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Two new complexes formulated as [Ag,(H,PIDC)], (1) and [Ag,(HPIDC)(MBI)], (2)
{H;PIDC = 2-(pyridin-4-yl)-1H-imidazole-4,5-dicarboxylic acid, MBI=2-methyl-1H-
benzo[d]imidazole} have been synthesized and characterized by infrared spectroscopy,
elemental analysis, and single-crystal X-ray diffraction. The most interesting structural
features of these complexes are the presence of obvious C-H---Ag hydrogen bonding
interactions and Ag---C weak interactions between the Ag centers and H;PIDC ligands.
In addition, their luminescent properties have been investigated in the solid state at room
temperature.

Two 1-D and 3-D Ag(I) complexes involving 2-(pyridin-4-yl)-1H-imidazole-4,5-dicarboxylic acid
(H;PIDC) have been characterized by infrared spectrum, elemental analysis, and single-crystal
X-ray diffraction. [Ag,(HPIDC)], (1), synthesized under hydrothermal conditions, gave a 3-D
framework; [Ag,(HPIDC)(MBI)], (2) (MBI =2-methyl-1H-benzo[d]imidazole), with MBI as the
second ligand, gave a 1-D zigzag chain and further formed a 3-D supramolecular structure through
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7+ interactions. The most interesting structural features of these complexes are the presence of
C-H---Ag hydrogen bonding interactions and Ag---C weak interactions between the Ag centers and
H5PIDC. Luminescence indicates that 2 has significantly stronger fluorescent emissions than 1 in
the solid state at room temperature.

Keywords: 2-(Pyridin-4-yl)-1H-imidazole-4,5-dicarboxylic acid; Ag(I) complexes; Crystal structure;
Luminescence

1. Introduction

The design and synthesis of metal-organic frameworks (MOFs) have provoked significant
interest, owing to their variety of intriguing structural topologies as well as potential appli-
cations as microporous, magnetic, non-linear optical, and fluorescent materials [1]. Selection
of aromatic polycarboxylates as multifunctional ligands is an effective approach to construct
MOFs with unique structures and properties [2]. Increasing interest has concentrated on
rigid N-heterocyclic multi-carboxylates due to their diversities in coordination modes and
conformations according to the restrictions imposed by the coordination geometry of the
metal ion [3-5]. 2-(Pyridin-4-yl)-1H-imidazole-4,5-dicarboxylic acid (H;PIDC), as a mul-
tidentate rigid ligand, which can be u-2, u-3, and u-4 to generate MOFs, and pyridyl group
to give more potential coordination modes with rotation around the C—C bond to meet coor-
dination requirements of metal ions in assembly, has interesting traits in construction of
MOFs [6]. HsPIDC with three hydrogens can be deprotonated to form H,PIDC, HPIDC?*,
and PIDC*", and enlarge the conjugated n-system, resulting in diverse supramolecular archi-
tectures [7]. A number of complexes with H;PIDC have been reported [8], but as the cen-
tral metal ion, silver is a particularly versatile transition metal in its coordination number
and arrangement [9—13]. Ag(I) usually exhibits a variety of coordination geometries such as
linear, trigonal planar, T-shaped, tetrahedral, etc. When Ag(I) coordinates to appropriate
ligands, complexes show a variety of configurations, 1-D, 2-D, and 3-D structures [14—19].
For Ag(I) complexes with aromatic ligands, not only 7z -7 stacking interactions between
aromatic rings form, but also Ag---w and C-H---Ag close interactions appear [20, 21].
These interactions are important in formation of multi-dimensional Ag(I) coordination su-
pramolecules. The semirigid 2-methyl-1H-benzo[d]imidazole (MBI) with two N-donors can
adopt different conformation to coordinate with metal ions, beneficial to construct extended
architectures. Furthermore, the methyl substituent in the 2-position of the benzimidazole
ring can enhance electron-donating ability of the ligand [22, 23]. Research of Ag(I) com-
plexes with H;PIDC remains unexplored. Herein, we report the synthesis, structural charac-
terizations, fluorescence properties, and thermogravimetric analysis of two silver-based
complexes with 1-D and 3-D frameworks and present the C—H---Ag, Ag---C close
interactions for the first time in silver(I)-H;PIDC complexes.

2. Experimental

The ligand H;PIDC was synthesized according to the literature method [24]. All reagents
and solvents employed were of AR Grade from commercial sources and used as received.
IR data were recorded on a BRUKER TENSOR 27 spectrophotometer with KBr pellets
from 400 to 4000 cm™'. Elemental analyses (C, H, and N) were carried out on a FLASH
EA 1112 elemental analyzer. Steady state fluorescence measurements were performed on a
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Fluoro Max-P spectrofluorimeter at room temperature with solid powder on a 1 cm quartz
round plate. The excitation slit and the emission slit were 5 nm; the response time was 2 s.
Thermogravimetric analyses (TGA) of the samples were performed using a Perkin-Elmer
TG-7 analyzer heated from room temperature to 1000 °C under nitrogen.

2.1. Synthesis of [Ag,(HPIDC)], (1)

A mixture of AgNO3 (0.100 mM, 0.0170 g) and H3PIDC (0.100 mM, 0.0233 g) in CH;CN-—
H,O mixed solvent (10 mL, v/v, 7:3) was placed in a Teflon reactor (25 mL) and heated at
170 °C for three days and subsequently cooled to room temperature at 5°Ch™'. Faint-yel-
low transparent crystals of 1 were obtained. Anal. Calcd for C;0HsAgoN3;04 (%): C, 26.92;
H, 1.10; N, 9.42. Found: C, 26.87; H, 1.13; N, 9.40. IR (KBr, cm™"): 3426(m), 1667(m),
1612(s), 1530(s), 1436(s), 1360(s), 1293(m), 1255(m), 1219(m), 1036(m), 833(s), 775(m),
741(m), 707(m), 667(w), 550(m), 520(m), 460(w).

2.2. Synthesis of [Ag>(HPIDC)(MBI)], (2)

A mixture of AgNO; (0.100 mM, 0.0170 g), H;PIDC (0.100 mM, 0.0233 g), and MBI
(0.100 mM, 0.0132 g) in CH3CN-H,O mixed solvent (10 mL, v/v, 7:3) was placed in a
Teflon reactor (25 mL) and heated at 170 °C for three days and subsequently cooled to room
temperature at 5°C h™'. Light-yellow crystals of 2 were obtained. Anal. Calcd for
CisH13A2:N504 (%): C, 37.43; H, 2.28; N, 12.18. Found: C, 37.33; H, 2.26; N, 12.09. IR
(KBr, cm™'): 3420(w), 2970(w), 2921(w), 1682(m), 1612(m), 1574(s), 1458(s), 1364(s),
1268(m), 1219(m), 1122(m), 1002(m), 855(m), 835(m), 766(m), 714(m), 626(m), 541(m).

Table 1.  Crystal data and structural refinement parameters of 1 and 2.

Complexes

1

2

Empirical formula

C1oHsAgoN;304

CisH13AgN50,4

Formula weight 446.91 579.07
Temperature (K) 291(2) 291.15
Crystal system Monoclinic Monoclinic
Space group Ce P2,/c

a (A) 5.2081(10) 6.7379(5)

b (A) 20.1881(4) 13.1402(8)
c(A) 10.4953(2) 20.9377(16)
a(°) 90.00 90.00

L) 101.180(2) 106.413(7)
y (%) 90.00 90.00
Volume (A%) 1082.55(4) 1778.2(2)
V4 4 1

Calculated density (kg/m®) 2.742 2.163
Absorption coefficient (mm ") 3.631 2.241
F@000) 848 1128.0
Crystal sizes (mm) 0.20x0.14 x0.12 0.12x0.08 x0.08
R(int) 0.0218 0.0000
Data/restraints/parameters 1827/2/172 5754/0/264
Goodness-of-fit on F2 1.023 1.037

Final R indices [/>20(])]
R indices (all data)

R1=0.0179, wR2=0.0356
R1=0.0189, wR2=0.0362

R1=0.0626, wR2=0.1783
R1=0.0731, wR2=0.1
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2.3. Single-crystal structure determination

A suitable single crystal of each complex was carefully selected and glued to a thin glass
fiber. Crystal structure determination by X-ray diffraction was performed on a Rigaku
Saturn 724 CCD area detector with graphite monochromator for the X-ray source (MoKa
radiation, 1=0.71073 A) operating at 50kV and 40 mA. The crystal-detector distance was
45mm. An empirical absorption correction was applied. The data were corrected for
Lorentz—polarization effects. The structures were solved by direct methods and refined by
full-matrix least-squares and difference Fourier techniques, based on F*, using SHELXS-97
[25]. All non-hydrogen atoms were refined anisotropically. Hydrogens were positioned
geometrically and refined using a riding model. All hydrogens were included in the final
refinement. Crystallographic parameters and structural refinement data for the complexes
are summarized in table 1. Selected bond lengths and angles are listed in table 2. Hydrogen
bonds of 2 are listed in table 3.

Table 2. Selected bond distances (A) and angles (°) for 1 and 2 with estimated standard
deviations in parentheses.

Complex 1

Ag(1)-0(1) 2.566(3) 0(3)"-Ag(1)-0(1) 117.06(10)
Ag(1)-0(3)"! 2.150(3) 0(3)"'—Ag(1)-N(1) 170.60(12)
Ag(1)-N(1) 2.161(3) N(1)»-Ag(1)-0(1) 71.95(11)
Ag(2)-0(3) 2.536(3) N(2)-Ag(2)-0(3) 71.53(11)
Ag(2)-N(2) 2.139(3) NB)?-Ag(2)-0(3) 118.00(12)
Ag(2)-N(3)" 2.125(4) N(3)"-Ag(2)-N(2) 170.29(13)
0(3)-Ag(1)* 2.150(2) C(1)-0(1)-Ag(1) 108.6(3)
NG)»-Ag2)™ 2.125(4) Ag(1)P-0(3)-Ag(2) 133.69(12)
C(4)-0(3)-Ag(1)*? 114.5(3) C(4)-0(3)-Ag(2) 111.6(3)
C(2)-N(1)-Ag(1) 118.5(3) C(5)-N(1)-Ag(1) 135.8(3)
C(3)-N(2)-Ag(2) 118.4(2) C(5)-N(22)-Ag(2) 135.6(3)
C(6)-N(3)»-Ag2)* 122.9(3) C(10)-N(3)-Ag(2)™ 120.6(3)
Complex 2

Ag(1)-0(1) 2.553(6) N(1)-Ag(1)-O(1) 72.42(19)
Ag(1)-N(1) 2.141(6) NE@)'-Ag(1)-0(1) 119.9(2)
Ag(1)-N@)*! 2.136(6) NG3)*'-Ag(1)-N(1) 167.6(2)
Ag(2)-N(Q2) 2.097(6) N(4)-Ag(2)-N(2) 175.9(2)
Ag(2)-N(4) 2.077(6) C(1)-0(1)-Ag(1) 109.0(5)
NG)-Ag(1)™? 2.136(6) CQ)-N(1)»-Ag(1) 118.1(5)
C(5)-N(1)-Ag(1) 135.9(5) C(3)-NQ2)-Ag(2) 120.9(5)
C(5)-N(2)-Ag(2) 132.9(5) C(6)-N(3)-Ag(1)" 123.4(5)
C(10)-N(3)-Ag(1)™ 119.9(5) C(16)-N(4)-Ag(2) 123.1(5)
C(17)-N(4)-Ag(2) 131.3(5)

Symmetry transformations used to generate equivalent atoms: For 1: #x_3p, —-y+1/2,z-1/2; Py+1, —-»y+1,
z+1/2; Bx+302, v+ 172, z+172; =1, -p+1, z—1/2. For 2: ¥12—x, —112+y, 3/2—z, "2—x, 12+y,
32—z

Table 3. Data of hydrogen bond interactions (A) of 2.

D-H-A d(D-H) (A) dHA) (A) dDA) (A) Z(DHA) (°)
N3-H3--02 0.82 1.66 2.478(8) 170.7
N5-H5---01"! 0.86 1.90 2.742(9) 166.2

Symmetry code: *' +x, 1 +y, +z.
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3. Results and discussion

3.1. IR spectroscopy of ligand, 1 and 2

IR spectra of 1 and 2 show a broadband at 3426 and 3420 cm™ ' due to the active hydrogen
of ligand, indicating active hydrogen group participating in the hydrogen bonding in 2 (the
absorption of free ligand is at 3407 cm™"). The bands at 3157 and 3072 cm ™" in free ligand
can be ascribed to O-H stretch of -COOH, whereas the absence of these bands for 1 and 2
indicates deprotonation of -COOH to form COO™. In 1, Av (v,COO—-v5,», COO) =266 cm™!
indicates monodentate coordination [26] (v,(COO) at 1666cm™' and Veym(COO)  at
1400 cm™") and Av=>50 cm_ indicates bidentate coordination (v,s(COO) at 1530 cm ™" and
vsym(COO) at 1480 cm™'). For 2, Av=224 cm ™' (v,(COO) at 1682 cm™ ' and Veym(COO) at
1458 cm™') indicates monodentate coordination. The skeletal vibration absorptions of
aromatic rings are at 1667-1436 cm ™' and 1682—1458 cm™

3.2. Structural description of [Ag,(HPIDC)],,

X-ray single-crystal diffraction analysis reveals that 1 crystallizes in the space group Cc
with a 3-D framework. The asymmetric unit of 1 contains two Ag(I) ions (Agl and Ag2)
and one HPIDC?". As shown in figure 1(a), both Agl and Ag2 cations have slightly dis-
torted trilateral environments. The coordinate geometry of Agl is completed by O1, O3,
and N1 from two HPIDC?™ ligands. The coordination geometry of Ag2 is formed by N2,
N3, and O3 from two HPIDC?™ ligands. The bond lengths of Ag—O are 2.150(2)-2.565(3)
A and the bond lengths of Ag-N range are 2.161(3)-2.139(3) A. The bond angles of
OMN)-Ag—O(N) vary from 71.53(11)° to 170.60(12)°.

One interesting structural feature of 1 is the presence of intramolecular C—H:---Ag close
interactions. The distances of Agl---H7 and Ag2---H9 are 2.517(3) and 2.598(4) A and

/,.N3B

o:? Ag2
c4 .
040 " i
cs N3
cz; ’t\c
o
c
o1 Ag1

O3A

Figure 1(a). View of the asymmetric unit of 1.
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Figure 1(b). View of the intra- and inter-molecular C-H---Ag and Ag:---C interactions in 1.

o

Figure 1(c). View of the 2-D layers of 1.

angles of C7-H7---Agl and C9-H9---Ag2 are 142.00° and 141.66°. These are similar to
values for reported Ag(I) complexes [27, 28] and described as weak intermolecular
C-H---Ag hydrogen bonding. Meanwhile, the distances of AglA---C2B 3.355(46),
AglA---C3B 3.342(45), and AglB---C3A 3.071(45) A [figure 1(b)] are shorter than the
sum of the van der Waals radii of Ag and C (3.42 A) [29], indicating a weak interaction
between Ag(I) and carbon [30-32].

In 1, the HPIDC* ligands have the same coordination mode, 4-AN,O : kO : AN',0" : kEN",
connecting four Ag(I) ions. As shown in figure 1(c), each HPIDC?  links Agl and Ag2
with N and O to form an infinite zigzag chain along the a-axis. The angle is 29.18(149)°
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Figure 1(d). View of 3-D framework and the diamond-shaped nano-hole of 1.

formed by the pyridyl rings of two adjacent ligands hanging on either side of Agl. Adjacent
1-D zigzag chains are bridged by nitrogen of pyridyl rings from HPIDC?™ to form 2-D lay-
ers. As the pyridyl rings and imidazole rings have a small dihedral angle of 15.76(159)°,
adjacent layers are connected through the pyridyl rings from ligands to generate a 3-D
framework [figure 1(d)]. A diamond-shaped nano-hole was formed and diagonals are 5.208
and 10.425 A [figure 1(d)].

3.3. Structural description of [Ag,(HPIDC)(MBI)], (2)

Complex 2 crystallizes in the monoclinic space group P,//c, with coordination around Ag
(D) shown in figure 2(a). The asymmetric unit comprises two Ag(I) (Agl, Ag2) ions, one
HPIDC?", and one MBI. Both Agl and Ag2 cations have slightly distorted trilateral envi-
ronments. The coordinate geometry of Agl is completed by O1, N1, and N3A from two
HPIDC? ligands. The coordination sphere of Ag2 also forms by 04, N2, and N4, with N2
from HPIDC?  and N4 from MBI The Ag-N bond lengths are 2.077(6)-2.141(6) A,
comparable with those observed in related complexes [33—35]. HPIDC?™ in 2 also serves as
T-shaped 3-connectors similar to in 1, but adopt a different u3-AN,O : kN’,O" : kN"" coordina-
tion connecting three Ag(l) ions in bis-N,O-chelating and one monodentate mode. The
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Figure 2(a). View of the asymmetric unit of 2 and the intramolecular C-H:---Ag interactions.

Figure 2(b). View of the 1-D zigzag chain along the g-axis and hydrogen bonds in 2.

imidazole rings and pyridyl rings of HPIDC?™ with the dihedral angle of 35.49(265)° are
more distorted than in 1.

There are also C—H---Ag2 close intramolecular interactions between the Ag2 and H9 of
pyridyl of HsPIDC, with Ag2---H9 distance of 2.796(7) A and Ag2-C9 the distance of
3.338(85) A and C9-H9---Ag2 angle of 118.25(495)°.
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Figure 2(c). View of the 3-D supramolecular framework with z---7 interactions in 2.

As shown in figure 2(b), HPIDC?™ in 2 bridge Agl through pyridyl rings in monodentate
mode to form a 1-D zigzag chain running along the g-axis, and adjacent HPIDC?" ligands
in each chain are perpendicular. The intramolecular hydrogen bonds O3—-H3---O2 1.665(49)
and N5-H5---O1 1.899(1) A stabilize the 1-D chain; related hydrogen bond data are listed
in table 3. Adjacent chains are joined through inter-chain z---7 stacking interactions
between imidazole rings of HPIDC>  and MBI with centroid—centroid distances of
3.706(3), 3.782(2), and 3.839(3) A. Adjacent layers are stacked through z-- 7z interactions
forming a 3-D supramolecular structure [figure 2(c)].

Comparing 2 with 1, MBI does not change the coordination number of Ag(I), just influ-
enced the coordination mode of H;PIDC. In 1, all HPIDC?  ligands have the same coordi-
nation, u4-kN,O: kO :kN',O’: kN", connecting four Ag(I) ions. Complex 2 adopts a
different 3-AN,O : AN',O": IN" coordination mode connecting three Ag(l) ions, and the
imidazole rings and pyridyl rings of HPIDC?™ with dihedral angle of 35.49° are more dis-
torted than in 1 (15.76°).

3.4. Luminescence

Considering that coordination complexes with @'® metal ions usually exhibit strong lumi-
nescence, the solid-state photoluminescence properties of 1, 2, H;PIDC, and MBI have
been investigated at their optimal excitation wavelengths at room temperature. UV—Vis
strong absorptions at 313 and 286 nm correspond to z—z* transitions of H;PIDC and MBI,
respectively. The shoulder band at 363 nm can be ascribed to inter-ligand charge transfer
transition of H3;PIDC whereas the long wavelength absorptions at 408 and 389 nm were
produced by metal-ligand charge transfer (‘MLCT) transitions of 1 and 2, respectively. As
shown in figure 3, emission maxima of H3PIDC, MBI, 1, and 2 are located at 466, 314,
588, and 600 nm upon excitation at 363, 286, 408, and 389 nm, respectively. The maxima
of 1 and 2 are strongly redshifted, 122 and 134 nm, compared with the free ligand, assigned
to MLCT emissions [36-38]. The emission intensity of 2 is significantly higher than that
of 1. This different luminescent behavior of 1 and 2 is attributed to their different delocal-
ization environments. In 1, the imidazole rings and pyridyl rings of the ligand are almost
coplanar with dihedral angle of 15.76°. However, in 2, the dihedral angle between the
imidazole rings and pyridyl rings is 35.49°.
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Figure 3. Luminescence curves of H;PIDC, MBI, 1 and 2.

3.5. Thermal analyses

To study the thermal behavior of 1 and 2, thermogravimetric analysis was carried out from
20 to 850 °C at a heating rate of 10 °C/min in Ar (Supplementary material, see online sup-
plemental material at http://dx.doi.org/10.1080/00958972.2013.885508)). For 1, the TGA
curve shows that it is stable to 339.2 °C. When the temperature is higher than 339.2 °C, a
major weight loss occurs, attributed to collapse of the coordination structure. The remaining
weight of 48.04% (Calcd 48.29%) is close to the percentage of the Ag component, indicat-
ing that the final gray product is Ag.

For 2, the TGA curve shows that it is stable to 321.6 °C where weight loss of 62.22%
(Caled 62.74%) from 321.6 to 469.5 °C may be ascribed to decomposition of HPIDC*™ and
MBI. The remaining weight of 37.78% corresponds to the percentage (37.26%) of Ag.
Powdered X-ray diffraction patterns of 1 and 2 are exactly matched with those from
single-crystal diffraction patterns (S1 and S2).

4. Conclusion

Two new complexes based on Ag(I) were synthesized under hydrothermal conditions. H;PIDC
possesses different coordination modes in 1 and 2 and the auxiliary MBI exerts influence on
the structure of 2. For 1, with HPIDC?", a 3-D framework was obtained. In 2, MBI led to a 1-D
zigzag chain and further formed a 3-D supramolecular structure through z--7 interactions.
Weak interactions, such as C-H---Ag and Ag---C between the Ag centers and H and C of
H;PIDC, provide additional assembly forces, leading to 3-D supramolecular networks for 1 and
2. Luminescence measurements show maxima of 1 and 2 are strongly redshifted compared with
H3PIDC; 2 with significantly stronger luminescence is attributed to the second ligand MBI.

Supplementary material
CCDC 937394-937395 contains the supplementary crystallographic data for this article.

These data can be obtained free of charge from The Cambridge Crystallographic Data
Center via www.ccdc.cam.ac.uk/datarequest/cif.
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