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Abstract

As it was shown recently that nanostructures can exist in water-ethanol-citronellol tinctures, a deeper investigation of
these media was performed using conductivity, UV-Vis and FT-IR spectroscopy techniques. Different regimes of con-
ductivity, depending on the water content, an increase of the polarity of the polar pseudo-phase with increasing water
content, and even the presence of free water molecules at higher water content are observed, just as in classical surfac-
tant-based microemulsions. The percolation model, generally used to fit conductivity data in surfactant based mi-
croemulsion having a weak interfacial film, can be used to fit our conductivity data below a critical water content (¢})
with a critical exponent typical of dynamic percolation. In presence of higher water contents, superior to ¢, obtained
conductivity data cannot be fitted neither with a static nor a dynamic percolation model. As in surfactant-based microe-
mulsions, an increase of polarity of the microenvironment with increasing water content can be postulated using respec-

tively the UV-Vis wavelength absorption band (4

max

) of methyl orange and performing FT-IR spectra.

Keywords: Nanostructure, Citronellol, Microemulsions, UV-Vis spectroscopy, Conductivity, FT-IR spectroscopy

1. Introduction

Tinctures are alcoholic, mostly ethanol, solutions
prepared from vegetable materials or from chemical sub-
stances as fragrance molecules. Tinctures are widely used
as a base of hydro-alcoholic formulation produced in per-
fume industry. The terpenoids are the largest group of na-
tural odorants, and thus also the largest group of modern
fragrance ingredients.! Citronellol is one of the most im-
portant terpenoids, characteristic for the perfume industry.
The main factors, which affect the volume of use of a fra-
grance ingredient, are its odour contribution to a fragran-
ce, its stability and performance in the products to be per-
fumed. Recently we showed two interesting consequences
in monophasic 1-octanol-ethanol-water mixtures for prac-

tical applications: the transition from “unstructured* to
“structured* region along with a change of slope of con-
ductivity that exists at high ethanol content, in a domain
typically used for perfumes. Moreover, changes of slopes
are also found when evaporation rates are plotted versus
the amount of oil phase during the transition from o/w to
w/o domains, a phenomenon that is widely used in formu-
lation of long-lasting perfume formulation.?

According available literature only few recent stu-
dies reported the theoretical analysis based on the percola-
tion phenomenon, which occurs as the microstructure of
microemulsions changes.*

Recently, the static and dynamic percolation models
have been proposed for describing the mechanism of per-
colation.”® The static percolation theory describes the per-
colation to the appearance of a bicontinuous oil and water
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structure, while the dynamic percolation model describes
the formation of percolation clusters by interaction bet-
ween water globules.The transport of ions in bicontinuous
structure or percolation clusters gives rise to the percola-
tion phenomenon.

Both models consider that the percolation transition
takes place at a critical water mass fraction ¢! (percola-
tion threshold). The power-laws between the conductivity
and the concentration of hydrophilic (water) phase, below
and above @', are the following, respectively:

Ko gl — 95| for gl > 95

(D

where s and p are critical exponents, p = 1.5~2.0 both in
static and dynamic theory, s = 0.5~0.7 in static theory, s =
1.0 in dynamic theory.”®

In this article, the structure transition based on per-
colation mechanism of the Surfactant-Free-Microemul-
sion composed of citronellol, ethanol, and water was inve-
stigated using electrical conductivity, UV-Vis spectros-
copy and FTIR spectra measurement.

2. Experimental
2. 1. Chemicals

All chemicals used were of suitable laboratory rea-
gent grade. Ethanol and citronellol were purchased from
Merck Schuchardt OHG (Hohenbrunn, Germany), and
methyl orange from Sigma-Aldrich Chemie GmbH (Tauf-
kirchen, Germany). All chemicals were used without furt-
her purification. All solutions were prepared using suprapu-
re water. Suprapure water (declared conductivity 0.04 uS
cm™") was prepared by a Millipore Simplicity (USA) unit.

2. 2. Procedures and Apparatus

The domains of existence of the monophasic region
were already performed in the previous work and repre-
sented in a ternary phase diagram as in Figure 1.’

Conductivity measurements were performed at (25
+ 0.01) °C using a dipping type conductivity cell Orion
(model 018001) with two electrodes of bright platinum.
The cell constant (0.10402 =+ 0.00002 cm™') was determi-
ned by calibration with aqueous potassium chloride solu-
tions in the concentration range from 0.001 to 0.05 mol
dm™. The conductivity cell was connected to a precision
component analyser Wayne-Kerr (model 6430A). Resi-
stance (R) of test solutions was measured at four frequen-
cies f = 500, 800, 1000 and 2000 Hz. Its dependence on
reciprocal frequency is well presented by a straight line.
Experimental procedure begins by weighing a mixtures of
ethanol and citronellol (70.0 g) with various mass ratios of
ethanol to citronellol (R, mass ratio of ethanol/citronel-
lol) from 19 to 0.7 into a glass reaction cell. Carbon dioxi-
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Figure 1. Ternary phase diagram of water/ethanol/citronellol mix-
tures at 25 °C. The white region represents compositions of monop-
hasic, clear, macroscopically homogeneous mixtures, the dark re-
gion represents compositions of two-phase systems. The values are
given in mass fraction. The original diagram is taken from Ref.
$9C. The various experimental paths at different (Ry,c) values from
19 to 0.7, along which the conductivity measurements were per-
formed, are drawn as dashed lines.

de from the atmosphere can change the electrical conduc-
tivity of mixed aqueous-organic solvents. Therefore, the
reaction cell was hermetically closed with a Teflon lid af-
ter short bubbling or the solvent with high purity nitrogen.
The reaction cell was then immersed into a Thermo Haake
Circulator DC10-V15/B. After reaching the thermal equi-
librium, the resistance at four frequencies is determined.
Then the known weight of water is added into the cell us-
ing a syringe and the resistance readings are repeated.
Between these two operations each test solution is homo-
genized through a short-run spin of a teflon magnetic stirr
bar activated by an immersible stirrer Cyclone (model
1-100 HMC).

FT-IR spectra of selected microemulsions were re-
corded on Shimadzu IRAffinity-1 FTIR spectrometer us-
ing CaF, plates, in the frequency range 4000-950 cm™!
with 100 number scans and 4 cm™" spectral resolution.

The UV-Vis spectra of selected microemulsions we-
re performed on a computer-controlled UV-Vis spectro-
meter Agilent Cary 60. The path length of the quartz cell
used in this experiment was 1 cm. Appropriate amounts of
substances were uniformly mixed in advance and then ad-
ded to the quartz cell.

3. Results and Discussion

3. 1. Phase Behavior of the Water/ethanol/
citronellol Ternary System

The ternary phase diagram of the water/ethanol/ci-
tronellol system at 25 + 0.01 °C is shown in Figure 1, in
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which the component content in the system is in mass
fraction. A single isotropic region extending from oil-rich
to water-rich regions can be observed. The white region
represents compositions of monophasic, clear, macrosco-
pically homogeneous mixtures, and the dark region repre-
sents compositions of two-phase systems.

In general, w/o microemulsions can be formed at
low water contents, in which the oil is a continous phase.
When the water content is progressively increased, the
microemulsion system remains isotropic as long as there
is no phase separation. As a result, there is some kind
structural transition in traditional aqueous microemul-
sions. Similarly, for studied microemulsion system, the
single-phase channels are suitable for the study of micro-
structure and structural transition.'?

3. 2. Electrical Conductivity Measurements
and Microregions of the Water/
Ethanol/Citronelol Microemulsion

For surfactant-based aqueous microemulsions,
Clausse et al.” demonstrated that, with increasing water
content, the microemulsion electrical conductivity (x) has
different changes according to successive stages: (1) the
initial nonlinear increase of x reveals the existence of a
percolation phenomenon that may be attributed to the in-
verse microdroplet aggregation; (2) the next linear increa-
se is due to the formation of aqueous microdomains that
results from the partial fusion of clustered inverse micro-
droplets and suggests that a w/o microemulsion is formed
in the low water content region.

The variation of electrical conductivity x with
water mass fraction (¢, ) along dilute lines at different R
(mass ratio of ethanol/citronellol) values were determined
(Figure 2).
For clarity, the plots of Kk versus ¢, at R, =4 and
2.3 are shown in Figure 3 representing two typical exam-
ples of percolation phenomena.
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Figure 2. Conductivity k of the microemulsion as a function of ¢,
at different R, values.
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Figure 3. 3a) Electric conductivity x of the microemulsion as a
function of ¢, at R, =4 and 2.3. 3b) The variation of log x versus
weight fraction of water along the dilution line R~ =4 and 2.3 (as
shown in Figure 3a).

It can be seen from Figure 3a that, consistent with
percolation character, electrical conductivity data increa-
ses with increment of water mass. However, due to the
lack of the surfactant, conductivity enhances only within
one order of magnitude. The molecule forming the inter-
face between water droplets and the citronellol-rich sur-
rounding medium has been found in previous studies>’
unequivocally as being ethanol, and according to that in
the systems studied here, the ethanol is the main compo-
nent of the interfacial film whenever microstructures are
present. As shown in Figure 3a, the low conductivity be-
low ¢! suggests that the reverse droplets are discrete (iso-
lated droplets in a non-conducting citronellol medium,
forming w/o microemulsion) and show rare interaction.
When the water content is raised above @} the value of x
increases linearly. The interaction between the aqueous
domains becomes increasingly important and forms a net-
work of conductive channel.

Figure 3b depicts the variation of log k versus weight
fraction of water. The change in the slope of log k (Fig. 3b)
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Figure 4. The scaling dependence of the conductivity, along the dilution line R
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can be interpreted as a structural transition to bicontinuous
or percolation clusters from w/o'' resulting with a @P value.

The values of s, obtained from the fitting lines in Fi-
gure 4, all fall into the prediction range of dynamic perco-
lation theory.!? That is to say, the barrier layer of micelles
or, in this case microemulsion aggregates might be
formed by short chain alcohol (in our case ethanol), alt-
hough a certain amount of water molecules might permea-
te into it owing to the hydrogen bonding interaction bet-
ween the water and short chain alcohol. Similar results on
existence of microemulsion aggregates in that area are
known from literature for DLS and SLS experiments.’
The data above the percolation threshold (Figure 4) can-
not be described neither by static nor dynamic percolation
theories because the values of p, obtained by fitting these
data, are not in line with the theoretical value. These phe-
nomena are possibly caused by the fact that the situation
of Surfactant-Free-Microemulsions cannot satisfy the as-
sumption of this percolation theory, namely when above
@F, due to the hydrogen bonding interaction, more and
more water molecules permeate into the barrier layer for-
med by the short chain alcohol (ethanol) with the increase
of water weight fraction. As a consequence, the short
chain alcohols cannot form an effective barrier layer of
microemulsion structure, but form a solution that contains
hydrogen bonded aggregates of water molecules and short
chain alcohols where molecules of monoterpenoid (citro-
nellol) are, depending of its weight ratio, located inside or
on edges of these aggregates. These conclusions are in ac-
cordance with other studies. '

3. 3. UV-Vis Absorption of methyl orange
(MO) in Microemulsions

The local environment within a microemulsion dro-
plet may be characterized by UV-Vis measurements with

solvatochromic probes. MO can be used as solvatocroma-
tic probe since its absorption spectrum is sensitive to me-
dium effects.'* A reason for this may be that the conjugated
azo group and the terminal SO, Na* group of MO have
different sensitivities to the micropolarity of their local en-
vironments, and play different roles in shaping the spectra.
The spectral features due to the azo group seem to be more
sensitive to changes in polarity. The maximum wavelenght
absorption band (4, ) of MO shifts to shorter wavelenghts
upon decreasing the polarity of the medium in which the
probe is located. Figure 5 shows effect of water content
(¢,) on the absorption spectra of methyl orange (MO) in
microemulsions along the dilution line R,,.=1.8. The A___
is situated at 464 nm in water whereas, in oil phase combi-
ned with the mass ratio of ethanol/citronellol = 1.8, it is po-
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Figure 5. Effect of water content (¢, ) on the absorption spectra of

methyl orange (MO) in microemulsions along the dilution line Ry
= 1.8. The MO concentration is 0.110 mmol L™".
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sitioned at 405 nm. If the position of MO in microemulsion
changes, its absorption peak will also change.

As the water content in microemulsions increases
(Fig. 5), the visible absorption maximum A_, of MO
shifts to longer wavelengths, indicating higher pola-
rity.'>'® As expected, the Ay Value of methyl orange in-
creases in the range of 419-424 nm. These results suggest
that the polarity of the microenvironment of the solubili-
zed methyl orange is intermediate between that of bulk
water and ethanol, so the polarity of the water domains in
the water-in-citronellol reverse microemulsion is lower
than that of bulk water, which is similar to the published
results.'”18

3. 4. Characteristic FT-IR Spectra
of Microemulsions

Available literature shows the lack of FT-IR studies
regarding Surfactant-Free-Microemulsions. For the classi-
cal microemulsions FT-IR studies suggest that the reverse
water interior has a multilayered structure, consisting of
interfacial, intermediate, and core water,'>?%2!

Diferent spectra displayed in Figure 6 show the
absorption bands characheristic for fuctional groups in
molecular stucture of present compounds of ternary sys-
tem citronellol, ethanol, and water. The stretching refering
to an OH-group is in the range 3000-3700 cm™' represent
the stretching of an OH-group in molecules of citronelol,
ethanol, and water. The stretching relating the CH bond:
CH, of the range 2926 to 2972 cm™' and —CH, is in the
range 2297 to 2350 cm™! represent the stretching of citro-
nellol and ethanol, while the stretching referingtoa C=C
bond is in the range of 1049-1089 cm™', and represents
the stretching of citronellol. The stretching refering to an
C-O-group is in the range 1350-1390 cm™, and repre-
sents the stretching of citronelol, and ethanol.

OH streching band, previously described, is reffe-
red to the presence of ethanol, water and citronellol. The

elongation related to an OH-group is very interesting; it
can be seen that by increasing the content of water in the
system, it becomes wider, and finally, approaching the
experimental path next to binodial curve, covers the who-
le area of 3000-3700 cm™". Firstly, after addition of water
to studied system (¢, = 0.05) OH streching band is loca-
ted in area of low frequency 3100-3300 cm™', which is
attributed to full hydrogen bonding developed between
interfacial water molecules and molecules of ethanol (ha-
ving the role of surfactant in our system)***, The surface
of the domains is expected to be covered with hydroxyl
groups at saturation, producing a weakly associated inter-
facial surfactant film. After addition more water to the
system and approaching the experimental path to the bi-
nodial curve, where OH streching band becomes more
and more wider covering the area of high frequency
3600-3700 cm™'. That high frequency streching is attri-
buted to existance of free water in a “core” of micelle-li-
ke aggregation as a result of complete hydration of the
hydrophilic chains. Therefore, a “core”contains a signifi-
cant amount of OH groups, stemming both from ethanol
and from water bound to ethanol. Finaly, the sterching re-
lated to intermediate water is located between the interfa-
cial water, and the free water from the other side to the
high frequency extension.

In this surfactant-free microemulsions system, after
hydration of the polar head of ethanol in an interfacial la-
yer, stretching related to OH groups becomes broader and
shifts to lower frequencies, which is well-known from
classical microemulsion systems.**

4. Conclusions

The dynamic percolation model classically used for
surfactant-based microemulsion having a weak interfacial
film, can be used to fit the conductivity data, at low water
content and below the threshold of appearence of a second

40

20
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v/em!

Figure 6. FT-IR spectra of microemulsions along the dilution line Ry, = 1.8 with various water content (¢, ).
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regime of conductivity, but this model and the static one
cannot fit the conductivity data of the second regime. Like
in surfactant-based microemulsions, polarity and the
stretching related to an OH-group increases with increa-
sing water content. It can be postulated from the UV-Vis
wavelength absorption band (4, ) of MO and performing

FT-1IR spectra that the interior of the aggregates is not ho-
mogenous.
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Nedavno je bil ugotovljen obstoj nanostruktur v trokomponentnem sistemu voda-etanol-citronelol, kar smo v tem delu
proucevali z meritvami elektri¢ne prevodnosti ter z UV-Vis in FT-IR spektroskopskima metodama. Iz meritev prevodno-
sti je moZno sklepati na povecanje polarnosti polarne psevdo-faze z dodatkom vode in — podobno kot v klasi¢nih mi-
kroemulzijah, temeljecih na surfaktanih — celo na prisotnost prostih molekul v primeru vecje mnoZine prisotne vode v
sistemu,. Tudi tu smo za razlago poteka prevodnosti pod kriti¢no vsebnostjo vode (¢}) lahko uporabili dinami¢ni perko-
lacijski model, ki dobro opisuje obnaSanje klasi¢nih mikroemulzij, ki tvorijo Sibek film med dvema fazama. V pristno-
sti ve¢je mnoZine vode, nad ¢}, dobljenih vrednosti prevodnosti ni mogoce ve¢ razloZiti niti s staticnim niti z dina-
mi¢nim perkolacijskim modelom. Enako kot pri klasi¢nih mikroemulzijah, je tudi pri proucevanem sistemu povecanje
polarnosti mikrookolja z naras¢ajoc¢o vsebnostjo vode mozno dokazati z UV-Vis spektroskopijo s pozicijo maksimalne

absorpcije (A__ ) barvila metil oranZ ter FT-IR spektroskopijo.
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