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1. Introduction

Research activity on metal-organic frameworks (MOFs) [1-5]
has aroused great attention in recent years. MOFs are a com-
paratively new type of highly crystalline and nanoporous materi-
als. They have shown potential applications in a large variety of
areas such as gas storage [6-8], chemical separation [9], catalysis
[10,11] and chemical sensing [12]. They are composed of inorganic
building units that are cross-linked by polytopic organic linkers. A
wide variety of porous MOF structures possessing different types
of pore systems (channels, cages, etc.) have been reported till date
owing to the availability of a huge combination of metal ions and
organic linker molecules. In sharp contrast to conventional porous
adsorbents such as zeolites, mesoporous silicas, carbon nanotubes
and activated carbons, the pore surface characteristics of MOFs can
be changed in a systematic way by grafting various functional
groups (with different sizes, polarities, acidities, hydrophilicities,
etc.) to the organic linker [13-16]. The attachment of functional
groups to the organic moiety can be attained by (i) using pre-
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functionalized [13-18] organic linkers during synthesis or (ii)
employing post-synthetic modification strategy [19]. The in-
troduction of functional groups into the MOF structures has been
demonstrated to influence their sorption/separation [20,21] be-
havior as well as thermal and chemical stability [22,23]. Moreover,
the MOFs functionalized with desired functional groups can be
applied for a target application.

Sulfur (in the form of -SOsH, -SO,-, -SH or thiophene) con-
taining MOFs show distinct advantages which is dependent on the
nature of functional group. For example, MOFs bearing sulfonic
acid groups have shown potential for proton conduction [24-28],
Bregnsted acid catalysis [29-31] and CO,/CH,4 separation [15]. Sul-
fone-functionalized MOFs have been demonstrated to accomplish
not only CO,/CH,4 separation [32-34] but also shape-selective ad-
sorption [35] of linear and branched alkanes. MOFs containing
thiol groups have exhibited prospective for effective mercury
sorption [36] and grafting of Pd(II) ions [37] for Suzuki-Miyaura
coupling reactions. The potential of thienothiophene based MOFs
for mercury vapor sorption [38] as well as separation [39] of
transition-metal ions has been documented. However, the number
of reports describing the utilities of sulfur-tagged (especially
thienothiophene based) MOFs is still relatively less. It should be
noted that selective transition-metal cation sorption behavior has
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previously been observed in a zinc MOF containing uncoordinated
carboxyl groups [40], in addition to a thienothiophene-based [39]
zinc MOF.

The development of MOF compounds bearing high physio-
chemical stability (air, water, thermal, acid-base, etc.) is a chal-
lenging goal for their applications in industry. The low physio-
chemical stabilities of several well-known MOF materials [41-45]
have made them unsuitable for industrial applications, instead of
their potential performances [8,46-50] for adsorption and se-
paration. One strategy to synthesize MOF compounds with rela-
tively higher physiochemical stabilities is to use transition-metal
ions possessing higher oxidation states (e.g. Ti(IV) [51], Zr(IV) [52],
etc.). The MOF material UiO-66 (UiO=University of Oslo) [52],
which incorporates Zr(IV) ions and 1,4-benzenedicarboxylate lin-
kers, has recently fascinated researchers with its high thermal and
chemical stability as well as potential capabilities for CO,/CH,4 gas
separation [53,54]. The three-dimensional cubic framework of this
compound is composed of a centric octahedral cage, which is
linked with eight corner tetrahedral cages via trigonal windows.
The presented thienothiophene based Zr(IV) MOF material (com-
pound 1) bears the same framework topology as the UiO-66
compound.

Modulators or additives have been employed for tuning the
size and morphology of MOF crystals [55]. They have been used
during the solvothermal synthesis of many Zr(IV) based MOF
materials having UiO-66 structural topology in order to enhance
their crystallinity [15,16,23,33,38,56-80]. Typically, modulators
include monocarboxylic acids (e.g. benzoic acid, formic acid, acetic
acid, trifluoroacetic acid, etc.), whereas additives involve water or
hydrochloric acid. In this work, the thienothiophene based Zr(IV)
MOF (compound 1) has been successfully prepared in N,N'-di-
methylformamide (DMF) by using ZrCl, as the Zr(IV) source and
benzoic acid as the modulator. The influence of ZrCl,/benzoic acid
molar ratio on the crystallinity of compound 1 has been in-
vestigated in a systematic fashion. Herein, we wish to report on
the modulated synthesis, thorough characterization, thermal and
chemical stability as well as gas sorption and transition-metal
cation separation properties of compound 1. During the prepara-
tion of the manuscript, the stability and mercury vapor sorption
behavior of this MOF have been reported [38]. However, the
synthesis and activation routes of our compound are different.
Moreover, we have studied transition-metal cation separation
properties of this material.

2. Experimental
2.1. Materials and general methods

The H,DMTDC ligand was synthesized as described previously
[81]. All other starting materials were of reagent grade and used as
received from the commercial suppliers. Fourier transform infra-
red (FT-IR) spectra were recorded in the region of 4000-440 cm !
with a Perkin Elmer Spectrum Two FT-IR spectrometer. The fol-
lowing indications are used to characterize absorption bands: very
strong (vs), strong (s), medium (m), weak (w), shoulder (sh) and
broad (br). Elemental analyses (C, H, N) were carried out on a
Thermo Scientific Flash 2000 CHNS-O analyzer equipped with a
TCD detector. Thermogravimetric analyses (TGA) were performed
with a Netzsch STA-409CD thermal analyzer in a temperature
range of 25-600 °C under air atmosphere at a heating rate of
4 °C min~'. Ambient temperature X-Ray diffraction (XRD) patterns
were recorded on a Bruker D2 Phaser X-ray diffractometer (30 kV,
10 mA) or a Seifert XRD 3003 TT diffractometer (40 kV, 40 mA)
equipped with a Meteor 1D detector and fixed divergence slits
(0.5 mm), using Cu-Ka (A=1.5406 A) radiation. Energy dispersive

X-ray (EDX) analyses were carried out with Hitachi S3400N and
Zeiss Supra 55VP SEM-EDX (SEM =scanning electron microscope)
instrument. Inductively coupled plasma-optical emission spectro-
metry (ICP-OES) experiments were performed with a Perkin Elmer
Optima 5300 DV instrument. Le Bail fit of the XRD pattern of ac-
tivated 1 was performed by using the Jana2006 program [82]. The
nitrogen sorption isotherms were recorded using a Quantachrome
Autosorb iQ-MP gas sorption analyzer at —196 °C. The carbon di-
oxide adsorption measurements were performed using a Belsorp
Max instrument combined with a BELCryo system. Prior to the
sorption experiments, the compound was degassed at 100 °C un-
der vacuum for 24 h. It was degassed at 100 °C under vacuum for
2 h between the CO, sorption measurments.

The modeling of the crystal structure of compound 1 was car-
ried out by utilizing the Materials Studio V7.0 (Accelrys Software,
Inc., San Diego, CA, USA) software package. The constructed model
with an artificially symmetrized version of the organic linker was
refined using universal force field (UFF) molecular mechanics
geometry optimization (Forcite module in Materials Studio). The
constructed structure of the H,DMTDC linker (cf. Fig. 2) was ap-
proximately a symmetrical overlay (without the two carboxylate
groups) of the two positions of the actual linker.

2.2. Synthesis

Synthesis of [Zr604(OH)4(C10H60452)5] -4.8DMF - 10H20 (as—
synthesized 1): a mixture of ZrCl, (100 mg, 0.43 mmol), H,DMTDC
(110 mg, 0.43 mmol) and benzoic acid (1.57 g, 12.87 mmol) in 3 mL
of DMF was heated in a sealed glass tube at 150 °C for 24 h using a
block heater. After spontaneous cooling to room temperature, the
white precipitate was collected by filtration, washed with acetone
and dried in air. The yield was 117 mg (0.04 mmol, 60%) based on
the Zr salt. Anal. calcd for C74_4H93_6N4_8045,8S12Zr6: C,32.66 H, 3.45
N, 2.46. Found: C, 32.32 H, 3.28 N, 2.37%. FT-IR (KBr, cm~!): 3427
(br), 2959 (w), 2930 (w), 1661 (m), 1577 (m), 1499 (s), 1387 (vs),
1161 (m), 1119 (w), 1027 (m), 781 (m), 724 (m), 661 (s), 618 (m),
and 492 (m).

2.3. Activation of the as-synthesized compound

The as-synthesized 1 was activated in two steps. In the first
step, the as-synthesized compound (0.2 g) was stirred in methanol
(30 mL) at room temperature for 24 h. In the second step, the
white compound was collected by filtration and heated at 100 °C
under dynamic vacuum for 24 h.

3. Results and discussion
3.1. Synthesis and activation

The optimized synthesis conditions for compound 1 were de-
termined by performing solvothermal reactions of the H,DMTDC
linker with different Zr(IV) salts (ZrCly, ZrO(NOs),-xH,O or
ZrOCl, - 8H,0) in polar amide solvents like DMF, N,N-diethylfor-
mamide (DEF) and N,N-dimethylaetamide (DMA) in presence of
various modulators or additives (H,O, conc. HCl, benzoic acid,
formic acid or acetic acid). As described in the Supporting in-
formation, solvothermal reactions were carried out in all possible
combinations of the Zr(IV) salts, modulators/additives and amide
solvents. When ZrCl, was used as the metal source and benzoic
acid as the modulator in DMF, compound 1 was obtained with
very high crystallinity. The ZrCl4/H,DMTDC/benzoic acid molar
ratio used for achieving the optimum crystallinity was 1:1:30. The
reactions in all other combinations of reactants did not yield any
crystalline compound. The influence of ZrCly/benzoic acid molar



ratio on the crystallinity of compound 1 was examined in a sys-
tematic fashion. For that, the ZrCly/benzoic acid molar ratio in the
reaction mixtures was tuned in the range of 1:10-1:100 (Fig. S2,
Supporting information). When the reaction was performed
without any benzoic acid, compound 1 possessing relatively lower
crystallinity was obtained. Gradual increase in the crystallinity of
the compound was noticed when the ZrCly/benzoic acid molar
ratio was increased up to 1:30. The crystallinity of the compound
decreased with increase in the ZrCly/benzoic acid molar ratio up to
1:50. No significant change in the crystallinity of the compound
was observed with further increase in the ZrCly/benzoic acid molar
ratio up to 1:100. It should be noted that the lately reported Zr-
DMTDC material was prepared under solvothermal conditions
(220 °C for 16 h) in DMF by using conc. HCl as an additive with a
ZrCl4/HCI molar ratio of 1:2 [38]. However, systematic investiga-
tion of the influence of ZrCl4/HCI molar ratio on the crystallinity of
the compound was not carried out.

After filtration, the as-synthesized sample of 1 was thoroughly
washed with acetone for the removal of the physisorbed DMF
molecules from the external surface. The removal of the guest
molecules encapsulated within the pores of the compound was
performed in a mild, two-step activation procedure. In the first
step, the guest (H,O and DMF) molecules entrapped within the
pores were exchanged with more volatile and thus easily re-
movable methanol molecules by stirring the as-synthesized sam-
ple in methanol. In the second step, the methanol molecules were
removed from the pores by heating the methanol-exchanged
sample of 1 under vacuum. The XRD patterns (Fig. 4) of the ther-
mally activated and as-synthesized materials are very similar. This
fact verifies that the compound retained its structural integrity
after the activation process. It is noteworthy that the recently re-
ported Zr-DMTDC material was activated in a similar method as
that of compound 1, except for the fact that the methanol-ex-
changed form of the former was achieved by Soxhlet extraction in
methanol [38].
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3.2. Structure description

The lattice parameters of thermally activated 1 were derived
and subsequently refined from the corresponding ambient tem-
perature XRD pattern. The unit cell parameters unambiguously
suggested that compound 1 bears a cubic structure (a=23.0917
(6)A; v=12,313.1(3) A3, space group=F 43m). It is noteworthy
that these values of the unit cell parameters matched closely with
those of the recently reported Zr-DMTDC compound (a=23.12 A;
V=12,358.43 A3, space group=F23) [38]. Inspired by the results of
unit cell determination, the cubic framework structure of com-
pound 1 was constructed by using the Materials Studio software
suite. The atomic coordinates of UiO-66 compound [83] were
utilized for the construction of the structural model. Le Bail fit
(Fig. 1) of the experimental XRD pattern of activated 1 resulted in
good reliability factors, suggesting a good match between the
experimental and calculated XRD patterns. Since compound 1
possesses the same framework topology as that of UiO-66 [38], its
cubic structure (Fig. 2) is composed of hexanuclear
[Zrg04(OH)4]*?* building units. In these building units, the trian-
gular faces of the Zrg octahedron are alternatively capped by p3-0O
and p3-OH groups. Each Zr atom, bearing a square-antiprismatic
geometry, is linked with eight O atoms. One square face of the
square antiprism is built up of O atoms from carboxylate groups,
whereas the other square face is composed of O atoms from the pi;
-0 and p3-OH groups. The hexanuclear [Zrg04(OH)4]'** building
blocks are interconnected by the carboxylate groups of twelve
H,DMTDC linkers, leading to the formation of a cubic, three-di-
mensional framework. The network structure of 1 consists of both
octahedral and tetrahedral microporous cages (Fig. 2a and b). Each
octahedral cage (Fig. 2¢) is surrounded by eight tetrahedral cages
(Fig. 2d). The two types of cages are connected through trigonal
windows. The methyl groups of the H,DMTDC linker molecules
point towards the interior of the cages.

3.3. Infrared spectroscopy

In the FT-IR spectra of the as-synthesized and thermally

Fig. 1. Le Bail fit of the XRD pattern of thermally activated 1. Dotted and solid lines represent observed and calculated patterns, respectively. The peak markers and the

difference plot are shown at the bottom. Rp=3.33, Rwp=5.66.
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Fig. 2. (a) Ball-and-stick representation of the 3D cubic framework structure of 1. (a, b) View of the octahedral (dark grey spheres) and tetrahedral (light grey spheres) cages
in the framework. (c, d) Enlarged view of the octahedral and tetrahedral cages. Zr atoms are shown as octahedra (color codes: Zr and C, dark grey; O and S, black). The

hydrogen atoms have been removed from all structural plots for clarity.

activated 1 (Fig. S1, Supporting information), the strong absorption
bands at about 1570 and 1390 cm~! can be assigned to the
asymmetric and symmetric —-CO, stretching vibrations of the co-
ordinated DMTDC linker molecules, respectively [13,14]. The
medium absorption band owing to the carbonyl stretching vibra-
tion of the occluded DMF molecules are observed at 1660 cm~! in
the IR spectrum of the as-synthesized 1. The weak absorption
bands at around 2860 and 2925 cm ™!, which are observed in the
IR spectra of both as-synthesized and activated 1, can be attributed
to the C-H stretching vibrations of the —-CHs5 groups attached with
the DMTDC linker molecules [84]. In the IR spectra of the ther-
mally activated 1, the absorption bands owing to the guest DMF
molecules are absent. This fact verifies that the material has been
completely activated.

3.4. Thermal stability

Thermogravimetric analyses (TGA) were performed in an air
atmosphere with the as-synthesized as well as activated samples
of 1 in order to examine the thermal stability. Based on the TG
analyses (Fig. 3), the as-synthesized and activated form of 1 show
high thermal stability up to 310 °C. The thermal stability of 1 is
slightly lower than that of the recently reported Zr-DMTDC com-
pound having a decomposition temperature of ~350 °C [38].

In the TG curve (Fig. 3) of as-synthesized 1, the first weight loss
step of 6.8 wt% in the temperature range of 25-130 °C can be at-
tributed to the removal of 10 occluded H,O molecules per formula
unit (calcd: 6.6 wt%). The second weight loss step of 12.7 wt%,
which is observed in the temperature range of 130-310 °C, can be
ascribed to the removal of 4.8 guest DMF molecules per formula

Fig. 3. TG curves of the as-synthesized (black) and thermally activated (grey) forms
of 1 recorded in an air atmosphere in the temperature range of 25-600 °C.

unit (caled: 12.8 wt%). The decomposition of the material occurs
above 310 °C owing to the removal of organic linker molecules
from the framework. In the TG curve of thermally activated 1, the
one weight loss step that is noticed below the decomposition
temperature can be ascribed to the removal of the absorbed water
molecules. This weight loss step occurs owing to the exposure of
the thermally activated sample to moisture (from air) before the



Fig. 4. XRD patterns of 1 in different forms: as-synthesized (a), thermally activated
(b), treated with water (c), acetic acid (d), and 1 M HCI (e).

TG analysis, resulting in hydration of the material.
3.5. Chemical stability

For the determination of the chemical stability, the samples of
thermally activated 1 were stirred in water, acetic acid, 1M HCl
and 1 M NaOH solutions for 12 h. After collection of the samples
by filtration, their crystallinity were examined by XRD experi-
ments (Fig. 4). The compound retained its crystallinity (and hence
maintained its structural integrity) after treatment with water,
acetic acid and 1 M HCI solutions. However, the material lost its
crystallinity and became totally amorphous, after treating with
1 M NaOH solution. Thus, the stability of the material in water and
acidic solutions is similar with those of the parent [52] and func-
tionalized [15,16,22,23] UiO-66 materials as well as the recently
reported Zr-DMTDC [38] compound. Nevertheless, the material
showed much lower stability in basic solutions compared to the
lately reported Zr-DMTDC material, which remained stable in
NaOH solutions (pH=11 and 12) for 24 h.

3.6. Gas adsorption properties

In order to investigate the extent of porosity, N, sorption
measurements were carried out with the thermally activated form
of 1. The N, adsorption isotherms (Fig. 5) follow type-I behavior,
which is characteristics of a microporous material. The values of
the BET surface area and total pore volume were derived from the
N, adsorption isotherms. Based on the N, sorption analyses, the
values of BET surface area and total pore volume of activated 1 are
1236 m?g~! and 0.68cm’g~! (at p/po=0.9), respectively. The
recently reported Zr-DMTDC compound have shown BET surface
area and total pore volume of 1200 m? g~ ! and 0.54 cm®> g~ !, re-
spectively [38]. Therefore, the values of the BET surface area and
total pore volume of activated 1 are slightly higher compared to
the lately reported Zr-DMTDC compound.

Low pressure CO, adsorption measurements were carried out
with the thermally activated sample of 1 at 0°C. The CO, ad-
sorption isotherms (Fig. 6) revealed type-I behavior, which con-
firmed the microporous nature of the compound. The CO, uptake
value at 0 °C and 1 bar reached as high as 3.5 mmol g~ . The CO,
adsorption capacity of activated 1 falls within the range of uptake
values of other highly porous MOF materials [85,86]. The isosteric
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Fig. 5. N, adsorption (filled circles) and desorption (empty circles) isotherms of the
thermally activated 1 recorded at —196 °C.

Fig. 6. CO, adsorption isotherms of the thermally activated 1 measured at different
temperatures.

heats of adsorption (Qs) values in activated 1 lie in the range of
25.5-28.1 k] mol~! depending on the degree of CO, loading (Fig.
S3, Supporting information).

3.7. Transition-metal cation separation behavior

In order to study the transition-metal cation separation beha-
vior, the samples (0.04 g) of thermally activated 1 were immersed
at room temperature in 0.2 M solutions (10 mL in water, methanol
or DMF) of transition-metal nitrates (Co(NOs),-6H,0,
Ni(NO3), - 6H,0, Cu(NOs),-3H,0). After 24 h, the samples were
collected by filtration, washed with copious amounts of respective
solvents and dried in air. The M/Zr (M=Co, Ni or Cu) ratios were
subsequently checked by EDX and ICP-OES measurements. The
results of the EDX (Figs. S7-S15, Supporting information) experi-
ments revealed that activated 1 adsorbs higher amounts of Cu®*
(Cu/Zr ratios: 0.087 (DMF), 0.080 (methanol), 0.047 (water))
compared to Co?* (Co/Zr ratios: 6.8 x 103 (DMF), 0.050 (me-
thanol), 0.017 (water)) and Ni?* (Ni/Zr ratios: 7.4 x 10~ (DMF),
0.014 (methanol), 0.023 (water)) ions, irrespective of the solvent
used. The single transition-metal cation adsorption experiments
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resulted in higher Cu?*/Co?* and Cu?*/Ni2* selectivity values in
DMF (Cu?*/Co?*: 12.8, Cu?*/Ni2*: 11.8) as compared to those in
methanol (Cu?*/Co?*: 1.6, Cu?*/Ni®*: 57) and water
(Cu?*/Co?*: 2.8, Cu®*/Ni2*: 2.0). Similar results were also ob-
tained from ICP-OES (Table S2, Supporting information) analyses.
Thus, the nature of solvent plays a dramatic role in determining
adsorption selectivity of compound 1 for transition metal ions. So
far, only few MOF materials [39,40] have exhibited such selective
adsorption properties for transition-metal cations. The introduc-
tion of Cu?™* ions into the compound can also be visualized with
open eyes by the blue color (Fig. S16, Supporting information) of
the Cu(NO3),@1 sample (treated in DMF). The XRD pattern (Fig.
S17, Supporting information) of the Cu(NO3),@1 sample (treated
in DMF) is similar to that of the thermally activated 1, indicating
that the structural integrity of 1 has been retained after in-
corporation of Cu?* ions. Similar to the previous report [39] on Zn
based MOF incorporating the DMTDC ligand, the sulfur atoms can
be assigned as the possible binding sites for Cu?>* ions. The ad-
sorption selectivity of activated 1 for Cu?* ions over Ni** and
Co?* ions can be related to the different binding energies between
the sulfur atoms and the transition-metal ions. Notably, the the-
oretical studies on the thienothiophene based Zn MOF also sug-
gested stronger interaction energy with the framework for Cu?*
ions as compared to Co?* ions. The solvent-dependent adsorption
capacity of activated 1 for transition-metal ions might be attrib-
uted to the different solvating abilities of the tested solvents. In
polar protic solvents such as water and methanol, the metal ions
are strongly bound with the solvent molecules and form a sphere
around the metal ions. The solvation sphere prevents coordination
of the metal ions with the S atoms of the thiophene moiety of
compound 1. Thus, the material exhibits low adsorption capacities
for metal ions in water and methanol. In polar aprotic solvent such
as DMF, the metal ions can easily coordinate with the S atoms of
the thiophene moiety of compound 1, since solvating ability of
DMF is less compared to water and methanol. Therefore, the
compound shows relatively higher uptake of metal ions in DMF
compared to those in water and methanol. Overall, the various
binding energies between the S atoms and the transition metal
ions as well as the different abilities of the solvent molecules to
solvate the metal ions might be ascribed to the solvent-dependent
adsorption selectivities of activated 1 for Cu>* ions over Ni2* and
Co®™ ions.

4. Conclusions

The modulated synthesis, thorough characterization, gas sorp-
tion and transition-metal cation separation properties of a thie-
nothiophene-based zirconium MOF material (compound 1) have
been demonstrated. Systematic investigations revealed that the
extent of crystallinity of compound 1 is highly dependent on the
ZrCly/benzoic acid molar ratio. The compound shows high thermal
stability up to 310 °C in an air atmosphere, as confirmed by the
thermogravimetric analyses. The remarkable chemical stability of
the material in water, acetic acid and 1 M HCI solutions has been
confirmed by the XRD analyses. The thermally activated 1 bears
significantly high microporosity towards N, (Sger=1236 m? g~ 1)
and CO, (uptake=3.5 mmol g~ ! at 1 bar and 0 °C). Endowed with
its high physiochemical stability and appreciably high micro-
porosity, the material might develop into a potential candidate in
the field of gas storage and separation. Moreover, the selective
adsorption behavior of 1 for Cu?>* over other transition-metal ions
(Ni?* and Co?*) might be utilized for practical transition-metal
cation separation processes.
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