
na NPs. These results can be explained by enthalpic com-
patibility between polysulfone grafted layer and host
polysulfone matrix.?

The application of non-fouling thin films such as
poly(ethylene glycol) (PEG) to alumina membranes is

useful in drug delivery applications to prevent membrane
fouling in long-term usage. Popat and co-workers have
covalently attached PEG to nano-porous alumina surfaces
to improve their non-fouling properties.”! A PEG-silane
coupling technique was used to modify the surface.

The modification of nanometric aluminum oxides
particles by bis-phosphonic acid-based oligomers of aro-
matic polyester, polyether, or polydimethylsiloxane
(PDMS) was achieved with the formation of covalent
bonds between the oxide and the oligomers.?? The melt
blending of the unmodified as well as the modified partic-
les with PMMA led to well-dispersed NCs structures.
Thermal stability and fire behavior of PMMA were im-
proved due to physical and physico—chemical processes
involving the presence of the nanometric alumina. Signifi-
cant improvements for these properties in relation to the
grafting of the mineral were only noticed for the PDMS
phosphonic acid-based formulation, despite the very low
amount of oligomer present in PMMA. It is suggested that
this compound could act in the condensed phase due to its
important thermal stability and could also promote modi-
fications of the degradation pathway of PMMA in the in-
terphase region surrounding the alumina particles.*

Chemical surface modification of aluminum oxide
(AO) NPs with graft copolymer of AO and poly (isobutyl
vinyl ether) (PIBVE) (AO-graft-PIBVE) was carried out
by ball milling of AO NPs with IBVE in vacuum at low
temperature. The surface modified AO NPs with mono-
dispersed particle diameter exhibited structural blue color
which was evidenced by photograph, optical spectroscopy
(UV-Vis) and SEM image.”

Several protocols reported for the surface modifica-
tion of AL O, NPs, In this regard, different surfactants and
organic compounds such as a silane coupling agent, isoc-
yanate group, stearic acid, dimethyl sulfoxide, and acetic
acid have been used as modifying agents.>*’ To the best
of our knowledge, there is no report on the comparison of
the effectiveness of different modifiers for Al,O, NPs and
their compatibility in various organic solvents. In this
study, the surface of alumina NPs was modified by two
modifiers such as oleic acid (OA), trimethoxyvinylsilane
(TMVS), as well as a mixture of two modified in three ra-
tio (3:1), (1:1) and (1:3). Then the dispersibility of modi-
fied NPs was investigated in monomers such as methyl
methacrylat (MMA), butyl acrylate (BuA) and styrene
(St) and also in solvents including acetone, n-hexane and
ethanol with different levels of hydrophobicity.

2. Experimental
2. 1. Material and Methods

In this work, the chemicals such as trimethoxyvinyl-
silane (TMVY), oleic acid (OA), ethanol, n-hexane, o-
xylene, ammonia (25%) and acetone were used as purcha-
sed by the chemical company (Merck) without any purifi-
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cation. Alum was prepared in our laboratory according to
literature.

2. 2. Preparation of AL,O, NPs

The alumina NPs precursors were synthesized by the
precipitation method and then calcination sediment.
Firstly, 25 mL of 3.0 M ammonia solution was dropped
gradually and slowly into 25 mL of ammonium alum
[(NH,AI(SO4), - 12H,0] 1.0 M with vigorous stirring for
45 minutes. After a vigorous stirring for an hour, the reac-
tion mixture was heated to 95 °C and then kept at that tem-
perature for 3 h for precipitation. The precipitate obtained
was first washed three times with distilled water and then
washed three times with anhydrous alcohol and then dried
in an oven at 60 °C for 10 h. Finally, the dried precipitate
was then calcined at 1200 °C for 4 h with a heating rate of
5 °C min'. After cooling in the room temperature, the
samples were milled and collected for characterization.

2. 3. Surface Modification of A1,0, NPs

The experimental method of surface modification of
alumina NPs using both modifiers oleic acid (OA) and tri-
methoxyvinylsilanes (TMVS) is the same as follows:

1.5 g of oleic acid (or TMVS) was dissolved in 50
ml of o-xylene and then 3.0 g of alumina NPs were added
to it. The resulting suspension is heated at 50 °C within an
hour along with magnetic stirring. The precipitate was
centrifuged, and washed three times with 5 ml toluene.
Precipitate was dried in the oven at 60 °C for 24 h.

2. 4. Effect of Modifiers Concentration

Using the above method, various amount of oleic or
TMVS (0.025, 0.05, 0.15, 0.25, 0.35 and 0.45, 0.50 g) we-
re dissolved in 10 mL o-xylene, and each solution was
used in turn for modifying 1.0 g samples of Al,O, NPs,
and was stirred at 50 °C for an hour. The sediments were
separated, washed three times with 5 mL toluene and
dried in the oven at 60 °C for 24 h. Lipophilicity of modi-
fied alumina NPs were carried out as below:

First 0.1 g of modified alumina NPs is added to 10
mL water. Then methanol is added drop wise through a
burette to these dispersed NPs until no more sediment are
formed. The volume of methanol is used to calculate the
degree of lipophilicity of the surface of NPs.

2. 5. Measurement of Lipophilic Degree

One way to measure the lipophilic degree (LD) of
the surface of NPs is disperse a certain amount of modi-
fied NPs in water, and then to carry out titration with an
organic solvent such as methanol.?®

When unmodified alumina NPs is added to water,
sedimentation takes place promptly, whereas the alumina

NPs modified by oleic acid (or TMVS) will dispersed in
water. Drop wise addition of methanol from a burette to a
solution of modified NPs (0.1 g in 10 mL water) causes
the modified NPs to sediment gradually. The degree of li-
pophilicity can be calculated using Eq. (1) by knowing the
volume of the methanol used:

LD = —
V+10

X 100 ey

In this equation, V is the volume of methanol (mL)
used. Measuring the degree of lipophilicity is used as a
guide for surface modification.

2. 6. Dispersibitity Modified Alumina NPs

0.05 g of modified alumina NPs were dispersed in
10 mL of solvents such as n-hexane, ethanol and acetone,
and was then ultrasound within 30 min. Then, the samples
were allowed to stand without shaking for 72 h in the lab,
the particles were deposited. The precipitate then was cen-
trifuged and dried in the oven at 60 °C for 24 h. The
amount of stable particles in dispersion was determined
gravimetrically (%). The initial weight percent of the mo-
dified alumina NPs varied from 2.5 to 30%.

2. 7. Characterization of the Modified
Alumina

The X-ray diffraction patterns (XRD) of powder
samples were recorded by XRD system BRUKER-XS for
characterizing the crystalline structure of the NPs. The
XRD diffractometer is operated at a voltage of 40 kV and
Cu Ka radiation over Bragg angles ranging from 10 to 80°
with the scanning rate of 0.05 °C min'. The surface morp-
hology of samples was recorded using SEM, Hitachi Ja-
pan, and TESCAN model. The instrument was equipped
with EDX analysis for the determination of elemental
analysis. The EDX model and its detector type were S4800
(I) and 7747/17-ME, respectively. The FT-IR spectra of the
samples were recorded on FT-IR Rayleigh WQF-510 a
spectrophotometer. The spectra of solids were obtained us-
ing KBr pellets. Ultrasonic irradiation was carried out with
an ultrasonic equipped with a probe which was immersed
directly in the mixture solution system with frequency of
2.25 x 104 Hz and power of 100 W. Thermo-gravimetric
analysis (TGA) was carried out on a TG-209 thermo-
analyzer (Netzsch, Germany), oxygen atmosphere, heating
rate 10 °C min™'. An electric furnace of Raypa with HM-9
model was used for calcimining samples.

3. Results and Discussion

The ALO, NPs have been synthesized through che-
mical precipitation method from reaction between ammo-
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nium alum [NH,AI(SO,), - 12H,0] with ammonia solu-
tion and then calcined the precipitate at 1200 °C for 4 h.
The reaction equations are as follows:

Dissolution inwater

NH4AI(SOy);: 12H,0 ———

NH4+(aq]+ A|3+{nq] +2 SO.;L(aq]"' 12 H20q 2)
NH; g+ H20 @) = NHy g+ OH'ag) 3)
AlPug + 30Hug — Al(OH); (5 €]

caleined 1200 *C, 4h

2 Al(OH) 5 ¢,
+3H,0(

Alz03 ¢ + (5)

Preparation method of AL,O, NPs is of unique ad-
vantages. Nanoparticles are obtained from inexpensive
and easily available precursors, and without needing sur-
factants (surface active). The surface of alumina NPs was
modified by two modifiers such as oleic acid (OA), tri-
methoxyvinylsilane (TMVS), as well as a mixture of two
modified in three ratio (3:1), (1:1) and (1:3).

In order to confirm that the surface of alumina NPs
is covered by the modifiers, the surface was studied by the
usual methods of identification and morphology conside-
ration.

3. 1. X-ray Diffraction Patterns

The X-ray diffraction pattern of alumina NPs before
and after modification by oleic acid and TMVS were re-
corded, and results are presented in Fig. 1. The eight cha-
racteristic angles viz 20 equal to 18.8, 20.5, 32.9, 36.9,
39.4, 45.6, 61.2 and 67.2 °, which correspond well to the
standard JCPDS card with number 29-1486, confirms that
the crystal structure of ALO, is tetragonal.”** These
peaks are corresponded to crystal planes of [111], [200],
[220], [311], [222], [400], [511] and [440] respectively.
Figs. 1b and 1c show that the characteristics of peaks after
surface modification have not changed, and are the same
as those of unmodified nano-alumina with tetragonal cry-
stal structure. The average size of Al,O, NPs modified by
oleic acid and TMVS calculated from XRD diffraction
pattern according to Debye-Scherer formula are 29.08 and
30.04 nm respectively.

3. 2. FT-IR Spectra

In order to study the bonds formed, FT-IR spectra of
NPs were recorded before and after surface modification
by oleic acid and TMVS. These spectra are shown in Fig.
2. The observed band at 672 cm™ in FT-IR of unmodified
NPs (Fig. 2a) is due to stretching frequency of Al-O in

A1203.31 The broad peaks at around 3442 and 1630 cm™
are attributed to the stretching and bending bands of O-H
groups on the surface of alumina, respectively.*>3

In the FT-IR spectra of nano-alumina modified with
oleic acid (OA) and trimethoxy-vinylsilane (TMVS) in
Figs. 2b and 2c, in addition to the absorption bands of vi-
bration frequencies Al-O and -OH groups, new bands we-
re observed. Two absorption bands at 2854 and 2924 cm™
(Fig. 2b) are due to the vibrational frequencies of CH, and
CH, groups of oleic acid covering the surface of nanopar-
ticles.** An absorption band at 1625 cm™ (Fig. 2¢) is rela-
ted to the presence of vinyl double bonds (C=C) of trimet-
hoxyvinylsilane coated on the surface of alumina NPs.*
The observed band at 1016 cm™ is due to the stretching
frequency of Si-O in silane.>® These observations in FT-IR
spectra confirm that the surface of Al,O, NPs is modified
by oleic acid and TMVS.

Intensity / a.u.
E ¥ & & &8

Intensity / a.u.

Intensity / a.u.
I

20/0

Fig. 1: XRD diffraction patterns of: (a) Al,O, NPs; (b) Al,O, NPs
modified by oleic acid; (c) Al,O; NPs modified by TMVS.

3. 3. SEM Images & EDX Analysis

Nanoparticles have a tendency to aggregate because
of high surface energy. Therefore, surface modification is
expected to decrease aggregation and improve dispersibi-
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Fig. 2: FT-IR spectra of: (a) bare Al,O, NPs; (b A1,0, NPs modified by oleic acid; (c Al,O, NPs modified by TMVS.
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Fig. 3: SEM images of: (a) Al,O, NPs; (b A1,0, NPs modified by oleic acid; (c Al,O, NPs modified by TMVS.
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Fig. 4: EDX spectra of: (a) Al,O, NPs; (b) Al,O, NPs modified by oleic acid; (c Al,O, NPs modified by TMVS.

lity.>” Thus, to studying dispersibility, SEM images of
alumina nanoparticles before and after modification by
oleic acid and TMVS have been recorded which are
shown in Fig. 3. As it can be seen in Fig. 3a, alumina un-
modified NPs are highly aggregated which is due to large
surface area to volume ratio and high energy of the surfa-
ce of nanoparticles. Whereas in Figs. 3b and 3¢ good dis-
persibility can be seen which are due to modification of
NPs by oleic acid and TMVS respectively? This improve-
ment in dispersibility of NPs certainly confirms the surfa-
ce modification of NPs by oleic acid and TMVS. The size
of the modified alumina NPs appeared to be higher (50
nm) in comparison to bare alumina NPs from the XRD re-
sults (30 nm).

The EDX spectra of Al,O, NPs and its modified by
oleic acid and TMVS are shown in Fig. 4. The EDX spec-
trum given in Fig. 4a shows the presence of Al and O as
the only elementary components of ALLO, NPs. The pre-
sence of carbon and oxygen in alumina NPs modified by

100
98
96
94 |
92
90
88-
86 |
84

TGA ! %

oleic acid (Fig. 4b), and presence of carbon, oxygen and
silicon in alumina NPs modified by TMVS (Fig. 4c¢) are
the proof for surface modification of Al,O, NPs respecti-
vely, and which were absent in bare alumina NPs.

3. 4. TGA Analysis

TGA analysis is taken to prove that how many of
modifier is grafted on the surface of nanoparticles. TGA
curves alumina NPs and its modified by oleic acid and
TMVS are given in Fig. 5. The alumina NPs modified by
oleic acid has a total weight loss of 10.5%, when the tem-
perature changes from 255 to 560 °C, which is due to the
burning of oleic acid on the surface of modified alumina
NPs (Fig. 5b). The similar behavior was observed in alu-
mina NPs modified by TMVS, with a total weight loss of
8%, when the temperature changes from 248 to 475 °C,
which may be attributed the burning of silane compound
on surface of modified alumina NPs (Fig. 5¢).

T T
150 250

T
350

T T
450 550 650

Temperature/°C

Fig. 5: TGA thermo-gram of: (a) un-modified alumina NPs; (b) alumina NPs modified by TMVS; (c) alumina NPs modified by oleic acid.
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3. 5. The amount of Surface Modifier

Different amount of oleic acid and TMVS (2.5,
5.0, 7.5, 10.0, 12.5, 15.0 and 20%) as surface modifier
were applied on alumina NPs, and the lipophilic degree
(LD) of the modified NPs was measured. The results ob-
tained are presented in Table 1 as the variation of lipop-
hilic degree versus amount of modifier. It can be seen
from data that lipophilicity increases with the rise of
amount of modifier up to 12.5% for oleic acid, and
10.0% for TMVS. However, if the amount of modifier is
increased above this amount the lipophilicity starts to
decrease. It may be due to enlarging of chain hydrocar-
bon of the modifier which can stop the carboxylic group
(-COOH) of oleic acid or methoxy moiety (-OCH,) of
TMVS to react with the hydroxyl group on the surface
of alumina NPs.'*

3. 6. Dispersibility of the Modified Alumina
NPs

Knowing that the incorporation of NPs into poly-
mers can leads to improved mechanical behavior and ther-
mal stability of polymers. Uniform and stable dispersion
of NPs in the monomer is an important factor in the prepa-
ration of polymeric NCs. Therefore, effect of type and
amount of modifiers were investigated on the dispersion
of NPs in the monomers such as methylmethacrylate
(MMA), butylacrylat (BuA) and styrene (St). To do this,
certain amount of modified alumina NPs was dispersed in
each monomer under stirring for one hour at room tempe-
rature. The percent of the initial weight of the modified
alumina NPs varied from 2.5 to 30%. Then, modified alu-
mina NPs loaded monomers were allowed to stand at
room temperature for 72 h. The precipitated part of the
NPs was separated and the amount of the stable particles

in dispersion was determined gravimetrically. The results
are shown in Table 2.

As it can be seen in the above table, the results indi-
cate that the majority of modified A1,O, NPs by oleic acid
(OA) precipitate in styrene; While OA-AlL,O, NPs formed
a stable dispersion in MMA and BuA monomers. The hig-
hest amount of dispersion of OA-AL,O, NPs in methyl
methacrylate monomer happened in initial weight of 5
and 10%. Similarly, the highest amount of dispersibility
of OA-Al1,O; NPs in butyl acrylate monomer occurred in
initial weight of 2.5 and 10%. The results also represent
that when TMVS is used as modifier, TMVS-AL,O, NPs
are stable in Styrene, however they were settled down in
MMA and BuA monomers. The highest amount of disper-
sion of TMVS-AL O, NPs in styrene monomer happened
in initial weight of 2.5, 10 and 5%.

Moreover, when a mixture of modifiers was used
and the ratio of oleic acid to trimethoxyvinylsilane (OA:
TMVS) was varied from 3:1 to 1:3 dispersibility behavior
of modified Al,O, NPs was changed, solid content of final
stable dispersions are shown in Table 3. The amount of
dispersibility of NPs was increased in all three monomers
when the amount of oleic acid was high in the mixture
modifiers (OA: TMVS, 3:1). On the other hand, the
amount of dispersibility of alumina NPs increased in
styrene monomer in all three cases including: the mixture
of oleic acid (OA) and trimethylvinylsilane (TMVS) mo-
difiers (3:1, 1:1 and 1:3).

These findings illustrated that the surface modifica-
tion of ALLO, NPs with oleic acid, trimethoxyvinylsilane
and mixture of modifiers OA-TMVS would increase the
compatibility between NPs with MMA and styrene, res-
pectively. Either this contributes to a better dispersibility
of NPs in MMA or Styrene. One can justify this fact by
comparing the polarity of monomer and relevant modifier.

Table 1: The LD of alumina NPs modified by oleic acid (OA) and TMVS (%) in different amount of modifiers.

Amount of modifiers (%) 2.5 5.0
LD NPs modified by OA (%) 15.22 15.85
LD NPs modified by TMVS (%) 11.11 16.13

7.5 10.0 12.5 15.0 20.0
18.47 22.15 24.71 18.95 14.27
18.75 23.45 18.25 14.75 13.07

Reaction conditions: Amount of alumina NPs 1.0 g, o-xylene as solvent 10 mL, temperature 50 °C and reaction time 1 h.

Table 2: Dispersion of alumina NPs modified with oleic acid (OA) and trimethoxy-vinylsilan (TMVS) in some organic media (%).

Initial weight percent Dispersion in MMA Dispersion in BuA Dispersion in St
percent alumina NPs (%) OA TMVS OA TMVS OA TMVS
2.5 2.12 1.73 1.93 1.54 1.52 2.04
5 4.15 3.64 3.47 2.74 3.12 3.75
10 8.24 6.14 7.54 6.85 6.44 7.88
15 12.04 9.45 10.51 9.22 9.12 10.49
20 15.25 11.42 14.12 11.95 11.27 14.17
25 18.63 13.94 15.84 14.01 13.94 17.81
30 22.74 17.22 20.46 16.04 17.01 21.48
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Table 3: Dispersion of alumina NPs modified with different ratios of mixtures of OA: TMVS (3:1, 1:1 and1:3) in some organic media (%).

Initial weight Dispersion in MMA (%) Dispersion in BuA (%) Dispersion in St (%)
percent alumina (OA:TMYVS) (OA:TMYVYS) (OA:TMYVYS)
NPs (%) 3:1) (1:1) (1:3) 3:1) (1:1) (1:3) 3:1) (1:1) (1:3)
2.5 1.11 0.98 0.75 1.35 1.12 0.95 2.25 1.87 1.32
5 2.15 1.75 1.25 2.78 2.05 1.84 3.87 3.42 3.11
10 6.04 5.24 3.73 7.13 5.88 5.28 8.09 7.04 6.45
15 13.21 9.08 8.22 13.56 9.86 8.94 13.91 10.23 10.04
20 14.75 13.15 12.28 15.25 14.55 13.09 17.44 15.85 14.93
25 17.73 17.22 15.63 18.84 16.34 14.83 20.03 18.44 17.05
30 20.34 18.35 15.11 22.47 19.74 17.56 24.79 21.58 21.17

Table 4: Dispersion of alumina NPs modified with oleic acid (OA) and trimethoxy-vinylsilan (TMVS) in some organic solvents (%).

Initial weight percent

Dispersion in n-hexane (%)

Dispersion in acetone (%) Dispersion in ethanol (%)

alumina NPs (%) OA TMVS OA TMVS OA TMVS
2.5 2.01 1.62 1.71 1.95 1.25 1.41

5 4.12 3.25 3.15 3.85 2.12 1.94

10 7.24 4.93 5.45 6.04 3.74 4.15

15 10.46 6.16 7.37 8.82 4.92 4.31

20 13.48 10.72 11.29 11.25 7.15 7.08

25 15.94 11.07 12.83 13.91 9.29 9.48

30 20.42 13.97 14.12 17.42 10.87 9.95

The dispersion percentage of the modified alumina
NPs by oleic acid and TMVS also were investigated in
solvents such as n-hexane, acetone and ethanol and the re-
sults are shown in Table 4. The highest dispersion of alu-
mina NPs modified with oleic acid happened in n-hexane
and the lowest occurred in ethanol. While the highest dis-
persion of alumina NPs modified by TMVS can be seen in
acetone and lowest dispersion occur in ethanol.

The dispersibility of the alumina NPs modified by
oleic acid (OA) and trimethoxyvinylsilane (TMVS) in
monomers of styrene (St), poly(methyl methacrylate)
(PMMA) and butylacrylate (BuA) was compared with the
previous work of modified ZnO NPs and the results are
shown in Table 5.

As it can be seen in Table 5, the results indicate that
the majority of modified AL,O, NPs by oleic acid precipita-
te in styrene and formed a stable dispersion in MMA and
BuA monomers. While contrary to this behavior was ob-
served in ZnO NPs modified by oleic acid.*’ The majority
of modified A1,O, NPs by TMVS precipitate in MMA and

BuA monomers and formed a stable dispersion in styrene.
While the majority of modified ZnO NPs by TMVS preci-
pitate in styrene and BuA monomers and formed a stable
dispersion in MMA monomer.*? On the other hand, the sta-
bility time of dispersion of modified nanoparticles in our
work (72 h) is longer than the previous work (24 h).*

4. Conclusions

The alumina NPs have been synthesized from reac-
tion between ammonium alum with ammonia solution and
then calcined the precipitate at 1200 °C. The surface of
alumina NPs was changed to the hydrophobic nature due
to surface modified by oleic acid (OA) and trimethoxy-
vinylsilane (TMVS). TGA analysis for alumina NPs indi-
cates that the grafting amount of oleic acid and TMVS are
10.5 and 8% respectively. The presence of organic groups
on the surface of NPs was proved by FT-IR spectra, and
shown that oleic acid is attached to the carboxylate form

Table 5: Stable time and dispersion of modified nanoparticles.

Stable

Stable

Majority

time/ h dispersion precipitation References
Al203-0OA 72 MMA, BuA St This work
Al203-TMVS 72 St MMA, BuA This work
ZnO-0OA 24 St MMA, BuA 40
ZnO-TMVS 24 MMA St, BuA 40
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and TMVS connected via the formation of Si-O-M bond
on the surface of alumina NPs. The change of behavior of
hydrophobic surfaces of modified alumina NPs was con-
firmed through lipophilic degree (LD) experiments. The
results obtained are presented that lipophilic degree in-
creased with the rise of amount of modifier up to 12.5%
for oleic acid, and 10.0% for TMVS. Experimental results
showed that the highest dispersion was happened alumina
NPs modified by oleic acid in n-hexane and the lowest in
ethanol, while the highest dispersion was observed alumi-
na NPs modified by TMVS in acetone and lowest disper-
sion in ethanol. The results indicate that modified ALO,
NPs by oleic acid (OA) formed a stable dispersion in
MMA and BuA monomers. The highest amount of disper-
sion was happened OA-Al,O, NPs in MMA and BuA mo-
nomers in initial weight of 5 and 2.5% respectively, while
stable dispersion are formed in styrene when TMVS is
used as modifier. The highest amount of dispersion was
happened TMVS-AL,O, NPs in styrene monomer in initial
weight of 2.5%.
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Nanodelce aluminijevega(IIl) oksida (Al,0,) smo pripravili z metodo obarjanja pri reakciji med raztopino amonijaka in
[(NH,)AI(SO4), - 12H,0] ter nadaljnjo kalcinacijo sedimenta pri 1200 °C. Povriino nanodelcev smo modificirali z
oleinsko kislino (OA) in trimetoksivinilsilanom (TMVS) v o-ksilenu pri 50 °C. Nanodelce Al,O, in modificirane nano-
delce smo karakterizirali z naslednjimi metodami: rentgensko praskovno difrakcijo (XRD), infrardeco spektroskopijo
(FT-IR), vrsti¢no elektronsko mikroskopijo (SEM), energijsko disperzivno rentgensko spektroskopijo (EDX) in termo-
gravimetri¢no analizo (TGA). S TGA smo dolocali mnoZino na povrSino nanodelcev vezane OA (10.5%) in TMVS
(8.0%). Disperzijo modificiranih nanodelcev smo raziskovali v metil metakrilatu (MMA), butilakrilatu (BuA) in stirenu
(St) ter topilih kot so etanol, heksan in aceton. Najboljsa disperzija nanodelcev modificiranih z OA je bila v n-heksanu,
v primeru delcev modificiranih s TMVS pa v acetonu. Rezultati kaZejo, da dobimo stabilno disperzijo nanodelcev mo-
dificiranih z OA v MMA in BuA (zacetni odstotki nanodelcev: 5% in 2,5%). V primeru nanodelcev modificiranih s
TMVS pa lahko pripravimo stabilno disperzijo v stirenu (zacetni odstotek nanodelcev: 2,5%)
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Abstract

Borax sludge is the waste produced by a trommel sieve in the borax production process and is used as an adsorbent for
Cr(IIT) removal. The effects of various parameters, including pH, initial Cr(III) concentration and contact time were in-
vestigated for batch adsorption of Cr(III). The experimental results obtained were applied to different adsorption isot-

herms and Kinetic models.

The results indicated that the Temkin isotherm (R?= 0.9749) was most suitable to explain the adsorption characteristics
of borax sludge, and the removal of Cr(III) was achieved by a physisorption process. The overall kinetic data fitted the

pseudo-second order rate model (R? = 0.9990).

According to thermodynamic studies, which were carried out at different temperatures, changes in enthalpy (AH) and
entropy (AS) values for Cr(IlI) adsorption by borax sludge were determined to be 69.395 kJ/mol and 0.276 kJ/mol K,
respectively. The study implied that borax sludge could be used as an alternative adsorbent in the adsorption of Cr(III)

from aqueous solutions.

Keywords: Adsorption kinetic, borax sludge, Cr (III), thermodynamic

1. Introduction

The main types of pollution, according to environ-
mental factors, are classified as water pollution, air pollu-
tion, soil pollution, radioactive contamination and micro-
biological contamination.! Water pollution, which can be
caused by sewage, solid wastes, radiation, toxic chemicals
and pesticides etc., is a natural imbalance in the water en-
vironment and one of the major environmental hazards of
the entire world.” Heavy metal contamination is a perma-
nent toxic chemical pollution and has adverse effects for
human health and the environment.?

Being a water-contaminating metal, chromium is
ubiquitous in nature, existing as approximately 0.1 mg/m?
in the air and at 1 mg/L in unpolluted water.* Therefore,
exposure to chromium in high concentrations has a nega-
tive effect on fertility, the respiratory system and can also
cause cancer.””’ Removing chromium ions from aqueous
mediums is significant for both human health and the en-

vironment. Thus, many researchers have applied various
methods, including ion exchange, osmosis, foam flota-
tion, electrolysis and surface adsorption to reduce chro-
mium concentration under the Minimal National Stan-
dards (MINAS) upper limit for industrial wastewater,
which is 0.1 mg/L.% Adsorption is a process for removal
of heavy metals that receives attention due to its ease, and
its economic and efficiency advantages.

In published literature, various adsorbents have been
used for the removal of the two main types of chromium
ions: Cr(VI) and Cr(II), by changing adsorption parame-
ters such as chromium concentration, adsorbent dose, pH,
temperature and agitation time. Various research has been
reported for chromium removal from aqueous medium us-
ing chemical, biological and industrial waste materials as
adsorbents. During biosorption processes, the performan-
ces of different biological adsorbents such as chitosan,
thuja oriantalis, activated rice husk carbon, neem leaves,
activated red mud, hazelnut shell activated carbon, agave
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lechuguilla biomass and soya cake have been investigated
for chromium adsorption.'®"'” In many adsorption proces-
ses, layered double hydroxide, Turkish brown coals, 0zo-
nised activated carbon, acrylate-based magnetic beads and
bentonite clay have been studied as chemical adsor-
bents.!®2* In addition to these studies, some industrial
wastes such as fly ash and saw dust, and also Indian Rose-
wood timber have been preferred because of their econo-
mical usage.’*?

The evaluation of borax sludge is highly important,
due to the emerging amount of boron waste in Turkey,
which is 600000 tons per year.”**’ It is envisaged that this
amount will increase in future years depending on the
consumption of boron sources and use of waste boron in
different production processes. Storage problems and sto-
rage costs will be reduced and the polluting elements will
be minimized by using boron wastes in industrial applica-
tions such as adsorption techniques.

The use of waste materials as low-cost adsorbents is
attractive due to their contribution to the reduction of
costs for waste disposal. Even though there have been a
variety of adsorption studies performed on boron waste,
chromium adsorption using boron waste has not yet been
investigated.”® In published literature, boron waste has
been used as an adsorbent in adsorption studies for dye,
cadmium (II) and zinc (II).*3°

The purpose of this study is to investigate the possi-
bility of using borax sludge as a low cost adsorbent for
chromium adsorption. The adsorption performance of bo-
rax sludge was studied by varying parameters such as the
contact time and the initial Cr(III) concentration. In this
study, the adsorption of Cr(IIl) from aqueous solutions
under different kinetic and equilibrium conditions was in-
vestigated in detail.

2. Experimental

2. 1. Raw Material Preparation

Borax sludge, which was used as an adsorbent for
removing Cr(IIl) ions from aqueous medium, was sup-
plied by the Eti Mine Bandirma Boron Works (Balikesir,
Turkey). Before using the sludge in experimental studies,
the adsorbent was dried in an incubator (Ecocell 111, Ger-
many) at 105 °C for 2 hours to eliminate its moisture con-
tent. The dried adsorbent was ground with an agate mortar
and sieved with a vibrating sieve-shaker (Fritsch, Ger-
many) to produce a particle size below 90 pm. Following
this preparation step, identification studies were carried
out using a PANalytical Xpert Pro (PANalytical B.V., The
Netherlands) X-ray diffractometer (XRD) with a Cu-Ka
tube and parameters of 45 kV and 40 mA. The composi-
tion of adsorbents was determined by a PANalytical Mini-
pal X-ray fluorescence (XRF) spectrometer (PANalytical
B.V., The Netherlands). The BET surface areas of adsor-
bents were measured on a Micromeritics ASAP 2020 in-

strument using N, adsorption after degassing the adsor-
bent at 300 °C for 8 hours.

A stock solution of Cr (III) was prepared by dilution
of a standard chromium solution (from Cr(NO,), — sup-
plied by Merck KGaA, Darmstadt, Germany — with doub-
le distilled water.

2. 2. Adsorption Experiments

With the aim of determining the effect of pH on the
removal of Cr(Ill), batch adsorption studies were carried
out by varying the pH of the solution from 3 to 11; the
contact time and initial Cr(II) concentration were set to
180 minutes and 40 mg/L, respectively. The pH of the so-
lutions was adjusted by using 1 M NH, and HCl as requi-
red.

For the isotherm studies and kinetic investigations,
0.05 g of borax sludge was added to 50 mL of Cr(III) so-
Iution with varying initial Cr(IIT) concentrations (10—40
mg/L), and mixing was carried out for different contact ti-
mes (15-180 min) at a speed of 200 rpm. The adsorption
temperature was set to 20 °C. At the end of each adsorp-
tion period, the adsorbents were filtered through filter pa-
per (Blue ribbon, Chmlab) and the residual Cr(IIl) con-
centration was analyzed by an Inductively Coupled Pla-
sma—Optical Emission Spectrometer (ICP-OES) (Optima
DV 2100, Perkin Elmer, USA). The amount of adsorbed
Cr(III) after a pre-determined contact time was calculated
by using the expression in Eq. (1):

Cr _(‘x

m

xV (1)

q=

where ¢ is the removal capacity of the adsorbent at equili-
brium (mg/g), V is the volume of the suspension (mL), m
is the weight of adsorbents (in gms), C; and C, are the ini-
tial and final concentrations of Cr (III) (in mg/L), respec-
tively.!

For thermodynamic studies, experiments were car-
ried out at various adsorption temperatures (20 °C, 30 °C,
40 °C and 50 °C) and equilibrium adsorption parameters.

2. 3. Isothermal Analysis and Kinetic Studies

The equilibrium data were fitted to the adsorption isot-
herms models of Langmuir, Freundlich, Temkin, Dubinin-
Radushkevich and Harkins-Jura — which give information
about the adsorption process and explain the equilibrium re-
lationship between the amount of adsorbed sample uptake
and the concentration at a constant temperature — were ap-
plied to find out the effects of different initial concentrations
and related times for the use of borax sludge.*>>*

The Langmuir isotherm, which neglects lateral inte-
ractions, was fitted to obtain the experimental quantities
(Eq. (2)):

g = G K, C. o
‘14K, C, 2
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where g, (mg/g) is the amount of Cr(IlI) adsorbed per unit
mass of adsorbent, g, is the maximum adsorption capa-
city of adsorbent (mg/g), C, is the concentration of Cr(III)
in suspension at equilibrium (mg/L) and K, is the Lang-
muir constant related to the affinity of the binding si-
tes.>*3* When a linear plot of 1/q, versus 1/C, is drawn, the
values of K; and g, can be obtained from the slope and
the intercept of the plot, respectively (Table 1). In Lang-
muir isotherms, the separation factor, R;, is used to indica-
te the essential features of the isotherm. When R, is bet-
ween 0 and 1, it indicates that adsorption is favorable Eq.
(3):%
1
le'=I+K{,_(.".J' )

The Freundlich isotherm is expressed by Eq. (4):
q.=K, (,".I . (4)

where K. is an approximate indicator of adsorption capa-
city and n is a constant for the intensity of adsorption. The
values of K and n can be determined from the plot of Ing,
versus InC, which are obtained by linear approximations
of Eq. (4).%1%

The Temkin isotherm takes into consideration the
influences of some indirect interactions between adsor-
bent and adsorbate. The model assumes that the relations-
hip between the decrease in adsorption heat and tempera-
ture is linear rather than logarithmic, and is affected by the
surface coverage.’’*° The Temkin isotherm model is re-
presented by Eq. (5) and Eq. (6):

g, =B;InA, + B, InC, (5)
RT
B =—
=% 6)

where B, is the Temkin constant related to the heat of ad-
sorption (kJ/mol), A; is the equilibrium binding constant,
R is the gas constant (8.314 J/mol K), T is the temperature
(K). The values for A, B, and b, are calculated from the
plot of g, versus InC,.

The equilibrium data were also applied to the Dubi-
nin-Radushkevich isotherm model, which is claimed to be
an empirical adaptation of the Polanyi adsorption poten-
tial theory. This isotherm model is used to estimate the po-
rous apparent free energy and the characteristics of ad-
sorption (physical or chemical).’’~° The Dubinin-Ra-
dushkevich isotherm model is represented by Eq. (7) and

Eq. (8):
q. =(q,)exp(-Be&") (7
1
e 8
£ RTln(1+C‘.) (®)

where B is the Dubinin—Radushkevich isotherm constant
(mol¥/K/J?), which gives an idea about the mean free ener-

gy E (kJ/mol) of adsorption per molecule of adsorbate du-
ring transfer of the solid to the surface from the solution

(Eq. (9):

1
V25 )

The values of B, g, and E can be calculated from the
slope and intercept of the plot between Ing, versus e.

The Harkins-Jura isotherm model explains the pos-
sibility of multilayer adsorption with the existence of he-
terogeneous pore distribution. The Harkins-Jura isotherm
model can be expressed by Eq. (10). The adsorption con-
stants of A,, and B, are calculated from the plot of ]/qe2
versus logC,.*"°

g = AH
le =B 1
B, +logC,

The Lagergren pseudo-first order kinetic model,
pseudo-second order kinetic model, intraparticle diffu-
sion, and Natarajan and Khalaf models were fitted to ex-
perimental data for investigation of the kinetic parameters
and mechanism of Cr(III) adsorption. The Lagergren
pseudo-first order kinetic model can be expressed by Eq.

(11):
dgq,
dt

E

(10)

=k (g, -9, (11)
where k, is the pseudo-first order rate constant (min™), g,
and g, are the amounts of absorbed Cr(III) per unit mass
of adsorbent at time ¢ and equilibrium time (mg/g), res-
pectively.

The pseudo-second order kinetic model is given by
Eq. (12):

dq,

dt (12)

=k,(q.-q,)
and k, is the pseudo-second order rate constant (g/mg
min).

The intraparticle diffusion kinetic model, which gi-
ves information about the adsorption mechanism is des-
cribed by Eq. (13):

dg, =k, 1" + A (13)

In Eq. (13), g, is the amount of absorbed Cr(IlI) per
unit mass of adsorbent at time ¢ (mg/g), ¢ is the contact ti-
me (min), k,, is the intraparticle diffusion rate constant
(mg/g min'?) and A is a constant.

Natarajan and Khalaf explained the relationship bet-
ween the initial concentration (C,)) and the concentration
at time 7 (C,). The linear approximations for the equations
the Natarajan and Khalaf first order model is given by Eq.
(14):%

log Ce = Ko, (14)

C, 2303
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The appropriate kinetic model which explains kine-
tics and mechanisms of Cr(III) adsorption can be determi-
ned by drawing linear plots for each kinetic model and
calculation the correlation coefficient for R? for each mo-
del.

2. 4. Thermodynamic Studies

Different adsorption temperatures (20 °C, 30 °C, 40
°C and 50 °C) were used to predict thermodynamic para-
meters such as the Gibbs free energy (AG), enthalpy (AH)
and entropy (AS) by using the following equations:

AG =-RTInK, (15)

AG = AH -=TAS (16)
AH AS

WK, =-271 A

nk, RT+ X (17)

In the equations, K, is the distribution coefficient of
adsorbent (C/g,), R is the gas constant (8.314 J/mol K), T’
is the adsorption temperature (K). From the plot between
InKd and 1/T, AH and AS can then be calculated. 4!

3. Results and Discussion

3. 1. Characterization Results of Adsorbent

The XRD pattern for borax sludge is given in Fig. 1.
According to the XRD results, borax sludge was identi-
fied as a mixture of dolomite (pdf. no: 00-005-0622; Ca-
Mg(CO,),) and tincalconite (pdf. no: 00-008-0049;
Na,B,0, 5H,0) phases.

[ Y . 2
o s : Tincalconite
B : Dolomite
—~ 200
=
=
-
£
E
3 100 4 . :
=
—
a
a
b h B
- [
| [ [ =
a o a
n et "
0 T oy T T
10 20 30 40 50 60 70 80

Position [°26] Copper (Cu)
Fig. 1: XRD pattern of borax sludge

According to the XRF results, the composition of
borax sludge was CaO 57.3%, MgO 22%, SiO, 20% and
K,O 0.95%. Although having boron compounds in its
composition, XRF showed an inability to measure the bo-
ron amount because of its low molecular weight.

The BET surface area for the borax sludge was de-
termined to be 5.54 m%g. From the characterization re-

sults of the adsorbents, it can be seen that borax sludge
has a similar chemical composition and features to pure
dolomite.**

3. 2. Adsorption Results

The adsorbed Cr(III) percentage is presented in Fig.
2 for various pH values. The pH of the original solution
was 2, and the removal efficiency of Cr(IIl) showed an in-
crease as the pH increased to 9. The increase in the adsor-
bed amount of Cr(III) in an alkaline environment indica-
ted that pH values had a major effect on the adsorption
mechanism.

100
Ll I -
98
97
96
95
94
93 ll":
92

Adsorption (%)

3 5 7 9 11
pH

Fig. 2: Adsorption of Cr(III) produced by various pH values

The increase in removal percentage at a higher pH
value can be explained by the precipitation of Cr(OH), on
the borax sludge by surface adsorption.’ The probable re-
moval mechanism of Cr(IIl) by borax sludge can be ex-
plained in three steps: (1) the dissolution of dolomite and
tincalconite in the borax sludge and the formation of Ca*,
Mg?* and Na* cations; (2) the formation of Cr(OH), preci-
pitate; (3) the cations on the adsorbent (Ca**, Mg** and
Na*) are exchanged with Cr3+. According to the adsorption
results, the steps of waste dissolution and Cr(OH), preci-
pitation progress successfully in the experiments by in-
creasing the pH values. This indicates that the adsorption
mechanism proceeds well in an alkaline environment.

The results of the adsorption experiments are given
in Fig. 3 by the plot of g values against z. The removal of
Cr(III) increased with increasing time. In the adsorption
experiments, there was a strong increase in the amount of
adsorbed Cr(III) ions between 15 and 60 minutes. Maxi-
mum adsorption amounts were obtained at 120 minutes
and only minor changes were observed for longer contact
times. Hence, 180 minutes was assumed to be the required
contact time for the equilibrium state. The changes in g
values for the experiments on borax sludge adsorption can
be explained by the minor differences in chemical compo-
sition of the borax sludge. The highest g value was found
to be 15.986 mg/g.
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Fig. 3: Removal of Cr(III) depending on contact time

3. 3. Results of Isothermal Analyses and
Kinetics

Table 1. Isotherm parameters for the adsorption of borax waste

Isoterms Plot Parameters Results
Langmuir 1/g,vs 1/C, q,, 24.096
K, 415
R. 0.0006
R’ 0.8320
Freundlich logq,vslogC, K 41.459
n 2.545
R? 0.7876
Temkin q,vs InC, B, 3.670
A, 784.631
b, 0.675
R? 0.9749
Dubinin- Ing, vs € q, 14.756
Radushkevich B 9.107
E 7.450
R? 0.8488
Harkins-Jura 1/qe2 vslogC, Ay 30.300
By 1.039
R’ 0.5014

Table 2. Kinetic results for the adsorption process

The adsorption results for the equilibrium state
(contact time of 180 minutes and a pH value of 9) for each
initial concentration were applied to various isothermal
models. The results for the isothermal analysis are given
in Table 1. Comparing the isotherm results, the best fitting
adsorption isotherms — considering the correlation coeffi-
cient obtained for the isotherms —were in the following or-
der: Temkin > Dubinin-Radushkevich > Langmuir >
Freundlich > Harkins-Jura isotherms. The highest correla-
tion coefficient was obtained for the Temkin isotherm mo-
del (R? = 0.9749), which shows that the Temkin isotherm
was the most suitable model to explain the adsorption of
Cr(IIT) onto borax sludge. According to the Temkin isot-
herm model, when the adsorbed Cr(III) amount on the
sludge surface increased, the heat of adsorption decreased
linearly. The Temkin isotherm assumes a low b, (0.675)
value pointing to weak interactions between the adsorbent
and adsorbate, which indicates the adsorption mechanism
is physical.’*

The adsorption kinetics were investigated to exami-
ne the controlling mechanism for this adsorption process.
The results of the applied kinetic models are given in Tab-
le 2. The highest correlations factors were determined in
the pseudo-second order kinetic model. According to the
pseudo-second order kinetic equation, this adsorption is
mainly controlled by the surface. K and g, values were

50

150 200
Time (min)
« 20 ppm 4 30 ppm

e 10 ppm =40 ppm

Fig. 4: Pseudo — second order kinetic plots

Kinetic Model C, (ppm) 10 20 30 40
Lagergren Pseudo first order q. 0.1002 0.1814 15.7797 2.0305
K 0.0405 0.0244 0.0302 0.0368
R? 0.8383 0.5940 0.9848 0.9506
Pseudo-second order q, 4.0012 8.0192 11.7239 16.0000
K 4.0700 2.1353 0.0107 0.2902
R? 0.9990 0.9998 0.8606 0.9903
Intraparticle diffusion K, 0.0054 0.0322 1.0218 0.0961
A 3.9317 7.6236 0.0328 14.7630
R? 0.8839 0.7958 0.8232 0.8877
Natarajan and Khalaf K, 0.0387 0.0514 0.0926 0.0454
R? 0.8216 0.7816 0.9563 0.9398
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calculated from the relationship of #/gt versus time, and
are presented in Fig. 4. K constants were found to be in the
range from 4.0700 to 0.2902 for borax sludge. The g, va-
lues obtained for borax sludge (16.000—4.001 mg/g) were
compatible with previous studies which calculated the
Qe Value of dolomite for Cr(IlI) removal as 10.0 mg/g
(20 °C).%

3. 4. Results of the Thermodynamic Studies

The thermodynamic studies were conducted on the
equilibrium state (contact time of 180 minutes and a pH
value of 9). The results of thermodynamic experiments for
Cr(III) adsorption are presented in the plot of InK|, versus
1/T (Fig. 5) and the thermodynamic parameters calculated
for the adsorption process are given in Table 3.

85
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Fig. 5: Plot of InK, versus //T for Cr(IIl) adsorption by borax slud-
ge

Table 3. Thermodynamic parameters for the adsorption process

T(K)  AH(kJ/mol) ASKkJ/molK)  AG (kJ/mol)
293 69.395 0.276 “11.619
303 ~14.384
313 ~17.149
323 ~19.914

According to Table 3, the Gibbs free energy change
(AG) showed similarity to the experimental range of tem-
peratures. The negative values of AG at different tempera-
tures showed that adsorption of Cr(III) onto borax sludge
is spontaneous, and the degree of spontaneity increases
with increasing adsorption temperature. The AG values al-
so confirmed that the adsorption of Cr(III) onto borax
sludge is a physical process with the physical adsorption
values ranging from —20 to 0 kJ/mol (while values from
—80 to —400 kJ/mol describes chemical absorption).*® Ba-
sed on equations (15) to (17), the enthalpy (AH) value was
determined to be 69.395 kJ/mol for borax sludge, indica-
ting the endothermic behavior of the adsorption process.

The entropy (AS) value of borax sludge was found to be
0.276 kJ/mol K. The positive value of AS suggests the in-
creased randomness at the solid/solution interface during
the adsorption of Cr(III) onto borax sludge.*’*

4. Conclusion

In this study borax sludge was used as an adsorbent
for the removal of Cr(III) from waste water. To investigate
the potential use of borax sludge, varying parameters,
such as the contact time, the initial Cr(III) concentration,
the pH and the adsorption temperature were used. Various
adsorption isotherms were used to describe the observed
adsorption phenomena. The Lagergren pseudo-first order
kinetic model, pseudo-second order kinetic model, intra-
particle diffusion and Natarajan and Khalaf models were
used for investigation of the kinetic parameters and mec-
hanism of the Cr(IIl) adsorption. Gibbs free energy (AG),
enthalpy (AH) and entropy (AS) values were calculated by
using the kinetic data.

This study showed that the borax sludge has been
evaluated as a possible adsorbent for the removal of
Cr(IIT) from waste water. An initial pH of 9 — where pH
has a major effect on the adsorption mechanism — was
found to be optimum for maximizing the Cr(III) adsorp-
tion. The adsorption is best described by the Temkin isot-
herm model while the adsorption mechanisms were best
explained by the pseudo-second order kinetic model. AH
and AS values were calculated to be 69.40 kJ/mol and
0.276 kJ/mol K for borax sludge, respectively. The negati-
ve AG values obtained from thermodynamic calculations
confirm the feasibility of adsorption. In conclusion, borax
sludge, which is readily available in Turkey, can be used
as a potential adsorbent for the removal of Cr(IIl) from
waste water.
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Adsorpcija Cr(IIl) iz vodne raztopine je bila proucevana v odpadni boraksovi goS¢i. V SarZnem procesu so bili raziska-
ni vplivi pH-ja, zacetne koncentracije Cr(III) in kontaktnega ¢asa. Eksperimentalni rezultati so bili obdelani z razli¢ni-
mi adsorpcijskimi izotermami in kineticnimi modeli. Adsorpcijske karakteristike se da najbolje razloZziti s Temkinovo
izotermo (R? = 0.9749); odstranjevanje Cr(III) poteka s fizisorpcijo. Kineti¢ni podatki pa se najbolje prilegajo hitrostne-
mu modelu pseudo-drugega reda (R* = 0.9990). Termodinamika procesa je bila proucevana pri razli¢nih temperaturah.
Spremembi vrednosti entalpije (AH) in entropije (AS) sta 69,40 kJ/mol in 0,276 kJ/mol K. Rezultati kaZejo, da se lahko
odpadna boraksova go$c¢a uporablja kot alternativni adsorbent za odstranjevanje Cr(Ill) iz vodne raztopine.
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Abstract

The aim of the research was to optimize the effectiveness of student learning based on experimental work in chemi-
stry classes in Slovenian primary schools. To obtain evidence about how experimental work is implemented during
regular chemistry classes, experimental work was videotaped during 19 units of chemistry lessons at 12 Slovenian
primary schools from the pool of randomly selected schools. Altogether 332 eight-grade students were involved in
the investigation, with an average age of 14.2 years. Students were videotaped during chemistry lessons, and their
worksheets were collected afterward. The 12 chemistry teachers, who conducted lessons in these schools, were inter-
viewed before the lessons; their teaching plans were also collected. The collected data was analyzed using qualitati-
ve methods. The results indicate that many teachers in Slovenian primary schools are not fully aware of the potential
of experimental work integrated into chemistry lessons for the development of students’ experimental competence.
Further research of the value of different kinds of training to support teachers for the use of experimental work in

chemistry teaching is needed.

Keywords: chemistry education, demonstration-based experimental work, experimental work, students” hands-on ex-

perimental work,

1. Introduction

Experimental work in chemistry curricula has an
important role because it is a cornerstone of scientific lite-
racy.' Experimental work is essential in the teaching and
learning of chemistry as it brings together several activi-
ties with different objectives, but its implementation is al-
so a cost burden for the school. Therefore, the planning of
its implementation needs to be based upon the effective-
ness of the envisaged performance for achieving the lear-
ning objectives.®” This article focuses on a study of the in-
tegration of experimental work in the teaching and lear-
ning of chemistry in Slovenia from the perspective of the
chemistry teachers’ awareness of the potential of specific
experiments integrated into chemistry lesson for the deve-
lopment of students’ experimental competence, as well as
teachers’ ability to set learning objectives relevant to the
teaching plan and use of learning materials related to ex-
perimental work in the classroom.

1. 1. The Role of Experimental Work in the
Teaching and Learning of Chemistry

Experimental work is generally considered the main
method of teaching in science education;? therefore, it is
an important building block of science education.®® Un-
fortunately, the teachers often use the experimental work
in teaching chemistry mainly because it is required in the
(national) chemistry curriculum.'®!! Hofstein, Kipnis, and
Abrahams* indicate that teachers sometimes interpret the
purposes and aims for learning with experimental work
differently than specified in the chemistry curriculum. Be-
cause experimental work combines experimental activi-
ties with different objectives,® in the planning of such
work, it is necessary to think about the effectiveness of
students’ foreseen activities for achieving the learning ob-
jectives.”

One of the main objectives of the experimental work
is that students recognise a connection between observa-
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tion and thinking about the observed phenomena, i.e. bet-
ween the real world and the thought depicting the world.
Tobin'? stated that learning with experimental work is
possible when the students can manipulate equipment and
materials, and thereby simultaneously they build their
knowledge of chemical concepts and related science con-
tent. Students should take advantage of experimental
work to more easily understand the link between theory
and the experimental activity.'?

Unfortunately, teachers often do not think about ex-
perimental activities as a primary main asset, which provi-
des pupils with a sensible knowledge about science. Also
many teachers do not involve pupils in the experimental
work in a way that would encourage the development of
science concepts and do not believe that they should help
pupils to develop understanding between observation and
science facts.'* Abrahams and Millar’ found in the imple-
mentation of the experimental work that teachers are often
aware only of learning of the new knowledge of chemical
concepts, but not the purpose of the use of experimental
work to develop understanding of scientific knowledge in
general as well as the development of experimental skills.

1. 2. Effectiveness of School Experimental
Work

Millar et al.® proposed a four-step model for measu-
ring the effectiveness of experimental work.

The starting point of this model is the teacher’s lear-
ning objectives (A) or what he/she wants students to learn.
This can be a specific part of the substantial subject know-
ledge or a specific viewpoint on the process of natural
science research (e.g. collection, analysis, or interpreta-
tion of empirical evidence). Once a teacher decides on the
learning objectives, the next step is the design or the se-
lection of experimental tasks for the learners (B) to enab-
le their achievement. The next stage of the model includes
consideration about what students actually do (C) when
they pursue the task. The last stage deals with what the
students actually learn (D) during the experimental task.®

In this way, Millar’s model distinguishes two mea-
nings of effectiveness: (1) effectiveness level 1 - what the
teacher wanted the students to do and what students were
actually able to do (comparison of steps B and C), and (2)
effectiveness level 2 — what the teacher wanted students to
learn and what students actually learned (comparison of
steps A and D).°

The important purpose of experimental work in
science at school is to help students to make connections
between real objects, materials, and events, and the ab-
stract world of thoughts and ideas.® According to Tiberg-
hien'® experimental work intended to help students is defi-
ned as a connection between the two levels of knowledge:
the level of objects and observations (o) and the level of
ideas (i). Abrahams and Millar’ found that experimental
work is appropriate for students to learn how to deal with

laboratory equipment but is less efficient in facilitating
students’ learning based on the collected data for the de-
velopment of scientific ideas.

Properly integrated experiments in the interpretation
of the new concepts facilitate the linking and understan-
ding of three basic levels of the perception of chemical
concepts: macroscopic, submicroscopic or particulate,
and the symbolic level.'® Therefore, the experiment (con-
ducted either as a demonstration or an individual or group
work of students) needs to be an integral part of any inter-
pretation of chemical content in the class.'®'” To support
students in meaningfully connecting the results of the ex-
perimental work with the discussed chemical concepts
and in learning how to present them on the symbolic and
particulate level, the teachers should strive for the integra-
tion of knowledge and experimental work.'® Furthermore,
Solomon'? stated that the observation of changes during
the experimental work alone does not ensure students’ un-
derstanding of presented concepts. Solomon' believes
that learning with experimental work is effective if stu-
dents’ thinking is facilitated by connecting the visual per-
ception of phenomena with the already known science
concepts.

Mancy and Reid*® found that experimental work can
cause an overload of information for students, accompa-
nied by very little the actual learning (in the sense of un-
derstanding). Johnstone and Wham?' associated students’
overload during the experimental work with the need to
remember theoretical facts, names of apparatus and mate-
rials, written and oral instructions about the procedure and
new skills. It is, therefore, reasonable that teachers plan
experimental work in such a way that students focus on
what is truly important, that they enable students to beco-
me familiar with the objectives of the experimental tasks
prior to the experimental work, and that they provide stu-
dents’ the opportunity to discuss steps of the experimental
tasks.?

In an attempt to reduce the cognitive load of learners
and simplify the experimental work, teachers began to use
the written instructions according to the step-by-step prin-
ciple.” Furthermore, in Hofstein and Lunetta’s'* opinion,
the role of learning tools, such as instructions (workbook
or worksheet) is important in the teaching of experimental
work. In their opinion, teaching materials help learners in
focusing attention. Well-prepared instructions provide in-
formation about exactly how something should be done
and what students need to observe, which measurements
must be carried out, and what information they need to
collect in order to be able to answer the questions and
form the conclusions of the experimental tasks.

To recall the most important information before the
experimental work, it is sometimes suggested to use pre-
experimental activity,” which is perceived both as a
means for reducing the workload with the information and
also to interest the students in experimental work. The pri-
mary purpose of the pre-experimental activity is to focus
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and prepare students for learning.?* Reid and Shah®* defi-
ne the importance of the pre-experimental activity as en-
couragement for students to think during the experimental
work; preparation of students for the experimental work;
the guidance of students during their consideration of the
procedures or chemical concepts; encouragement of stu-
dents to connect the experimental work with the new con-
cepts and previous knowledge, etc. Investigation of the ef-
fectiveness of pre-experimental activity confirmed its ef-
fectiveness and indicated that the students also form a mo-
re positive attitude towards experimental work in this
way.?

Abrahams and Millar’ propose discussing the expe-
rimental activities also in the follow-up lesson, which is
defined as a post-experimental activity. Reid and Shah®*
propose that in the context of the post-experimental acti-
vity it is necessary to facilitate meaningful reflection on
the experimental work, which can result in many benefits
for the development of chemical concepts and processes.
However, Abrahams and Millar’ note that in the case that
there is a pause between the experimental activity and the
discussion about the experimental work, the efficiency of
the understanding of tasks decreases, so it is best to carry
it out directly after the completion of the experimental
work.

2. The Context and the Purpose
of the Study

Experimental work has a central role in chemistry
curricula at all educational levels;'~ consequently, the
planning and implementation of experimental work in the
teaching process need to facilitate achieving the stated
learning objectives. It was found that teachers sometimes
interpret the purposes and aims for learning with experi-
mental work differently than specified in the chemistry
curriculum.* With regard to experimental work Slovenian
chemistry curriculum? indicates the objectives that are re-
lated to: (1) students’ acquiring of content knowledge, (2)
development of students’ experimental skills and abilities,
and broader (3) students’ development of natural science
competences. Because experimental work combines expe-
rimental activities with different objectives, it is necessary
to think about the effectiveness of students’ foreseen acti-
vities for achieving the learning objectives in its planning,
as well the use of written materials.®’

In the present article we use the term demonstration-
based experimental work when experimental activity is
based on a frontal presentation of the experiment by the
teacher or the individual student, while the remaining stu-
dents observe its implementation. We use the term stu-
dents” hands-on experimental work to denote experimen-
tal activities in which students conduct all experimental
activities by themselves. In order to address the holistic
potential of experimental work in supporting students’ de-

velopment with regard to curriculum objectives,” the term

students’ experimental competencies is used.

The case study presented in the paper is part of a
major multiple-case study,?® aimed at examining teachers’
concepts of learning and teaching. In particular, we fo-
cused on studying the authentic information from the
school practice in Slovenia related to the implementation
of experimental work in regular chemistry lessons at the
primary level of education. Data collection, analysis and
interpretations have been carried out within an interpreta-
tive constructivist approach.?’

With regard to the research aim, the following re-
search questions (RQ) were defined:

—RQI1: Are the chemistry teachers in primary schools
aware of the potential of specific experiments integrated
into chemistry lesson for the development of students’
experimental competences?

—RQ2: How are the worksheets used during the experi-
mental work in chemistry lessons?

—RQ3: Is teachers’ awareness of the objectives of experi-
mental work related to students’ understanding of the
experimental work?

3. Method

3. 1. Sample

In September—December 2011 we invited 52
schools, based on a stratified random selection from 452
primary schools across 12 statistical regions in Slovenia
(list of schools available at the homepage of Ministry of
Education, Science and Sportzg), to collaborate in the re-
search. Fifteen schools from different statistical regions
gave a positive response to the invitation. After discussing
and coordinating the terms of the research with teachers,
12 schools from five statistical regions (Osrednjesloven-
ska, Gorenjska, Obalno-kraska, Notranjsko-kraska, and
Jugovzhodna) decided to collaborate in the research. The
research collaboration included 12 chemistry teachers and
a total of 332 eight-grade students, with an average age of
14.2 years; 191 students took part in lessons involving stu-
dents’ hands-on experimental work, while the remaining
141 students took part in lessons involving demonstration-
based experimental work. To ensure anonymity, teachers’
and students’ data was collected by the use of code-na-
mes. In this article, the collaborating teachers are code-na-
med by using the first 19 letters of the English alphabet
from teacher A to teacher T (the letter Q is skipped), based
on the nineteen recorded lessons.

3. 2. Instruments

The following instruments were used for gathering

the data in the interviews, which were audio recorded:
¢ The Questionnaire for Teachers is a list of four open-
ended questions used in structured interviews with the
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collaborating teachers before they conducted their unit-
lessons with experimental work. It consists of questions
about three themes: (I) Teachers’ opinion on the general
objectives of experimental work in chemistry teaching;
(Il) Teachers’ use of written instructions (workbook or
worksheet) for students during the experimental work;
(11l) Teachers’ opinion on the specific objectives of expe-
rimental work in particular chemistry lesson and stu-
dents’ learning during experimental work.

e The Questionnaire for Students used for conducting

structured interviews with the participating students af-
ter the unit-lesson including experimental work includes
nine open-ended questions, to check their practical and
theoretical understanding of the experimental task, and
were structured into the following sections: () Students’
understanding of the content knowledge related to the
experimental work; (Il) Students’ procedural knowledge
related to the experimental work, and (III) Students’ un-

Research design is presented in the Scheme 1.

| THEORY OVERVIEW |

v

| RESEARCH PLAN ‘

v

PREPARATION FOR DATA COLLECTION

v

rd

DATA COLLECTION AT SCHOOLS

N

AUDIO RECORDING OF STRUCTURED
INTERVIEWS WITH THE TEACHERS before
conducting the unit-lessons including students' hands-on
experimental work (N,.,,..= 10).

AUDIO RECORDING OF STRUCTURED
INTERVIEWS WITH THE TEACHERS before
conducting the unit-lessons including demonstration-
based experimental work (N,....= 9).

,

'

VIDEO RECORDING OF UNIT-LESSONS involving
student's hands-on experimental work (N.,cpen= 105
Naudens= 139), photocopying of the students' learning
materials.

VIDEO RECORDING OF UNIT-LESSONS involving
demonstration-based experimental work (N,..pe= 9:
Nadens= 141), photocopying of the students' learning
materials.

v

v

AUDIORE CORDING OF STRUCTURED
INTERVIEWS WITH STUDENTS afier the conclusion
of unit-lessons involving students’ hands-on
experimental work (40 students).

AUDIO RECORDING OF STRUCTURED
INTERVIEWS WITH STUDENTS after the unit-lessons
involving demonstration-based experimental work (33
students).

.

ANALYSIS AND PROCESSING OF DATA:

experimental work.

* Analysing of video recording using the Flanders Interaction Analysis Chart, adapted to the observation of the

* Analysis of audio recordings of teacher interviews before the lessons.

* Analysis of learning materials that students used during the lessons.

* Analysis of all cumulative data using a scheme for planning and evaluating experimental work modelled after
Millar et al.” on the basis of “analytical framework for evaluating of the efficiency of experimental tasks™

!

INTERPRETING THE COLLECTED DATA AND CONNECTING
IT WITH THE THEORY OVERVIEW

.

DERIVING A MODEL FOR OPTIMISATION OF
EXPERIMENTAL WORK

Scheme 1: Research design of the investigation
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derstanding of the usefulness of the obtained knowledge
in everyday life. In each of the sections, students were
asked three questions. The questions for students varied
from one unit-lesson to another as different contents we-
re used, in particular regular unit-lessons at their school.
During video recording of the unit-lessons in chemi-
stry classrooms four cameras were used simultaneously,
thereby one camera has been placed in each of the corners
of the classroom.
The full texts of the instruments can be obtained by
request from the authors.

3. 3. Data Collection

In this study, we used multiple sources of data col-
lection (individual interviews, classroom observation, and
other documents) because: (a) each source provided data
from a particular point of view; (b) the sources generated
questions and suggestions for each other; (c) the various
sources gave a variety of perspectives on particular beliefs
and positions; and (d) the information obtained through
one source could be cross-checked with the others.”” The
research proceeded through several phases; an outline of
the main phases of the investigation is presented in Ad-
vance Organiser (Scheme 1).

Before starting the research, the consent of the Com-
mission for Ethics, Faculty of Arts, University of Ljublja-
na was obtained. Students’, teachers’, and parents’ con-
sent of free and conscious decision for the participation in
the survey was obtained from all participants.

We video-recorded the unit lessons at Slovenian
schools during the spring of 2012. The recording took pla-
ce during regular chemistry lessons, and four cameras we-
re used simultaneously. We recorded and observed ten
unit-lessons involving students’ hands-on experimental
work and nine lessons involving demonstration-based ex-
perimental work for a total of nineteen lessons, comprised
of twenty-one classroom hours. In addition to the video
recordings of 19 unit lessons, we also collected the teac-

Table 1: Research questions and data sources analysed

hers’ written lesson plans for the experimental work and
audio-recorded interviews with teachers before conduc-
ting the unit lesson. We recorded unit lessons which lasted
for one or two classroom hours, depending on the deci-
sions of the collaborating teachers. After the recording,
we randomly selected four students from each class, who
were invited to take part in the interview (altogether 73
students were interviewed out of 332 participating eight-
grade students — see details in Scheme 1). The interview
was conducted without the presence of the teacher (only
the student and the 1% author were present). We also pho-
tocopied the learning materials (the worksheet, workbook,
and notebook), which these students used during the unit
lesson.

The teachers could address different contents in
their lessons and experiments, as the specific learning
contents of the experimental work were not the object of
the study. In the studied lessons, the following contents of
the curriculum for chemistry in primary school® were co-
vered: (1) particulate nature of matter (N = 4), chemical
reactions (N = 6) and acids, bases and salts (N = 9).

3. 4. Data Analysis

The data collected was analysed in order to answer
to the particular research questions as indicated in the
Table 1.

Ten percent of particular data sources were indepen-
dently analysed by two researchers (1** author, 3" author)
to ensure coding reliability and validity of the data.’*!
Their consistency in determining the categories was 91 to
95 percent. The inconsistencies between researchers were
simultaneously synchronised through discussion. Even-
tually, the coding schemes were applied to all data.

In the analysis of the videotapes of the chemistry
lesson were examined in time sequences of five seconds.
For the purpose of this study, the Flanders Interaction
Analysis Chart (Slovenian version by Marenti¢-PoZar-
nik)*? was elaborated for observations of the students and

Research questions

Data sources

RQ1 Are the chemistry teachers in primary e Audio recordings of the interviews with
schools aware of the potential of any teachers before chemistry lessons
specific experiments integrated into e The teachers’ unit lesson plans
chemistry lesson for the development of
students’ experimental competences?
RQ2 How are the worksheets used during the e Audio recordings of the interviews with
experimental work in chemistry lessons? teachers before chemistry lessons
o Students’ worksheets
¢ Video recordings from the chemistry lessons
RQ3 Is teachers’ awareness of the objectives of e Audio recordings of the interviews with

experimental work related to students’
understanding of the experimental work?

teachers before chemistry lessons
e Audio recordings of the interviews with
students after chemistry lessons
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the teacher when conducting experimental work, in parti-
cular the teacher talk and student silence or confusion sec-
tions were adapted to the events taking place throughout
the experimental work (e.g. asking questions: about the
theoretical basis of the experimental work, on how to exe-
cute the experimental work tasks, about laboratory uten-
sils, reagents, work safety, correlations between observed
results of the work and already known facts, designating
constants and variables in order to set a hypothesis, about
the result of the work, using the results in other situations,
etc.).

To determine the effectiveness of particular lessons,
consequently various sources were analysed with the
scheme for planning and evaluating of experimental work
modelled after Millar et al.® on the basis of the analytical
framework for evaluating of the efficiency of experimen-
tal tasks’. The theoretical framework of Millar’s model® is
in detail explained in the introductory part of the paper,
accordingly the analysis was based on four steps (A — the
teacher’s learning objectives, B — the design or the selec-
tion of experimental tasks for the learners, C — considera-
tion about what students actually do, D — what the stu-
dents actually learn), that eventually determine the effecti-
veness of experimental work on level 1 (comparison of
steps B and C) and the effectiveness of experimental work
on level 2 (comparison of steps A and D). The rubrics de-
veloped for the purpose of the analysis can be found in the
Appendices.

4. Results and Discussion

4. 1. Chemistry Teachers’ Awareness of the
Potential of Specific Experiments Inte-
grated Into Chemistry Lessons for the
Development of Students’ Experimental
Competences

Based on the interviews conducted with chemistry
teachers, we determined that few teachers (N = 3/19) in
Slovenian schools are aware of all the foreseen curriculum
objectives” they could achieve using experimental work,
i.e. objectives related to students’ acquiring of content
knowledge, development of students’ experimental skills
and abilities, and students’ development of natural science
competences.

Similarly, to what Abrahams and Millar’ found, also
in Slovenia most teachers (N = 9/19) are aware of content
objectives while planning the experimental work.

A typical teacher comment (Teacher D):

“During experimental work students learn to under-
stand, where some substances dissolve and where they
don’t dissolve, they learn why substances dissolve based
on their structure.”

Some teachers (N = 6/19) are in addition to content
objectives also aware of the objectives related to the deve-

lopment of students’ experimental skills and abilities.

A typical teacher comment (Teacher K):

“When students use hands-on experimental work,
they learn to measure the temperature changes in chemi-
cal reactions and also how to correlate the changes of
temperature with energy changes in chemical reactions.”

Only a few teachers (N = 3/19) are aware of content
objectives, objectives related to the development of stu-
dents’ experimental skills and abilities, and objectives re-
lated to broader nature science competence, as foreseen in
the curriculum.?

A typical teacher comment (Teacher R):

“I believe that the purpose of experimental work is
to enable the development of students in many ways, e.g.
students should learn to establish a hypothesis; create a
plan for the experiment; be able to recognize and write
down the utensils and chemicals needed to carry out the
experiment; designate the constants and variables, carry
out the experiment; observe the changes during the expe-
riment and write down their observations. They should al-
so develop their experimental skills and abilities, take ca-
re of safety, analyse the results, and through all of this
learn new chemistry concepts and understand the proces-
ses.”

Based on the results, it seems that many teachers in
Slovenian primary schools plan the integration of experi-
mental work into lessons primarily intuitively and that
many teachers are not fully aware of the potential of spe-
cific experiments integrated into chemistry lesson for the
development of students’ experimental competences,
which agrees with the findings of other researchers.*’

4. 2. The Use of Worksheets for Students
During the Experimental Work

From the interviews with chemistry teachers, we
found that for students’ hands-on experimental work teac-
hers prepare worksheets (N = 19/19), however, while
planning demonstration-based experimental work the ma-
jority develops worksheets (N = 17/19). When comparing
the results of the interviews with chemistry teachers and
the analysis of the students’ worksheets used during expe-
rimental work, we found that only a few teachers (N =
3/19) prepare worksheets for experimental work in accor-
dance with their stated unit-lesson objectives in the inter-
view.

Based on the analysis of video recordings from the
chemistry lessons including experimental work and the
accompanying worksheets, we see that students working
with demonstration-based experimental work (Table 2)
solve their worksheets better and with fewer mistakes in
comparison with students doing students’ hands-on expe-
rimental work (Table 3). Students taking part in demon-
stration-based experimental work finished 75.0-100.0%
(Table 2) of all tasks on their worksheets, whereas stu-
dents taking part in students’ hands-on experimental work
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finished 18.8-100.0% of their worksheets (Table 3). Addi-
tionally, the number of correctly solved worksheets of the
students taking part in demonstration-based experimental
work is 94.8% (Table 2), while for students taking part in
students’ hands-on experimental work, only 81.0% of
them solved it entirely correctly (Table 3). Therefore, the
results show an advantage of the demonstration-based ex-
perimental work, which is based on the teacher having an
active role, as he leads and directs the students towards
observing and efficiently recording their results.*

Despite the majority of teachers preparing works-
heets for the students when using demonstration-based
experimental work, they rarely give their students feed-
back after the work is finished (N = 2/7); when that hap-
pens, the tasks are solved with an accuracy of
95.7-100.0% (M = 97.9%). When the teachers do not
check the worksheets, these are solved with an accuracy
of 71.8-100.0% (M = 93.5%) (Table 2).

All teachers prepare worksheets for the students
when using students’ hands-on experimental work in che-
mistry teaching (N = 10/10). The high percentage of cor-
rectly solved worked sheets is seen when the teacher gives
students feedback about the answers on the worksheet af-
ter the work is finished. In these cases, the work percenta-
ge of worksheets solved correctly varies 75.8-100.0% (M
= 89.5%). When the teacher does not give students feed-
back after the work is finished, the percentage drops down
to a range of 43.9-95.1% (M = 75.3%) (Table 3).

On the basis of the results, we can conclude that the
students follow the instructions of the teacher well and ac-
complish the predicted assignments required to be follo-
wed during experimental work. However, all teachers are
not aware of all the objectives of experimental work (as
found in RQ1); therefore, they do not include these objec-
tives into their worksheets, and, in these cases, the stu-
dents also do not achieve all the objectives that they could.

Table 2: Analysis of collected data when evaluating the worksheets, the students used during demonstration-based experimental work.

Students solving worksheets while taking part in demonstration-based experimental work

Teacher checks th
Correctly solved eachier checks the

Teachers Solved worksheets [%] worksheet at the end
worksheets*[ % ] .
of the experimental work.
Teacher A 97.2 100.0 yes
Teacher B 100.0 100.0 no
Teacher C 93.6 71.8 no
Teacher H 96.3 95.7 yes
Teacher I 75.0 100.0 no
Teacher J 83.3 100.0 no
Teacher O 88.2 95.8 no
Teacher S No worksheet / /
Teacher T No worksheet / /
Average value 90.5 94.8

*Percentage of correctly solved worksheet among solved worksheets.

Table 3: Analysis of collected data when evaluating the worksheets, the students used during students’ hands-on experimental work.

Students solving worksheets while taking part in demonstration-based experimental work

Correctly solved Teacher checks the

Teachers Solved worksheets [ %] worksheet at the end
worksheets*[ % ] .
of the experimental work.

Teacher D 100.0 75.8 yes

Teacher E 18.8 87.9 no

Teacher F 100.0 82.1 yes

Teacher G 68.3 439 no

Teacher K 97.5 100.0 yes

Teacher L 65.0 90.4 no

Teacher M 100.0 100.0 yes

Teacher N 40.0 61.4 no

Teacher P 100.0 72.9 no

Teacher R 98.1 95.1 no

Average value 78.8 81.0

*Percentage of correctly solved worksheets among all the solved worksheets.
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4. 3. Relation Between Teachers’ Awareness
of the Objectives of Experimental Work
and the Students Understanding of the
Experimental Work

Based on the analysis of interviews with the teachers
and students in accordance with the scheme modelled after
Millar et al.,® we can summarise that the teachers’ aware-
ness of the objectives of experimental work affects the stu-
dents understanding of the experimental work (effective-
ness of experimental work level 2). This is the most noti-
ceable for the teachers who are fully aware of all the objec-
tives of experimental work as stated in the curriculum.?

When planning demonstration-based experimental
work (Table 4), we found out the teacher (N = 1/9) who is
fully aware of all the objectives of experimental work has
students who understand experimental work in 100.0% of
their cases have appropriate skills and abilities in 89% of
their cases. We found that teachers (N = 8/9) who are not
fully aware of all the objectives of experimental work ha-
ve students who understand experimental work in
0.0-50.0% (M = 29.6%) of the cases and have appropria-
te experimental skills and abilities in 16.7-70.8% of the
cases (M = 47.7%).

Regarding students’ hands-on experimental work, we
can see in Table 5 that teachers (N = 2/10) who are fully
aware of all of the objectives of experimental work have stu-
dents, who understand experimental work in 50.0-75.0%
(M = 62.5%) of the cases and have appropriate experimental
skills and abilities in 62.5-79.2% (M = 70.9%) of the cases.
However, when planning students’ hands-on experimental

work, we found that teachers (N = 8/10) who are not fully
aware of all the objectives of experimental work have stu-
dents who understand experimental work in 12.5-75.0% (M
= 31.3%) of the cases and have appropriate experimental
skills and abilities in 50-66.7% (M = 59.1%) of the cases.
It can be concluded that the teacher’s holistic aware-
ness of the objectives of experimental work is connected
with the knowledge of the students both in demonstration-
based experimental work and in students’ hands-on expe-
rimental work. Therefore, it is essential that during experi-
mental work teachers help their students understand the
connection between the practical activity, which repre-
sents the macro level and the theory, which represents the
particulate/symbolic level. This causes the students many
problems, as it is difficult for them to connect their obser-
vations and nature science concepts and apply them to ex-
perimental data and the experiment’s conclusion.

5. Conclusions and Implications
for School Practice

The research has indicated that many teachers in
Slovenian primary schools plan the integration of experi-
mental work into lessons primarily intuitively and that
many teachers are not fully aware of the potential of spe-
cific experiments integrated into chemistry lessons for the
development of students’ experimental competences,
which is a novel research finding for Slovenian school
practice, but has been found also in other countries.*” 3 It
was found, that in Slovenia about a half chemistry teac-

Table 4: Analysis of collected data when evaluating the knowledge of students when the teacher is/is not aware of all the objectives of demonstra-

tion-based experimental work.

Correct student answers in the interview after

Teachers’ answers in the interview before
the unit-lesson about the objectives
of experimental work:

Understanding of
the conten knowledge

the unit lesson about:
Understanding of the
procedural knowledge

Understanding of the
usefulness of the

related to the related to the obtained knowledge
experimental work [%] experimental work [%] in everyday life [%]
Teacher A 50.0 70.8 25.0
. Teacher B 37.5 58.3 50.0
The teacher is aware of: (1
achieving content objecti(ve)s. Teacher C 200 40.0 200
Teacher S 12.5 16.7 0.0
Teacher T 33.3 38.9 16.7
The teacher is aware of: (1
achieving content objecti(vgs Teacher H 0.0 50.0 0.0
. Teacher I 50.0 62.5 25.0
and (2) objectives related to
. . e Teacher J 33.3 44 4 0.0
experimental skills and abilities.
The teacher is aware of: (1)
achieving content objectives, (2)
objectives related to
experimental skills and abilities, = Teacher O 100.0 89.0 75.0

and (3) objectives related to
broader nature science
competence.
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Table 5: Analysis of collected data when evaluating the knowledge of students, when the teacher is/is not aware of all the objectives of students’

hands-on experimental work.

Teachers’ answers in the interview before
the unit lesson about the objectives
of experimental work:

Correct student answers in the interview after

Understanding of
the conten knowledge
related to the

the unit lesson about:

Understanding of the
procedural knowledge
related to the

Understanding of the
usefulness of the

experimental work [%]

obtained knowledge

experimental work [%] in everyday life [%]

Teacher D 25.0 52.2 0.0
The teacher is aware of: (1) Teacher E 25.5 66.7 25.0
achieving content objectives. Teacher F 37.5 62.3 25.0
Teacher G 12.5 54.2 0.0
schioving coment objrves TeiherK 373 500 0.0
and (2) ogb'ectives relJated to Teacher L 250 66.7 0.0
) OBJective 0 TeacherM 75.0 66.7 25.0
experimental skills and abilities.
The teacher is aware of: (1)
acl.nev.mg content objectives and (3) Teacher N 125 549 375
objectives related to broader
naturescience competence.
The teacher is aware of: (1) Teacher P 50.0 62.5 0.0
achieving content objectives, (2)
objectives related to experimental
skills and abilities, and (3) Teacher R 750 792 250

objectives related to broader
naturescience competence.

hers are aware of the content objectives while planning
the experimental work, but only about one third is also
aware of the objectives related to the development of stu-
dents’ experimental skills and abilities. Surprisingly, only
few teachers (about one sixth of the teachers in our sam-
ple) is aware also of the objectives related to broader natu-
re science competence, as foreseen in the chemistry curri-
culum.? Additionally, in defining objectives of experimen-
tal work, it is sensible to keep in mind the potential of us-
ing experimental work to motivate students;*®!13163537 o
popularize the natural sciences;*!*?® and to facilitate stu-
dents’ ability to communicate.'>**3% When selecting the
content of the experimental work in accordance with the
objectives of experimental work, the teachers should stri-
ve for the tasks to be based on either the students’ expe-
riences or everyday life*®***} and select and appropriate
form of experimental work based on its objectives (de-
monstration-based experimental work/students’ hands-on
experimental work).*!32446

A novel finding for Slovenian school environment
derived from the presented research is also, that the majo-
rity of students can follow the instructions of the chemi-
stry teacher well and accomplish the predicted assign-
ments required to be followed during experimental work
(effectiveness level 1). Therefore, it is essential that teac-
hers understand how important it is, that they develop ade-
quate written instructions for students’ chemical experi-
mental work both in demonstration-based work and in
students’ hands-on work. Namely, it was found, that in ca-

ses, where the teachers are not aware of all the possible
objectives of experimental work and consequently that
they neglect including these objectives into their works-
heets, the students also cannot achieve all of the possible
objectives that they could (effectiveness level 2). The im-
portance of thoughtful preparation of learning materials
for students in accordance with the selected objectives for
experimental work has been pointed out also by other re-
searchers, who indicate, that it is important, e.g. to list and
name the accessories/laboratory utensils in the learning
materials (names, symbolic notation, warning picto-
grams);'"354 that the materials include tasks to check the
understanding of the experimental work using all three le-
vels (macroscopic, particulate, symbol level);'*!*1%44 and
to take into consideration the appropriate amount of tasks
based on the different levels of Bloom’s taxo-
nomy,!74549-5!

For the improvement of the quality of experimental
work in Slovenian primary school practice, it seems im-
portant, that in the future more attention is devoted to the
development of pre-service and in-service teachers’ un-
derstanding of the holistic perspective of the objectives
for particular experimental work integrated into chemistry
lesson. Although in last decades substantial efforts have
been devoted to chemistry teachers’ development of an
understanding about students’ development through im-
plementation of the curriculum framework'***4” and the
use of experimental work in chemistry teac-
hing,'®!748:32-53 fyrther research of the value of different
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kinds of training to support pre- and in-service teachers in
their development for the use of experimental work in
chemistry teaching is necessary.
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Namen predstavljene raziskave je bil izboljsati u¢inkovitost u¢enja ob uporabi eksperimentalnega dela pri pouku kemi-
je v slovenskih osnovnih $olah. Preucevali smo, kako se eksperimentalno delo izvaja pri rednem pouku kemije, in sicer
je bilo posnetih 19 u¢nih enot rednega pouka kemije na 12 slovenskih osnovnih Solah, ki so bile naklju¢no izbrane iz
seznama $ol iz celotne drzave. Skupno je bilo vkljucenih 332 osmosolcev, s povprecno starostjo 14,2 let. U¢enci so bili
posneti med poukom kemije, zbrani pa so bili tudi njihovi delovni listi, ki so jih reSevali med eksperimentalnim delom.
Z ucitelji kemije, ki so izvedli pouk v teh Solah, so bili opravljeni intervjuji, prav tako so bili zbrane njihove u¢ne pripra-
ve. Pridobljeni podatki so bili analizirani z uporabo kvalitativnih metod. Rezultati kaZejo, da se mnogi ucitelji v sloven-
skih osnovnih $olah v celoti ne zavedajo potenciala eksperimentalnega dela pri poucevanju kemije. Potrebne so nadalj-
ne $tudje, s katerimi bo preucena vrednost razli¢nih oblik izobraZevanja v podporo uciteljem pri nadaljnem razvoju na

podrocju uporabe eksperimentalnega dela pri pouku kemije.
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Abstract

This work presents four complexes with general formula [{(ArO),PS,},Bi] (1-4), where Ar = 2,4-(CH,),C.H,,
2,5-(CH,),C,H,, 3,4-(CH,),C H, and 3,5-(CH,),C H,, respectively. Reaction of [(ArO),PS,Na] with Bi(NO,), - SH,0 in
toluene in 3:1 molar stoichiometry afforded the complexes [{(ArO),PS,},Bi]. These newly synthesized complexes have
been characterized by elemental analysis, FT-IR and multinuclear NMR ('H, '*C and *'P) NMR. The crystal structure of
[{(3,5-CH,),C(H,0},PS,],Bi (4) has been determined by X-ray crystallography. The compound crystallizes in monoc-
linic P2,/c space group and Bi(III) centre is surrounded by six sulfur atoms from three symmetrically chelating bidenta-
te diphenyl dithiophosphate ligands in a distorted octahedron environment. Screening these complexes for their antifun-
gal activity against Pencillium chrysogenum gave positive results.

Keywords: Bi(IIT) Complexes; X-ray; Dithiophosphate; Fungicidal

1. Introduction

Dithiolates of bismuth have attracted much interest
due to their diverse structural features ranging from discre-
te monomer to polymeric supramolecular assemblies.'™
Low lability’ and greater thermodynamic stability'™'" of
Bi-S compounds as compared to Bi—O compounds has re-
sulted into their wide applicability in medicine and bio-
logy.'*" Due to its non-toxic and non-carcinogenic nature,
the use of bismuth compounds in medicine can be traced
back to the middle ages,'* although less consideration has
been paid to bismuth chemistry in comparison with that of
rest of the members of group 15 elements. In addition, che-
mistry of bismuth compounds has advanced considerably
due to its potential in applications as precursors in material
sciences,'>?’ as X-ray imaging agents® and as catalysts.”’
Further interest in the study of these compounds lies in
their significance in medicinal chemistry. The major medi-
cinal applications of bismuth compounds are associated
with the treatment of gastrointestinal disorders, antitumor,

antimicrobial and antibacterial activity.** Recently, with
increasing environmental concerns and the need for ‘green
reagents’, the interest in environmentally acceptable heavy
metal and its compounds has increased tremendously in
the last decade. The synthesis of coordination compounds
with dithiophosphate ligand has been in the center of inte-
rest in chemical research for many years.*”~* Some Bi(III)
complexes containing dithiophosphate ligand, such as
[Bi{S,P(OC{H,Me-m),},],* Bi[S,P (i-C,;H,0),],,* have
been reported previously. In addition to the above, there
are myriad of bismuth compounds with short bite sulfur li-
gands for which X-ray structures are known e.g.
Bi[S,P(CH,),,,** Bi(S,PEt,),.C;H,,*" Bi(S,PMe,),,*
Bi[S,PEt,],,* Bi[S,COPr],,” and Bi[S,CNEt,].”!
Bismuth, because of its large size, and the phospho-
rodithioate ligand, because it incorporates tetrahedral
S,PO, rather than planar S,CN or S,CO, were considered
as logical candidates suitable for study. In the above per-
ceptive it was considered worthwhile to prepare similar
new dithiophosphate complexes and to study their structu-
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ral features with an aim of identifying new structural mo-
tifs. In the present communication, we describe the
syntheses of a new mononuclear bismuth(IIl) complexes
containing the disubstituted diphenyl dithiophosphate li-
gand. In addition, the structure of the complex 4 has been
determined by X-ray diffraction. In addition to the physi-
co-chemical studies, the compounds 1-4 have also been
tested in vitro to assess their antifungal activities against
common reference fungai, and the results were compared
with similar doses of commercial antibiotic, namely
ciprofloxacin.

2. Experimental

2. 1. Reagents, Materials and Measurements

Owing to extremely hydrolysable nature of the star-
ting materials as well as the newly synthesized com-
pounds, stringent precautions were taken to exclude at-
mospheric moisture throughout all the experimental mani-
pulations. All chemicals were procured from Aldrich. Sol-
vents were freshly distilled according to standard proce-
dures. The characterization of the novel bismuth comple-
xes has been done by elemental analyses, FTIR and NMR
spectroscopy. C, H and S microanalysis were obtained
with a CHNS/O Vario EL-III full-automatic Elemental
Analyser (Indian Institute of Integrative Medicine, Jam-
mu). Bismuth was estimated gravimetrically as BiOIL>
The infrared spectra were recorded on a Perkin Elmer-
spectrum RX1 FT-IR spectrophotometer (Sophisticated
Analytical Instrumentation Facility, Panjab University,
Chandigarh) using KBr discs. 'H and *C{'H} NMR in so-
lution were recorded on a Bruker Avance I11 400 MHz. 'H
and 3C NMR spectra of the complexes were measured in
CDCl, solution with reference to an internal TMS. All
chemical shifts are reported in & units downfield from
Me,Si. 3IP{'H} NMR spectra were run, relative to exter-
nal H,PO, (85%), with a Bruker Avance III 400 MHz.
NMR Spectral was carried out at the Department of Che-
mistry, University of Jammu, Jammu. The sodium salts of
disubstituted O,O’-diphenyldithiophosphates i.e. {(2,4-
CH,),CH,0},PS,Na (L1), {(2,5-CH,),C,H,0},PS,Na
(L2),{(3,4-CH,),CH,0},PS,Na (L3) and {(3,5-
CH,),CH,0},PS,Na (L4) were synthesized following a
previously reported procedure.?’

2. 2. Synthesis of [{(2,4-CH,),CH,0},PS,],
Bi(1)

The bismuth complex was prepared by adding
toluene suspension (25 mL) of the ligand L1 (1.00 g, 2.77
mmol) to the weighed amount of Bi(NO,),- 5SH,0 (0.44 g,
0.90 mmol) in toluene (25 mL) while stirring continu-
ously at room temperature for 4 hours during which the
solution color changes to yellow. Excess of solvent was
removed by filtration using an alkoxy funnel fitted with a

G-4 disc under reduced pressure, which resulted in the
complex 1 as a yellow crystalline solid. Yield: 0.99 g
(90%). FTIR (KBr, cm™): 1117 s [w(P)-O-C], 870 s
[vP-O-(C)], 673 s [VP-S] .., 580 m [VP-S] . 256 w
[VvBi-S]. '"H NMR (CDCl,, ppm) 2.30 (s, 18H 2-CH,),
2.39 (s, 18H, 4-CH,), 6.89 (d, J, = 8 Hz, 6H, Hy), 7.02
(d Juy=8Hz, 6H, Hy), 7.22 (s, 6H H,); "C NMR (CDC-
L,, ppm): 17.27 (s, 2- CHg) 21.49 (s, 4-CH,), 121.05 (Cy),
127.28 (C,—CH,), 128.25 (C,), 129.06 (C,—CH,), 130.22
(C,), 147.20 (C,~0); *'P NMR (CDCl,, ppm): 94.15 (s).
Anal. Calcd. for C,(H, P.S.OBi: C, 47.21; H, 4.46; S,
15.75; Bi, 17.11%. Found: C, 47.19; H, 4.43; S, 15.70; Bi,
16.97%.

2. 3. Synthesis of [{(2,5-CH,),C,H,0},PS,],
Bi (2)

The same synthetic procedure as for complex 1 was
used for complex 2, except that ligand L2 (1.00 g, 2.77
mmol) was used instead of L1. Yield: 1.01 g (92%). FTIR
(KBr, cm™): 1024 s [\(P)-O—C], 855 s [VP-O—(C)], 682 s
[VP=S],iym» 562 m [VP-S] ., 255 w [VBi-S]. '"H NMR
(CDCl,, ppm): 2.31 (s, 18H 2-CH,), 2.34 (s, 18H,
5-CH,), 7.23 (d, J,,; = 7.6 Hz, 6H, H;), 7.16 (d, Jy,, = 7.6
Hz, 6H, H,), 6.49 (s, 6 H, H,); °C NMR (CDCL,, ppm):
15.03 (s, 2-CH,), 21.21 (s, 5-CH,), 120.38 (C,), 120.98
(C), 128.04 (C,—CH,), 130.74 (C,), 134.75 (Cs~CH,),
155.93 (C,-0); 3Ip NMR (CDCl,, ppm): 94.36 (s). Anal.
Calcd. for C,gH, ,P,S.OBi: C, 47.21; H, 4.46; S, 15.75; Bi,
17.11%. Found: C, 47.17; H, 4.39; S, 15.72; Bi, 16.95%.

2. 4. Synthesis of [{(3,4-CH,),C.H,0},PS,],
Bi (3)

The same synthetic procedure as for complex 1 was
used for complex 3, except that ligand L3 (1.00 g, 2.77
mmol) was used instead of L1. Yield: 1.03 g (94%). FTIR
(KBr, cm™): 1141 s [(P)-O—C], 843 s [VP-O—(C)], 683 s
[VP-S],,.,» 578 m [VP-S]_ , 246 w [vBi-S]. 'H NMR
(CDCl,, ppm): 2.49 (s, 18H, 4-CH,), 2.65 (s, 18H,
3-CH,), 7.35 (d, Jig; = 7.6 Hz, 6H, H), 7.48 (s, 6H, H,),
7.55 (d, Jyyy = 8 Hz, 6H, Hy); °C NMR (CDCl,, ppm):
19.45 (s, 4-CH,), 21.79 (s, 3-CH,), 150.46 (C), 122.88
(C,), 130.67 (C,—CH,), 134.27 (C,), 138.31 (C,-CH,),
148.96 (C,-0); 3lP NMR (CDCl,, ppm): 95.03 (s). Anal.
Calcd forC H,,P.S.OBi: C, 47.21; H, 4.46; S, 15.75;

481154
, 17.11%. Found C 47.19; H, 4.40; S, 15.72; Bi
16.94%.

2. 5. Synthesis of [{(3,5-CH,),C.H,0},PS,],
Bi (4)
The same synthetic procedure as for complex 1 was
used for complex 4, except that ligand L4 (1.00 g, 2.77

mmol) was used instead of L1. Yield: 1.04 g (95%). FTIR
(KBr, cm™): 1128 s [\(P)-O—C], 834 s [VP—O—(C)], 682 s
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[VP=S],ym> 564 m [VP=S], 256 w [vBi-S]. '"H NMR
(CDCl,, ppm): 2.35 (s, 36H, 3,5-(CH,),), 6.84 (s, 12H,
H,.), 6.92 (s, 6H, H,); 13C NMR (CDCl,, ppm): 21.26 (s,
3,5-(CHy),), 119.16 (C, ), 127.49 (C)), 139.41 (C, ;-CH,),
150.50 (C,~0); *'P NMR (CDCl,, ppm): 93.30 (s). Anal.
Calcd. for C,¢H,,P.S O Bi: C,47.21; H, 4.46; S, 15.75; Bi,
17.11%. Found: C, 47.20; H, 4.42; S, 15.74; Bi, 17.05%.

\
CS_CB
// W
R:;_C_‘ C|_0
N _/
C3—GC,
/7 N\
R; Ry
1. R, =CH,, R, =H,, R, =CH,, R, =H,, R, = H,
2. R,=CH,,R,=H;,R;=H, R, =CH,, R, =H,
3. R,=H,,R,=CH;,R;=CH,, R, =H,, R, =H,
4. R,=H,,R,=CH;,R;=H,, R, =CH,, R, =H,

Scheme 1. Ring labelling for NMR spectroscopic assignments of
complexes 1-4.

2. 6. Antifungal Activity

Agar well diffusion method™ was used for screening
the in vitro antifungal studies of these complexes. The
compounds were dissolved in dimethyl sulfoxide (DM-
SO). Further progressive dilutions were performed to ob-
tain the required concentrations 100 ppm, 500 ppm and
1000 ppm. Using a sterile cork borer (6 mm in diameter),
three holes were made in each dish and then 0.1 mL of the
tested compound dissolved in DMSO (100 ppm, 500 ppm,
1000 ppm) was added into these holes. Finally, the petri
dishes were incubated at 27° C for 48 h. Distinct or light
inhibition zones were observed, around each hole, which
were measured in millimetres as the diameter of inhibition
zones and solvent DMSO exhibited (zone of inhibition)
on the organism tested.

2.7. Crystallography Data Collection and
Refinement

Suitable yellow colored and prism shaped single-
crystals of complex 4 for X-ray analysis were obtained by
keeping its saturated solution in toluene at low temperatu-
re for some hours. For X-ray diffraction studies suitable

3(Ar0),PS,Na -+ Bi(NOj3);'5H,0

single-crystal of complex 4 was mounted on a Bruker
Apex-II CCD diffractometer (Department of Chemistry,
Guru Nanak Dev University, Amritsar) equipped with
graphite monochromated Mo Kot (2= 0.71069 A) at room
temperature. The data collected at room temperature were
processed and corrected for absorption using SIR-92 soft-
ware and refined by full-matrix least-squares refinement
methods based on F?, using the program SHELXL97. The
reflection data were collected and processed by SAINT

Table 1. Crystal data and structure refinements for [{(3,5-
CH,),CH,0},PS,],Bi (4).

Chemical formula C,H,,BiOP.S,

CCDC 1547047

M, 1221.23

Crystal system, space group Monoclinic, P2,/c

T (K) 296

a, b, c(A) 13.076 (1), 21.6280
(14), 19.3220 (13)

B(©) 96.302 (3)

V(A% 5431.4(7)

Z 4

u (mm™) 3.61

No. of reflections 10867

No. of observed [I > 26(I)] 7639

reflections

No. of parameters 589

R, 0.069

R[F* > 26(F?)], wR(F%), S 0.038, 0.080, 0.98

AP, APy (€ A7) 0.50,-0.55

correcting for Lorentz and polarization effects. An empiri-
cal absorption correction was applied using SADABS
from Bruker. All non—hydrogen atoms were refined aniso-
tropically. All calculations were performed using Wingx
package. Molecular drawings were obtained using DIA-
MOND version 2.1. Crystallographic data and refinement
details for the compound 4 are summarized in Table 1.

3. Results and Discussion

The complexes were obtained as stable compounds
at room temperature by the reaction of bismuth nitrate
pentahydrate with O, O -bis(disubstitutedphenyl)phospho-
rodithioate in a 1:3 stoichiometric ratio in toluene at room

Toluene - [{(Ar0),PS,};Bi]

Stirring~ 4 hrs

_3NaNO, (4=

Ar = 2,4-(CH3}2C6H3 {1 ), 2,5-(CH3)2C(,H3 {2)., 3,4-((11'13)2(‘(,[_13 {3) and 3,5-(CH3}2C6H3 {4)

Scheme 2. Preparation of the complexes 1-4.
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temperature. In order to confirm the chemical composi-
tion of the synthesized complexes, X-ray, FI-IR, and 'H,
3C and *'P NMR analyses were carried out with results
are presented in the experimental section. The scheme for
the formation of the complexes is as follows:

3. 1. Spectroscopic Analysis

The main infrared vibration bands are reported in
the experimental section. The FTIR spectra of the comple-
xes and the ligand were compared and assigned on careful
comparison. One important band which confirms the bis-
muth to sulfur bonding V(Bi-S) has been observed as a
weak signal at 246-256 cm™. In addition, the spectrum of
the complexes shows a strong band at 1141-1024 cm™
and 870-834 cm™ due to the [v(P)-O—C] and [vP-O—(C)]
stretching vibrations. The most identifiable IR absorptions
for complexes 1-4 are 683-673 cm™ and 580-562 cm™,
assigned to [VP_S]asym and [VP—S]Sym respectively. These
bands are shifted to lower frequency as compared to the
free ligand. It is found that the coordination mode of the
dithiophosphate ligand is bidentate by the sulfur atoms.
This is also consistent with the crystal structure of the
complex.

The '"H NMR spectra of bismuth(III) dithiophospha-
te complexes were recorded in CDCI, with tetramethylsi-
lane as an internal standard and are reported in experi-
mental section. The spectra show the characteristic reso-
nance for methyl and aromatic protons. In the complexes
1-4, chemical shift for -CH, protons attached to aryl ap-
pears at 2.30-2.65 ppm as a singlet. The chemical shifts
for the aryl ring protons were observed in the region
6.49-7.55 ppm with their usual splitting pattern.”’-*

In the *C{'H} NMR spectra of these complexes, the
chemical shift for methyl carbon (-CH,) attached to the
aryl ring was observed in the region 15.03-21.79 ppm.
The carbon nuclei of the phenyl group have displayed
their resonance in the region 119.16-155.93 ppm.

3Ip{'H} NMR spectra showed only one sharp reso-
nance signal at 93.30-95.03 ppm in the upfield region
compared to that of the free ligand (106.5-107.4 ppm)
with a difference of 13 ppm, which indicates a conside-
rable drift of electron density from the phosphorus to the
metal atom through both sulfur atoms and thus confirms
the formation of a chelated structure with a bidentate
0,0 -diphenyl dithiophosphate. This range observed for
3P NMR in these complexes may be correlated with bi-
dentate behavior of the dithiophosphate moiety.>*

3. 2. Molecular and Crystal Structure of 4

In order to understand the structural details, single
crystal X-ray diffraction study of compound 4 was perfor-
med. Complex 4 crystallizes in the monoclinic P2,/c spa-
ce group. ORTEP view of the molecular structure of 4
with atom numbering scheme is given in Figure 1.
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Fig. 1: ORTEP view of [{(3,5-CH,),C,H,0},PS,],Bi (4).

The molecule consists of neutral well separated mo-
nomeric units. The ligands are bidentate but the attach-
ment of each dithiophosphato moiety to bismuth is slight-
ly unsymmetrical with one short (2.6926(12) to
2.7884(12) A) and one long (2.7794(12) to 2.9162(13) A)
Bi-S bond forming distorted octahedral geometry. Due to
three short and three long Bi—S bond, the configuration is
approximately C, . These ranges are consistent with typi-
cal values reported for the short and long ligand bond in
[Bi{S,P(OC,H,Me-m),}], (2.678(2) to 2.953(2) A)*,
[Bi{S,P(OEM) }3] (2.747(14) to 2.795(12) A)* and
[Bi{S,P{OG-Pr)},},] (2.702(6) to 2.8784(6) A

Asymmetrlcal coordination necessarily leads to an
inverse relationship between the Bi-S and related P-S
bond lengths. P,-S, and P,—S, bond length in4 [P-S, =
1.9807(17) and P S =1 9727 (17) A] are mtermedlate
between single (2 14 A) and double (1.94 A) P-S bonds,
suggesting the negative charge is delocalized over the
S—P-S fragment. The shorter P-S (1.9727(17) A) is asso-
ciated with sulfur atoms forming the longer Bi-S interac-
tion (2.8457(13) A) while the longer P-S bond
(1.9807(17) A) is allied with the sulfur atoms forming the
shorter bonds to the bismuth (2.7884(12) A).

The S-Bi-S bite angle in 4 cover a wide range of
88.6(4) to 92.73(4)°. The interligand angles involving the
longer Bi—S bonds are considerably larger ranging from
88.86(4) to 110.64(4)°.

3. 3. Antifungal Activity

Antifungal activities of free ligands, metal salt
Bi(NO,),-5H,0 and synthesized compounds have been
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Table 2. Selected bond lengths (A) and angles (°) for [{(3,5-
CH,),C,H,0},PS,1,Bi (4)

01-P1 1.584 (3) P2-S3 1.9967 (16)
02-P1 1592 (3) P3-S6 1.9562 (18)
03-P2 1.586 (3) P3-S5 1.9931 (17)
04-P2 1.566 (3) SI-Bil 2.7884 (12)
05-P3 1.582 (3) S2-Bil 2.8457 (13)
06-P3 1.579 3) S3-Bil 2.6926 (12)
P1-S2 1.9727 (17) S4-Bil 2.7794 (12)
P1-S1 1.9807 (17) S5-Bil 2.7347 (12)
P2-S4 1.9755 (17) S6-Bil 2.9162 (13)
O1-P1-02  101.13(17) P2-S3-Bil 86.97 (5)
O1-P1-S2  113.19 (14) P2-S4-Bil 84.99 (5)
02-P1-S2  112.00 (14) P3-S5-Bil 87.76 (6)
O1-P1-S1  104.89 (14) P3-S6-Bil 83.43 (6)
02-P1-S1  110.14 (15) S3-Bil-S5 88.68 (4)
S2-P1-S1 114.49 (8) S3-Bil-S4 74.67 (4)
04-P2-03  100.22 (17) S5-Bil-S4 97.02 (4)
04-P2-S4  108.09 (14) S3-Bil-S1 92.82 (4)
03-P2-S4  112.56 (13) S5-Bil-S1 92.17 (4)
04-P2-S3  111.82(13) S4-Bil-S1  164.23 (4)
03-P2-S3  110.04 (13) S3-Bil-S2 92.73 (4)
S4-P2-S3 113.37 (7) S5-Bil-S2  164.47 (4)
06-P3-05 99.74 (16) S4-Bil-S2 98.27 (4)
06-P3-S6  107.88 (14) S1-Bil-S2 72.32 (4)
05-P3-S6  112.63 (15) S3-Bil-S6  153.29 (4)
06-P3-S5  110.40 (13) S5-Bil-S6 72.33 (4)
05-P3-S5  109.66 (15) S4-Bil-S6 88.86 (4)
S6-P3-S5 115.38 (8) SI-Bil-S6  106.19 (4)
PI-SI-Bil 87.01 (5) S2-Bil-S6  110.64 (4)
P1-S2-Bil 85.57 (5)

examined at four different concentrations 100 ppm, 500
ppm and 1000 ppm against fungus Penicillium chrysoge-
num. Obtained results have been compared with the
standard drug. We conclude that sulfur donor bismuth
complexes inhibit the growth of fungi to a greater extent,
as concentration is increased. All the results are summa-
rized in Table 3. The results have been obtained as fol-
lows:

1. The ligands L1, L2, L3 and L4 showed a negli-
gible inhibitory effect compared to the comple-
Xes.

2. Complexes exhibit higher antifungal activities
than the corresponding free ligands due to the
chelation of the ligand with bismuth.

3. On increasing the concentration of the complex,
antifungal activity increases.

4. The increase in antifungal activity might be due to
faster diffusion of the complexes as a whole
through the cell membrane, or due to a combined
activity effect of the metal and the ligand. The po-
larity of the metal ion will be reduced to a greater
extent due to the overlap of the ligand orbitals.

The illustrated comparative results of antifungal

analysis are given graphically in Figure 2.
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Fig. 2: Comparative results of antifungal screening data.

Table 3. Antifungal activity of diphenyl dithiophosphate ligands
and bismuth(IIT) complexes against the fungus Penicillium chryso-
genum.

. Zone

S.No. Concentration ..o tion
(ppm) .
100 0.0
{(2,4<CH,),C;H,0),PS,}Na (L1) 500 0.0
1000 0.0
100 0.0
{(2.5-(CH,),C;H,0),PS,}Na (L2) 500 0.0
1000 0.0
100 0.0
{(3.4(CH,),C;H,0),PS,}Na (L3) 500 0.0
1000 0.0
100 0.0
{(3,54CH,),C;H,0),PS,}Na (L4) 500 0.0
1000 0.0
100 0.6
[{2.4-(CH,),C,H,0},PS,|,Bi (1) 500 0.8
1000 1.0
100 11
[{2.5-(CH,),C,H,0},PS,|,Bi (2) 500 13
1000 1.6
100 038
[{3.4-(CH,),C_H,0},PS,],Bi (3) 500 0.9
1000 12
100 1
[{3.5-(CH,),C,H,0},PS,|,Bi (4) 500 13
1000 16

5. Conclusion

Four new complexes of Bi(Ill) with disubstituted
diphenyl dithiophosphate ligands have been isolated and
characterized by IR and NMR ('H, "*C and *'P) spectros-
copy. The molecular structure of complex 4 was determi-
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ned by single-crystal X-ray diffraction study and depicted
that the diphenyldithiophosphate ions act as bidentate li-
gands coordinating to the bismuth atom through their two
S atoms. Each forms a four-membered chelate ring in the
equatorial plane having [BiS,] unit. The structural analy-
sis reveals that these monomeric complexes possess a di-
storted octahedral about the bismuth center. The bismuth
complexes proved to be a potent antifungal agent as com-
pared to the free dithiophosphate ligand.

6. Supplementary Information

CCDC 1547047 contains the supplementary crystal-
lographic data for compound 4. The data can be obtained
free of charge via http://www.ccdc.cam.ac.uk/conts/re-
trieving.html, or from the Cambridge Crystallographic Da-
ta Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
(+44) 1223-336-033; or e-mail:deposit @ ccdc.cam.ac.uk.

7. Acknowledgements

The authors are grateful to the NMR laboratory De-
partment of Chemistry, University of Jammu, Jammu, for
providing the spectral facilities. The authors are grateful
to Professor Geeta Hundal, Department of Chemistry, Gu-
ru Nanak Dev University, Amritsar, India, for her valuable
suggestions.

8. References

1. O. C. Monteri, T. Trindade, J. H. Park, P, O Brien, Chem.
Vap. Dep. 2000, 6, 230-232.

2.Y. W. Koh, C. S. Lai, A. Y. Du, E. R. T. Tiekink, K. P. Loh,
Chem. Mater. 2003, 15, 4544-4554.
https://doi.org/10.1021/cm021813k

3. A. Gupta, R. K. Sharma, R. Bohra, V. K. Jain, J. E. Drake, M.
B. Hursthouse, M. E. Light, J. Organomet. Chem. 2003, 678,
122-127.
https://doi.org/10.1016/S0022-328X(03)00435-2

4. M. Kimura, A. Iwata, M. Itoh, K. Yamada, T. Kimura, N. Su-
giura, M. Ishida, S. Kato, Helv. Chem. Acta 2006, 89, 747—
783. https://doi.org/10.1002/hlca.200690070

5. W. Lou, M. Chen, X. Wang, W. Liu, Chem. Mater. 2007, 19,
872-878. https://doi.org/10.1021/cm0625490

6. K. R. Chaudhari, A. Wadawale, S. Ghoshal, S. M. Chopade,
V. S. Sagoria, V. K. Jain, Inorg. Chim. Acta 2009, 362, 1819—
1824. https://doi.org/10.1016/j.ica.2008.08.022

7.D. W. Zhang, W. T. Chen, Y. F. Wang, Luminescence 2017,
32, 201-205. https://doi.org/10.1002/bio.3168

8. W. T. Chen, J. G. Huang, X. G. Yi, Acta Chim. Slov. 2016,
63, 899-904.
https://doi.org/10.17344/acsi.2016.2897

9. N. Yang, H. Sun, Coord. Chem. Rev. 2007, 251, 2354-2366.

https://doi.org/10.1016/j.ccr.2007.03.003

10. A. Lugman, V. L. Blair, R. Brammananth, P. K. Crellin, R. L.
Coppel, P. C. Andrews, Chem. Eur. J. 2014, 20, 14362
14377. https://doi.org/10.1002/chem.201404109

11. L. Agocs, G. G. Briand, N. Burford, M. D. Eelman, N. Au-
meerally, D. MacKay, K. N. Robertson, T. S. Cameron, Can.
J. Chem. 2003, 81, 632-637.
https://doi.org/10.1139/v03-054

12. R. Mohan, Nat. Chem. 2010, 2, 336-336.
https://doi.org/10.1038/nchem.609

13. O. Rohr, Ind. Lubr. Tribol. 2002, 54, 153—-164.
https://doi.org/10.1108/00368790210431709

14. G. G. Briand, N. Burford, Chem. Rev. 1999, 99, 2601-2657.
https://doi.org/10.1021/cr980425s

15. H. Maeda, Y. Tamaka, M. Fukutomi, T. Asano, Jpn. J. Appl.
Phys. 1988, 27, L209-1.210.
https://doi.org/10.1143/JJAP.27.L.209

16. T. Asaka, Y. Okazawa, T. Hirayama, K. Tachikawa, Jpn.
J.Appl. Phys. 1990, 29, L.280-L283.
https://doi.org/10.1143/JJAP.29.L.280

17. S. Katayama, M. Sekine, J. Mater. Res. 1991, 6, 36-41.
https://doi.org/10.1557/JMR.1991.0036

18. B. A. Vaarstra, J. C. Huffman, W. E. Streib, K. G. Caulton,
Inorg. Chem. 1991, 30, 3068-3072.
https://doi.org/10.1021/ic000152024

19.R. D. Rogers, A. H. Bond, S. Aguinaga, J. Am. Chem. Soc.
1992, 114, 2960-2967.
https://doi.org/10.1021/ja00034a03 1

20.R. D. Rogers, A. H. Bond, S. Aguinaga, A. Reyes, J. Am.
Chem. Soc. 1992, 114, 2967-29717.
https://doi.org/10.1021/ja00034a032

21. S. R. Breeze, S. Wang, L. K. Thompson, Inorg. Chim. Acta
1996, 250, 163-171.
https://doi.org/10.1016/S0020-1693(96)05223-1

22. E. Moya, L. Contreras, C. Zaldo, J. Opt. Soc. Am. 1988, BS,
1737-1742.
https://doi.org/10.1364/JOSAB.5.001737

23.S. Wang, D. B. Mitzi, G. A. Landrum, H. Genin, R. Hoft-
mann, J. Am. Chem. Soc. 1997, 119, 724-732.
https://doi.org/10.1021/ja961753h

24. P. Majewski, Adv. Mater. 1994, 6, 460—469.
https://doi.org/10.1002/adma.19940060604

25.J. F. Scott, F. M. Ross, C. A. Paz de Araujo, M. C. Scott, M.
Huffman, Mater. Res. Soc. Bull. 1996, 21, 33-39.
https://doi.org/10.1557/S0883769400035892

26. A. Ekstrand, M. Nygren, G. Westin, J. Sol-Gel Sci. Technol.
1997, 8, 697-701.

27. F. Soares-Carvalho, P. Thomas, J. P. Mercurio, B. Frit, S. Pa-
rola, J. Sol-Gel Sci. Technol. 1997, 8, 759-763.

28. L. O. Rosik, U. S. Patent, Mallinckrodt Medical. Inc. 1995,
A61B 005/055.

29. C. Coin, T. Zevaco, E. Dunach, M. Postel, Bull. Soc. Chim.
Fr. 1996, 133, 913-918.

30. J. L. Lambert, P. Midolo, Aliment Pharmacol. Ther. 1997,
11, 27-33. https://doi.org/10.1046/j.1365-2036.11.51.13.x

31.P. J. Sadler, H. Sun, J. Chem. Soc., Dalton Trans. 1995,

Khajuria et al.: Bismuth(1ll) Complexes with Bis(dimethylphenyl) ...

677



678

Acta Chim. Slov. 2017, 64, 672—-678

32.

33.

34.

35.

36.

37.

38.

39.

40

41.

42.

43.

1395-1401. https://doi.org/10.1039/dt9950001395

E. Asato, K. Katsura, M. Mikuriya, U. Turpeinen, 1. Muti-
kainen, J. Reedijk, Inorg. Chem. 1995, 34, 2447-2454.
https://doi.org/10.1021/ic00113a028

S. L. Gorbach, Gastroenterology 1990, 99, 863-875.
https://doi.org/10.1016/0016-5085(90)90983-8

X. Wang, X. Zhang, J. Lin, J. Chen, Q. Xu, Z. Guo, J. Chem.
Soc., Dalton Trans. 2003, 2379-2380.
https://doi.org/10.1039/6305290g

P. Kopf-Maier, T. Klapotke, Inorg. Chim. Acta 1988, 152,
49-52. https://doi.org/10.1016/S0020-1693(00)90730-8

D. E. Mahony, S. Lim-Morrison, L. Bryden, G. Faulkner, P.
S. Hoffman, L. Agocs, G. G. Briand, N. Burford, H. Magui-
re, Antimicrob. Agents Chemother. 1999, 43, 582-588.

R. Khajuria, S. Kumar, A. Syed, G. Kour, S. Anthal, V. K.
Gupta, R. Kant, S. K. Pandey, J. Coord. Chem. 2014, 67,
2925-2941.

https://doi.org/10.1080/00958972.2014.958473

S. Kumar, R. Khajuria, V. K. Gupta, R. Kant, S. K. Pandey,
Polyhedron 2014, 72, 140-146.
https://doi.org/10.1016/j.poly.2014.01.036

A. Syed, R. Khajuria, S. Kumar, A. K. Jassal, M. S. Hundal,
S. K. Pandey, Acta Chim. Slov. 2014, 61, 866-874.

. S. Kumar, R. Khajuria, A. K. Jassal, G. Hundal, M. S. Hun-

dal, S. K. Pandey, Acta Cryst. 2014, B70, 761-767.
http://dx.doi.org/10.1107/S2052520614014966

S. Kumar, R. Khajuria, A. Syed, A. K. Jassal, L. K. Rana, G.
Hundal, S. K. Pandey, Monatsh. Chem. 2016, 147, 1037—
1043. https://doi.org/10.1007/s00706-015-1569-6

S. Kumar, R. Khajuria, A. Syed, V. K. Gupta, R. Kant, S. K.
Pandey, Transit. Met. Chem. 2015, 40, 519-523.

S. Kumar, S. Andotra, M. Kour, V. K. Gupta, R. Kant, S. K.
Pandey, Crystallogr. Rep. 2016, 61, 810-814.

Povzetek

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

https://doi.org/10.1134/S1063774516050126

S. Maheshwari, J. E. Drake, K. Kori, M. E. Light, R. Ratna-
ni, Polyhedron 2009, 28, 689-694.
https://doi.org/10.1016/j.poly.2008.12.017

S. L. Lawton, C. J. Fuhrmeister, R. G. Haas, C. S. Jarman, F.
G. Lohmeyer, Inorg. Chem. 1974, 13, 135-143.
https://doi.org/10.1021/ic50131a026

M. J. Begley, D. B. Sowerby, I. Haiduc, J. Chem. Soc. Dalton
Trans. 1987, 145-150.
https://doi.org/10.1039/dt9870000145

D. Bryan Sowerby, 1. Haiduc, J. Chem. Soc. Dalton Trans.
1987, 1257-1259.

https://doi.org/10.1039/DT9870001257

F. T. Edelmann, M. Noltimeyer, 1. Haiduc, C. Silvestru, R.
Cea-Olivares, Polyhedron 1994, 13, 547-552.
https://doi.org/10.1016/S0277-5387(00)84730-0

G. Svensson, J. Albertsson, Acta Chem. Scand. 1989, 43,
511-517. https://doi.org/10.3891/acta.chem.scand.43-0511
B. F. Hoskins, E. R. T. Tiekink, G. Winter, Inorg. Chim. Acta
1984, 81, L33-34.
https://doi.org/10.1016/S0020-1693(00)88725-3

C. L. Raston, A. H. White, J. Chem. Soc. Dalton Trans. 1976,
791-794. https://doi.org/10.1039/dt9760000791

A. L. Vogel Quantitative, Inorganic Analysis, 3" Edn, Long-
mans, London, 1961.

M. A. Neelakantan, M. Esakkiammal, S. S. Mariappan, J.
Dharmaraja, T. Jeyakumar, Indian J. Pharm. Sci. 2010, 72,
216-222. https://doi.org/10.4103/0250-474X.65015

C. Glidewell, Inorg. Chim. Acta 1977, 25, 159-163.
https://doi.org/10.1016/S0020-1693(00)95706-2

M. Iglesias, C. D. Pino, S. M. Carrera, Polyhedron 1989, 8,
483-489. https://doi.org/10.1016/S0277-5387(00)80746-9

Predstavljeni so Stirje kompleksi s sploSno formula [{(ArO),PS,},Bi] (1-4), kjer je Ar = 2,4-(CH,),CH,, 2,5-
(CH,),C(H,, 3,4-(CH,),CH, in 3,5-(CH,),CH,. Reakcija [(ArO),PS,Na] z Bi(NO,),-5H,0 v molskem razmerju 3:1 v
toluenu vodi do nastanka kompleksov [{(ArO),PS, },Bi]. Navedeni sintetizirani kompleksi so bili okarakterizirani z ele-
mentno analizo, FT-IR in NMR spektroskopijo ('H, '*C in *'P NMR). Kristalna struktura [{(3,5-CH,),C;H,0},PS,],Bi
(4) je bila dolocena s pomocjo rentgenske difrakcije. Spojina kristalizira v monoklinski P2,/c prostorski skupini, Bi(III)
center je obdan s Sestimi Zveplovimi atomi treh kelatnih difenil ditiofosfatnih ligandov v obliki popacenega oktaedra.
Testiranje teh kompleksov proti Pencillium chrysogenum je dalo pozitivne rezultate.
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Abstract

Herein, calixarene molecules containing piperidine units at lower rim or upper rim of calix skeleton was turned into a
water resistant composite nanofiber adsorbent using polyacrylonitrile (PAN) polymeric support via electrospinning pro-
cess. The PAN based calixarene nanofibrous adsorbents showed an excellent adsorption capacity toward the toxic chro-
mate anions in aqueous solution. Furthermore, this new nanofiber mats would be promising filter materials for drinking

water purification.

Keywords: Calixarene, Nanofiber, Membrane, Chromate, Electrospining

1. Introduction

Chromium is a naturally occurring element and
found in rocks, animals, plants, soil, and in volcanic dust
and gases.! Chromium can exist in four different oxida-
tion states such as metallic chromium Cr, chromous Cr**,
chromic Cr** and chromates Cr®".% In natural waters, Cr
exists mainly in two different oxidation states, Cr®* and
Cr**. Chromium (VI) and chromium (III) enter the body
through inhalation, ingestion and dermal contact. The tri-
valent and hexavalent forms are believed to be the biologi-
cally active species; but, their health impacts are not iden-
tical. Chromium (VI) readily penetrates biological mem-
branes while chromium (IIT) generally does not. Cr (VI) is
considered to be toxic because of its adverse effects on the
health.’> On the other hand, Cr (III) is virtually both less
toxic than Cr (VI) and required nutrient for living orga-
nisms.* The most commonly reported chronic effects of
chromium (VI) exposure include contact dermatitis, skin
ulcers, irritation and ulceration of the nasal mucosa and
perforation of the nasal septum. Less common are reports
of hepatic and renal damage and pulmonary effects
(bronchitis, asthma, and bronchospasm).’ Therefore, it is
important to remove Chromium (VI) from polluted wa-

ters, especially those belonging to the electroplating indu-
stry. In the drinking water, chromium contaminations are
probably due to the industrial using of them such as mi-
ning, leather tanning, dye, cement and electroplating ap-
plications.® The removal of Cr(VI) from wastewater is im-
portant before disposal of industrial waste into the water
reservoirs such as river and lake.” For the removal of the
Cr(V]) from drinking water sources, different techniques
such as chemical precipitation, electrokinetic remedia-
tion, membrane separation, bioremediation photocatalysis
and adsorption are used.® Among these techniques, ad-
sorption of Cr(VI) can be effective and versatile method
for chromium removal particularly owing to the more eco-
nomically viable, especially if low cost adsorbents are
used. But in practice its advantages are largely related to
the performance of the adsorbents. Compared to conven-
tional adsorbents, nanomaterials have been counted as
very promising candidates for high-performance adsor-
bents in the most adsorbents, due to their higher surface-
to-volume ratio.’ Up to now, some adsorbents, such as
such as carbon nanospheres and/or nanotubes, graphene
derivatives, metal oxide nanoparticles, and other nano ad-
sorbents have been widely researched for Cr (VI) remo-
val.>!? Considering that oxyanions are the main form of
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chromate existing in water, the adsorption capacity of
chromate can be expected to improve by introducing ca-
tionic units onto the adsorbent surface, because of the sta-
tic electrical interaction between oxyanions and positive
component on the adsorbent surface.'*'* Presence of the
amino groups on the surface of adsorbents with various
amino compounds is very effective route to prepare catio-
nic adsorbents for the removing of the chromate ions. For
instance, the chromate adsorption capacity of bare magne-
tic Fe,O, nanoparticles from the aqueous phase was effec-
tively improved after they were coated with piperidine
units containing protonable amino groups at lower pH va-
lues.'>!® However, the large-scale treatment of magnetite
nanoparticles in plants or water sources are still insuffi-
cient because of the challenges such asdemagnetization,
large-scale synthesis and recycling process of magnetic
nano adsorbent. Recently, nanofiber adsorbents have been
attracting much attention due to the both high adsorption
properties and packing and durability advantages of con-
ventional fiber materials.'” From this point of view func-
tionalized nano-fibers will be most important topic and
used as affinity membranes for filtering heavy metals and
toxic anions that are difficult to purify by conventional pu-
rification methods. Keeping the above aspects in view, we
designed and synthesized a new kind of calixarene and
polyacrylonitrile (PAN) nanofiber adsorbent for chromate
removal via an electrospinning technique (Figure 1 and
Figure 2). Furthermore, the extraction capacity of this
newly developed nanomaterial for dichromate anions was
also explored and studied at different pH values by solid-
phase extraction process. While PAN provides the flexibi-
lity, high surface area and porosity for good chromium ad-
sorption, calixarene molecules containing protonable ami-
no groups as piperidine on the surface of adsorbent sup-

Figure 1. Synthetic route for the preparation of the lower rim or up-
per rim modified piperidine calixarene (3) and (5).

port the possible interaction between surface and chroma-
te anions with high affinity by electrostatic attraction.

2. Experimental

2. 1. General

'H and ">C NMR spectra were obtained using a Va-
rian 400 MHz spectrometer operating at 400 MHz. The
prepared nanofiber mats were characterized by using a
Bruker Vertex 70 ATR-FTIR instrument. Thermogravime-
tric analysis (TGA) data were obtained with a Setaram
SETSYS thermal analyzer. SEM images were received
using a Zeiss LS-10 field emission SEM instrument.
UV-Visible spectra were recorded on Shimadzu 1800
UV-Visible. Millipore Milli-Q Plus water purification
system is used for the distilled water. For the pH measure-
ments, An Orion 410Ap pH meter was used. All of the
reagents used in this study were obtained from analytical
grade and used without further purification.

2. 2. Synthesis

p-tert-butylcalix[4]arene (1), calix[4]arene (2),
5,17-Bis-[(4-benzylpiperidine)methyl]-calix[4]arene (3),
p-tert-butylcalix[4]arene diester (4) and p-tert-butylca-
lix[4]arene diamide (5) compounds were synthesized ac-
cording to the literature procedures.'>'8

2. 3. Electrospinning

Fibers were electrospun as reported in literatu-
res.'”?® The polymer solution were prepared by dissol-
ving calixarene compounds in DMF which is containing
15% (w/v) PAN. The concentration of calixarenes was 50
wt% with respect to the PAN concentration in DMF. The
polymer solution was held in a horizontally plastic syrin-
ge fitted with a metallic needle of 0.7 mm inner diameter.
A stainless steel electrode was immersed in the solution
and connected to a high voltage power supply. A metal
plate coated with aluminum foil placed opposite served as
a counter electrode. The applied voltages between the
needle tip and collector were set at around 15-20 kV with
a tip-to-collector distance of 15 cm. The electrospinning
temperature and the relative humidity were 25 °C and
50%, respectively.

2. 4. Adsorption Experiments

The sorption capacities of the prepared nanofibers
were determined by the following technique. Aqueous so-
lution (10 mL) of Na,Cr,O, with 1.0 x 10* M concentra-
tion and 25 mg of the sorbent were pipetted in a stoppered
flask that was shaken at 175 rpm and 25 °C for 1 h. The
sorbent was separated before measurements. The residual
dichromate concentration of aqueous solute was determi-
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ned by UV-Vis analyses at 346 nm. The effect of pH was
studied by adjusting the pH of aqueous solutions using di-
luted HCI and KOH solutions at 25 °C. The experiments
were performed three times. From the blank experiments
data it was observed that no dichromate extraction occur-
red in the absence of the fiber mats. The percent extraction
(E %) was calculated through the absorbance of the aque-
ous phase measured using the following expression:

Extraction E%= (A,-A) / A;x 100 (1)

where A, and A are the initial and final concentrations of
the dichromate ion before and afterthe extraction, respec-
tively (Eq. 1).

3. Results and Discussion

3. 1. Synthesis and Characterization

The synthesis of desired calix[4]arene derivatives
containing piperidine units at upper rim or lower rim is
depicted in the Figure 1. For this purpose, the required
starting materials, p-tert-butylcalix[4]arene (1), ca-
lix[4]arene (2) and diester derivative (4) were synthesi-
zed by following the procedure available in the literatu-
re.'8 In case, compounds (3) and (5) were prepared ac-
cording to previous reports as follow.'*!® For the lower
rim modified calixarene derivative, starting material (4)
and 4-amino-1-benzylpiperidine were reacted in reflu-
xing toluene-methanol solvent mixture. After 10 days,
crude product was purified by column chromatography
(Si0,, EtOAc/n-hexan; 2:1) and lower rim modified ca-
lixarene based piperidine was obtained as a pale yello-

Syringe

l Needle

SYRINGE PUMP

Taylor cone

wish solid with 54% yields. As for upper rim functiona-
lized calixare derivative (3), calix[4]arene (2) were inte-
racted with 4-benzylpiperidine in presence of formal-
dehyde and acetic acid in THF at room temperature and
upper rim functionalized compound (3) was obtained as
a white solid product with 53% yields after 24 hours via
Mannich type reaction. After synthesis of the ca-
lix[4]arene compounds containing piperidine units, pol-
yacrylonitrile (PAN) nanofibers containing calixarene
piperidine derivatives were electrospun from the di-
methylformamide solution mixture of PAN and calixa-
rene molecules (3) and (5). For the comparison study,
pure PAN nanofibers without calixarene molecules were
also electrospun.

Fracture morphologies of pure PAN, PAN-CLX3
and PAN-CLX4 nanofibers can be seen in Figure 3. The
SEM images of nanofibers showed that there was no pha-
se separation in the cross sectional morphology and they
were comparable. In the case of PAN with and without ca-
lixarene units, while the nanofibers were mostly uniform,
in the fiber matrix, aggregates of calixarene crystals were
also distributed. Mostly, the fiber diameters were between
285 and 330 nm for all the samples. But, compared the
samples, small variations were observed. For PAN-calixa-
rene systems, slightly thicker fibers were obtained when
compared to pure PAN system owing to the higher solu-
tion viscosity by the presence of calixarene molecules. In
the case of pure PAN system, thinner fibers were observed
because of the absence of calixarene molecules caused the
lower viscosity of pure PAN in DMF solution. As clearly
seen from SEM images, the surface morphologies of all
PAN- CLX3 and PAN- CLXS nanofibers were obviously
different from the pure PAN nanofibers.

é

Power Supply

Rotating Collector

Figure 2. A setup for the electrospinning process of calixarene compounds (3),(5) and polyacrylonitrile solutions.
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Figure 3. SEM images of prepared nanofibers: a. and b. pure PAN; c. and d. PAN-CLXS5; e. and f. PAN-CLX3.
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Figure 4. FTIR (ATR) spectra of prepared nanofibers. (a: pure PAN, and b: PAN-CLX3 and c: PAN-CLX5)
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To confirm the presence of calixarene molecules on
the surface of fiber webs, PAN- CLX3, PAN- CLX5and
pure PAN analyzed by a surface sensitive technique, atte-
nuated total reflection Fourier transform infrared (ATR-
FTIR) spectroscopy. The ATR-FTIR spectra of (a) pure
PAN, (b) PAN- CLX3 and (c) PAN- CLX5 nanofibers are
presented in Figure 4. Typical bands include stretching vi-
brations of CH and CH, groups at 2800-3000 cm’', inten-
se stretching vibration of CN at 2240 cm™' and CH/CH,
deformation vibrations at 1250-1500 cm™ were observed
in the all FTIR spectrum.'®*® On the other hand, the ab-
sorption bands at around 3462 and 1667 cm™ attributable
stretching vibration of phenolic hydroxyl groups and the
phenyl plane bending vibration observed for PAN-CLX3
and PAN-CLXS5 nanofibers were also observed, respecti-
vely. These new bands confirmed that calixarene molecu-
les were present on the surface of the nanofibers. In addi-
tion, the absorption bands corresponding to stretching vi-
bration of amide band I and amide band II for PAN-
CLX3 nanofibers were observed at around 1650 and 1530
cm’! respectively.Moreover, the frequency of the mentio-
ned typical bands ascribed to the structure of calixarene
skeleton was found to be unaffected by the electrospin-
ning process. For this reason, no covalent bond formation
between calixarene molecules and PAN was evidenced
from the FTIR analysis. Therefore, incorporation of cali-
xarene molecules containing piperidine units into nanofi-
ber scaffold was evaluated as a process which is governed
by strong physical interactions.
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The thermal behaviors of the prepared nanofibers
was determined by thermo gravimetric analysis in a
temperature range of 25-600 °C. TG curves of (a) PAN,
(b) PAN-CLX3 and (c) PAN-CLXS5 were presented
Figure 5. The first and rapid weight loss of PAN nanofi-
bers was observed between 275 and 330 °C due to the
side chain degradation of the polymer backbone. De-
composition of the carbon-carbon main chains caused
the weight loss was seen around 360-465 °C in TGA
curves for all nanofibers. Compared with PAN nanofi-
bers, it is clearly seen from the inset of Figure 5 that
PAN-CLX3 and PAN-CLXS5 nanofibers begin to lose
weight at slightly shorter temperatures demonstrating a
stabilizing effect of calixarene molecules into the poly-
mer chain. The thermal decomposition behaviors of the
PAN nanofibers with calixarene molecules are slightly
higher than pure PAN. Furthermore, DSC curves displa-
yed an exothermic for all samples and endothermic
peaks only for calix nanofibers, which indicated thermal
stabilizing, cyclization of nitrile group and melting pro-
cess of PAN nanofibers. The exothermic peak of pure
PAN displayed at 290 °C due to multiple complex che-
mical reactions, such as dehydrogenation, instantaneous
cyclization and crosslinking reactions associated with
the oxidative stabilization of PAN.2!?? In addition, the
weak endothermic peaks attributable the melting of the
pure calixarene compounds for PAN-CLX3 and PAN-5
during the heating stage, which are centered around 200
°C, were also observed.
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Figure 5. TG and DSC curves of nanofibers (a) PAN, (b) PAN-CLX3 and (c) PAN-CLXS5.
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3. 2. Chromate Extraction Studies

From the spectroscopic data, it can be seen that the
obtained fibers are porous and amine modified calixarene
molecules were immobilized on the surface. This distinct
morphology of the resultant nanofiber mats would be very
favorable to the adsorption of anionic chromate ions. The
synthesis of supports and hosts for specific anions as dic-
hromate is an important goal. Because Cr (VI) has well
known effects on environment and living organism, it is
necessarily to remove Cr (VI) from wastewater. Therefore,
a series of experiments were carried out to evaluate the
binding capability of nanofibers mats towards chromate
ions in aqueous solution. The effect of pH on the chromate
adsorption abilities of the prepared nanofibers pure PAN,
PAN-CLX3 and PAN-CLXS5 at room temperature was pre-
sented at Figure 6. From the adsorption experiments, It
was found that the chromate uptake ability of the nanofi-
bers PAN-CLX3 and PAN-CLXS5 reached a maximum at
pH 1.5. When the pH of studied solutions gradually de-
creased, the adsorption performance for PAN-CLX3 and
PAN-CLXS sharply increased. From Figure 6, it is clear
that maximum extraction 90% for PAN-CLX3 and 85%
for PAN-CLXS occur in aqueous solution at pH 1.5; which
shows that best interaction between fibers PAN-CLX3,
PAN-CLX5 and the chromate ions occurs at this pH. On
the other hand, pure PAN nanofibers have almost no ad-
sorption capacity for chromate anions, whereas calixarene-
modified nanofiber exhibited increased adsorption percen-
tage at different pH values. The following reasons should
be accountable for these findings. Firstly, the amino groups
of calixarene piperidine molecules on the surface of fiber
mats are prone to protonation in acid solution which en-
hances the electrostatic interaction between protonated ca-
lix piperidine units and anionic chromate ions as well
hydrogen bonding. The next reason is that PAN nanofibers
based calixarene containing piperidine units have a more
stable skeleton and functionalized groups due to presence
of calixarene molecules. With increasing pH values, the
possible interaction between chromate ions and fiber webs

at aqueous solutions decreased and the extraction percen-
tage became less for all studied nanofibers. The slight in-
crease in anion binding efficiency of all nanofibers at in-
creased pH values (from 5.5 to 8.5) may be explained by
the location of the sodium cation coming from dichromate
so-called ion-pairs. Cr (VI) is unstable and shows very oxi-
dizing behaviors in the presence of the electron donor in
acidic medium. HCrO," is the dominant form of the chro-
mium at pH 1 and 6 and only CrO 4’2 ions exist above pH 7.
With the increase of pH, the proportion of HCrO," decrea-
sed and the content of CrO,> increased until it was the pre-
dominant species at pH values over 7.5.

Apparently, the CrO42' oxyanion needs one more
adsorption site than the HCrO4™ oxyanion. It is understan-
dable that the adsorption capacity decreased with the pH
increasing from 1.5 to 8.5. Compared the published litera-
ture results about dichromate extraction by solid materials
as magnetite nanoparticle with piperidine units, fiber ver-
sion of calixarene piperidine molecules showed excellent
extraction results.'>!® These results are probably due to
the special and large surface area, high porosity, micropo-
resity and high flexibility properties of the fiber structures
of calixarene piperidine nanofiber mats. At the lower pH
values both the formation of HCr,0, Na" and the proto-
nation of the amine nitrogens of piperidine units of calixa-
rene molecules favor extraction. Additionally, both the
competing ion and temperature effect on chromate anion
extraction of PAN-CLX3 and PAN-CLX4 was explored
by using the mixture of CI, SO L NO,™ and chromate an-
ions at the different temperatures such as 25, 30 and 35
°C. From the obtained results, it was clearly observed that
both the presence of the competing ions such as CI,
SO,”, NO,™ and different temperature values did not have
any considerably effect onto the extraction percentage of
chromate ions with PAN-CLX3 and PAN-CLX4. In the
light of these results, PAN-CLX3 and PAN-CLX4 nanofi-
bers could be used as selective ionophore based nanofi-
bers for chromate anions in the presence of foreign anions
at different temperatures.
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Figure 6. Extraction percentages (%E) versus pH following the solid phase extraction of dichromate anions with nanofibers PAN-CLX3 and PAN-

CLXs5.
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4. Conclusion

As a summary in this study, the preparation and an-
ion binding properties of PAN nanofibers based calixare-
ne containing piperidine units with amide and/or amine
functionality were successfully carried out. In the fabrica-
tion process, PAN nanofibers based calixarene piperidine
units were first produced with the aim to develop functio-
nal nanofibers. Owing to the presence of calixarene pipe-
ridine molecules onto the nanofiber scaffold, PAN-CLX3
and PAN-CLXS5 exhibited higher affinity toward chroma-
te anions. This situation is probably due to the very high
surface area, porosity, flexibility and microporesity of
PAN nanofibers and surface associated with calixarene
molecules. Calixarenes are already being used in variety
areas such as pharmaceuticals, catalyst, filtrations and
controlled drug delivery systems, therefore, having nano-
fiber structures might hopefully extend the use of calixa-
renes in these fields or in other functional systems. Hence,
a new inexpensive material is proposed via electrospin-
ning as a useful membrane type adsorbent for removal of
chromate anions in aqueous solution. Moreover, our fin-
dings may contribute to the fabrication of new functional
nanofibers from other types of calixarene and/or other su-
pramolecular systems via electrospinning.
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Molekule kaliksarena s piperidinskimi enotami v zgornjem ali spodnjem obrocu skeleta smo uporabili za pripravo vo-
doodpornega komposita nanovlaken. V procesu electropredenja smo uporabili polimeren nosilec poliakrilnitril (PAN).
Tako pripravljen adsorbent na osnovi PAN kaliksaren nanovlaken je pokazal odli¢no adsorpcijsko kapaciteto napram
toksi¢nim anionom kroma (VI) v vodnih raztopinah. Nova nanovlakna predstavljajo obetajo¢ material za pripravo fil-

trov za ¢iS¢enje pitne vode.
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Abstract

Two new complexes [Cu(bcen)Ni(CN),], (1) and [Ni(bcen)Ni(CN),] (2) where bcen is 4,7-diazadecanediamide, were
synthesized by reaction of equimolar amounts of M(NO,), (M = Cu and Ni), bcen ligand and K,[Ni(CN),]. Single-cry-
stal X-ray diffraction analysis of compound 1, shows that the bcen ligand acts as a tridentate chelate, coordinating to the
Cu(II) ion via the two nitrogen atoms of the amine groups and one oxygen atom of one amide group, and the other ami-
de unit is left uncoordinated. The coordination geometry around the Cu(Il) ions is five coordinate with a distorted squa-
re pyramid geometry, comprising two nitrogen atoms and one oxygen atom belonging to the bcen ligand and two nitro-
gen atoms of the cyano groups of two Ni(CN) 42’ units. The distance between the copper ion and the amide oxygen of the
dangling arm of an adjacent tetranuclear species is within the expected range for an axial Cu—O bond, and hence sug-
gests that the amide oxygen of an adjacent tetranuclear complex may weakly coordinate to the copper ion in an axial po-
sition. These contacts link the tetranuclear species into infinite chain polymers.

Keyword: Cyano bridged; Multinuclear; diamine-diamide; Crystal structure; Tetracyanonickelate

1. Introduction

In recent years a great effort has been focused on the
design, synthesis and study of multinuclear transition me-
tal complexes. These complexes not only have played an
important role in the development of modern coordination
chemistry, but also can be utilized as model compounds
for the active sites of multimetallo enzymes."> Among
them, investigations of hetero-nuclear complexes tend to
be more informative than the homo-nuclear complexes,
due to interesting properties which can arise from the pre-
sence of two different metal ions.>™

There are variety of strategies for synthesizing homo
and hetero-multinuclear complexes. A general approach is
to use bridging ligands such as halides, pseudo-halides,
oxalate, sulfate, etc.'* Self-assembly is the most efficient
approach for the construction of such molecular sys-
tems."'~"* Another popular and successful approach for
the preparation of multinuclear complexes with unusual

and interesting properties is to employ cyano complexes
(metalloligand) such as Ag(CN),", Ni(CN) 42’, Cr(CN)63’,
Pd(CN),*, PCN),™, etc.'*""7 The cyano anion is able to
act either as a terminal or as a bridging ligand. Tetracya-
nometallic complex anions, M(CN) 42‘ (M = Ni, Pd and Pt)
can act in the bridging mode by using either one, two,
three or all four cyano groups. It usually leads to forma-
tion of one-(1D), two-(2D) or three-dimensional (3D)
structures.'’"?

M(bcen)?*
M = Cu and Ni

Scheme 1. Structure of diamine-diamide complexes
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Herein, we report the synthesis, spectroscopic cha-
racterization and structural aspects of two new homo and
hetero-nuclear complexes derived from the metalloligand
complexes Ni(CN) 42’, and coordinatively unsaturated
Cu(bcen)** and Ni(bcen)** complexes (bcen = 4,7-diaza-
decanediamide, also known as N,N’-bis(f-carbamoy-
lethyl)ethylendiamine) (Scheme 1).

2. Experimental

2. 1. Materials and Measurements

All chemicals were of analytical reagent grade and
were used without further purification. The complex
K, [Ni(CN),] - H,O was prepared according to the literatu-
re procedure by mixing stoichiometric amounts of nic-
kel(IT) chloride hexahydrate (2.00 mmol, 0.475 g) in H,0
(10 mL) with potassium cyanide (8.00 mmol, 0.521 g) in
10 mL of water.”® The diamine-diamide ligand 4,7-diaza-
decanediamide (bcen) was prepared as previously repor-
ted from ethylendiamine and acrylamide in acetonitrile by
heating the mixture under reflux.?*?® The white powder
was re-crystallized from CHCI,. Infrared spectra were ta-
ken with an Equinox 55 Bruker FT-IR spectrometer using
KBr pellets in the 400—4000 cm™' range. Elemental analy-
ses (C, H, N) were performed by using a CHNS-O 240011
PERKIN-ELMER elemental analyzer.

2. 2. X-ray Crystallography

Diffraction images were measured at 150 K on Su-
perNova diffractometer using Cu Ko, (A = 1.54180 A) ra-
diation. Data were extracted using the CrysAlis PRO pac-
kage.”® The structures were solved by direct methods
with the use of SIR92.%! The structures were refined on
F? by full matrix last-squares techniques using the
CRYSTALS program package.” The H atoms were ini-
tially refined with soft restraints on the bond lengths and
angles to regularise their geometry (C-H in the range
0.93-0.98, N-H = 0.87, O-H = 0.83 A) and with U, (H)
in the range 1.2-1.5 times U, of the parent atom, after
which the positions of the H atoms were refined without
constraints. Atomic coordinates, bond lengths and angles
and displacement parameters have been deposited at the
Cambridge Crystallographic Data Centre. Crystallograp-
hic data and refinement details for the complex is given
in Table 1.

2. 3. Syntheses

2. 3.1 [Cu(bcen)Ni(CN),], - 2CH,OH, 1

To a solution of been (1.00 mmol, 0.198 g) in met-
hanol (40 mL) was added Cu(NO,), - 3H,0 (1.00 mmol,
0.242 g) with stirring for 10 min. Then, to this blue solu-
tion of [Cu(bcen)]*, [Ni(CN)4]2' (1.00 mmol, 0.260 g)
dissolved in a minimum volume of water was added drop-

Table 1. Crystallographic data of [Cu(bcen)Ni(CN),], complex

Compound 1
Chemical formula C,¢H,,Cu,N,Ni,O,
Formula weight 921.25

T (K) 150

Space group Triclinic, P1
Z 1

a(A) 9.1232(6)
b (A) 10.2600(6)
cA) 10.4739(6)
o (°) 78.683(5)
B(©) 78.604(5)
y(©) 79.671(5)
V(A% 932.26(10)
F(000) 474

D, (gcm?) 1.641

p (mm™) 2.94
Measured reflections 14724
Independent reflections 3685

R, 0.023
Observed reflections 3555

R[F? > 26(FY)] 0.025
WR(F?) (all data) 0.069"

‘w = 1/[6*(F?) + (0.04P)* + 0.53P] , where P = (max(F %0) +
2F /3

wise with stirring for 5 min. The precipitate that was ini-
tially obtained was filtered off and the filtrate was left asi-
de for crystallization. Blue cube-shaped crystals suitable
for X-ray diffraction appeared at the bottom of the vessel
upon slow evaporation of the solvents at room temperatu-
re, and were collected by filtration, washed with methanol
and dried in the air. The yield was 87%. Anal. Calc. for
C,(H,,Cu,N,Ni,O.: C, 33.90; H, 4.81; N, 24.33. Found:
C, 34.06; H, 4.83 N, 24.27. IR (KBr, cm™): vC=N = 2126
and 2172.

2.3.2. {[Ni(bcen)Ni(CN),] - 2H,0O}n, 2

The complex 2 was synthesized in a similar manner
as described for 1 by using Ni(NO,), - 6H,0 (1.00 mmol,
0.291 g) instead of Cu(NO,), - 3H,0. The pale blue preci-
pitate was filtered off and the filtrate left aside. Upon slow
evaporation of the solvents at room temperature, a pale
blue precipitate was obtained. The precipitate is insoluble
in most common organic solvents such as methanol, etha-
nol, acetone, acetonitrile and dichloromethane and also is
only very slightly soluble in water and DMF. We attemp-
ted to grow single crystals of the complex but had no suc-
cess due to its insolubility. The complex was purified by
washing with methanol-water (1:1 v/v) solution to remove
unreacted materials from the crude solid. The yield was
71%. Anal. Calc. for C,,H,,N;Ni,O,: C, 31.35; H, 4.82;
N, 24.37. Found: C, 30.90; H, 4.74; N, 23.88. IR (KBr,
cm™): vC=N = 2122 and 2152.
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3. Results and Discussion

3. 1. Syntheses and Characterization of the
Complexes

The M(bcen)** complexes (M = Cu and Ni) were ob-
tained by the in-situ reaction of metal nitrate and been ligand
in methanol at room temperature. The M(bcen)** complexes
upon the addition of an equimolar ratio of Ni(CN) 42’ form of
complexes 1 and 2. Both complexes are stable in air and in-
soluble in common organic solvents and very slightly solub-
le in water and DMF. The insolubility of the complexes sug-
gests that they are polymeric compounds.?’

Besides elemental analysis, the complexes were ini-
tially characterized by infrared spectral techniques which
were useful in identifying the bonding mode (terminal or
bridging) of the cyano groups in Ni(CN),*" to the me-
tal(IT) ion. The absorption bands due to the cyano groups
are the most important aspects of the infrared spectra in
these types of complexes. In the IR spectrum of the free
CN ., the cyanide stretching vibration band appears at 2077
cm ™% In the IR spectrum of K,[Ni(CN),] complex this
band appears at 2128 cm™'.%*> In the IR spectra of 1 and
2, there are two peaks for cyano stretching vibrations ari-
sing from the presence of both bridged and non-bridged
cyano groups. For 1 these are at 2126 (non-bridged) and
2172 cm™ (bridged) and for 2 they are at 2120 (non-brid-
ged) and 2151 cm™ (bridged) (Fig. 1). The increase of
cyano stretching vibration band with the formation of cya-
no bridge, M-N=C-Ni (M = Cu and Ni) in the complexes
in comparison with the cyano non-bridge are due to the ki-
nematic effect, i.e. the impediment of the C-N vibration
due to the attachment of the second metal unit Ni and M.*
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Fig. 1. The infrared spectra of complexes 1 and 2

3. 2. Description of Crystal Structure the
Complex, 1
The molecular structure of hetero-tetranuclear 1 is

shown in Fig. 2. Selected bond lengths and angles as well
as interatomic distances are summarized in Table 2.

Fig. 2. The structure of the [Cu(bcen)Ni(CN),], complex, 1, with
labelling of selected atoms. Anisotropic displacement ellipsoids ex-
hibit 30% probability levels. Hydrogen atoms are drawn as circles
with small radii.

Complex 1 consists of discrete tetranuclear mixed
metal species with two copper and two nickel centers
which are connected via cyano bridging ligands.

Table 2. Selected bond lengths (A) and angles (°) in [Cu(bcen)
Ni(CN,)], complex

CulOl 2.0486 (11) Nil-C9 1.8553 (16)
CulN2 1.9989 (14) Nil-C10 1.8728 (17)
CulN3 2.0417 (14) Nil-C11 1.8767 (16)
CulN5 1.9628 (14) Nil-C12 1.8721 (17)
CulN6* 22182 (14) N5-C9 1.146 (2)
C1-01 1.2617 (19) N6-C10 1.152 (2)
C8-02 1.2250 (20) N7-Cl11 1.149 (2)
Cul---02" 2.9070 (15) N8-CI12 1.153 (2)
O1-Cul-N2  93.10 (6) C9-Nil-C10  86.88 (7)
N6*-Cul-O1  96.04 (5) C9-Nil-C11  171.96 (7)
N6*-Cul-N2  91.60 (6) CI0-Nil-C11  92.14(7)
N6*-Cul-N3  97.80 (6) C9-Nil-C12  89.11(7)
N2-Cul-N3  84.94 (6) CI10-Nil-C12 174.55(7)
N3-Cul-N5  91.40 (6) CI1-Nil-C12  92.34(7)
01-Cul-N3  166.06 (5) N5-C9-Nil  175.34 (16)
N2-Cul-N3  84.94 (6) N6-C10-Nil  172.85 (14)
O1-Cul-N5  86.90 (5) N7-C11-Nil  179.28 (14)
N6*-Cul-N5 103.55 (6) N8-C12-Nil  175.69 (15)
Cul-N5-C9  164.64 (13)

Cul®*-N6-C10 150.09 (13)

Symmetry codes:a=-x+1,-y+1,—z+1;
+1

b==x+2,-yv+1,—z
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Previous studies on the diamine-diamide ligands
and copper(Il) have shown complexes where the ligand is
tetradentate and coordinates to the metal center through
the two amine nitrogen atoms and the two amide oxygen
atoms.’"¥> However, in complex 1 the crystallographic
analyses reveals that the bcen ligand is tridentate chelate,
coordinating to the metal ion via the two nitrogen atoms
of the amine groups and the oxygen atom of one amide
group, and other amide unit does not bond to that Cu
atom. There have been a few studies on the formation and
dissociation of the Cu(bcen)** complex and also on the ki-
netics of metal exchange complexes with the bcen ligand,
and they reported that the Cu(I)-O bond to the amide is

substitutionally labile.*>?%33 The X-ray characterization of
complex 1 shows that the bond between Cu(Il) and a labi-
le amide oxygen of bcen ligand has broken under these
experimental conditions, followed by coordination of
Cu(II) to cyanide nitrogen atoms of Ni(CN)42‘ moieties.
The distance between copper ion (Cul) and the ami-
de oxygen of the dangling arm of an adjacent tetranuclear
species (O2a, symmetry code: —x + 1, -y + 1, -z + 1) is
2.9070(15) A which is significantly longer than the typi-
cal Cu—O covalent bond (1.98 A), but it is slightly shorter
than the sum of the van der Waals radii (2.92 A).** This di-
stance is within the range of 2.2-2.9 A, known for axial
Cu-O bonds,* and hence suggests that the amide oxygen

Fig. 4. Various hydrogen bonding interactions in complex 1 along ac plane.

Table 3. Hydrogen bonding (A) and angles (°) for [Cu(bcen)Ni(CN),], complex

D-H---A D-H H--A DA D-H---A Symmetry code
N1-H1-- O1 0.83(3) 2.37(3) 3.199(3) 173(2) —x+1,-y+1,-z+2
N1-H2--- N7 0.83(3) 2.19(3) 3.006(3) 168(2) x,y—1l,z+1
N2-H3--- N8 0.89(3) 2.25(3) 3.023(3) 145(2) x,y—1,z

N3-H4--- 02 0.86(2) 2.45(2) 3.026(3) 125(2) X, 9,2

N3-H4--- 02 0.86(2) 2.37(2) 2.996(3) 130(2) —x+2,-y+1,—z+1
N4-H5--- O1 091(2) 2.22(2) 3.123(3) 171(2) —x+2,-y+1,—z+1
N4-H6--- O3 0.96(2) 1.97(2) 2.911(3) 165(2) —x+2,-y+1,—z+1
0O3-H7--- N8 0.89(2) 1.96(2) 2.834(3) 170(3) X, ¥, 2

Vafazadeh et al.: Synthesis of Hetero- and Homo-multinuclear Complexes

689



690

Acta Chim. Slov. 2017, 64, 686—691

of adjacent tetranuclear complex may weakly coordinate
to the copper ion in an axial position. These contacts link
the tetranuclear species into infinite chains along the b ax-
is (Fig. 3).

Adjacent 1D chains are connected by C=N(termi-
nal)---H,N(amide ligand) contacts to form a 2D layer
structure (Fig. 4). The 2D layers are extended into 3D su-
pramolecular networks by C=N(terminal)---HN(amine)
hydrogen bonds interactions. Full details of the hydrogen
bonding are given in Table 3. Insolubility of the complex
in different solvents is consistent with its polymeric natu-
re.”’

The copper(Il) centers are five-coordinate with a
N,O donor set from the been ligand (N,0O) and two brid-
ging cyanides. Coordination geometry about each copper
ion is essentially a square pyramid with one oxygen and
two nitrogen atoms from the bcen ligand and two nitrogen
atoms, one from each of two of [Ni(CN) 4]2" units. Accor-
ding to the bond lengths between the copper ions and the
coordinating atoms, the square base consists of the N,O
donors from the been ligand and the closer of the bridging
cyanide nitrogen atoms (Cu—-N = 1.9628(14) A), and the
apical position is occupied by the longer Cu-N from the
bridging cyanide (2.2182(14) A). The copper is displaced
from the basal plane of N,O by 0.254 A towards the apical
nitrogen atom. The Addison parameter 7 value is 0.022.
The T parameter is defined as 7= (a— )/60, o> 3, where
o and f3 are the largest angles; 7= 1 for a regular trigonal
bipyramid and 7= 0 for a regular square pyramid.*

The Ni(Il) ions are coordinated by the C atoms of
four cyanide ligands in a square planar geometry. The
bond distances for Ni-C and C=N in the Ni(CN) 42’ moiety
are in range of 1.8553(16)-1.8767(16) A and
1.146(2)-1.153(2) A, respectively, which is in accordance
with the reported values for similar complexes,'4-1¢1837
Although Ni—C and C=N bond lengths can vary depen-
ding on whether they are in bridging and terminal modes,
here there are no significant variations. The Cu-N=C
bond angles (164.64(13) and 150.09(13)°) are signifi-
cantly bent, whereas the Ni-C=N bond angles are essen-
tially linear and range from 172.85(14) to 179.28(14)°.

The nickel core has a 7, index of 0.096. The 7, para-
meter is [360° - (o + §)]/141°, where o and f3 are the lar-
gest angles around the central metal in the complex; 7, = 1
for a regular tetrahedron and 7, = O for a regular square
planar geometry.*® Each [Ni(CN),]*" group coordinates to
two Cu(Il) ions using two cis-cyanide ligands. Each
Cu(bcen) unit is connected to two [Ni(CN) 4]2" moieties
through a basal plane and an apical position.

4. Conclusions

We have synthesized two multi-nuclear complexes
by reaction of M(bcen)** (M = Cu and Ni) and
K,[Ni(CN),]. The IR spectra of the two complexes revea-

led the presence of both bridged and non-bridged cyano
groups. The crystallographic analyses revealed that com-
plex 1 consists of discrete tetranuclear mixed metal spe-
cies with two copper and two nickel centers which are
connected via cyano bridging ligands of [Ni(CN),]*” mo-
ieties. The bcen tetradentate ligand in complex 1 acts as a
tridentate ligand and an amide unit of the bcen was left as
a dangling arm. The contact between the amide of the
dangling arm and copper ion of an adjacent tetranuclear
unit give rise to infinite chain polymers. Insolubility of the
complex in several solvents is consistent with its polyme-
ric nature.

5. Supplementary Material

The deposition number of the studied complex is
CCDC 1547091. These data can be obtained free-of-char-
ge via www.ccdc.cam.ac.uk/data_request/cif, by emailing
data-request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax +44 1223 336033.
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Z reakcijo ekvimolarnih koli¢in M(NO,), (M = Cu in Ni), bcen liganda in K,[Ni(CN),] smo sintetizirali dva nova kom-
pleksa [Cu(bcen)Ni(CN),], (1) in [Ni(bcen)Ni(CN),] (2), kjer je bcen 4,7-diazadekandiamid. Monokristalna rentgenska
analiza spojine 1 razkrije, da se bcen ligand koordinira na Cu(Il) ion kot trovezni kelatni ligand preko dveh dusikovih
atomov aminske skupine in enega kisikovega atoma ene amidne skupine, medtem ko druga amidna enota ni koordinira-
na. Cu(Il) center ima koordinacijsko Stevilo pet s popaceno kvadratno piramidalno geometrijo, ki jo tvorijo en kisikov
atom in dva dusikova atoma bcen liganda in dva duSikova atoma ciano skupin dveh Ni(CN)f‘ enot. Razdalja med ba-
krovim ionom in amidnim kisikom na nekoordinirani skupini sosednje Stirijedrne zvrsti je znotraj pri¢akovanega ob-
mocja za aksialno Cu—O vez, kar nakazuje, da je amidni kisikov atom s sosednjega $tirijedrnega kompleksa Sibko koor-
diniran na bakrov ion v aksialni legi. Ta kontakt povezuje Stirijedrne zvrsti v neskon¢no verigo.
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Abstract

Magnetite-containing sulfonated polyacrylamide was easily prepared through polymerization of the corresponding mo-
nomers followed by the reaction with Fe,O, nanoparticles. The characterization of the obtained catalyst was performed
by Fourier transform infrared spectroscopy (FT-IR), thermal gravimetric analysis (TGA), scanning electron microscopy
(SEM), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), and vibrating sample magnetometer (VSM).
The acidic SO;H moiety was found to be 1.1 mmol per gram of the obtained polymer. The catalytic activity of the poly-
mer was examined for the synthesis of biscoumarin derivatives by two-component one-pot domino Knoevenagel-type
condensation/Michael reaction between aldehydes and 4-hydroxycoumarin. Biscoumarins were obtained in high to ex-
cellent yields in short time. The work-up procedure of this reaction was very simple. The catalyst is stable (as a bench

top catalyst) with easy-handling and it can be used again.

Keywords: Nanoparticles; Radical polymerization; Magnetism and magnetic properties; Catalysts; Biscoumarins

1. Introduction

Due to the unique characteristics of magnetite Fe,O,
nanoparticles, they have attracted great attention in the
field of biology, medicine, electronics, and catalytic pro-
cesses.! However, Fe,0, nanoparticles respond to external
stimuli such as the pH value and temperature, due to the
pH- and temperature-sensitive properties. Also, they are
unstable in the presence of oxygen at light and coagula-
tion of nanoparticles is usually unavoidable during their
use. Therefore, there has been a considerable research ef-
fort to stabilize Fe,O, nanoparticles through coating the
surface of such nanoparticles with carbon, precious me-
tals, silica, and polymers. In this regard, the use of poly-
mers containing a functional group that binds strongly to
the nanoparticles through covalent or electrostatic interac-
tions has been the subject of great interest to researchers.’
For this purpose, a variety of polymeric materials, such as
poly(glycerol monoacrylate), polyaniline, polyacrylami-
de, poly(N-vinyl-2-pyrrolidone), poly(para-phenylene-
diamine), poly(vinylalcohol), poly(ether-amide), polypyr-

role, and chitosan as well as polymers containing polar
pendant groups, such as carboxylate, phosphate, or sulfate
groups have been used.**

Recently, magnetic nanomaterials have emerged as
a promising catalysts for various organic and inorganic
reactions because of their large surface-to-volume ratio
relative to bulk materials and hence the large ratio of
atoms available at the surface.” These types of catalysts
can be easily separated using an external magnet and
their catalytic activity remains high even after several
reaction cycles. Magnetite catalysts were used as effi-
cient catalytic systems in many chemical transforma-
tions including asymmetric hydrogenation of aromatic
ketones,’ the desymmetrization of racemic 1,2-diols
through asymmetric benzoylation,® synthesis of 14-aryl-
or alkyl-14H-dibenzo[a,j]xanthenes and 1,8-dioxooc-
tahydroxanthene derivatives,”!® Sonogashira cross-cou-
pling reaction,!' synthesis of tetrahydrobenzo[a]xant-
hen-11-ones,'> C—N bond formation via aza-Michael ad-
dition,® and preparation of functionalized tricarboxami-
de derivatives."
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Coumarin and its derivatives are important as anti-
HIV, antibiotic, antifungal, antibacterial, antioxidant, anti-
cancer, and anticoagulant agents.'*'® Among various deri-
vatives of coumarin, biscoumarins have aroused conside-
rable interest. These important compounds were usually
prepared from the reaction of aldehydes with 4-hydroxy-
coumarin. Several types of catalysts were introduced pre-
viously for this reaction, such as piperidine,'” tetrabuty-
lammonium bromide,' 1," sodium dodecyl sulfate, 1-
buthyl-3-methylimidazolium tetrafluoroborate,?' 1-ethyl-
3-(3-sulfopropyl)-benzimidazolium trifluoromethanesul-
fonate,*” para-dodecylbenzenesulfonic acid/piperidine,*
3-methyl-1-(4-sulfonic acid)butylimidazolium hydrogen
sulfate,* B(HSO4)3,25 polyvinylpyrrolidone-supported
nickel nanoparticles,”® poly(4-vinylpyridine)-supported io-
nic liquids,?”*® and cellulose sulfonic acid.? Also, biscou-
marin derivatives have been prepared by the condensation
of 1,2-diols and 4-hydroxycoumarin using Pb(OAc),.*
However, many of these methods have some drawbacks,
such as a requirement for either a long reaction time or
harsh reaction conditions, provide low yields, include la-
borious work-up procedures, inefficiency of method when
aliphatic aldehydes are used in the reaction, and the use of
unrecyclable, hazardous or difficult to handle catalysts.

In continuation of our research on the synthesis and
applications of polymer-supported catalysts and nano-
composites,?’?83132 we now wish to introduce poly(2-
acrylamido-2-methyl propane sulphonic acid-co-acryla-
mide) containing Fe,O, nanoparticles (poly(AMPS-co-
AA)@Fe,0,) as a heterogeneous catalyst for the synthe-
sis of biscoumarin derivatives. Poly(AMPS-co-AA)@ -
Fe,O, was prepared by benzoyl peroxide (Bz,0,) initiated
polymerization of 2-acrylamido-2-methylpropane sulpho-
nic acid (AMPS) with acrylamide (AA) followed by reac-
tion with Fe,O, nanoparticles

2. Experimental
2. 1. Materials and Methods

All chemicals were either prepared in our laboratory
or were purchased from Merck and Fluka. Reaction moni-
toring and purity determination of the products were ac-
complished by GLC or TLC on silica-gel polygram
SILG/UV,,, plates. Gas chromatography was carried out
on Shimadzu GC 14-A. IR spectra were obtained by a
Shimadzu model 8300 FT-IR spectrophotometer. 'H
NMR spectra were recorded on 400 MHz spectrometer in
CDCI,. TGA was carried out on a Stanton Redcraft
STA-780 with a 20 °C/min heating rate. Melting points
were determined on a Fisher—Jones melting-point appara-
tus. XRD patterns were recorded by a Phillips X-ray dif-
fractometer using graphite monochromatized Cu Ko ra-
diation. A morphological study of the synthesized pro-
ducts was carried out directly by a Hitachi S4160 field
emission scanning electron microscope (FESEM). Room

temperature magnetic properties were investigated by La-
keshore device in an applied magnetic field sweeping bet-
ween 8000 Oe.

2. 2. Preparation of Fe,O, Nanoparticles

To a solution of ferrous chloride (FeCl,, 1 M), Na-
OH (4 M) was added dropwise with vigorous stirring to
produce a black solid product (magnetite Fe,O, nanopar-
ticles) when the reaction media reaches pH 12. The resul-
ting nanoparticles were carefully decanted and washed re-
peatedly with doubly distilled water and absolute ethanol
and then dried under vacuum at room temperature.

2. 3. Synthesis of (Poly(AMPS-co-AA)
@Fe,0,)

First, in a round bottomed flask (50 mL) equipped
with a reflux condenser, 0.051 g (0.214 mmol) of Bz,0,
was added to a solution of acrylamide (15 mmol, 1.066 g),
AMPS (6.42 mmol, 1.330 g), and ethanol (25 mL) and the
mixture was refluxed for 5 h. Afterwards, Fe,O, nanopar-
ticles (12 mmol, 2.78 g) were added to the mixture and
refluxed for 1 h. Then, the obtained solid was easily sepa-
rated from the reaction mixture by an external magnet and
washed with deionized water and ethanol three times and
dried overnight in vacuum at 80 °C.

The same procedure applied for the preparation of
poly(AMPS-co-AA) @Fe,0, was also repeated for the
preparation of poly(AMPS-co-AA) without addition of
Fe,O, nanoparticles. In this case, the polymer formed in
the first step was collected by filtration, washed three ti-
mes with ethanol, and dried overnight in vacuum at 60 °C.

2. 4. Preparation of 3,3’-(4-Nitrobenzylide-
ne)-bis-(4-hydroxycoumarin) as a Typi-
cal Procedure for the Synthesis of Bis-

coumarines

A mixture of 1 mmol of 4-nitrobenzaldehyde, 2
mmol of 4-hydroxycoumarin, 0.04 mmol of poly(AMPS-
co-AA)@Fe3O4, and 3 mL of toluene was heated at 90
°C. After the completion of the reaction (monitored by
TLC), the catalyst was removed by an external magnet
and washed with toluene (2 x 5 mL) and the filtrate was
concentrated on a rotary evaporator under reduced pressu-
re. The crude product was recrystallized from ethanol to
give the pure 3,3’-(4-nitrobenzylidene)-bis-(4-hydroxy-
coumarin).

3. Results and Discussion

3. 1. Synthesis of Poly(AMPS-co-AA)@Fe,0,

Poly(AMPS-co-AA) @Fe,0, was synthesized by
free radical polymerization of AA and AMPS monomers
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Scheme 1. Synthetic pathways for poly(AMPS-co-AA) containing
Fe,0, nanoparticles.

in the presence of Bz,0, initiator followed by the reaction
with Fe,O, nanoparticles (Scheme 1). The acidic sites loa-
ding in poly(AMPS-co-AA)@Fe,0, obtained by means
of acid-base titration was found to be 1.1 mmol/g.?”*® For
comparison purposes, poly(AMPS-co-AA) was also pre-
pared via the same procedure applied for the preparation
of poly(AMPS-co-AA)@Fe,O, without addition of
Fe,O,.

3. 2. Characterization of Poly
(AMPS-co-AA)@Fe,0

Figure 1 shows the FT-IR spectra of Fe,O,,
poly(AMPS-co-AA), and poly(AMPS-co-AA)@Fe.0,.
The IR spectral data of Fe,O, show two characteristic
peaks at 425 and 567 cm™', which are due to Fe—O stretc-
hing vibrations (Figure 3a).>! As shown in Figure 3b, the
IR spectrum of poly(AMPS-co-AA) exhibits peaks at
3346 and 3428 cm™ (N-H vibrations of amide groups),
1663 cm™ (C=0 vibrations of carbonyl groups), and 1208
cm™! (S=0 vibrations of sulfonic groups).”’* Also, the IR
spectrum of poly(AMPS-co-AA) @Fe,0, displayed peaks
at 3422, 1658, and 1185 cm™ which are assigned to stretc-

(@

(b)
T© /L(W\
4000 3000 2000 1000 400

Wavenumber (eni %)

Figure 1. FT-IR spectra of Fe,O, (a), poly (AMPS-co-AA) (b), and
poly(AMPS-co-AA) @Fe,0, (c).

(Poly (AMPS-co-AA ) @Fe30,)

hing vibrations of NH and NH,, C=0, and S=0, respecti-
vely (Figure 3b). In IR spectrum of poly(AMPS-co-
AA)@Fe,0, the appearance of peaks at 429 and 574
cm™!, attributed to Fe—O stretching vibrations, indicates
that Fe,O, nanoparticles were attached to the polymer
chains.

Thermal data obtained from TGA analysis are pre-
sented in Figure 2. In TGA curves of Fe,O, and
poly(AMPS-co-AA) @Fe,0, a slow mass loss observed
between room temperature and 150 °C could be related to
the removal of surface adsorbed water, the remaining sol-
vent, and residual monomers. The second step weight loss
starting from 180 °C in TGA curve of Fe,O, could be at-
tributed to thermal crystal phase transformations of Fe,0O,
to Fe,0,. In the case of poly(AMPS-co-AA)@Fe,0, the
second step weight loss starting from 180 °C could be re-
lated to thermal oxidation of Fe,O, and also the decompo-
sition of amide and 2-methylpropane sulphonic acid pen-
dant groups. The last weight losses in TGA curves of
poly(AMPS-co-AA)@Fe,0, at about 360 °C was likely
due to the degradation of the polymer backbone. Based on
the char yield of poly(AMPS-co-AA)@Fe,0, at 800 °C
and assuming that the final residues are mainly Fe,O, and

100
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Figure 2. TGA curves of Fe,0, (a) and poly(AMPS-co-AA)@-
Fe,0O, (b).
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Fe,0,, the anchoring amount of Fe,0, in poly(AMPS-co-
AA)@Fe,0, is about 20 wt.%. The relatively high char
yield of poly(AMPS-co-AA)@Fe,0, also indicates that
the incorporation of Fe,O, into the polymer chains im-

_ SEM HV: 10.0 kV
View field: 1.82 pm

&

SEMHV-100kV

SEM MAG: 70.0 kx | Date(m/dly): 04113116

Figure 3. SEM photographs of Fe,0, (a), poly(AMPS-co-AA) (b),
and poly(AMPS-co-AA) @Fe,0, (¢).

parts significant thermal stability to the resulting
poly(AMPS-co-AA)@Fe,0,.

Figure 3 shows the SEM images of synthesized
samples. Figure 3a indicates that the most of Fe,O, nano-
particles are monodisperse and have a spherical crystal
morphology with a diameter range between 40-50 nm.
With comparison of SEM micrographs of the magnetic
poly(AMPS-co-AA) (Figure 3c) with poly(AMPS-co-
AA) (Figure 3b), it can be deduced that the polymer
chains clearly loaded on Fe,O, nanoparticles.

EDS analyses of poly(AMPS-co-AA) and
poly(AMPS-co-AA) @Fe,0, are shown in Figure 4. EDS
of poly(AMPS-co-AA)@Fe,0, shows that there are no
impurities in this catalyst and confirms the presence of S
and Fe elements (Figure 4b).

Figure 5 shows the XRD patterns of Fe,O, nanopar-
ticles and poly(AMPS-co-AA) @Fe,0,. The XRD pattern
of Fe,O, nanoparticles (Figure 5a) exhibited the peaks at
20=130.21, 35.52, 43.32, 53.61, 57.09, 62.63, 71.19, and
74.20° that could be assigned to 220, 111, 311, 400, 422,
511, 440, and 442 planes of Fe,O,, respectively. Due to
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Figure 4. EDS spectra of poly(AMPS-co-AA) (a) and poly(AMPS
-co-AA)@Fe,0, (b).
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the agreement with the card no. 88-0315, it seems the re-
sultant particles are pure magnetite. The crystal size of the
particles was calculated by line broadening from the XRD
pattern using the Debye—Scherrer formula and they were
estimated to be between 20-25 nm. The weaker diffrac-
tion lines of poly(AMPS-co-AA)@Fe,0, (Figure 5b)
compared with Fe,O, nanoparticles indicate that the
Fe,O, nanoparticles were covered by amorphous polymer.

Counts b)

200

100

a
300 )

200

100

20 30 40 50 60 70
Position(20)

Figure 5. The XRD patterns of Fe,O, nanoparticles (a) and
poly(AMPS-co-AA) @Fe,0, (b).

Magnetic properties of the samples were also stu-
died. Hysteresis loops of Fe,O, nanoparticles and
poly(AMPS-co-AA)@Fe,0, are depicted in Figure 6.
The Fe,O, nanoparticles exhibited ferromagnetic beha-
vior in saturation magnetization of 63.53 emu/g and a
coactivity of 1.76 Oe at room temperature (Figure 6a).

80 T L | L | L

600

40f=

Magnetization (emu/g)

-8000 ~6000 4000 2000 o 2000 4000 G000 3000

Applied field (Oe)

Figure 6. Magnetization curves for Fe,O, nanoparticles (a) and
poly(AMPS-co-AA) @Fe,0, (b).

The results showed that the saturation magnetization va-
lue of poly(AMPS-co-AA) @Fe,O, (Figure 6b, 48 emu/g)
was lower than Fe,O, nanoparticles due to the interaction
of polymer and Fe,O, nanoparticles.

3. 3. Catalytic Application of Poly(AMPS-co-
AA)@Fe,0, in the Synthesis of Biscou-
marins

After synthesis of poly(AMPS-co-AA)@Fe,0, we
tried to convert aldehydes to the corresponding biscouma-
rins in the presence of this catalyst. To optimize the reac-
tion conditions, initially, the condensation reactions of
benzaldehyde (1 mmol) with 4-hydroxycoumarin (2
mmol) in the presence of different molar ratios of
poly(AMPS-co-AA)@Fe,0, in various solvents and also
under solvent free conditions were studied. The results in-
dicate that this reaction goes well in toluene and the pro-
duct was obtained in excellent yield in the presence of
0.04 mmol of the catalyst at 90 °C. After establishing the
optimal conditions, in order to prove the generality of this
method, a variety of aromatic aldehydes bearing electron-
deficient or electron-rich substituents on the aromatic ring
(Table 1, entries 1-7), heteroaromatic aldehydes such as
2-thienyl and 2-furanyl carbaldehyde (entries 8, 9), and
aliphatic aldehydes (entries 10-12) reacted with 4-
hydroxycoumarin to give the corresponding biscoumarin
products in excellent yields. "H NMR spectrum of the pro-
duct 3,3’-(4-nitrobenzylidene)-bis-(4-hydroxycoumarin)
is shown in Figure 7.
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Figure 7. '"H NMR spectrum of the 3,3’-(4-nitrobenzylidene)-bis-
(4-hydroxycoumarin).
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Table 1: Synthesis of biscoumarin derivatives catalyzed by poly(AMPS-co-AA) @Fe,0,.

Poly(AMPS-co-AA)@Fe;04 H R
(0.04 mmol) e e R
+ RCHO .
Toluene /90 C
ML.P. (°C)
Entry Aldehyde Time (min.) Yield (%)™ Obs. Lit.
1 Benzaldehyde 15 97 226-230 230-232%
2 4-Methylbenzaldehyde 19 94 263-267 266-268%
3 4-Methoxybenzaldehyde 20 96 238-240 242-244"1
4 4-Bromobenzaldehyde 19 96 266-268 265-267%°
5 4-Hydroxybenzaldehyde 22 95 224-226 222-2241
6 4-Nitrobenzaldehyde 10 97 227-230 232-234"
7 3-Nitrobenzaldehyde 10 97 236-239 236-238"
8 2-Thienyl carbaldehyde 20 96 211-213 210"
9 2-Furanyl carbaldehyde 21 95 205-207 202"
10 Cinnamaldehyde 27 94 275-279 279-281%
11 3-Phenylpropionaldehyde 30 94 188-191 190"
12 Butyraldehyde 33 94 121-125 123"

* Isolated yields. ° All products are known compounds and were identified by comparison of their physical and

spectral data with those of the authentic samples.

To determine the extent of sulfuric acid groups leac-
hing from poly(AMPS-co-AA)@Fe,0, one test was per-
formed. Poly(AMPS-co-AA) @Fe,0, was added to tolue-
ne and the mixture was stirred for 2 h at 90 °C. Then, the
catalyst was removed by using magnetic field and the fil-
trate was analyzed for its acid content, which showed a ne-
gligible release of the acidic sites. The filtrate was found to
be inactive in the reaction of aldehydes with 4-hydroxy-
coumarin. Thus, this leaching test suggested that the
poly(AMPS-co-AA) @Fe,0, catalyst was a true heteroge-
neous catalyst without significant acid moieties leaching.

Cat.

>
=
>
W
=

i
\ )\
20 (i_r‘\/rf H
—_— —_—
(8) 0]
O A O g & 0
- /“
>[ I I J< -H,0 M
O 2 OH\\\\OJ

Cat.: Poly (AMPS-co-AA) @Fe;0,

\“l,\\ Cat

Scheme 2 shows a possible mechanism for the pre-
paration of biscoumarins using poly(AMPS-co-AA)@-
Fe,O,. First, the acidic nature of catalyst may facilitate the
enolization step of 4-hydroxycoumarin. Second, nucleop-
hilic addition of 4-hydroxycoumarin to the activated al-
dehyde followed by loss of H,O generates intermediate I,
which is further activated by poly(AMPS-co-AA)@-
Fe,O,. Then, the 1,4-nucleophilic addition of a second
molecule of 4-hydroxycoumarin on the activated interme-
diate I, in the Michael addition fashion, affords the bis-
coumarin product. Based on this mechanism, it is clear

N

Cat. an

Scheme 2. Suggested mechanism for the preparation of biscoumarins catalyzed by poly(AMPS-co-AA) @Fe,0,.
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that in the cases of electron withdrawing groups present
on the aromatic aldehyde (Table 1, entries 6, 7), the 1,4-
nucleophilic addition of a second molecule of 4-hydroxy-
coumarin on the activated intermediate I is more favored
which can finally cause the decrease of reaction time for
these types of aldehydes when reacting with 4-hydroxy-
coumarin.?’3 We believe that the catalytic efficiency of
poly(AMPS-co-AA) @Fe,0, may be attributed to the aci-
dic hydrogen (SO,H) as well as Lewis acid properties of
Fe,O, nanoparticles.

Very recently, we have introduced carbon nanotube-
supported butyl 1-sulfonic acid groups as a heterogeneous
catalyst for the synthesis of 1,8-dioxo-octahydroxanthe-
nes.*” Along this line and based on the above encouraging
results, we tried to examine the applicability of
poly(AMPS-co-AA) @Fe,O, for the synthesis of 1,8-dio-
xo-octahydroxanthenes and  12-aryl-9,9-dimethyl-

Table 2: Comparison results of poly(AMPS-co-AA) @Fe,0,
benzaldehyde with two equivalents of 4-hydroxycoumarin.

100
99 -

Figure 8. Recyclability of poly(AMPS-co-AA)@Fe,0, (0.04
mmol) in the reaction of benzaldehyde (1 mmol) with 4-hydroxy-
coumarin (2 mmol) in toluene at 90 °C after 15 min.

8,9,10,12-tetrahydrobenzo[a]xanthene-11-ones through
condensation of aromatic aldehydes with dimedone and
[-naphthol. We observed that 1,8-dioxo-octahydroxanthe-

with other catalysts reported in the literature in the condensation of

Entry Reaction conditions Time (min.)  Yield (%)*
1 Piperidine, EtOH, r.t. 240 9217
2 Tetrabutylammonium bromide, H,0, 100 °C 25 9218
3 I, H,0, 100 °C 25 97"
4 Sodium dodecyl sulfate, H,0, 60 °C 138 90%°
5 1-Buthyl-3-methylimidazolium tetrafluoroborate, 70 °C 120 8421
6 1-Ethyl-3-(3-sulfopropyl)-benzimidazolium trifluoromethanesulfonate, 70 °C 120 95%
7 p-Dodecylbenzenesulfonic acid/piperidine, H,0, r.t. 360 897
8 3-Methyl-1-(4-sulfonic acid)butylimidazolium hydrogen sulfate, 70 °C 30 92
9 B(HSO,),, EtOH/H,0, 70 °C 6 86>
10 Polyvinyl pyrrolidone-nickel nanoparticles, ethylene glycol, r.t.° 15 93%
11 [Poly(4-vinylpyridine)-BuSO,H]CI-xAICl,, toluene, 90 °C 36 95%
12 [Poly(4-vinylpyridine)-BuSO,H]HSO,, toluene, 90 °C 48 9378
13 Cellulose sulfonic acid, H,O, reflux 120 90%
14 Poly(AMPS-co-AA) @Fe,0,, toluene, 90 °C 15 97
Isolated yields. ® With 4-nitrobenzaldehyde.
0 o Ar o
Poly (AMPS-co-AA) @Fe;0,
(0.05 mol )
2 + ArCHO :
EtOH, r.t.
o] (o}
Ar : CgHg 25 min, 97%
4-NO,CgHs 20 min, 97%
0]
OH Poly (AMPS-co-AA) @Fe 0,
(0.05 maol )
+ + ArCH,0 >
o EtOH, r.t.

Scheme 3. Preparation of xanthene derivatives using poly(AMPS-co-AA) @Fe,0,.

Ar: CGHS

4-NO,CgH5
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nes and 12-aryl-9,9-dimethyl-8,9,10,12-tetrahydroben-
zo[a]xanthene-11-ones were obtained in high yields in et-
hanol at room temperature in the presence of 0.05 mmol
of poly(AMPS-co-AA)@Fe,0, (Scheme 3). It is worth
noting that, to the best of our knowledge, relatively few
examples were reported on the synthesis of xanthene deri-
vatives at room temperature. Usually, these reactions need
high temperatures, long time or an additional source of
energy (ultrasound or microwave irradiation).>*3¢

Finally, we investigated the reusability of the
poly(AMPS-co-AA) @Fe,0, catalyst, and it was found
that the catalyst could be completely recovered and used
again at least six times without any noticeable loss of ca-
talytic activity (Figure 8).

In comparison with selected previously known pro-
tocols employed for the synthesis of biscoumarins,
poly(AMPS-co-AA) @Fe,0, showed that in addition to
having the general advantages attributed to the solid ca-
talysts it has a much higher activity evident in the terms of
high yields reached after short reaction times and at mild
reaction conditions (Table 2).

4. Conclusion

In this study the coating of Fe,O, nanoparticles with
sulfonated polyacrylamide has been described. Magneti-
zation measurements showed that the obtained
poly(AMPS-co-AA) @Fe,0O, particles have paramagnetic
properties. Poly(AMPS-co-AA) @Fe,0, showed good ca-
talytic activity in a one-pot domino Knoevenagel-type
condensation/Michael reaction between aldehydes and 4-
hydroxycoumarin, aromatic aldehydes with dimedone,
and aromatic aldehydes with dimedone and B-naphthol.
Work-up of these reactions is a “green” process because
the catalyst was easily separated from the reaction media
by the application of an external magnetic source. The
high thermal and chemical stabilities of the catalyst, easy
preparation, handling, and recycling of the catalyst, high
yields achieved, and short reaction times needed are the
other obvious advantages of the present method.
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S polimerizacijo ustreznih monomerov in z nadaljnjo reakcijo s Fe,O, nanodelci smo pripravili magnetitne delce s sul-
foniranim poliakrilamidnim ovojem. Karakterizacijo dobljenega katalitskega materiala smo izvedli s Fourierjevo trans-
formacijsko infrardeco spektroskopijo (FT-IR), termi¢no gravimetrijo (TGA), vrsti¢no elektronsko mikroskopijo
(SEM), energijsko disperzijsko spektroskopijo (EDS), rentgensko difrakcijo (XRD) in vibracijsko magnetometrijo
(VSM). Ugotovili smo, da pripravljeni polimer vsebuje 1.1 mmol na gram kislih SO,H ostankov. Katalitsko u¢inkovi-
tost polimera smo raziskali na primeru sinteze biskumarinskih derivatov, ki smo jih pripravili z dvokomponentno eno-
lon¢no domino Knoevenaglovo kondenzacijo s slede¢o Michaelovo reakcijo med aldehidi in 4-hidroksikumarinom. Bi-
skumarine smo pripravili z visokimi izkoristki in s kratkimi reakcijskim ¢asi. Izolacije so bile zelo enostavne. Kataliza-
torji so stabilni (pri sobnih pogojih), z njimi je enostavno ravnati in jih je mo¢ ponovno uporabiti.
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Abstract

An efficient one-pot approach for the preparation of 2,4,5-trisubstituted phenanthroimidazole derivatives is described.
The three-component reaction between 9,10-phenanthraquinone, benzaldehyde derivatives, and ammonium acetate pro-
ceeds in the presence of SBA-Pr-SO,H as a nanoporous solid acid catalyst in short reaction times and good to excellent

yields.

Keywords: Trisubstituted phenanthroimidazole; 9,10-Phenanthraquinone; SBA-Pr-SO,H; Nanocatalyst;

Heterogeneous catalysis

1. Introduction

Application of imidazole and their derivatives is un-
avoidable in the field of medicinal chemistry due to their
biologically active properties as biocides,' platelet aggre-
gation inhibitors,> analgetics,3 antibacterial,*® antitu-
mor,>” and anti-inflammatory activity.’ Additionally, de-
rivatives of imidazole conjugated with aromatic rings
have been widely used as fluorescent dyes. '

In recent years, several methods have been reported
for the preparation of three-substituted imidazole deriva-
tives from 9,10-phenanthraquinones, benzaldehyde deriv-
atives and ammonium acetate using different catalysts
such as L,,'" mercaptopropylsilica,'” zirconium Schiff
base,'? iron(III) triflate,'* sulfamic acid,'® and ionic liquid
modified surface.'®

Recently, mesoporous ordered silica materials such
as SBA-15 have received more attention in the field of
catalysis."”'® As a well ordered hexagonal mesoporous
silica, SBA-15 has relevant characteristics such as large
uniform pore size, high surface area, thick walls, and high
thermal stability which makes it a good candidate for
preparing organic-inorganic hybrid materials and using as
catalyst in different reactions.'® Furthermore, the propyl
sulfonic acid modified SBA-15 can behave as an efficient

Brgnsted acid in organic synthesis. Due to our interest in
the field of nano-heterogeneous acidic catalysts,>** and
based on different studies on applying SBA-Pr-SO,H in
organic synthesis,”* " we have discovered a green and ef-
ficient method for the synthesis of 2,4,5-trisubstituted
phenanthroimidazoles 4a-i using SBA-Pr-SO,H. In our
previous studies, we have already reported the efficient
synthesis of benzimidazoquinazolinones31 and 1,2,4,5-
tetrasubstituted imidazoles®” in the presence of SBA-Pr-
SO,H.

2. Experimental

2. 1. Materials and Instrumentations

All chemicals were obtained commercially and used
without further purification. The IR spectra were recorded
on KBr disks using a FT-IR Bruker Tensor 27 instrument.
Melting points were measured using the capillary tube
method with an Electrothermal 9200 apparatus. 'H NMR
and *C NMR spectra were obtained by a Bruker 400
MHz and 100 MHz spectrometer, respectively, in either
DMSO-d, or CDCI, solution. Mass spectra data were ob-
tained by using a Network mass selective detector 5973
(Agilent). Scanning electron microscope (SEM) analysis
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was performed on a Philips XL-30 field-emission SEM
operated at 16 kV, while TEM was carried out on a Tecnai
G? F30 apparatus at 300 kV. Weight change curve in nitro-
gen was measured on a BAHR Thermo analysator STA
503 with the maximum heating rate of 20 °C/min.

2. 2. General Procedure for the Synthesis
of 2,4,5-trisubstituted
phenanthroimidazoles (4a—i)

The mixture of 9,10-phenanthraquinone (0.20 g, 1
mmol), benzaldehyde derivatives (1 mmol), and ammoni-
um acetate (0.31 g, 4 mmol) was stirred in refluxing acetic
acid (3 mL) for about 30 min using SBA-Pr-SO,H (0.02
g) as the catalyst. The completion of the reaction was
monitored by TLC technique (ethyl acetate/petroleum
ether, 2:1). The precipitated product was filtered and dis-
solved in hot ethanol and DMF to remove the catalyst, and
the solvent evaporated to obtain the pure product. The cat-
alyst was subsequently washed with a diluted hydrochlo-
ric acid solution, distilled water, acetone and dried under
reduced pressure, and reused for several times without
significant loss of catalytic activity.”® Physical and spec-
troscopic data of two new compounds are given below.

2. 3. Spectral Data of New Products

2-(2,4-Dimethoxyphenyl)-1H-phenanthro[9,10-d]imi-
dazole (4h)

IR (KBr, v, ): 3523, 3430, 3048, 2987, 2942, 2833,
1935, 1603, 1462, 1371, 1311, 1266, 1204, 1161, 1083,
1022, 923, 835, 747, 714, 564, 434 cm™. 'H NMR (400
MHz, DMSO-d,) &: 3.87 (s, 3H, CH,), 4.03 (s, 3H, CH,),
6.76 (dd, 1H, J=11.5 Hz, J=3 Hz, ArH), 6.80 (d, 1H,
J=2.8 Hz, ArH), 7.58-7.74 (m, 4H, ArH), 8.20 (d, 1H,
J=11.4 Hz, ArH), 8.62 (d, 1H, J=10.4 Hz, ArH), 8.70 (d,
1H, J=10.5 Hz, ArH), 8.82 (t, 2H, J=10.8 Hz, ArH), 12.57
(s, 1H, NH) ppm. *C NMR (100 MHz, DMSO-d,) &:
55.5,55.9,98.5,105.9, 111.8, 111.9, 121.9, 122.4, 122.5,
123.7, 123.9, 125, 126.6, 126.8, 126.9, 127, 127.3, 127.4,
131.1, 136.2, 147.3, 157.8, 161.6 ppm. MS (m/z, %): 354
(M*, 100), 336(33), 321(47), 309(23), 267(24), 190(20),
177(28), 163(13), 137(22).

)

Q0. o
+

Cl

+ NH,OAc
O @]
1 2a 3

2-(2,6-Dichlorophenyl)-1H-phenanthro[9,10-d]imida-
zole (4i)

IR (KBr, v, ): 3063, 2973, 2904, 2845, 2737, 1948,
1702, 1602, 1548, 1481, 1437, 1327, 1191, 1153, 1041,
954, 880, 784, 740, 617, 531, 432 cm™. '"H NMR (400
MHz, DMSO-d,) &: 7.60-7.75 (m, 7H, ArH), 8.36 (d, 1H,
J=10.4 Hz, ArH), 8.56 (d, 1H, J=10.3 Hz, ArH),
8.81-8.88 (m, 2H, ArH), 13.82 (s, 1H, NH) ppm. '*C
NMR (100 MHz, DMSO-d,) &: 121.7, 122, 122.4, 123.8,
124.2, 125.3, 125.6, 127.1, 127.14, 127.3, 127.5, 127.8,
128.4, 130.7, 132.5, 135.7, 136.5, 144.2 ppm. MS (m/z,
%): 362 (M*, 100), 336(9), 190(86), 171(18), 163(53),
136(18).

3. Results and Discussion

The reaction of 9,10-phenanthraquinone (1),
4-chlorobenzaldehyde (2a), and ammonium acetate (3)
was selected for optimizing conditions and investigating
the role of nanocatalyst, SBA-Pr-SO,H (Scheme 1). In or-
der to study the solvent effect, different solvents were test-
ed including solvent-free system at ambient temperature
and at 120 °C, refluxing in water, ethanol and/or acetic
acid as green solvents. As shown in Table 1, the best yield
was obtained under refluxing in acetic acid in the pres-
ence of SBA-Pr-SO,H (0.02 g). On the other hand, to indi-
cate the catalyst effect, the results of different catalysts
were compared with SBA-Pr-SO,H under modified con-
ditions (Figure 1). Clearly, SBA-Pr-SO,H led to both,
shorter reaction times and higher yields. After optimizing
the reaction conditions, several aromatic aldehydes were
used for the synthesis of 2,4,5-trisubstituted phenan-
throimidazoles (Figure 2), which are listed in Table 2.

The proposed mechanism is shown in Scheme 2. In
the first step, aldehyde carbonyl group is protonated on
the SBA-Pr-SO,H surface acidic sites. The activated car-
bonyl group is susceptible to the nucleophilic attack of
ammonia, produced from the ammonium acetate (3), and
gives the intermediate (4’). Condensation of 9,10-phenan-
thraquinone (1) with intermediate 4’ through an imination
process and proton replacement in intermediate 4”, pro-
duces the desired products 4a-i.

H
N

Different _ ‘ )OCI
conditions ‘ N

4a

Scheme 1. Model reaction of 9,10-phenanthraquinone 1, 4-chlorobenzaldehyde 2a, and ammonium acetate 3 for the synthesis of 4a.
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Table 1: Optimizing the reaction conditions for the synthesis of 4a.

Entry Catalyst Solvent Condition Time (min) Yield (%)
1 SBA-Pr-SO;H - r.t. 24 h Trace
2 SBA-Pr-SO,H - 120 °C N.R. 80
3 SBA-Pr-SO;H H,0 Reflux >5h -
4 SBA-Pr-SO;H EtOH Reflux >5h 73
5 SBA-Pr-SO,H CH,COOH Reflux 5 95
6 - CH,COOH Reflux 10 90
300
200 Pt
100 + ) |ﬁ
0 A A &,
e A
MPS T =

FIZr T
p-TSA

NH,S0,H

.'_ " Time (min)
— ' _Yiled (%)
SILLP =

SBA-Pr-SO,H

Figure 1. Comparison of reaction times and product yields for the synthesis of 4 using different catalysts including Iz,ll mercaptopropylsilica
(MPS),"? p-toluenesulfonic acid (p-TSA),"* NH,SO,H, '* supported ionic liquid-like phase (SILLP),'¢ and SBA-Pr-SO,H.

SHAPr. S0 H

CH COOH, Raflux
10-20 min_ 90-97%

Figure 2. Schematic synthesis of 2,4,5-trisubstituted phenan-
throimidazoles (4).

SBA-15 was synthesized according to the report-
ed method.*® Then, its internal surface was modified by
using (3-mercaptopropyl)trimethoxysilane, and further
oxidation with H,O, in methanol, producing SBA-Pr-
SO,H, which was characterized via different tech-
niques, including TGA, SEM and TEM analysis. The

Scheme 2. The proposed mechanism for the synthesis of 2,4,5-
trisubstituted phenanthroimidazoles (4).

weight reduction in TGA analysis (Figure 3) in the
temperature range of 200-600 °C, indicates that propyl
sulfonic acid groups were grafted onto the pores of sil-
ica material and that the average amount is 1.2 mmol/g.
The mass loss before 200 °C is due the adsorbed water
onto the pores of SBA-Pr-SO,H. SEM image of SBA-
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Table 2: Synthesis of 2,4,5-trisubstituted phenanthroimidazoles (4) in the presence of SBA-Pr-SO;H under
reflux conditions in acetic acid.®

Entry R Product Time (min) Yield (%) mp (°C) mp (Lit.)
1 4-C1 qcfﬁ 10 95 263-265 275-276'
HN™ N
3D
4
2 4-F (P 20 96 205-208 -
HN™ N
afa)
3 4-OMe iﬁ 10 95 265-267 265-257%
|
30
4c
4 4-Me cHy 10 97 292-295 290-292%

5 4-OH oH 20 97 >300 350-352"

6 3-NO, @,Nf» 20 90 278-280 271-272%

7 2,4-(Cl), @ 10 94 242244 245246"

8 2,4-(OMe), o7 20 93 203-205 New

9 2,6-(CD), /@\ 20 90 230-232 New
< =]

 Typical reaction conditions: 9,10-phenanthraquinone (1 mmol), benzaldehyde (1 mmol), and ammonium
acetate (4 mmol) in the presence of SBA-Pr-SO,H (0.02 g) were stirred in refluxing acetic acid (3 mL).

Ziarani et al.: Synthesis of 2,4,5-Trisubstituted Phenanthroimidazole



Acta Chim. Slov. 2017, 64, 701-706

105

100

954

9ol

Welght (%)

851

801

75
0 200 400 600 800

Temperature (°C)

Figure 3. TGA curve of SBA-Pr-SO;H.
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V prispevku je predstavljena ucinkovita enostopenjska reakcija priprave 2,4,5-trisubstituiranih fenantroimidazolnih de-
rivatov. Trikomponentna reakcija med 9,10-fenantrokinonom, razli¢nimi derivati benzaldehda in amonijevim acetatom,
v prisotnosti SBA-Pr-SO,H kot trnega, nanoporoznega kislega katalizatorja, poteka hitro, s kratkimi reakcijskimi Casi in

odli¢nimi izkoristki.
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Abstract

Molybdic acid-functionalized silica-based Fe,O, nanoparticles (Fe,0,@SiO,-MoO,H) are found to be a powerful and
magnetically recyclable nanocatalyst. The morphology and structure of this nanocatalyst were investigated by Fourier
transform infrared spectroscopy (FT-IR), energy dispersive X-ray spectroscopy (EDX), transmission electron micros-
copy (TEM), field emission scanning electron microscopy (FE-SEM), thermo gravimetric analyses (TGA), X-ray dif-
fraction (XRD) and vibrating sample magnetometer (VSM) techniques. The high catalytic activity of this catalyst was
investigated in the synthesis of pyrano[2,3-cJchromenes, representing potent biologically active compounds. The ca-
talyst can be readily separated by applying an external magnet device and recycled up to 8 times without significant de-
crease in its catalytic activity, which makes it highly beneficial to address the industrial needs and environmental con-
cerns. Fe,0,@Si0,-MoO,H has many advantages, such as low cost, low toxicity, ease of preparation, good stability,
high reusability and operational simplicity.

Keywords: Fe,0, @SiO,-MoO,H, Magnetically recyclable nanocatalyst, Pyrano[2,3-c]chromenes, Biological activity

1. Introduction

Nowadays, the design and synthesis of efficient,
reusable, easily separable, low toxicity, low cost, and in-
soluble acidic nanocatalysts have become an important
area of research in chemistry.! The use of nanoparticles as
heterogeneous catalysts has attracted considerable atten-
tion because of the interesting structural features and high
levels of catalytic activity associated with these mate-
rials.?

Magnetic nanoparticles (MNP) are widely applied
in various fields, such as magnetic resonance imaging
(MRI) contrast agents, biomedical science, bioseparation

and hyperthermia.® Transition metal nanoparticles are
used as efficient catalysts for various synthetic organic
transformations due to their high surface area-to-volume
ratio and coordination sites which are mainly responsible
for their catalytic activity.” Because the Fe,O, nanopartic-
les will aggregate quickly into large bunches and therefore
lose their unique properties, various surface modification
methods have been developed to modify the surface of na-
ked Fe,O, nanoparticles to improve the dispersibility, sta-
bility, biocompatibility and biodegradability for specific
purposes. The resulting modified Fe,O, nanoparticles ha-
ve been extensively used for various applications.® Among
them, the silica coating is a very good surface modifier,
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because of its excellent stability, biocompatibility, nonto-
xicity and ease of furthered conjugation with various
functional groups, thus enabling the coupling and labeling
of biotargets with high selectivity and specificity.” !

Development of MCRs can lead to new efficient
synthetic methodologies to afford many small organic
compounds in the field of modern organic, bioorganic,
and medicinal chemistry.'® Hence, MCRs are considered
as a pivotal theme in the synthesis of many important he-
terocyclic compounds, such as pyranocoumarin derivati-
ves nowadays.'?

In continuation of our research on the introduction
of recoverable catalysts in organic synthesis,'*™' recently,
we disclosed that Fe,0,@8Si0,-MoO,H can be used as a
novel magnetic nanocatalyst for the synthesis of 1,8-dio-
xodecahydroacridine derivatives.'” In this work, we de-
monstrate high catalytic activity of this new catalyst in the
synthesis of pyrano[2,3-c]chromenes as potent biologi-
cally active compounds.

It is also interesting to note that the catalyst can be
recovered and reused several times.

2. Experimental
2. 1. General

The chemicals were purchased from Merck and Al-
drich chemical companies. The reactions were monitored
by TLC (silica gel 60 F 254, hexane : EtOAc). Fourier
transform infrared (FT-IR) spectroscopy spectra were re-
corded on a Shimadzu-470 spectrometer, using KBr pel-
lets and the melting points were determined on a KRUSS
model instrument. '"H NMR spectra were recorded on a
Bruker Avance IT 400 NMR spectrometer at 400 MHz,
with DMSO-d; used as the solvent and TMS as the inter-
nal standard. X-Ray diffraction (XRD) pattern was obtai-
ned by Philips X Pert Pro X diffractometer operated with
a Ni filtered Cu Ko radiation source. Transmission elec-
tron microscopy (TEM) images of the electrocatalyst we-
re recorded using a Philips CM-10 TEM microscope ope-
rated at 100 kV. Field emission scanning electron micros-
copy (SEM) and X-ray energy dispersive spectroscopy
(EDS) analyses were carried out on a Philips XL30, ope-
rated at a 20 kV accelerating voltage. Thermogravimetric
analyses (TGA) were conducted on a Rheometric Scienti-
fic Inc. 1998 thermal analysis apparatus under a N, at-
mosphere at a heating rate of 10 °C/min. The magnetic
measurement was carried out in a vibrating sample mag-
netometer (Model 7407 VSM system, Lake Shore Cryo-
tronic, Inc., Westerville, OH, USA) at room temperature.

2. 2. General Procedure for the Preparation
of nano-Fe,0, (1)

FeCl, - 6H,0 (20 mmol) and FeCl, - 4H,0 (10
mmol) were dissolved in distilled water (100 mL) in a

three-necked round-bottom flask (250 mL). The resulting
transparent solution was heated at 90 °C with rapid mec-
hanical stirring under N, atmosphere for 1 h. A solution of
concentrated aqueous ammonia (10 mL, 25 wt%) was
then added to the solution in a drop-wise manner over a 30
min period using a dropping funnel. The reaction mixture
was then cooled to room temperature and the resulting
magnetic particles collected with a magnet and rinsed tho-
roughly with distilled water.

2. 3. General Procedure for the Preparation
of nano-Fe,0,@SiO0, (2)

Nano-Fe,0,@SiO, (2) was synthesized according
to a previously published literature method. Magnetic na-
no particles (1.0 g) were initially diluted via the sequential
addition of water (20 mL), ethanol (60 mL) and concen-
trated aqueous ammonia (1.5 mL, 28 wt%). The resulting
dispersion was then homogenized by ultrasonic vibration
in a water bath. A solution of TEOS (0.45 mL) in ethanol
(10 mL) was then added to the dispersion in a drop-wise
manner under continuous mechanical stirring. Following
a 12 h period of stirring, the resulting product was collec-
ted by magnetic separation and washed three times with
ethanol.

2. 4. General Procedure for the Preparation
of nano-Fe,0,@Si0,-OMoO,H (3)

To an oven-dried (125 °C, vacuum) sample of nano-
Fe,0,@Si0, 60 (2 g) in a round bottomed flask (50 mL)
equipped with a condenser and a drying tube, thionyl
chloride (8 mL) was added and the mixture in the presen-
ce of CaCl, as a drying agent was refluxed for 48 h. The
resulting dark powder was filtered and stored in a tightly
capped bottle. To a mixture of Fe,0,@8Si0,-Cl (1 g) and
sodium molybdate (0.84 g) n-hexane (5 mL) was added.
The reaction mixture was stirred under refluxing condi-
tions (70 °C) for 4 h. After completion of the reaction, the
reaction mixture was filtered and washed with distilled
water, and dried and then stirred in the presence of 0.1 N
HCI (20 mL) for an hour. Finally, the mixture was filtered,
washed with distilled water, and dried to afford nano-
Fe,0,@Si0,-OMoO,H.

2. 5. General Procedure for the Preparation
of Pyrano[2,3-c]Jcoumarin Derivatives 7

Malononitrile 4 (1.1 mmol), aromatic aldehyde 5 (1
mmol), 4-hydroxycoumarin 6 (I mmol), and nano-
Fe,0,@Si0,-OMoO,H (0.02 g) were added to a 10 mL
mixture EtOH/H,O (50/50) in a 25-mL pyrex flask and
refluxed for an appropriate time (Table 3). The reaction
progress was controlled by thin layer chromatography
(TLC) using hexane/EtOAc (1:1). After completion of the
reaction, the solvent was removed under vacuum, the cru-
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de products 7 were obtained after recrystalization from
EtOH.

3. Results and Discussion

3. 1. Characterization of Fe,0,@SiO,-
OMoO,H

As can be seen in Scheme 1, from the reaction
Fe,0,@SiO, nanoparticles 2 with thionyl chloride, the
Fe,0,@Si0,-Cl has been prepared. The Fe,0,@SiO,-
OMOoO,H 3 was prepared from nucleophilic substitution
of Fe,0,@Si0,-Cl with anhydrous sodium molybdate in
n-hexane (Scheme 1).

HCI, NaOH
FeCly.6H,0 + FeCly.4H,0

N,

80 °C, 120 min

TEOS/EtOH, H,0
NH;

The resulting MNP acid catalyst was characterized
by XRD, FT-IR, TEM, SEM, TGA and EDX."

The transmission electron microscopy (TEM) image
of Fe,0,@8Si0,-MoO,H powder reveals the spherical
Fe,0,@Si0,-MoO,H powder with an average particle si-
zes of about 10-30 nm (Fig. 1a).

Surface morphology, particle shape and size distri-
bution features of Fe,O,@Si0,-MoO,H nanoparticles
were examined by FE-SEM (Fig. 1b).

The successful incorporation of molybdate groups
was also confirmed by EDAX analysis (Fig. 1c), which
showed the presence of Fe, Si, Mo and O elements.

Fig. 2a shows the XRD patterns of Fe,O, particles
powder before modification. The following peak signals
at 20 = 30.1°, 35.4°, 43.1°, 53.6°, 57°, and 62.8° corres-

1. SOCl,_ reflux, 48 h

2. NasMoOy, n-hexane, reflux, 4 h

3.HCI/ H50, 1 h

(g)Mn(};I I

Scheme 1. Schematic procedure for the preparation of Fe,0,@ SiO,-MoO,H.

Figure 1. TEM image of Fe,0,@Si0,-MoO,H (a), Histogram of particle size distribution (b), SEM image of Fe,0,@Si0,-MoO,H (c) and EDAX

spectrum of Fe,0,@SiO,~MoO,H (d)
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pond to the spinel structure of Fe,O,, which can be assig-
ned to the diffraction of the (220), (311), (400), (422),
(511), and (440) planes of the crystals, respectively.'® Fig.
2b shows the XRD pattern of Fe,0,@SiO,-OMoO,H de-
monstrating that the crystalline structure of the Fe,O, par-
ticles was retained after the deposition of SiO, layers. The
broad peak at around 20 = 20° to 27° indicates the presen-
ce of amorphous silica in Fe,0, @ SiO,~OMoO,H. The in-
tensity of this peak increased with the introduction of
molybdate on the silica-coated magnetic nanoparticles,
which can be attributed to the amorphous molybdate sup-
ported on the composite. The XRD results showed that the
Fe,0,@SiO0, particles have been successfully coated with
molybdate.

(311)

(440)
| a

(220) 7 (400) (422) ("H)

W I'|
I|. W ru. q \'im o u'n
A RN it el ﬂ“ﬂ h i

Lin {Counts)

2-Theta - Scale

Figure 2. X-ray powder diffraction patterns of (a) Fe,O, NPs, (b)
Fe,0,@Si0,-OMoO,H.

The thermogravimetric analysis (TGA) was used to
study the thermal stability of the acid catalyst (Fig. 3). The
first weight loss which occurred below 150 °C, displayed
a mass loss that was attributable to the loss of adsorbed
solvent or trapped water from the catalyst. A weight loss
of approximately 5% weight occurred between 300 and
500 °C which can be attributed to the loss of molybdate
groups covalently bound to silica surface. Thus, it can be
concluded that the catalyst is stable up to 300 °C.

100

Mass (%)

200 400 600 800

Temperature (°C)

Figure 3. TGA curve of Fe,0,@SiO,-MoO,H.

Typical magnetization curves for Fe,O, nanoparticles
and Fe,0,@Si0,-MoO,H are shown in Fig. 4. Room tem-
perature specific magnetization (M) versus applied magne-
tic field (H) curve measurements of the sample indicate a
saturation magnetization value (Ms) of 20.30 emu g™/, lo-

-8000 -6000 -4000 -2000

Magnetization (emu/g)
E

10000

Magnetic filed (Oe)

Figure 4. Magnetization curves for the prepared Fe,O, MNPs (a) and Fe,0, @ SiO,-MoO,H (b)
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wer than that of bare MNPs (59.14 emu g™') due to the pre-
sence of coated shell.

3. 2. Application of Fe,0,@Si0,-MoO,H
for the Synthesis of Pyrano[2,3-c]
chromenes

In continuation of our studies on developing novel,
efficient, and green procedures for the synthesis of orga-
nic compounds using safe catalysts,'*! we decided to
prepare pyrano[2,3-c]chromenes 7 via the synthesis by
condensation between malononitrile 4, aromatic aldehy-
des 5, and 4-hydroxycoumarin 6 in the presence of cataly-
tic amounts of Fe,0,@SiO,-MoO,H (Scheme 2).

O,H nanoparticles, a mixture of H,O/EtOH (1:1) was op-
ted as the reaction medium. It should be noted that the
reaction progress in pure water and/or absolute ethanol
was considerable, however it was not better than in the
mixture of these two solvents. From different ratios of
H,O/EtOH mixtures, equal mixture H,O/EtOH (1:1) was
considered as the most effective ratio.

After optimization of the reaction conditions, in order
to extend the scope of this reaction, a wide range of aroma-
tic aldehydes was used with 3 and 5 (Table 2). All the pro-
ducts were characterized by comparison of their spectra
and physical data with those reported in the literature.”> >

As shown in Table 2, the new catalyst fortunately al-
so works very well for the preparation of a vast variety of

0]
CN Ar, CN
< Ar)J\H : Q

CN FC3O4@S]OQ-MOO3H \ NH
4 -+ S N

OH EtOH: H,O (1:1)

X

.
0" 0
6

Scheme 2. Synthesis of 1,8-dioxo-octahydroxanthene derivatives 7 by Fe,0, @ SiO,-MoO,H.

In order to explore the catalytic efficiency of
Fe,O 4@Si02-MOO3H, the model reaction was carried out
under the catalyst-free conditions and compared with the
one carried out in the presence of Fe,0,@SiO,-MoO,H
and nano-Fe,0,. The obtained results showed higher
yields for the reaction with the addition of Fe,0,@ SiO,-
MoO,H (94% yield) compared to the catalyst-free reac-
tion (13% yield) and with the reaction with the addition of
nano-Fe,0, (86% yield).

The influence of the solvent was studied when the
model reaction was performed using Fe,O,@SiO,-Mo-

Table 1. Optimization of the model reaction by using various sol-
vents and amount of Fe;0,@Si0,-MoO,H

Entry Catalyst (mol %) Solvent Yield (%)
1 5 CH,CI, 60
2 5 CH,CI 65
3 5 EtOH 90
4 5 MeOH 80
5 5 H,0 70
6 - H,O/EtOH Trace
7 1 H,O/EtOH 94
8 3 H,O/EtOH 88
9 5 H,O/EtOH 86

10 10 H,O/EtOH 85

Table 2. Synthesis of pyrano[2,3-c]coumarin derivatives 7 using
Fe,0,@SiO,-MoO,H

Product Ar ;Il‘:::; Y(ls/i(; Mp (°C)
7a C,H; 30 96 262-264
7b 4-MeO-C,H, 18 92 240-242
7c 2-CI-CH, 25 78 260-262
7d 3-NO,-CH, 35 81 255-257
Te 4-NO,-C,H, 75 73 248-250
7t 4-Me-CH, 70 87 250-252
7g 4-CI-CH, 50 90 258-260
7h thiophene-2-yl 75 70 234-236
7i 3-Br-C,H, 20 91 272-274
7j 2-Cl-6-F-C(H, 30 95 288-290
7k 4-benzyloxy-CH, 450 84 275-277
7 1-naphthyl 90 90 260-262
7m 4-isopropyl-C,H, 40 92 239-241
n cyclohexyl 25 86 265-267
Isolated yields.

pyrano[2,3-cJcoumarin derivatives 7a—n. The present
method not only affords the products 7 in excellent yields,
but also avoids the problems associated with catalyst cost,
handling, safety and pollution.
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3. 3. Reusability of the Fe,0,@8Si0,-MoO,H

The main disadvantage for many of the reported
methods is that the catalysts are destroyed in the work-up
procedure and cannot be recovered or reused. In this pro-
cess, as outlined in Fig. 5., the recycled catalyst can be
used in up to eight cycles, during which there are negli-
gible losses in the catalytic activity.

.93 _93_ 91 o

'8

89 8

Convertion (%)

Figure 5. Reusability of Fe,O,@Si0,-MoO,H for the synthesis of
7a.

4. Conclusions

In summary, we found Fe,O,@SiO,-OMoO,H to
be an effective acidic magnetic nanocatalyst which
successfully catalyzed the reaction between 4-
hydroxycoumarin, various aromatic aldehydes and ma-
lononitrile to produce new and known pyrano[2,3-c]
chromens of potential synthetic and pharmaceutical in-
terest. High catalytic activity under solvent free condi-
tions, high yields, a clean process, reusable several ti-
mes without loss of activity or selectivity simple ca-
talyst preparation, easy separation after the reaction by
a magnet and green conditions are the advantages of
these protocols.
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Povzetek

Z molibdenovo kislino funkcionalizirani Fe,O, nanodelci, ki temeljijo na silicijevem dioksidu (Fe,0,@Si0,-MoO,H),
so se izkazali kot u¢inkoviti nanokatalizatorji, ki se jih lahko reciklira z magnetom. Morfologijo in strukturo tega nano-
katalizatorja smo raziskali s Fourierjevo transformacijsko infrardeco spektroskopijo (FT-IR), energijsko disperzivno
rentgensko spektroskopijo (EDX), transmisivno elektronsko mikroskopijo (TEM), »field emission« vrsti¢no elektron-
sko mikroskopijo (FE-SEM), termogravimetri¢no analizo (TGA), rentgensko difrakcijo (XRD) in vibracijsko magneto-
metri¢no tehniko (VSM). Veliko katalitsko aktivnost teh katalizatorjev smo preverili na primeru sinteze pirano[2,3-c]
kromenov, ki predstavljajo biolosko zelo aktivne spojine. Katalizator je moZno enostavno lociti iz reakcijske zmesi z
uporabo zunanjega vira magnetnega polja in reciklirati vsaj osemkrat brez opazne izgube katalitske aktivnosti; to bi lah-
ko bil razlog za njegovo uporabo v industrijskih procesih, kar bi zmanjsalo okoljske obremenitve. Fe,0,@ SiO,-MoO;H
ima torej mnoge prednosti, med drugim nizko ceno, majhno strupenost, enostavnost lo¢evanja iz reakcijskih zmesi, do-
bro stabilnost, veliko moZnost ponovne uporabe in enostavnost izvedbe reakcij.
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49. Mednarodna kemijska olimpijada
v Bangkoku, Tajska

Tekst in foto:

Andrej Godec

Leto$nja mednarodna kemijska olimpijada je pote-
kala od 6. do 15. julija v Bagkoku na Tajskem. Na olimpi-
jadi je sodelovalo 297 dijakov iz 76 drZav, dve drZavi pa
sta bili opazovalki.

Po pravilih olimpijade lahko vsako drZavo zastopa
ekipa, sestavljena iz najvec §tirih dijakov in dveh mentor-
jev. Slovenijo so letos zastopali Vid Kermelj in Martin
Rihtarsi¢ (oba gimnazija Skofja Loka), ter JoZe Gasperlin
(gimnazija Kranj) in AnZe Hubman (gimnazija Ravne na
Koroskem). Vid in Martin sta osvojila srebrni medalji,
JoZe bronasto, AnZe pa je dobil ¢astno priznanje organiza-
torja olimpijade. To je odlicen rezultat, zato vsem Stirim
iskrene Cestitke!

Mentorja ekipe sva bila dr. Helena Prosen in dr. An-
drej Godec, oba UL FKKT.

Obicajno se organizatorji olimpijade izmenjujejo
geografsko na dve leti: dvakrat je na vrsti Vzhod, in potem
dvakrat Zahod. Letosnja olimpijada je potekala na Taj-
skem, na Univerzi Mahidol v mestu Nakhom Pathon stre-
ljaj od Bangkoka. Prebivali smo sicer v Bangkoku. V tem
delu Tajske je sedaj sezona deZja, na kar so nas organiza-
torji Ze vnaprej opozorili. Vendar smo imeli sreco z vre-
menom, deZevalo je vecinoma ponoci, ¢ez dan pa je bilo
vroce, preko 30 °C, in dokaj vlazno, z relativno vlaZnostjo
cez 70 %.

Slovenska ekipa na kemijski olimpi-
jadi 2017: z leve strani Martin, Vid,
AnZe, JoZe, Helena Prosen in Andrej
Godec.

Kraljevina Tajska (do leta 1939 Siam) obsega danes
ogromno podrocje z velikimi kmetijskimi povrSinami v
centralnem delu ter med turisti zelo priljubljenimi plazami
na jugu med Andamanskim morjem ter Tajskim zalivom.
Ima skoraj 70 milijonov prebivalcev, ki govorijo razli¢ne
dialekte.

Bangkok ima v originalnem jeziku najdaljSe ime na
svetu, ki se v transkripciji glasi: Krung Thep Mahanakhon
Amon Rattanakosin Mahinthara Ayuthaya Mahadilok
Phop Noppharat Ratchathani Burirom Udomratchaniwet
Mahasathan Amon Piman Awatan Sathit Sakkathattiya
Witsanukam Prasit. Domacini ga imenujejo Krung Thep,
kar pomeni mesto angelov, krajSe pa ga piSejo
NPUNWHUILAT . Mesto je kot glavno mesto takratnega Si-
ama pred ve¢ kot 200 leti ustanovil kralj Rama. Trenutno
je na Tajskem obdobje enoletnega Zalovanja za kraljem
Ramo IX, ki je bil vladar z najdaljSim stazem na svetu;
prestol je zasedel leta 1946, umrl pa je lani.

V ozjem delu mesta zivi preko 8 milijonov ljudi, za-
to so ulice vedno zZivahne. Mesto se hitro modernizira, na-
stajajo novi odseki podzemne Zeleznice in nove avtoceste.
Tudi sicer je promet v Bangkoku zelo gost; za turiste so
poleg javnega prometa najudobnejSe prometno sredstvo
taksiji. Najhitreje pa se pripeljete, e uporabite tuk tuk ali
pa prevoz na navadnem motorju, kjer sedite zadaj. Seveda

—

-
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Tuk tuk.

pa za to potrebujete tudi precej poguma, saj tak prevoz po-
meni vrtoglavo vijuganje v zelo gostem prometu.

Za Tajsko je sicer znacilna eksplozija barv, in to vse-
povsod, ¢eprav trenutno malo manj zaradi Zalovanja. Sla-
dokusci bodo uzivali v pestrem tropskem sadju in odli¢ni
hrani, ki obsega mesno in tudi brezmesno varianto. 93 %
Tajcev je namrec teravada budistov, ki pa jedo meso; osta-
li so muslimani, kristjani, hinduisti in konfucijanci. Tajska
je danes tudi najvecja izvoznica duriana, zelo okusnega
sadeZa, ki pa ima neprijeten vonj, in ga je naprimer prepo-
vedano nesti na letalo.

Bangkok je z zgodovino bogato mesto. Ce ste tukaj,
si morate ogledati vsaj Veliko palaco na bregovih reke
Chao Praya. Palaca, administrativni in verski center, je bi-
la dokoncana leta 1782; postala je sedez siamskih kraljev,
in se Se danes uporablja za protokolarne namene. Velik del
je odprt za javnost, v njej pa najdete tempelj smaragdnega
Bude (Wat Phra Kaew), ve¢ zgradb, pa tudi krasne pavi-
ljone in vrtove.

V Bangkoku so tudi ogromne trZnice, kjer lahko ku-
pite vse od hrane pa do oblacil in Zivali. Posebnost je pla-
vajoca trZnica, kjer trgovci ponujajo blago na Colnih.

Tradicionalno in moderno.

Voznjo s hitrimi ¢olni si lahko tudi sicer omislite, je pa po-
trebno drZati zaprta usta, saj lahko sicer pogoltnete precej
ne prav Ciste vode, ki pljuska od drugih ¢olnov. Bangkok
zaradi obilice kanalov imenujejo tudi Vzhodne Benetke.

Na olimpijadi organizator takoj po otvoritvi loci
dijake od mentorjev. Dijaki imajo dva tekmovalna dneva,
ostalih sedem pa so polno zasedeni z raznimi aktivnostmi
in izleti, kar vse si lahko pogledate tukaj: https://ic-
ho2017.sc.mahidol.ac.th/#. Urnik mentorjev pa je nas-
protje tega; vecino ¢asa porabimo za usklajevanje tekstov
nalog, prevajanje in na koncu ocenjevanje.

Kljub temu smo si en dan ogledali Ayutthayo, staro
prestolnico Tajske, ustanovljeno leta 1350. Mesto je tudi
zaradi lokacije cvetelo vse do leta 1767, ko ga je napadla
in uni¢ila burmanska vojska. Kljub vsemu je zelo ocarlji-
vo, in absolutno vredno ogleda. Se danes so tukaj impo-
zantne ruSevine; precej je velikih stup, in budisti¢nih sa-
mostanov.

V bliZini Ayutthaye smo si ogledali tudi farmo, kjer
dobro skrbijo za slone. Na Tajskem jih je samo Se nekaj
¢ez 3000, tako da so oblasti zacele s projekti ohranjanja
teh Cudovitih, a ogroZenih Zivali. Tajski sloni spadajo v

Zmajev sadez.

Odprta kuhinja.
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skupino azijskih slonov; so sicer nizji od indijskih, vendar
pa so obilnejsi.

Otvoritev leto$nje olimpijade je bila 7. julija 2017
na Univerzi Mahidol. Posebnost letoSnje otvoritve je bila,
da se je je udelezila tudi princesa njena visokost Maha
Chakri Sirindhorn in precejSen diplomatski zbor, zato so
bili varnostni ukrepi na prireditvi izjemno strogi, fotogra-
firanje pa prepovedano. Smo pa zato kasneje imeli na
vseh transferjih prisotna tudi policijska vozila, ki so nam
utirala pot skozi gost mestni promet.

Takoj po otvoritvi smo mentorji odsli na ogled labo-
ratorijev, kjer bodo dijaki opravili prakti¢ni del tekmova-
nja. Letos je tekmovanje gostila Univerza Mahidol, labo-
ratoriji pa so bili popolnoma novi. Nasploh je bil eksperi-
mentalni del letos precej drag, saj sta si med drugim dva
dijaka delila en spektrofotometer.

Ogledu sledi usklajevanje nalog na dolgi seji, in na-
slednji dan prevajanje. Na tem mestu sledi kratek opis na-
log, ki pa si jih sicer lahko ogledate v spletni ucilnici
Kemljub (http://skupnost.sio.si/login/index.php), ali pa na
spletni strani letoSnje olimpijade.

Eksperimentalni del je bil sestavljen iz treh nalog, za
katere so imeli dijaki na voljo 5 ur ¢asa. Prva naloga je bi-
la na temo indikatorjev. Dijaki so morali doloc¢ati poloZaj
ravnotezja HIn = H* + In", kar so okarakterizirali s spek-
trofotometri¢nimi meritvami v metiloranzu in bromotimol
modrem. Iz podatkov so morali izracunati konstanto diso-
ciacije indikatorja. Nato pa so z indikatorjem metil rdecim
dolocili Se pH neznane raztopine.

Druga naloga je bila proucevanje ravnoteZja
Ca(I0,),(s) = Ca®*(aq) + 10, (aq). S titracijami so do-
lo¢ili koncentracijo jodatnih ionov v nasiceni raztopini, in
izracunali topnostni produkt. Titracija je potekala s stan-
dardno raztopino Na,S,0, v prisotnosti KI in s Skrobom
kot indikatorjem. Nato so Ca(I0O,), raztopili v razredCeni
raztopini KIO, z neznano koncentracijo, in dolocili s titra-
cijami njeno koncentracijo.

Tretja prakti¢na naloga je bila preparativa: iz komer-
cialnih p-klorobenzaldehida in 3-pentanona so sintetizira-
li nove spojine. Pri tem so uporabili vroco kopel, nucira-
nje, in izvedli prekristalizacijo iz etanola. Produkt je orga-
nizator okarakteriziral z NMR.

Cez dva dni je sledil teoreti¢ni test. Letos je vsebo-
val 11 nalog, ¢as pa je tudi tukaj omejen na 5 ur.

Prva naloga je bila na temo proizvodnje propena iz
propana s heterogeno katalizo. Dijaki so morali s pomocjo
veznih entalpij termodinamsko okarakterizirati to reakci-
jo. Dolociti so morali tudi parametre v hitrostnem zakonu
za oksidativno dehidrogenacijo, ki poteka na trdnih katali-
zatorjih v prisotnosti kisika:

1

rCJ.i!‘ o o
P
KeaPey,  KuPo,

Oceniti pa so morali tudi dogajanje na povrsSini kata-
lizatorja.

Za karakteristiCen neprijeten vonj duriana sta »krivca«
etil(2S)-2-metilbutanoat in 1-(etilsulfanil)etan-1-tiol. sadez.

V objemu korenin.
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Prevajanje nalog traja cel dan.

Druga naloga je bila kineti¢ni izotopski efekt (KIE)
in nicelna vibracijska energija (ZPE). Dijaki so uporabili
model harmoni¢nega oscilatorja, da so ugotovili razliko
med hitrostima aktivacije vezi med C-H in C-D (kjer je D
= devterij). Za oba so morali izracunati reducirano maso,
vibracijsko frekvenco in ZPE. Nato pa so iz znanih podat-
kov za reakcijo prvega reda dolocili konstante reakcijske
hitrosti in najpocasnejSo reakcijo v reakciji oksidacije ne-
devteriranega in devteriranega difenilmetanola z uporabo
presezka kromove kisline.

Tretja naloga je bila termodinamika reakcije prido-
bivanje metanola CO(g) + 2H,(g) — CH,OH(g). Dijaki so
morali izraCunati AH®, AS°, A°, in K za reakcijo pri 298
K, ter vrednost Kp pri temperature 600K, ¢e sta AH® in
AS° neodvisna od temperature. Poleg tega so izracunali Se
spremembo proste entalpije AG pri 300 K za process
meSanja dveh plinov.

Cetrta naloga je bila na temo elektrokemije. Galvan-
ski ¢len je bil sestavljen iz vodikovega polclena [Pt(s) |
H,(g) | H*(ag)], ki je povezan z drugim pol¢lenom, v Kate-
rem je kovinski trak potopljen v raztopino iona iste kovine
M?*(ag) z neznano koncentracijo. Iz napetosti ¢lena so

morali izraCunati standardni elektrodni potencial kovin-
skega polclena, pa koncentracijo kovinskih ionov iz po-
datkov za jodometri¢no titracijo, za katero so morali tudi
napisati urejene enacbe reakcij.

Peta naloga je obravnavala fosfate in silikate v zem-
lji. Najprej so dolo¢ili celotni fosfat (PO;") in silikat
(Sin‘) pri postopku ekstrakcije iz zemlje; fosfat so anali-
zirali v kislinskem ekstraktu s postopkom z metilenskim
modrim in z uporabo spektrofotometrije, nato pa Se oba
pri reakciji z molibdatom v bazi¢ni raztopini. Pri tej nalo-
gi je bilo kar precej racunanja.

Sesta naloga je bila posve&ena Zelezu in njegovi kri-
stalni strukturi. Razen ugotavljanja strukture so predvide-
li produkte pri reakciji Fe** s KMnO , vV baziCni raztopini,
in nato $e obnaSanje izotopa. *Fe je radiofarmacevtski
izotop, ki se uporablja za preucevanje metabolizma Zeleza
v vranici. Ta izotop razpada do *°Co po naslednji reakciji:

$2Fe—>3Co +a+b

Ugotoviti so morali, kaj sta a in b, ter izraCunati raz-
polovni &as *Fe.

Sedma naloga je bila na temo sinteze in karakteriza-
cije nekaterih titanovih kompleksov, ki nastanejo pri reak-
ciji z raznimi ligandi. Iz spektrofotometricnih, NMR v
CDCl, in IR podatkov so morali narisati strukturo kom-
pleksa titana. Naloga je bila precej zahtevna.

Osma naloga je bila povezana s
silicijevim dioksidom in njegovo po- i
vrsino. Silicijev dioksid obstaja v raz- o)
li¢nih oblikah, npr. v amorfni in krista- ii_
lini¢ni. Silicijevi atomi so tetraedrsko ‘O/? E(o o
vezani na Stiri atome kisika, kar daje Q
tridimenzionalno trdno mreZo. E

Pri tej nalogi so morali dijaki predvideti moZne pro-
storske strukture te spojine, in njenih kompleksov s Cu®*,
saj se lahko uporablja kot uc¢inkovit adsorbent kovin v vo-
di. Narisati so morali tudi diagrame razcepa, in strukture
kompleksov z Hg?*, ki povecajo selektivnost tega adsor-
benta.

Deveta naloga je bila organska. Dijaki so morali
uganiti spojino, ki je kiralna, ki vsebuje samo tri elemente,
ter ima relativno molekulsko maso (Mr) 149 (zaokroZeno
na celo §tevilo). Drugi podatki so bili, da '"H NMR spekter
te spojine med ostalimi signali kaZe tudi tri tipe aromat-
skih protonov, medtem ko '*C NMR spekter kaze osem
signalov, pri ¢emer so §tirje signali v obmocju 120-140
ppm. To spojino lahko pripravimo tako, da karbonilno
spojino obdelamo z metilaminom, nato pa $e z NaBH,CN.
Dijaki so morali napisati vse mozne strukturne formule te
spojine, ter formule spojin, ki nastopajo v reakcijski she-
mi njene sinteze iz dveh neznanih diolov.

Tudi deseta naloga je bila iz organske kemije. Slo je
za totalno sintezo alkaloidov, in sicer dveh znacilnih pred-
stavnikov — sauristolaktama in pankratistatina, ki kazeta
potencialno bioloSko aktivnost. Pankratistatin naprimer so
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izolirali iz havajske rastline pajkove lilije, kaze pa inhibi-
torsko aktivnost proti rasti rakavih celic. Dijaki so morali
urediti sintezno sekvenco obeh alkaloidov, pri Cemer so si
lahko pomagali s podatki 'H-NMR v CDCI, pri 300
MHz.

OH
HO\’_/'\ OH
)¢
. O /\% H
Hye” < | H o
ol R~ "I/NH
HO OH O
Sauristolaktam. Pankratistatin.

Zadnja, enajsta naloga, je bila na temo trans-ci-
klooktena. Leta 2011 so Fox in sodelavci razvili fotoke-
mijsko sintezo raznih derivatov trans-ciklooktena. Dijaki
so morali pri tej nalogi predvideti stereoizomerijo vme-
snih snovi pri tej sintezi; ta naloga je bila krajsa.

Nasplosno so bile naloge tezke, vendar pa ¢asovno
ne prevec obsezne. 30 % nalog je bilo iz fizikalne kemije;

27 % iz anorganske, 25 % iz organske, in 18 % iz analizne
kemije.

Najboljsi doseZek na letosnji olimpijadi je bil okrog 98
% (dijak iz Rusije), sledil je dijak iz Tajvana, tretji pa je bil
dijak iz Irana. Na$ najboljsi Vid Kermel;j pa je dosegel malo
nad 82 %, kar je pomenilo odli¢en rezultat, ki mu je prinesel
srebrno medaljo. Veseli pa smo predvsem, da nasi dijaki tudi
v prakti¢nem delu dosegajo vedno boljse rezultate.

Priprave na olimpijado potekajo na Fakulteti za ke-
mijo in kemijsko tehnologijo v Ljubljani. Letos so pri pri-
pravah sodelovale naslednje sodelavke in sodelavci: dr.
Helena Prosen, dr. Alojz Demsar, dr. Darko Dolenc, dr.
Crtomir Podlipnik in dr. Andrej Godec. Vsem se najlepse
zahvaljujemo.

Pri organizaciji udelezbe na olimpijadi sodelujemo z
Zvezo za tehnicno kulturo Slovenije, ki se ji prav tako is-
kreno zahvaljujemo, kot tudi Slovensku kemijskemu
drustvu, kjer je sedez Odbora za pripravo kemijske olim-
pijade.

Prihodnja, jubilejna 50. Olimpijada, pa bo tam, kjer
se je leta 1968 vse skupaj zacelo: skupaj jo bosta gostili
Ceska in Slovaska, ki sta vmes postali samostojni drZavi,
ki pa ocitno zelo dobro sodelujeta. Vabljeni!
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KOLEDAR VAZNEJSIH ZNANSTVENIH SRECANJ
S PODROCJA KEMILJE IN KEMIJSKE TEHNOLOGIJE

SCIENTIFIC MEETINGS -
CHEMISTRY AND CHEMICAL ENGINEERING

2017

October 2017

1-5 EPIC 2017 — 6™ EUROPEAN PROCESS INTENSIFICATION CONFERENCE 2017
Barcelona, Spain

Information: http://www.wccel0.org/index.php/en/

1-5 WCCE10 - 10™ WORLD CONGRESS OF CHEMICAL ENGINEERING
INCORPORATING THE 11™ EUROPEAN CONGRESS OF CHEMICAL ENGINEERING
(ECCE11)
Barcelona, Spain

Information: http://www.wccel0.org/index.php/en/

1-5 4™ EUROPEAN CONGRESS OF APPLIED BIOTECHNOLOGY - ECAB3
Barcelona, Spain

Information: http://www.wccel0.org/index.php/en/

2-5 7™ JTUPAC INTERNATIONAL CONFERENCE ON GREEN CHEMISTRY
Moscow, Russian Federation

Information: http://greeniupac2017.muctr.ru

2-5 SMMAP2017
Chessy, France

Information: https://smmap2017.sciencesconf.org/

4-6 XIX™ EUROFOODCHEM CONFERENCE
Budapest, Hungary

Information: http://www.eurofoodchem2017.mke.org.hu/index.php

9-11 THE 3RP INTERNATIONAL CONFERENCE ON NANOMATERIALS: FUNDAMENTALS
AND APPLICATIONS
Vysoké Tatry, Slovakia

Information: https://nfa2017 .science.upjs.sk/index.php

9-12 9™ WORKSHOP ON PROFICIENCY TESTING IN ANALYTICAL CHEMISTRY,
MICROBIOLOGY AND LABORATORY MEDICINE
Portoroz, Slovenia

Information: http://eurachempt2017.eu/

9-13 POLYCHAR 25 — 25™ ANNUAL WORLD FORUM ON ADVANCED MATERIALS
Kuala Lumpur, Malaysia

Information: http://www.25POLYCHAR .org.my

11-13 TUPAC-FAPS 2017 POLYMER CONGRESS ON SMART MATERIALS FOR EMERGING
TECHNOLOGY
Jeju Island, Republic of Korea

Information: http://www.faps2017.org
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11-13

Information:

11-15

Information:

12-14

Information:

16 -18

Information:

23-25

Information:

November 2017

2-4

Information:

2-4

Information:

5-9

Information:

6-9

Information:

13-14

Information:

25-28

Information:

26 -29

Information:

December 2017

11-15

Information:

5™ MS FOOD DAY
Bologna, Italy
http://www.spettrometriadimassa.it/Congressi/SMS-FoodDay/

YoungChem 2017
Lublin, Poland
http://www.youngchem.com/?lang=en

EWCC 2017 - EAST-WEST CHEMISTRY CONFERENCE 2017
Skopje, Macedonia
http://ewcc2017.org/

5™ INTERNATIONAL CONFERENCE ON NANOTECHNOLOGY AND MATERIALS
SCIENCE

Dubai, United Arab Emirates

http://www.worldnanoconference.com/dubai/index.php

THE 3% INTERNATIONAL SYMPOSIUM ON APPLIED CHEMISTRY (ISAC) 2017
Jakarta, Indonesia
http://situs.opi.lipi.go.id/isac2017/

INTERNATIONAL CONFERENCE ON POTENTIAL IMPACT OF PESTICIDES ON
ENVIRONMENT AND HUMAN HEALTH

Bengaluru, India
http://www.dsu.edu.in/index.php/international-conference-on-icpipehh-2017-by-chemistry-
department-DSU-SOE

III INTERNATIONAL CONFERENCE ON FOOD CHEMISTRY AND TECHNOLOGY
(FCT-2017)

Baltimore, United States
https://unitedscientificgroup.com/conferences/food-chemistry-and-technology/

HPLC 2017 — THE 46™ INTERNATIONAL SYMPOSIUM ON HIGH PERFORMANCE
LIQUID PHASE SEPARATIONS AND RELATED TECHNIQUES

Jeju Island, Republic Of Korea

http://www.hplc2017-jeju.org

2NP INTERNATIONAL CAPARICA CONFERENCE ON POLLUTANT TOXIC IONS AND
MOLECULES

Lisbon, Portugal

http://www.ptim2017.com/

5T™H INTERNATIONAL CONFERENCE ON PLASMA CHEMISTRY AND PLASMA
PROCESSING

Paris, France

http://plasmachemistry.alliedacademies.com/

2P INTERNATIONAL CONFERENCE ON APPLIED CHEMISTRY
Hurgada, Egypt
http://isac-chem.sohag-univ.edu.eg/index.html

EMEC 18 — 18TH EUROPEAN MEETING ON ENVIRONMENTAL CHEMISTRY
Porto, Portugal
http://emec18.eventos.chemistry.pt/

4™ INTERNATIONAL CONGRESS ON CATALYSIS FOR BIOREFINERIES (CATBIOR
2017)

Lyon, France
http://catbior2017.univ-lyon1.fr/en/pages/catbior-2017-home
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2018
February 2018
21-23

Information:

March 2018

13-15

Information:
19 -21

Information:

April 2018

15-18

Information:

June 2018

4-7

Information:
4-7

Information:

July 2018
8-13
Information:

15-20

Information:

August 2018
26 -30

Information:

September 2018
2-7

Information:

ChemCYS 2018 — 14™ CHEMISTRY CONFERENCE FOR YOUNG SCIENTISTS
Blankenberge, Belgium
http://chemcys.be/

FILTECH 2018 — INTERNATIONAL CONFERENCE AND EXHIBITION FOR
FILTRATION AND SEPARATION TECHNOLOGIES

Cologne, Germany

http://www.filtech.de/conference/call-for-papers

WORLD CONGRESS ON CHEMISTRY
Valencia, Spain
http://worldchemicalsciences.com/cs/home

PETROMASS 2018 — XI. INTERNATIONAL MASS SPECTROMETRY CONFERENCE
ON PETROCHEMISTRY, ENVIRONMENTAL AND FOOD CHEMISTRY

Bled, Slovenia

http://www.petromass2018.com/

IIS PRAGUE 2018 — 13™ INTERNATIONAL SYMPOSIUM ON THE SYNTHESIS AND
APPLICATIONS OF ISOTOPES AND ISOTOPICALLY LABELLED COMPOUNDS
Prague, Czech Republic

http://www.iis-prague2018.cz/

POLYMERS AND ORGANIC CHEMISTRY 2018 (POC 2018)
Montpellier, France
https://iupac.org/event/polymers-organic-chemistry-2018-poc-2018/

27™ JUPAC INTERNATIONAL SYMPOSIUM ON PHOTOCHEMISTRY
Dublin, Ireland
https://iupac.org/event/27th-iupac-international-symposium-photochemistry/

THE 18™ INTERNATIONAL SYMPOSIUM ON SOLUBILITY PHENOMENA AND
RELATED EQUILIBRIUM PROCESSES (ISSP)

Tours, France

http://issp18.org/

ECC7 - 7™ EuCheMS CHEMISTRY CONGRESS
Liverpool, UK
https://www.euchems2018.org/

ECIS 2018 — 32" Conference of The European Colloid and Interface Society
Ljubljana, Slovenia
http://ecis2018.fkkt.uni-1j.si/
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16 -19

Information:

October 2018
4-7
Information:
16-21

Information:

2019
May 2019
19-24

Information:

June 2019

26 - 30

Information:

July 2019
5-12
Information:

21-26
(ISNA-18)

Information:

DISTILLATION & ABSORPTION CONFERENCE 2018
Firenze, Italy
http://www.aidic.it/da2018/

N-LIGANDS2018 — 7™ EuCheMS CONFERENCE ON NITROGEN-LIGANDS
Lisbon, Portugal
http://www.n-ligands2018.com/

22NP INTERNATIONAL CONFERENCE ON ORGANIC SYNTHESIS (22-1COS)
Florence, Italy
http://www.22-icos-florence.it

14™ JUPAC INTERNATIONAL CONGRESS OF CROP PROTECTION CHEMISTRY
Ghent, Belgium
https://www.iupac2019.be

6™ EUROPEAN CONFERENCE ON ENVIRONMENTAL APPLICATIONS OF
ADVANCED OXIDATION PROCESSES (EAAOP-6)

Portoroz, Slovenia

http://eaaop6.ki.si/

IUPAC 2019
Paris, France
https://www.iupac2019.org/

THE 18™ INTERNATIONAL SYMPOSIUM ON NOVEL AROMATIC COMPOUNDS

Sapporo City, Japan
https://iupac.org/event/18th-international-symposium-novel-aromatic-compounds-isna-18/
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Author Guidelines

Submissions

Submission to ACSi is made with the implicit un-
derstanding that neither the manuscript nor the
essence of its content has been published in whole
or in part and that it is not being considered for
publication elsewhere. All the listed authors should
have agreed on the content and the corresponding
(submitting) author is responsible for having ensu-
red that this agreement has been reached. The ac-
ceptance of an article is based entirely on its scien-
tific merit, as judged by peer review. There are no
page charges for publishing articles in ACSi.

Submission material

Typical submission consists of:

e full manuscript (Word file, with title, authors,
abstract, keywords, figures and tables embed-
ded, and references);

e supplementary files:

- Statement of novelty (Word file),

- List of suggested reviewers (Word file),

- ZIP file containing graphics (figures, illustra-
tions, images, photographs),

- Graphical abstract (single graphics file),

- Proposed cover picture (optional, single
graphics file),

- Appendices (optional, Word files, graphics files).

Submission process

Submission process consists of 5 steps. Before
submission, authors should go through the chec-
klist at the bottom of these guidelines page and
prepare for submission:

Step 1: Starting the submission

e Choose one of the journal sections.

e Confirm all the requirements of the checklist.

e Additional plain text comments for the editor
can be provided in the relevant text field.

Step 2: Upload submission

e Upload full manuscript in the form of a Word file
(with title, authors, abstract, keywords, figures
and tables embedded, and references).

Step 3: Enter metadata

e First name, last name, contact email and affilia-
tion for all authors, in relevant order, must be
provided. Corresponding author has to be selec-
ted. Full postal address and phone number of
the corresponding author has to be provided.

e Title and abstract must be provided in plain
text.

e Keywords must be provided (max. 6, separated
by semicolons).

e Data about contributors and supporting agen-
cies may be entered.

e References in plain text must be provided in
the relevant text filed.

Step 4: Upload supplementary files

e Statement of novelty in a Word file must be
uploaded

e Lijst of suggested reviewers with at least three
reviewers must be uploaded as a Word file.

e All graphics have to be uploaded in a single ZIP
file. Graphics should be named Figure 1.jpg, Fi-
gure 2.eps, etc.

e Graphical abstract image must be uploaded
separately.

e Proposed cover picture (optional) should be
uploaded separately.

e Any additional appendices (optional) to the
paper may be uploaded. Appendices may be
published as a supplementary material to the
paper, if accepted.

e For each uploaded file the author is asked for
additional metadata which may be provided.
Depending of the type of the file please provide
the relevant title (Statement of novelty, List of
suggested reviewers, Figures, Graphical ab-
stract, Proposed cover picture, Appendix).

Step 5: Confirmation
¢ Final confirmation is required.

Article Types

Review articles are welcome in any area of che-
mistry and may cover a wider or a more specialized
area, if a high impact is expected. Manuscripts nor-
mally should not exceed 40 pages of one column
format (letter size 12, 33 lines per page). Authors
should consult the ACSi editor prior to preparation
of a review article.

Scientific articles should have the following
structure:

Title (max. 150 characters),

Authors and affiliations,

Abstract (max. 1000 characters),
Keywords (max. 6),

Introduction,

Experimental (Results and Discussion),
Results and Discussion (Experimental),
Conclusions,

Acknowledgements (if any),

10. References.

CONAUTEWN -

The sections should be arranged in the sequence
generally accepted for publications in the respecti-
ve fields. Scientific articles should report significant
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and innovative achievements and exhibit a high le-
vel of originality.

Short communications generally follow the same
order of sections, but should be short (max. 2500
words) and report a significant aspect of research
work meriting separate publication.

Technical articles report applications of an al-
ready described innovation. Typically, technical ar-
ticles are not based on new experiments.

Preparation of Submissions

Text of the submitted articles must be prepared
with Word for Windows. Normal style set to single
column, 1.5 line spacing, and 12 pt Times New Ro-
man font is recommended. Line numbering (conti-
nuous, for the whole document) must be enabled
to simplify the reviewing process. For any other
format, please consult the editor. Articles should be
written preferably in English. Correct spelling and
grammar are the sole responsibility of the aut-
hor(s). Papers should be written in a concise and
succinct manner. The authors shall respect the ISO
80000 standard, and IUPAC Green Book rules on
the names and symbols of quantities and units.The
Systéme International d'Unités (SI) must be used
for all dimensional quantities.

Graphics (figures, graphs, illustrations, digital
images, photographs) should be inserted in the
text where appropriate. The captions should be
self-explanatory. Lettering should be readable
(suggested 8 point Arial font) with equal size in all
figures. Use common programs such as Word Excel
to prepare figures (graphs) and ChemDraw to pre-
pare structures in their final size (8 cm for single
column width or 17 cm for double column width) so
that neither reduction nor enlargement is required.
In graphs, only the graph area determined by
both axes should be in the frame, while a frame
around the whole graph should be omitted. The
graph area should be white. The legend should be
inside the graph area. The style of all graphs
should be the same. Figures and illustrations
should be of sufficient quality for the printed ver-
sion, i.e. 300 dpi minimum. Digital images and
photographs should be of high quality (minimum
250 dpi resolution). On submission, figures should
be of good enough resolution to be assessed by the
referees, ideally as JPEGs. High-resolution figures
(in JPEG, TIFF, or EPS format) might be required if
the paper is accepted for publication.

Tables should be prepared in the Word file of the
paper as usual Word tables. The captions should
above the table and self-explanatory.

References should be numbered and ordered se-
quentially as they appear in the text, likewiise met-
hods, tables, figure captions. When cited in the
text, reference numbers should be superscripted,
following punctuation marks. It is the sole respon-

sibility of authors to cite articles that have been

submitted to a journal or were in print at the time

of submission to ACSi. Formatting of references to
published work should follow the journal style;
please also consult a recent issue:

1. J. W. Smith, A. G. White, Acta Chim. Slov. 2008,
55, 1055-1059.

2. M. F. Kemmere, T. F. Keurentjes, in: S. P. Nunes,
K. V. Peinemann (Ed.): Membrane Technology in
the Chemical Industry, Wiley-VCH, Weinheim,
Germany, 2008, pp. 229-255.

3. J. Levec, Arrangement and process for oxidizing
an aqueous medium, US Patent Number
5,928,521, date of patent July 27, 1999.

4. L. A. Bursill, J. M. Thomas, in: R. Sersale, C. Col-
lela, R. Aiello (Eds.), Recent Progress Report and
Discussions: 5th International Zeolite Conferen-
ce, Naples, Italy, 1980, Gianini, Naples, 1981,
pp. 25-30.

5. ]J. Szegezdi, F. Csizmadia, Prediction of dissocia-
tion constant using microconstants, http://www.
chemaxon.com/conf/Prediction_of dissociation
_constant_using_microco nstants.pdf, (asses-
sed: March 31, 2008)

Titles of journals shoud be abbreviated according to

Chemical Abstracts Service Source Index (CASSI).

Special Notes

e Complete characterization, including crystal
structure, should be given when the synthesis
of new compounds in crystal form is reported.

e Numerical data should be reported with the
number of significant digits corresponding
to the magnitude of experimental uncertainty.

e The SI system of units and IUPAC recom-
mendations for nomenclature, symbols and
abbreviations should be followed closely. Addi-
tionally, the authors should follow the general
guidelines when citing spectral and analytical
data, and depositing crystallographic data.

e Characters should be correctly represented
throughout the manuscript: for example, 1
(one) and | (ell), 0 (zero) and O (oh), x (ex), D7
(times sign), BO (degree sign). Use Symbol font
for all Greek letters and mathematical symbols.

e The rules and recommendations of the IUBMB
and the International Union of Pure and Ap-
plied Chemistry (IUPAC) should be used for
abbreviation of chemical names, nomenclature
of chemical compounds, enzyme nomenclature,
isotopic compounds, optically active isomers,
and spectroscopic data.

e A conflict of interest occurs when an indivi-
dual (author, reviewer, editor) or its organiza-
tion is involved in multiple interests, one of
which could possibly corrupt the motivation for
an act in the other. Financial relationships are
the most easily identifiable conflicts of interest,
while conflicts can occur also as personal rela-
tionships, academic competition, etc. The Edi-
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tors will make effort to ensure that conflicts
of interest will not compromise the evaluation
process; potential editors and reviewers will be
asked to exempt themselves from review pro-
cess when such conflict of interest exists. When
the manuscript is submitted for publication, the
authors are expected to disclose any relations-
hips that might pose potential conflict of inte-
rest with respect to results reported in that ma-
nuscript. In the Acknowledgement section the
source of funding support should be mentioned.
The statement of disclosure must be provided
as Comments to Editor during the submission
process.

¢ Published statement of Informed Consent.
Research described in papers submitted to
ACSi must adhere to the principles of the Dec-
laration of Helsinki (http://www.wma.net/
e/policy/b3.htm). These studies must be
approved by an appropriate institutional re-
view board or committee, and informed con-
sent must be obtained from subjects. The Met-
hods section of the paper must include: 1) a
statement of protocol approval from an institu-
tional review board or committee and 2), a
statement that informed consent was obtained
from the human subjects or their representa-
tives.

¢ Published Statement of Human and Animal
Rights. When reporting experiments on human
subjects, authors should indicate whether the
procedures followed were in accordance with
the ethical standards of the responsible com-
mittee on human experimentation (institutional
and national) and with the Helsinki Declaration
of 1975, as revised in 2008. If doubt exists
whether the research was conducted in accor-
dance with the Helsinki Declaration, the authors
must explain the rationale for their approach
and demonstrate that the institutional review
body explicitly approved the doubtful aspects of
the study. When reporting experiments on ani-
mals, authors should indicate whether the insti-
tutional and national guide for the care and use
of laboratory animals was followed.

e Contributions authored by Slovenian scien-
tists are evaluated by non-Slovenian referees.

e Papers describing microwave-assisted reac-
tions performed in domestic microwave ovens
are not considered for publication in Acta Chimi-
ca Slovenica.

e Manuscripts that are not prepared and sub-
mitted in accord with the instructions for aut-
hors are not considered for publication.

Appendices

Authors are encouraged to make use of supporting
information for publication, which is supplementary
material (appendices) that is submitted at the sa-
me time as the manuscript. It is made available on

the Journal’s web site and is linked to the article in
the Journal’s Web edition. The use of supporting in-
formation is particularly appropriate for presenting
additional graphs, spectra, tables and discussion
and is more likely to be of interest to specialists
than to general readers. When preparing suppor-
ting information, authors should keep in mind that
the supporting information files will not be edited
by the editorial staff. In addition, the files should
be not too large (upper limit 10 MB) and should be
provided in common widely known file formats so
as to be accessible to readers without difficulty. All
files of supplementary materials are loaded sepa-
ratly during the submission process as supplemen-
tary files.

Proposed Cover Picture and
Graphical Abstract Image

Authors are encouraged to submit illustrations as
candidates for the journal Cover Picture as well as
graphical abstracts. Graphical abstract contains an
image that appears as a part of the entry in the
table of contents in both online and printed edition.
The pictures may be the same. The illustrations
must be related to the subject matter of the paper.
Usually both proposed cover picture and picture for
graphical abstract are the same, but authors may
provide different pictures as well.

Graphical content: an ideally full-colour illustra-
tion of resolution 300 dpi from the manuscript
must be proposed with the submission. Graphical
abstract pictures are printed in size 6.5 X 4 cm
(hence minimal resolution of 770 x 470 pixels).
Cover picture is printed in size 11 x 9.5 cm (hence
minimal resolution of 1300 x 1130 pixels).

Statement of novelty

Statement of novelty is provided in a Word file and
submitted as a supplementary file in step 4 of sub-
mission process. Authors should in no more then
100 words emphasize the scientific novelty of the
presented research. Do not repeat for this purpose
the content of your abstract.

List of suggested reviewers

List of suggested reviewers is a Word file submitted
as a supplementary file in step 4 of submission pro-
cess. Authors should propose the names, full affilia-
tion (department, institution, city and country) and
e-mail addresses of three potential referees. For
each reviewer at least one reference relevant to the
scientific field should be provided as well. Appro-
priate referees should be knowledgeable about the
subject but have no close connection with any of
the authors. In addition, referees should be from in-
stitutions other than (and preferably countries ot-
her than) those of any of the authors.

How to Submit

Users registred in the role of author can start sub-
mission by choosing USER HOME link on the top of
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the page, then choosing the role of the Author and
follow the relevant link for start of submission.
Prior to submission we strongly recommend that
you familiarize yourself with ACSi style by browsing
the journal, either in print or online, particularly if
you have not submitted to the ACSi before or re-
cently.

Correspondence

All correspondence with the ACSi editor regarding
the paper goes through this web site and emails.
Emails are sent and recorded in the web site da-
tabase. All emails you receive from the system
contain relevant links. Please do not answer
the emails directly but use the embedded
links in the emails for carrying out relevant
actions. Alternatively, you can carry out all the
actions and correspondence through the online
system by logging in and selecting relevant op-
tions.

Proofs

Proofs will be dispatched via e-mail and corrections
should be returned to the editor by e-mail as
quickly as possible, normally within 48 hours of re-
ceipt. Typing errors should be corrected; other
changes of contents will be treated as new submis-
sions.

Submission Preparation Checklist

As part of the submission process, authors are re-
quired to check off their submission’s compliance
with all of the following items, and submissions
may be returned to authors that do not adhere to
these guidelines.

1. The submission has not been previously publis-
hed, nor is it under consideration for publica-
tion in any other journal (or an explanation has
been provided in Comments to the Editor).

2. All the listed authors have agreed on the con-
tent and the corresponding (submitting) aut-
hor is responsible for having ensured that this
agreement has been reached.

3. The submission files are in the correct format:
manuscript in MS Word; diagrams and graphs
are created in Excel and saved in one of the fi-
le formats: TIFF, EPS or JPG; illustrations are
also saved in one of these formats (See Aut-
hor guidelines for details).

4. The manuscript has been examined for spelling
and grammar (spell checked).

5. The title (maximum 150 characters) briefly
explains the contents of the manuscript.

6. Full names (first and last) of all authors toget-
her with the affiliation address are provided.
Name of author(s) denoted as the correspon-
ding author(s), together with their e-mail ad-
dress, full postal address and telephone/fax
numbers are given.

7. The abstract states the objective and conclu-
sions of the research concisely in no more than
150 words.

8. Keywords (maximum six) are provided.

9. Statement of novelty is prepared as a Word
file.

10. The text adheres to the stylistic and bibliograp-
hic requirements outlined in the Author gui-
delines.

11. Text in normal style is set to single column, 1.5
line spacing, and 12 pt. Times New Roman font
is recommended. All tables, figures and illu-
strations have appropriate captions and are
placed within the text at the appropriate
points.

12. Mathematical and chemical equations are pro-
vided in separate lines and numbered (Arabic
numbers) consecutively in parenthesis at the
end of the line. All equation numbers are (if ne-
cessary) appropriately included in the text.
Corresponding numbers are checked.

13. Tables, Figures, illustrations, are prepared in
correct format and resolution (see Author
guidelines).

14. The lettering used in the figures and graphs do
not vary greatly in size. The recommended let-
tering size is 8 point Arial.

15. Separate files for each figure and illistration are
prepared. The names (numbers) of the separa-
te files are the same as they appear in the text.
All the figure files are packed for uploading in a
single ZIP file.

16. Authors have read special notes and have accor-
dingly prepared their manuscript (if necessary).

17. References in the text and in the References
are correctly cited. (see Author guidelines).
All references mentioned in the Reference list
are cited in the text, and vice versa.

18. Permission has been obtained for use of cop-
yrighted material from other sources (including
the Web).

19. The names, full affiliation (department, institu-
tion, city and country), e-mail addresses and
references of three potential referees from in-
stitutions other than (and preferably countries
other than) those of any of the authors are
prepared in the word file.

20. Full-colour illustration or graph from the ma-
nuscript is proposed for graphical abstract.

21. Appendices (if appropriate) as supplementary
material are prepared and will be submitted at
the same time as the manuscript.

Privacy Statement

The names and email addresses entered in this
journal site will be used exclusively for the stated
purposes of this journal and will not be made avai-
lable for any other purpose or to any other party.
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Nomenklatura anorganske kemije

Kemijska nomenklatura oz. poimenovanije kemij-
skih elementov in spojin je potrebno zato, da se
vsi, ki jih uporabljajo, med seboj lahko sporazu-
mevajo. Najpomembnejie pri tem je, da je poi-
menovanije spojin enotno in enoznacno, saj mo-
ra biti zagotovljeno, da si pod doloéenim ime-
nom vsi predstavljajo isto kemijsko spojino.

Z razvojem kemije in celotne splodne znanosti je
bilo v preteklosti odkritih ali sintetiziranih ogrom-
no 3tevilo kemijskih spojin, kar se bo v prihod-
nosti brez dvoma nadaljevalo s e vedjo inten-
ziteto. Vzporedno z odkritji in raziskavami pa se
je razvijalo in prilagajalo tudi poimenovanije
kemijskih spojin. IUPAC (Mednarodna unija za
Cisto in uporabno kemijo) skrbi za vsklajeno de-
lovanje na tem podro¢ju. V predgovoru k origi-
nalu knjige, ki sledi letemu, je zato natanéno
opisano, kako je Mednarodna unija poimenova-
nje kemijskih spojin spremljala, zasledovala in

Izdajo pripravili
Neil G. Connellz, Ture Dambus
Richard M. Hartshorn, Alan T. Hutton

PRIPOROCILA IUPAC 2005
NOMENKLATURA
ANORGANSKE
KEMIJE

ISBN 978-961-90731-8-6
Obseg: 367 str.

spreminjala, kadar je bilo to potrebno zaradi
jasnosti ali moZnosti razliénih razumevani.

Pred nami je tako v letu 2008 prevod »Nomen-
clature of Inorganic Chemistry, IUPAC Recom-
mendations 2005« v slovenskem jeziku, le tri le-
ta po izidu izvirnika. Zadnja slovenska nomenk-
latura anorganske kemije je bila izdana leta
1986, njen obseg pa je bil 86 strani (brez pre-
glednic). Nova izdaja prevoda obsega skoraj
400 strani strokovno izjemno zahtevnega teksta.
Slovenski prevod je pripravil Andrej Smalc, z re-
cenzijo in z nekaterimi dodatnimi dejavnostmi v
zvezi s pripravo za tisk pa mu je pomagal Pri-
moz Segedin. Za obseZno in strokovno korektno
opravljeno delo se obema iskreno zahvaljujem.

Venéeslav Kauci¢
Predsednik Slovensko kemijsko drustvo

Publikacijo lahko kupite v Slovenskem kemijskem drusivu,

Slovensko kemijsko drustvo
Slovenian Chemical Society

&

Hajdrihova 19, 1000 Ljubljana

Narocilo oddate preko drustvene spletne strani:

http:/ /www.chem-soc.si/publikacije/nomenklatura-anorganske-kemije
Cena: 17,50 EUR
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*v skladu s standardom 1SO 3696 in ustreznimi ASTM ter CLSI
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Aled Krbaviié

Alei Obreza

Marija Soliner-Dolenc
Branko Stanovnik
Milan Skrl]
Zbral |

» UREDBI EU o rary
h1z72/2008 in 730/2009)

ok
l2dalo in zalafito: Slovensha kemijshe druttvo

Priro¢nik predstavlja monografije nevar-
nih kemikalij, opisuje njihove kemijske in fizi-
kalne lastnostih, prakti¢no uporabo ter nji-
hov vpliv na Zive organizme in okolje. Name-
njena je strokovnjakom, ki delujejo na po-
droc¢ju kemije, farmacije, veterine, agrono-
mije pa tudi poslovnim osebam, ki se ukvar-
jajo s proizvodnjo in prometom z nevarnimi
kemikalijami ter nadzirajo njihov promet.

Priro€nik nudi veliko koristih podatkov
osebam, ki so pogosto v stiku z naravnim
okoljem (lovci, éebelarji, ribici, ekologi), ki
skrbijo za zaS¢ito rastlin (gozdarstvo, polje-
delstvo, sadjarstvo) in zivali (veterina). V tem
pogledu so posebno predstavljene kemikali-
je, katerih uporaba je dovoljena v Sloveniji
na podroc¢ju kmetijstva, sadjarstva in goz-
darstva.

Publikacija je izredno primer-
na kot u¢benik za Studente ke-
mije, kemijske tehnologije,
farmacije in drugih sorodnih
znanosti.

V publikaciji so zajete
zakonske dolo¢be glede
razvr§éanja in oznacevanja
kemikalij v prometu, obe-
nem z uredbo Evropskega
parlamenta in Sveta o razvr§- (0
éanju, oznaéevanju in pakiranju '
snovi ter zmesi, ki se zacne iz-
vajati za snovi s 1. decem-
brom 2010, za zmesi pa s 1.
junijem 2015.

kemnijski
prirocnik

Cena knjige v elektronski
obliki (CD-ROM) znasa 15 EUR funkcionalnih skupin.

Opisi posameznih kemikalij so oprem-
ljieni tudi s CAS in s stevilkami carinske tari-
fe, ki je usklajena s kombinirano nomenkla-
turo EU.

Vsebina knjige je prilagojena dosezkom
mednarodnih organizacij (Organizacija za
hrano in kmetijstvo — FAO, Organizacija za
ekonomsko sodelovanje in razvoj OECD,
Svetovna zdravstvena organizacija WHO...),
ki so v osemdesetih letih prejSnjega stoletja
postavljale temelje nove svetovne politike
pri obravnavi kemijskih snovi in njihovega
vpliva na ¢lovekovo okolje.

Priro¢nik je rezultat dela strokovnjakov
Fakultete za farmacijo in Fakultete za kemijo
in kemijsko tehnologijo. Podatki so zbrani iz
razliénih virov, ki so bili dosegljivi v strokovni
literaturi, na spletnih straneh, v uradnih listih
in drugih sprejemljivih publikacijah.

Ker je takSen naéin obravnave nevarnih
kemikalij pripravljen v slovensg€ini, je knjiga
pomemben prispevek uresniéevanju nacio-
nalnega programa o kemijski varnosti.

Avtorji knjige so Prof. Dr. Ale§ Krbav¢ic,
Prof. Dr. Ale$ Obreza, Prof. Dr. Marija Soll-
ner-Dolenc, Prof. Dr. Branko Stanov-
nik in Mag. Milan Skrl].
Vsebinsko priroénik zaje-
ma opise blizu 800 kemikalij,
IUPAC kemijski nomenkla-
== turni sistem za organske in
neorganske spojine, opis
svetovnega usklajenega si-
stema za razvr$€anje in oz-
nacevanje kemikalij (GHS),
mednarodni sistem merskih
enot, pregled aktivnih snovi in
preparatov za zasdito rastlin regi-
striranih v RS in osnovne far-
makolosko toksikoloske last-
nosti nekaterih kemijskih

irdalo in zalatilo:

| Slovensko

| hamijsko drutve
maj 201



Strast do
pametnih
premazov

Visoki standardi, znanje, strast do inovacij
ter Zelja po nenehnih izboljSavah — to je okolje
v katerem ze veC kot 150 let nastajajo Heliosovi
pametni premazi.

Resitve, ki zadostijo Siroki paleti potreb ustvarjajo
vez, zaradi katere kupci postanejo nasi partnerji in tako
rastemo — skupaj.

www.helios-group.eu .. |'|E|.|05



MAGNEZI] Krka 300

Granulat za pripravo napitka vsebuje magnezijev citrat in vitamin Bp.

Magnezij in vitamin B prispevata k zmanjSevanju

Zivinega sistema.

Magnezij prispeva tudi k delovanju misic.
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Prehransko dopolnilo ni nadomestilo za uravnotezeno in raznovrstno
prehrano. Skrbite tudi za zdrav Zivijenjski slog.
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