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Abstract—Two new IB group metal coordination polymers, namely, {[Cu;(TFMIDC),(H,0),] - 4H,0},, (I)
and [Ag,(HTFMIDC)(Py)],, AI) (H;TFMIDC = 2-(trifluoromethyl)- 1 H-imidazole-4,5-dicarboxylic acid,
Py = pyridine), have been successfully prepared and structurally characterized by different techniques includ-
ing single crystal X-ray diffraction (CIF files CCDC nos. 1545402 (I) and 1545403 (IT)), IR spectra, and
powder X-ray diffraction. Compound I features an interesting two-dimentional (2D) sheet containing 1D
left-handed and right-handed helical chains, while compound II exhibits an infinite 1D zig—zag chain struc-
ture. Both two coordination polymers further stack through weak interactions to give rise to 3D supramolec-
ular frameworks. Furthermore, the thermal stabilities of I and II as well as the photoluminescent property of

II were also studied.
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INTRODUCTION

In recent years, the coordination chemistry of 1H-
imidazole-4,5-dicarboxylic acid (H;IDC) [1—10] and
its derivatives with various substituents at 2-position of
the imidazole ring [11—35] has attracted considerable
attention. This is because such a sort of N-heterocyclic
carboxylic acid ligand can exhibit versatile coordina-
tion fashions under suitable hydro(solvo)thermal con-
ditions. Indeed, by employing H;IDC/functionalized
H;IDC and a variety of metal ions as building blocks,
people have built up a great deal of desired 1D, 2D,
and 3D metal-organic coordination polymers with
intriguing structures, and found some of them may
exhibit potential applications in the fields of gas
absorption and separation [1—4], cation exchange [5—
7], catalytic conversion [8, 9], chemical sensor [10—
12], to name a few.

More recently, our group have introduced a trifluoro-
methyl group on the 2-position of H;IDC and a new ana-
logue ligand of H,IDC, which is 2-(trifluoromethyl)-1H-
imidazole-4,5-dicarboxylic acid (H; TFMIDC), hasbeen
accordingly obtained [20]. We select H;TFMIDC as a
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potential bridging ligand to fabricate new coordination
polymers on the basis of the following considerations:
(i) Similar to the parent H;IDC, the ligand H; TFMIDC
that includes two imidazole N atoms and four carboxylate
O atoms may display diverse coordination modes under
appropriate reaction conditions. (ii) The introduced tri-
fluoromethyl group, which is a strong electron-withdraw-
ing group as compared to the other substituents such as
methyl, ethyl and propyl groups, probably can affect the
coordination ability/feature of the resulting H;TFMIDC
ligand. (iii) The introduced trifluoromethyl group in the
H,;TFMIDC ligand also can be involved in hydrogen
bonding interactions, such as C—H--F and O—H--F,
thereby may lead to the formation of different supramo-
lecular frameworks. In the previous studies, our group
have successfully obtained a series of new coordination
polymers from H;TFMIDC ligand, including 3D achi-
ral/chiral main group metal coordination polymers bear-
ing helical structures [19], 3D transition metal coordina-
tion polymers with diamondoid and (6,16)-connected
topologies based on tetranuclear square building units
[20], as well as 2D lanthanide coordination polymers with
a honeycomb (6, 3) topology [21].

As a continuing exploration, in this paper, we will
present the syntheses, crystal structures, and proper-
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ties of two new IB group metal coordination polymers,
{{Cus(TFMIDC),(H,0),] 4H,0}, () and
[Ag,(HTFMIDC)(Py)], (II). To the best of our
knowledge, no IB group metal coordination polymers
derived from the H; TFMIDC ligand have been docu-
mented.

EXPERIMENTAL

Materials and measurements. The ligand
H,;TFMIDC was synthesized based on the previously
reported procedure [20]. All the other chemicals were
of analytical grade quality obtained from commercial
vendors and used directly. Infrared (IR) spectra in the
region of 400—4000 cm™! was recorded on a Nicolet
5DX spectrometer using KBr pellet. Powder X-ray
diffraction (PXRD) measurements were collected in
the 26 range of 5°—50° on a Bruker D8 Advance
diffractometer at 40 kV, 40 mA with a Cu-target tube
and a graphite monochromator. Thermogravimetric
(TG) analyses were determined by utilizing a Perkin-
Elmer TGA7 thermogravimetric analyzer with a heat-
ing rate of 10°C/min in flowing air atmosphere. The
luminescent spectra for the solid state were performed
on a Hitachi-2500 spectrophotometer with a 150 W
xenon lamp as the light source at room temperature.

Synthesis of compound I. A mixture of CuSO, -
5H,0 (75 mg, 0.30 mmol), H;TFMIDC (67 mg,
0.30 mmol), Et;N (0.15 mL), H,O (2.0 mL) and
EtOH (2.0 mL) was sealed in a 15 mL Teflon-lined
stainless-steel autoclave, heated at 120°C for 48 h, and
then cooled to room temperature at a rate of 5°C/h.
Green block-shaped crystals of I were collected,
washed with mother liquor, and dried in air in a yield
of 57% (based on H;TFMIDC).

IR (KBr; v, cm™1): 3650 w, 3490's, 3343 w, 1644 w,
1563s, 1496 w, 1461 s, 1387 s, 1275 m, 1205w, 1184 m,
1155 w, 1131 m, 1039 w, 889 w, 842 w, 817 w, 792 w,
743 w, 593 w.

Synthesis of compound II. A mixture of AgNO;
(102mg, 0.60 mmol), H;TFMIDC (90 mg,
0.40 mmol), pyridine (0.25 mL), and EtOH (6.0 mL)
was sealed in a 15 mL Teflon-lined stainless-steel
autoclave and then heated at 140°C for 48 h under
autogenous pressure. After cooling to room tempera-
ture at a rate of 5°C/h, brown rod-like crystals of II
were obtained in a yield of 63% (based on
H;TFMIDC).

IR (KBr; v, cm™!): 3433 s, 2989 w, 1693 m, 1519 s,
1467 w, 1418 w, 1369 w, 1267 m, 1195 w, 1160 w,
1119 m, 1025 w, 990 w, 860 w, 789 w, 753 w, 704 w,
563 w.

X-ray crystallography. Single-crystal X-ray diffrac-
tion data collection for the compounds I and II were
collected on a Bruker APEX 11 diffractometer employ-
ing graphite-monochromated MoK, radiation (A =
0.71073 A) at 298 K. Both two structures were solved
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by direct methods using the SHELXS-2014 [36], and
all the non-hydrogen atoms were refined anisotropi-
cally on F? by full-matrix least-squares technique uti-
lizing the SHELXL-2014 program [37]. The hydrogen
atoms on the water molecules were located from dif-
ference Fourier maps, while the other hydrogen atoms
were placed in calculated positions and refined using a
riding mode. Further details of the crystal parameters,
data collections, and structural refinements for the
compounds I and II are given in Table 1, whereas
selected bond distances and angles with their esti-
mated standard deviations are listed in Table 2.

Crystallographic data for I and II have been depos-
ited with the Cambridge Crystallographic Data Centre
(CCDC nos. 1545402 (I) and 1545403 (ID);
www.ccdc.cam.ac.uk/data_request/cif).

RESULTS AND DISCUSSION

The single crystal X-ray diffraction study reveals
that the compound I displays an interesting 2D net-
work bearing two different kinds of 1D helical chains.
Its asymmetric unit comprises two crystallographi-
cally independent Cu?* ions with site occupancies of
1 and 1/2, respectively, one completely deprotonated
TFMIDC?™ anion, one coordinated water molecule
and two guest water molecules. The coordination
environments of the Cu atoms are presented in Fig. 1a.
The Cu(1) atom which locates on an inversion center
is surrounded by two imidazole nitrogen atoms (N(2),
N(2))) and two carboxylate oxygen atoms (O(4),
0(4)") from two different TFMIDC?™ ligands, with
Cu—N and Cu—O bond lengths being 2.002(4) and
1.957(3) A, respectively. Both the Cu(1)---O(2w) and
Cu(1)--O(2w)i distances are equal to 2.498(4) A, indi-
cating weak interactions between the Cu and O atoms
[38]. If these two Ilong Cu(l)---OQ2w) and
Cu(1)---O(2w)! interactions are considered as bonds,
the coordination geometry of Cu(l) atom can be
described as elongated octahedral. The Cu(2) atom,
however, is five-coordinated by one imidazole nitro-
gen atom (Cu—N 1.984(4) A) and three carboxylate
oxygen atoms (Cu—O 1.933(3)—2.080(4) A) from two
distinct TFMIDC?™ ligands and one oxygen atom
(Cu—0 1.997(4) A) from a coordinated water mole-
cule to generate a distorted square pyramidal sphere. It
is noteworthy to mention that two carboxyl groups and
one imidazole N—H group of the H;TFMIDC ligand
in compound I are all deprotonated, and the resulting
TFMIDC?™ anion adopts an unique coordination
mode, namely [;-kN,O: £AN',0": kO",0™ to simulta-
neously connect one Cu(1) and two Cu(2) ions in bis-
N,O-chelating and O,0O'-chelating fashions, as illus-
trated in Scheme 1la:
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Table 1. Crystallographic data and structure refinements for the compounds I and II

Value
Parameter
I 11
Empirical formula Cp,H,N,O 4, F¢Cuy C,1HgN;04F;Ag,
Formula weight 740.88 516.93
Temperature, K 298(2) 298(2)
Crystal system Monoclinic Monoclinic
Space group P2,/n P2,/c
a, A 6.4551(9) 11.0790(11)
b, A 8.7249(13) 17.0967(17)
¢, A 19.436(3) 7.1403(8)
B, deg 91.218(2) 91.926(10)
v, A3 1094.4(3) 1351.7(3)
Z 2 4
Pealeds Mg M3 2.248 2.540
u, mm-! 3.021 2.957
F(000) 730 984
0 Range for data collection, deg 2.096—25.246 3.010—25.244
Max, min transmission 0.636, 0.526 0.756, 0.525
Reflections collected 5459 5138
Unique reflections 1977 2434
Reflections with 7> 26(1) 1481 1909
Rint 0.0818 0.0786
R*, wRy** (I > 20(1)) 0.0444/0.1121 0.0553/0.1357
R*, wRy** (all data) 0.0655/0.1269 0.0711/0.1479
Goodness-of-fit on F? 1.063 1.040
APy and Ap,i, e A3 0.570/—0.515 1.773/—1.287

* Ry = YIF) = [F/SIF, ** wRy = {ZIw(Fy — F2)2/(F3 )2,
N
%eF
N
(a) (b)

Scheme 1.

In the crystal structure of compound I, the neigh-
bouring Cu(2) atoms are alternately bridged by the
TFMIDC?" ligands employing the N,O-chelating and
0,0'-chelating coordination sites to give rise to the
formation of interesting 1D left-handed and right-
handed helical chains running along the crystallo-
graphic 2, screw axis, as depicted in Fig. 2a.
The pitches of the two helical chains are the same

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 44

and equal to the unit cell length of the y axis
(8.7249(13) A), while the adjacent nonbonding
Cu(2)---Cu(2) distances in two types of helical chains
are all equal to 5.7459(10) A. These 1D left-handed
and right-handed helical chains are then linked each
other via the shared Cu(1) centers, leading to the con-
struction of an achiral 2D layer in the yz plane, as
described in Fig. 2b. From a topological viewpoint,
such a 2D layer structure can be simplified as a (6, 3)
topological network if the TFMIDC?™ units are con-
sidered as 3-connected nodes, and both Cu(l) and
Cu(2) ions are viewed as spacers. Additionally, the 2D
sheets are stacked along the x direction in an —AAA—
sequence through diverse O—H:--O and O—H---F
hydrogen bonding interactions involving the coordi-
nated and uncoordinated water molecules as well as
the carboxyl group and trifluoromethyl group of the
TFMIDC?" ligand, thereby producing a 3D micropo-
rous supramolecular framework (Figs. 2c, 2d). The

No.1 2018
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Table 2. Selected bond lengths (A) and angles (deg) for the compounds I and II

Bond d, A Bond d, A Bond d, A
I
Cu(1)=N@) 2.002(4) || Cu)=N(1) 1.984(4) || Cu(2)-0(2)" 2.044(4)
Cu(1)-0(4) 1.957(3) Cu(2)—0(3)*? 1.933(3) Cu(2)-0(1) 2.080(4)
Cu(1)—0(2w) 2.498(4) Cu(2)—0(1w) 1.997(4)
1
Ag(1)-N(3) 2.149(6) Ag(1)-N(1) 2.155(6) Ag(2)-N(2) 2.148(7)
Ag(2)—0(1)*! 2.170(6)
Angle , deg Angle o, deg Angles o, deg
I
O(4)Cu(1)N(2) 82.85(15) N(D)Cu(2)0(1w) 98.67(17) 0(3)*2Cu(2)0(1) 87.27(14)
O(4)Cu(1)0(2w) 88.19(16) 0(3)*2Cu(2)0(2)*? 96.23(15) N(1)Cu(2)O(1) 80.85(15)
N(2)Cu(1)(2w) 89.61(15) N(1)Cu(2)0(2)*? 90.91(15) O(1w)Cu(2)0O(1) 123.8(2)
0(3)*2Cu(2)N(1) 167.93(16) O(1w)Cu(2)0(2)*? 120.36(19) 0(2)*2Cu(2)0(1) 115.86(16)
0(3)*2Cu(2)0(1w) 86.12(16)
1
N(@3)Ag(1)N(1) 173.0(2) N(2)Ag(2)0(1)*! 172.3(2)

* Symmetry transformations used to generate equivalent atoms: #l —X, =y, =2} #2_ 1/2,y+1/2, —z+ 1/2 (D); e+ 2,y—1/2,

—z+ 172 (ID).

samll pores are opened along the x-axial direction
(Fig. 2d), and are filled with guest water molecules.
PLATON [39] analysis indicates that compound I
contains a small potential solvent volume of 136.6 A3
(12.5%) if only the free water molecules of O(2w) and
O(3w) are removed.

Single crystal structure determination indicates
that compound II exhibits an infinite 1D zig—zag
chain structure. The relevant asymmetric unit of this
compound consists of two crystallographically inde-
pendent Ag(I) cations, one HTFMIDC?™ anion and
one coordinated pyridine neutral molecule. As shown
in Fig. 1b, each Ag(1) atom is completed by two nitro-
gen atoms (N(1), N(2)), of which one is from a
HTFMIDC? ligand, and the other is from a pyridine
ligand. While each Ag(2) atom is defined by one imid-
azole nitrogen atom (N(2)) and one carboxylate oxy-
gen atom (O(1)}) from two different HTFMIDC?™
ligands. The Ag—O bond length is 2.170(6) A, and the
Ag—N distances vary from 2.148(7) to 2.155(6) A,
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whereas the bond angles around Ag(1) and Ag(2) ions
are 173.0(2)° and 172.3(2)°, respectively, all of which
fall in the normal range. It is important to note that the
distances of Ag(1)---O(1) and Ag(2):--O(4) are equal
t0 2.651(5) and 2.656(6) A, respectively, which are sig-
nificantly shorter than sum of the corresponding van
der Waals radii (3.1 A), again implying weak interac-
tions between these Ag and O atoms [40]. Thus, both
Ag(1) and Ag(2) atoms are three-coordinated with a
distorted T-shaped coordination geometry if the both
the weak Ag(1)---O(1) and Ag(2)---O(4) interactions
are seen as bonds. And in this case, the doubly depro-
tonated HTFMIDC?™ ligand employs a coordination
fashion called W,-AN,O: £kN',0' to connect one Ag(1)
and one Ag(2) ions in bis-N,O-chelating mode, as dis-
played in Scheme 1b. An intramolecular hydrogen
bond can be found between the uncoordinated car-
boxylic acid/carboxylate atoms of the HTFMIDC?*~
ligand (O(3)—H(3)---O(2), H---O 1.68, O---O
2.500(8) A, zOHO 173°).

Vol. 44
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Fig. 1. The coordination environment of Cu?tionsin I (a) and Ag(l) ions in II (b). The hydrogen atoms are omitted for clarity.
Symmetry codes: (i) —x, —y, —z; (i) —x—1/2,y +1/2,—z+ 1/2(a); i) —x+ 2,y —1/2, —z+ 1/2 (b).

In compound II, the Ag(l) and Ag(2) ions are
alternately connected by the HTFMIDC?™ units based
on the above-mentioned coordination fashion, result-
ing in the formation of an infinite 1D zig—zag chain
running parallel to the crystallographic y axis
(Fig. 3a), in which the adjacent nonbonding Ag---Ag
separations are 4.498(2) and 6.412(2) A, respectively.
Various weak hydrogen bonds including C—H---F and
C—H---O formed between pyridine ligand and the tri-
fluoromethyl or carboxyl groups of the TFMIDC?*~
ligand further assemble these 1D zig—zag chains into a
2D supramolecular network, as illustrated in Fig. 3a.
Moreover, the 2D layers are packed along the z-axial
direction in an —ABAB— fashion through 7t---7 stack-
ing interactions formed between neighbouring imid-
azole rings (centroid—centroid distance, 3.396 A) and
between adjacent pyridyl rings (centroid—centroid
distance, 3.929 A) to give rise to a 3D supramolecular
framework as shown in Fig. 3b.

The IR spectra of compounds I and II were mea-
sured by employing KBr pellets in 400—4000 cm™!
range. Both two compounds display strong and broad
peaks at around 3450 cm~!, which can be attributed to
the characteristic peaks of O—H vibrations from the
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coordinated and free water molecules. The absence of
the intense absorption peak around 1700 cm™! in the
IR spectrum of compound I suggests that two carbox-
ylate groups of H;TFMIDC ligand have been com-
pletely deprotonated. While for compound II, a
medium strong absorption peak centered at 1693 cm™! is
observed in its IR spectrum, indicating that the car-
boxylate groups of H;TFMIDC ligand are just partly
deprotonated. Additionally, both two samples present
strong bands at about 1630—1500 and 1430—1330 cm™,
which may be attributable to the asymmetric stretches
(v,) and symmetric stretches (v,) of the carboxylate
groups, respectively [41]. Basically, the IR spectral
data of compounds I and II are in well agreement with
their corresponding X-ray single-crystal structures.

In order to ensure the phase purity of the as-syn-
thesized bulky products, PXRD experiments for com-
pounds I and IT have been measured at room tempera-
ture and the results are presented in Fig. 4. As can be
noted, most of the peaks appeared in the experimental
patterns corroborate quite well with those produced
from single crystal X-ray diffraction data, which
apparently indicates the crystalline phase homogene-
ity of both two compounds. The dissimilarities in

No.1 2018
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(@)

(b)

Fig. 2. Ball-and-stick and space-filling views of the 1D helical chains in compound I (a) (the chirality of each helical is labeled
M (left-handed) or P (right-handed); view of the achiral 2D layer in compound I, which is built by the connection of the alternate
left-handed and right-handed helical chains via the shared Cu(1) centers (b); the 3D supramolecular network of compound I
viewed down along y axis (c); the 3D supramolecular network of compound I viewed down along x axis, showing small pores filled

with guest water molecules (d).

reflection intensity between the simulated and the
measured patterns are probably due to the preferred
orientation of the powder samples during data collec-
tion.

To examine the thermal stabilities of the coordina-
tion polymers, TG analyses of I and II were carried
out in the temperature of 30—800°C under air atmo-
sphere with a heating rate of 10°C min~', and their TG
curves are shown in Fig. 5. For compound I, the first
weight loss 0f 9.4% from 46 to 93°C can be attributable
to the release of two free water molecules (calcd. 9.7%)
in the asymmetric unit, while the second weight loss of
4.6% from 93 to 148°C may be ascribed to the depar-
ture of one coordinated water molecule (calcd. 4.9%).
Then the solvent-free network of compound I is stable
up to approximately 335°C, and further weight loss
above 335°C is assigned to the decomposition of the
whole coordination framework. For compound II, no
obvious weight loss can be observed before the tem-
perature of about 250°C, which demonstrates that the
supramolecular framework of II is stable up to 250°C.
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Further increasing the temperature leads to the col-
lapse of the whole framework.

According to the previously reported literature,
coordination polymers containing Ag(l) ions usually
exhibit well photoluminescent properties. Hence, the
solid-state emission spectra of compound II as well as
the free H;TMFIDC ligand were investigated at room
temperature. As described in Fig. 6, the intense bands
in the emission spectrum of compound II can be
found at 502 and 533 nm upon excitation at 362 nm.
Compared with the free ligand H;TMFIDC (the
emission at 447 nm with A,, = 368 nm), the largely
red-shift emission for compound II can probably be
attributed to ligand-to-metal charge transfer (LMCT)
[42, 43].
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