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Abstract

New magnesium 4,4’-biphenyldicarboxylate (BPDC) was solvothermally synthesized in the presence of N,N’-di-
methylformamide (DMF). The crystal structure with formula Mg,(BPDC),(DMF), and denoted as NICS-7 was solved
in monoclinic symmetry with space group Pn (no. 7) and unit cell parameters a = 12.6433(7) A, b = 13.3950(5) A, ¢ =
19.9230(8) A, B=107.131(5) °. The structure consists of MgOy linear arranged trimers with common vertices connec-
ted through BPDC ligands forming extended 2-dimensional layered hybrid structure. Each terminal Mg atom within tri-
meric clusters is coordinated by two dimethylformamide molecules, respectively. Layers of Mg,(BPDC),(DMF), are
stabilized by non-coordinated dimethylformamide molecules located within the voids in crystallographically disordered
manner. Thermal properties of NICS-7 were determined by thermogravimetric and temperature-programmed X-ray dif-
fraction. The structure remains stable only up to 50 °C. At higher temperatures, the removal of non-coordinated di-
methylformamide molecules causes formation of amorphous Mg-BPDC phase.

Keywords: Metal-organic framework, magnesium 4,4’-biphenyldicarboxylate, Mg-trimeric SBU

1. Introduction

Hybrid organic-inorganic coordination polymers or
metal organic frameworks (MOFs) represent extensive
group of materials where inorganic building units are inter-
connected through organic ligands forming crystalline struc-
ture. MOF materials may exhibit highly porous 3-dimensio-
nal frameworks enabling promising applications in various
fields such as separation, catalysis, drug delivery and elec-
trochemistry.' Due to the ability to control their pore di-
mensions by proper choice of synthesis parameters and pos-
sibility to generate preferential sorption sites within the fra-
mework, MOF materials are most widely explored for gas
storage applications.®!! One of the prerequisites for effecti-
ve gas storage with high w/w uptake capacities is low den-
sity framework, which can be achieved by production of
MOFs based on light-weight metals such as magnesium or

aluminium. In contrast with rapidly increasing research on
transition metal-based MOF materials resulting in numerous
newly discovered structures published every year, magne-
sium-based coordination polymers are relatively unexplo-
red. Studies of Mg-based coordination polymers formation
were performed using aliphatic carboxylic acids such as for-
mic, squaric, diglycolic, glutaric, sebacic, cyclobutanetetra-
carboxylic and camphoric acid as ligands.'>'® However,
more frequently used ligands included in exploration of new
Mg-MOF materials represent aromatic polycarboxylates,
that could provide frameworks with permanent porosity due
to their molecule rigidities. Among all known Mg-based
polycarboxylate structures, only few of them exhibit perma-
nent porosity and accessibility for gas molecules due to the
relatively limited knowledge about their crystallization pro-
cesses.' 21726 Formation of Mg-based 1,4-benzenedicar-
boxylates, 2,6-naphthalenedicarboxylates, 3,5-pyrdinedicar-
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boxylates and 1,3,5-benzenetricarboxylates were already
systematically studied varying different synthesis parame-
ters,”’ ! however in order to gain more knowledge about the
chemistry of Mg-based open framework structures forma-
tion, further studies in this field are still required.

4.4’ -biphenyldicarboxylic acid (BPDC) represents al-
ternative ligand in crystal engineering of isoreticular 1,4-
benzenedicarboxylate-based (BDC) MOFs, forming larger
pores in comparison with BDC-based MOFs. Coordination
networks with BPDC and DMF are quite common and well
studied, especially when containing transition metal cen-
ters. However, only few structures with magnesium and
aforementioned organic molecules were described till
now.’*33 In that manner we describe the synthesis, crystal
structure and thermal properties of a new layered Mg-4,4’-
biphenyldicarboxylate, Mg,(BPDC), (DMF), denoted as
NICS-7 (NICS = National Institute of Chemistry Slovenia).

2. Experimental

2. 1. Synthesis of NICS-7

In typical synthesis 0.26 g (1.07 mmol) of 4,4’-bip-
henyldicarboxylic acid (97% BPDC, Sigma-Aldrich) was
dispersed in 30 ml of N,N’-dimethylformamide (99.8%
DME, Sigma-Aldrich) in glass vial. Subsequently 0.36 g
(1.4 mmol) of Mg(NO,), - 6H,0 was added. Sealed vial
was heated to 120 °C. Plate-like crystals of NICS-7, for-
med after 24 hours of hydrothermal treatment, were reco-
vered by filtration and drying in vacuum at room tempera-
ture. Elemental analysis yielded the values of 6.8 wt.%
Mg, 63.4 wt.% C, 6.3 wt.% N, 23.5 wt. % O which are in
agreement with the theoretical values (6.6 wt.% Mg, 62.2
wt.% C, 6.4 wt.% N, 24.7 wt. % O).

2. 2. Single-crystal Structure Analysis

The proper single crystal of NICS-7 was mounted on
the tip of glass fibre with a small amount of silicon grease
and transferred to a goniometer head. Data were collected
on a Agilent SuperNova (Dual, Cu at zero, Atlas) diffracto-
meter using Mo Ko radiation at 150 K. Data reduction and
integration were performed with the software package
CrysAlis PRO.** The coordinates of non-hydrogen atoms
were found via direct methods using the structure solution
program STR97.% A full-matrix least-squares refinement on
F”? magnitudes with anisotropic displacement parameters
for all non-hydrogen atoms using SHELXL-97 was emplo-
yed.*® All hydrogen atoms were initially located in differen-
ce Fourier maps. However, they were subsequently treated
as riding atoms at geometrically idealized positions with
bond lengths C—H of 0.98 A for methyl and 0.95 A for aro-
matic C—H bonds. The corresponding displacement para-
meters U, (H) were 1.5-times higher than those of the car-
rier methyl carbons and 1.2-times higher than all other
hydrogen bearing carbon atoms.

The N,N-dimethylformamide molecules, occup-
ying the cavities in the crystal structure, are highly disor-
dered and could not be modelled successfully. Conse-
quently, their scattering contribution was removed from
the refinement using the SQUEEZE routine in the pro-
gram PLATON*" which gave solvent-accessible voids of
ca. 225 A3 for only 26 electrons. Figures depicting the
structures were prepared by ORTEP3.* Crystal data and
information on data collection and refinement are given
in Table 1.

CCDC-960675 contains the supplementary crystal-
lographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Table 1. Crystal data, data collection and structure refinement for the tit-
le compound.

Crystal data

Formula C,,H,Mg,N.O,,
Mr 1159.02

Cell setting, space group Monoclinic, P 1 n 1
aA) 12.6433(7)

b(A) 13.3950(5)

c(A) 19.9230(8)

B©) 107.131(5)

V (A% 3224.4(3)

z 2

D _(Mgm™) 1.194

u (mm™) 0.114

F(000) 1216

Crystal form, colour
Crystal size (mm)

prism, colourless
0.35x0.25x0.20

Data collection

Temperature (K) 150

Radiation type, wavelength Mo Ka, 0.71073 A
Diffractometer Agilent SuperNova (Dual, Cu
at zero, Atlas)

 scans

multi-scan

19236, 11941, 8838

Data collection method
Absorption correction

No. of measured, independent
and observed reflections
Criterion for observed reflections F? > 2.0 o(F%)

R, 0.0387

O range (°) 3.04-27.28
h range -1615

k range -1717

[ range —2425
Refinement

Refinement method full matrix least-squares on 2

R(onF,),wR(onF_),S 0.0686, 0.179, 1.008
No. of contributing reflections 11941

No. of parameters 749

No. of restraints 2

observed in difference Fourier
map and refined as riding
<0.001, <0.001

0.495, -0.294

H-atom treatment

(A/G)max’ (Alo-)abve
Apmax’ Apmin (eA_B)
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2. 3. Characterization Methods

Elemental analysis was performed by energy disper-
sive X-ray analysis (EDX). In order to approximate the
bulk analysis, the sample was grinded and compressed to
self-supported pellet. EDX mapping analysis was perfor-
med on even surface of the pellet with area of about 0.2
mm?2 on a Zeiss Supra 3VP field-emission scanning elec-
tron microscope equipped with INCA Energy system. Fou-
rier-transform infra-red (FT-IR) measurements were per-
formed on a Perkin Elmer Spectrum One FTIR spectrome-
ter with resolution of 1 cm™ from self-supporting KBr pel-
lets. Thermogravimetric (TG/DTG) analysis was perfor-
med on a SDT 2960 Thermal Analysis System (TA Instru-
ments, Inc.). The measurement was carried out in static air
with the heating rate of 10 °C - min™'. Thermal stability of
NICS-7 material was monitored by high-temperature XRD
measurements in air flow using a PANalytical X’Pert PRO
MPD diffractometer with CuK , wavelength from 5 to 60°
20 using step of 0.039° with collection time 100 s per step
in the temperature range between 25 and 400 °C.

3. Results and Discussion

3. 1. Crystal Structure Description

The X-ray single crystal analysis has shown that the
NICS-7 compound represents a layered metal-organic fra-
mework which crystallizes in a monoclinic space group
Pn (No. 7). The symmetry independent part of the coordi-
nation polymer, depicted in Figure 1, consists of three Mg
central ions surrounded by six halves of 4,4’-biphenyldi-
carboxylate anions (BPDC) and additional four N,N-di-
methylformamide molecules (DMF) that complement the
coordination spheres of the central Mg ions.

All three Mg ions are surrounded with six octahe-
drally arranged oxygen atoms. Mg2 is coordinated with

Figure 1. ORTEP plot of the NICS-7 asymmetric unit. Hydrogen
atoms and atom labels of C are not shown for clarity.

six oxygens from six different BPDC molecules while, on
the other hand, Mgl and Mg3 are surrounded with four
oxygens from BPDC and two terminal DMF molecules.
When having a closer look at the surroundings of Mg
ions, the trimeric secondary building unit (SBU) is obser-
ved (Figure 2) in which all three Mg ions lie virtually on
the same line (angle Mgl1-Mg2-Mg3 is 178.93(16)°) with
the interatomic distances Mgl-Mg2 and Mg2-Mg3 of
3.5248(19) and 3.4910(19) A, respectively. SBU can also
be represented as a chain of three MgO, octahedra in
which the adjacent two octahedra share a common vertex
(i.e. atoms O1 and O11 represent the shared vertices).
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Figure 2. Mg-octahedral trimeric secondary building unit in the
NICS-7 structure.

A detailed view on SBU also reveals the different
binding modes of six symmetry independent BPDC hal-
ves: four of them are u,-bridging ligands while the remai-
ning two are unsymmetrically chelating, i.e. chelating and
u,-bridging at the same time. When taking into account
the whole BPDC molecules, two of them are bis bidentate
bridging (Figure 3a) while the third is unsymmetrically
chelating (Figure 3b); all ligands regardless their binding
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Figure 3. The different ligating possibilities of BPDC molecules as
found in the NICS-7, (a) bidentate bridging and (b) unsymmetri-
cally chelating. The ligating possibility shown in (c) is not present

in NICS-7 but is represented here for the comparison with the rela-
ted structure - refcode JETZAK™ (see text).
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Table 2. Mg-O distances in the first coordination sphere of the title compound.

Bond Distance [A] Bond Distance [A] Bond Distance [A]
Mgl1-05 2.018(3) Mg2-010 2.024(3) Mg3-08 2.012(3)
Mgl1-03 2.058(3) Mg2-04 2.030(3) Mg3-09 2.038(3)
Mgl-013 2.066(4) Mg2-07 2.038(3) Mg3-015 2.049(3)
Mgl-O14 2.114(3) Mg2-06 2.038(3) Mg3-016 2.105(3)
Mgl1-0O1 2.151(3) Mg2-01 2.091(3) Mg3-0O11 2.144(3)
Mgl-02 2.187(3) Mg2-0O11 2.100(3) Mg3-012 2.249(3)

modes are symmetrical, i.e. the binding mode of both car-
boxylate groups of the ligand is the same. Distances
Mg—O(bridging) are somewhat shorter than Mg—O(chela-
ting); the distance range for the first case is between
2.012(3) and 2.114(3) A while for the second the distan-
ces are between 2.144(3) —2.249(3) A. Further details on
Mg-O distances are collected in Table 2.

Each SBU is surrounded by six BPDC linkers furt-
her connected with six adjacent SBUs forming a network
of interconnected triangular motifs which eventually form
a 2D layer (Figure 4). The basic thickness of the layer can

Figure 4. A top-view on a 2D layer of triangles that arise from the
connections of adjacent SBUs with organic linkers. MgO, units are
represented as blue polyhedra.

Figure 5. The parallel stacking of the 2D layers which run along
(101) direction. MgO, units are represented as blue polyhedra.

be approximated by the distance between the outermost
Mg ions, i.e. Mgl and Mg3, which is ~7 A. Out of the la-
yer, defined by the length of SBUs, the coordinated DMF
molecules are extending. The 2D layers run parallel to
(101) direction (Figure 5).

During the crystallographic study we were focused
mostly on the structural characteristics of the two-dimen-
sional metal-organic framework whereas the DMF trap-
ped in voids was not addressed although its presence is
crucial for the stability of the NICS-7 compound as well
as for the stability of related voids-containing structures.
From the residual electron density peaks in difference
Fourier map it was possible to establish the exact position
of only one DMF molecule per asymmetric unit (i.e. two
per unit cell), shown on Figure 1. However, further steps
of structure refinement procedure have shown several che-
mically unreasonable Q-peaks whose electron density was
removed using SQUEEZE routine in PLATON?” which de-
tected two voids in the unit cell, each with volume of ap-
proximately 220 A® and each containing 25 electrons.
This suggests the presence of additional ~ 0.625 severely
disordered molecule of DMF per asymmetric unit or
~1.25 DMF per unit cell leading to the final formula of the
NICS-7 Mg,(BPDC),(DMF),-3.25 DMF, which was also
confirmed by TG analysis, described later in the text.

In contrast with the NICS-7, the structure
Mg, (BPDC),(DMF),-3.8DMF with CCDC refcode JET-
ZAK™ forms a tridimensional framework with P2, /c spa-
ce group symmetry. Surprisingly, at first sight the SBUs
of both compounds are the same. Also 2D layers of trian-
gles as seen in Fig. 5 are formed in both structures, and
their interconnection in JETZAK leads to the formation
of square channels along crystallographic ¢ axis. The an-
gles ranges between phenyl rings of the same three
symmetry independent BPDC ligands in both compounds
are also very similar (ranging from 24.1-43.6° in JET-
ZAK and from 32.4-49.9° in NICS-7) and cannot be the
reason for different dimensionalities. But when taking a
closer look at three symmetry-independent BPDC li-
gands, i.e. when taking each one individually into ac-
count, the differences that are crucial for different dimen-
sionalities of both coordination polymers can be obser-
ved. As already written, in NICS-7 two BPDC ligands are
symmetrically ligated in bis-bidentate bridging mode
(see Fig. 3a) while the third is unsymmetrically chelating
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(Fig. 3b). On the other hand, in JETZAK only one BPDC
is symmetrical and bis-bidentate bridging (Fig. 3a) while
the remaining two are unsymmetrically bound, with one
side bidentate bridging and with the other bidentate che-
lating and u,-bridging at the same time (Fig. 3c, i.e. a
combination of both coordination modes in NICS-7,
shown in Figs. 3a and 3b).

NICS-7 compound was also structurally characteri-
zed by FT-IR spectroscopy in order to evaluate the nature
of connectivity of DMF molecules. FT-IR spectrum of
NICS-7 compound is shown on Figures 6 on two separate
wavenumber regions in order to better resolve important
bands. In the wavenumber region between 2500 and 3600
cm™! (Figure 7a) two sharp bands at 3064 and 2932 cm™
are assigned to C-H symmetric vibrations in methyl
groups of DMF. Broad band with the peak at approxima-
tely 3300 cm™, typical for hydrogen-bonded —OH group
vibrations, is very weak in intensity. This could imply that
water is present in the sample only in traces, most pro-
bably as moisture physisorbed on the surface of the mate-

a)

T T T T v T v T
3600 3400 3200 3000 2800 2600

Wavenumber (cm™)

b)

d T d T T T T T T
1800 1600 1400 1200 1000 800
Wavenumber (cm™)

Figure 6. FT-IR spectra of the NICS-7 material shown at (a) higher
and (b) lower wavenumber regions.

rial and it is not part of the structure. FT-IR spectrum in
the lower wavenumbers region (900—1800 cm™) is shown
in Figure 7b. The spectrum exhibits some characteristic
bands which are in agreement with the described structu-
re. Strong bands at 1600 and 1400 cm™ are assigned to C-
C vibrations of aromatic ring. The absence of the band in
the range between 1680 and 1800 cm™" indicates the pre-
sence of only deprotonated carboxylic groups. Intense
band with the peak at 1659 cm™ and clearly visible shoul-
der at slightly higher wavenumbers are assigned to C=0
stretching of the DMF molecule. These two overlapping
bands indicate that DMF molecules occur within the
structure in two environments, one part being coordinated
to Mg centres and the other located within the structure in
free mode.* This findings are in agreement to crystal
structure features.

3. 2. Thermal Properties

Thermogravimetric analysis shown on Figure 7 in-
dicates complexity in weight loss process occurring in se-
veral overlaid steps in broad temperature range from
room temperature up to 400 °C. Even though DMF mole-
cules are located in two different environments in the
NICS-7 structure (coordinative DMF and free DMF trap-
ped between the Mg,(BPDC),(DMF), layers) its removal
is not straightforward and does not occur in two distincti-
ve steps. Nevertheless, the dynamics of DMF removal
during heating can still be deduced. First weight loss up
to 100 °C should be due to the removal of free DMF loca-
ted in the voids of the NICS-7 structure. Weight loss of
about 15 wt.% is in accordance with findings from sin-
gle-crystal structure analysis. Remaining, coordinated
DMF is removed in broad temperature range from 100 to
400 °C. Its weight loss of approximately 23 wt.% is in
agreement with theoretical values considering the NICS-
7 formula, Mg,(BPDC),(DMF),-3.25DMF (21.9 wt.%).
Removal of free DMF seems to cause the collapse of the
Mg-BPDC layers leading to partial blocking of voids and
preventing the unobstructed removal of coordinative
DMF from the material. Only cracking of the crystals oc-
curring at higher temperatures allows the removal of all
DMF from the material. Thermal properties were additio-
nally characterized by temperature-programmed XRD
analysis. As it is indicated from TP-XRD patterns recor-
ded up to 600 °C (Figure 8), the structure of NICS-7 re-
mains stable only up to 50 °C. At higher temperatures,
the removal of free DMF molecules causes significant
loss of structure integrity resulting in formation of
amorphous Mg-BPDC phase and already partial forma-
tion of magnesium oxide. As it was already assumed by
X-ray structure and TG analyses, DMF located between
the layers of Mg,(BPDC),(DMF), has significant role in
keeping the crystal structure stable at room temperature.
Even more, the structure seem to be stable only with
DMF inclusions within the voids. An attempt to exchange
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Weight (%)
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100 200 300 400
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Figure 7: TG (solid line) and DTG (dashed line) curves of NICS-7
material.

200

Figure 8: Temperature-programmed XRD patterns of NICS-7 ma-
terial recorded at given temperatures.

DMF with water, methanol or acetonitrile was unsuccess-
ful and led to the collapse of structure upon exposure to
these solvent molecules at room temperature.

4. Conclusions

In this contribution we present the synthesis, crystal
structure and thermal properties of new magnesium 4,4’-
biphenyldicarboxylate MOF-type material denoted as
NICS-7. Inorganic building unit consists of three linearly
arranged MgO, octahedra with common vertices in which
terminal Mg atoms from trimeric clusters are coordinated
not only with BPDC ligands but also by DMF molecules.
Inorganic SBUs are connected through BPDC ligands via
bidentate bridging and unsymmetrically chelating modes
forming layers of Mg,(BPDC),(DMF),. Between layers
additional free DMF molecules are located: the positions
of two per formula unit are established while the rest 1.25

are heavily disordered. These DMF molecules have a cru-
cial role on keeping the whole NICS-7 structure stable. As
it was indicated by TG analysis and temperature-program-
med XRD, the removal of un-coordinated DMF moieties,
which occurs at 100 °C, causes severe loss of structure in-
tegrity and formation of amorphous Mg-BPDC phase.
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Nov magnezijev 4,4’-bifenildikarboksilat (BPDC) smo solvotermalno sintetizirali v prisotnosti DMF. Kristalna struktu-
ra s formulo Mg,(BPDC),(DMF), in oznako NICS-7, je bila reSena v monoklinski simetriji s prostorsko skupino Pn (St.
7) in parametric osnovne celice a = 12.6433(7) A, b=13.3950(5) A, ¢ = 19.9230(8) A, B=107.131(5) °. Strukturo se-
stavljajo linearni trimeri MgO, oktaedrov s skupnimi ogliS¢i, ki so preko BPDC ligandov povezane v 2-dimenzionalno
plastovito hibridno ogrodje. Vsak od terminalnih Mg atomov znotraj trimernih enot je koordiniran z dvema molekulama
DMEF. Plasti Mg,(BPDC),(DMF), so stabilizirane s prostimi molekulami DMF, ki se v odprtinah med plastmi nahajajo
v kristalografsko neurejeni obliki. Termicne lastnosti NICS-7 smo dolo¢ili s TG and temperaturno-programirano XRD
analizo. Struktura ostane stabilna le do 50 °C. Odstranitev DMF molekul, do katerega pride pri vi§jih temperaturah,

povzroci sesedanje plasti in nastanek amorfne Mg-BPDC faze.

Mazaj et al.: New Mg-based 4,4’-biphenyldicarboxylate Coordination



