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ABSTRACT ARTICLE HISTORY
Three coordination architectures, {[Ag,(pbmb),-(BF,) 1(CH,OH),-H,0} Received 3 August 2017
(1),{[Cd,(pbmb),](CIO,),-(CH,0H).} (2), and [Cd,(pbmb),-I,(CH,OH).]1. Accepted 17 March 2018
(3) (pbmb = 1-((2-(pyridin-2-yl)-1H-benzoimidazol-1-yl)methyl)- KEYWORDS
1H-benzotriazole), are built up from Ag(l)/Cd(ll) salts and a flexible Ag complex; argentophilic
pyridyl-benzimidazole-based organic spacer. Single-crystal analysis contact; large stokes shift;
shows that 1 and 2 have 1-D chains, while 3 displays a tetranuclear photoluminescence behavior
structure. All complexes exhibit different coordination geometries

and properties, which can be attributed to the difference between

the metal centers or anions. In the case of 1 in particular, the Ag---Ag

interactions play a crucial role in the formation of a supramolecular

architecture. The binuclear-based complex consists of a pair of Ag---Ag

contacts (ca. 2.953 A), and it exhibits intense triplet emission with large

Stokes shift and high thermal stability. Compared to pbmb, 2 has

excellent high-energy fluorescence properties, while 1 and 3 exhibit

mainly low-energy emission. Therefore, it can be concluded that the

heavy atom effect has a causative influence in enhancing the triplet

state radiative rate, resulting in large Stokes’ shift of the complex.
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1. Introduction

Attention has been directed toward the design and development of precise functional devices
in the nanometer and sub-nanometer scale [1-3]. An interesting synthetic strategy involves
coordination-driven, self-assembly harnessing of the directionality of metal-ligand interac-
tions and the structural versatility of metal centers. The objective is to promote the develop-
ment of elegant architectures with unusual behaviors and ingenious applications at the
molecular level [4, 5]. These structural and electronic properties can be optimized by variation
of building blocks, i.e. the metal has a more or less preferred coordination environment. In
addition, the organic synthons provide donors in the specific positions for coordination, and
potential interaction sites to generate noncovalent secondary interactions, such as hydrogen
bonding and "1 stacking [6, 7]. Such contacts may be important for properties such as
molecular recognition, catalysis, etc. However, although remarkable progress has been made
in the synthesis and study of metal complexes, the formation of supramolecular architectures
is still a challenging issue, due to various impact factors such as metal-to-ligand ratio, the
nature of the metal center and ligand, anions, solvent, pH of the reaction, temperature, etc.
[8,9]. Anions play crucial roles; anion with larger size and hydrogen bonding interactions will
significantly affect the constructions and properties of the compounds [10, 11].

To achieve desired architectures with useful functions, a variety of metal centers have
been used to react with organic linkers. Different metal centers tend to result in different
structures and functions of the coordination compounds. For example, Zhu's group reported
several electrochemically active complexes, in which the metal centers played an important
role in the improvement of photocurrent response [12]. The study of metal-organic com-
pounds has attracted interest because of their interesting structures and promising potential.
Ag(l)-containing compounds are of particular interest due to their unusual functions and
potential properties. The d'° closed-shell electronic configuration of Ag(l) imposes few struc-
tural requirements on the surrounding ligands and anion entities. Despite the repulsion
expected between two closed-shell metal centers, Ag(l) coordination compounds with short
Ag--+Ag contacts, from dimers to intricate high-nuclear clusters, have been characterized
[13-16]. These metal aggregates consisting of such short Ag--*Ag interactions have attracted
interest and are the origin of a wide variety of fascinating behaviors. Among the aggregates,
a rich photophysical property may be anticipated because of the presence of Ag---Ag con-
tacts, which could play a pivotal role in governing the emission characteristics of luminescent
Ag complexes. Although silver and cadmium are d'° transition metals, their coordination
patterns are very different. Cadmium generally does not form Cd—-Cd bonds and its coordi-
nation flexibility is inferior to silver [17-20]. In this article, three new Cd and Ag coordination
compounds based on the ligand pbmb, {[Ag4(pbmb)4-(BF4)4](CH3OH)2-HZO}n (1),{ICd,(pbmb),]
(CIO4)4-(CH3OH)5}n (2), and [Cd4(pbmb)4-I8(CH3OH)2]n (3), were synthesized. Their lumines-
cence properties were also studied, and the results indicate that the characteristic feature
of the compounds can be affected by the metal centers, anions, and coordination environ-
ments. A ligand supported Ag complex 1 with argentophilic attraction and two structurally
different Cd complexes 2 and 3 based on different anions have been synthesized. Complex
2 has excellent high-energy fluorescence, whereas 1 and 3 exhibited mainly low-energy
band emission due to the Ag and I~ heavy atom effect.
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2. Experimental
2.1. Materials and general methods

All the starting materials were purchased commercially as reagent grade and used without
purification. 1-((2-(Pyridin-2-yl)-1H-benzoimidazol-1-yl)methyl)-1H-benzotriazole (pbmb)
was synthesized according to a literature method [21]. The thermogravimetric experiments
were performed using a NETZSCH STA 449F3 instrument (heating rate at 10 °C/min). FT-IR
spectra were recorded on a Frontier spectrophotometer (Perkin Elmer, U.S.A.) with KBr pellets
from 400-4000 cm~". Elemental analyses (C, H, and N) were carried out with a Flash EA 1112
elemental analyzer. The luminescence and corresponding lifetime measurements of 1 were
established by Edinburgh Analytical Instruments FLS920 at 10, 77, 100, 150, 200, 250, and
298 Kin solid state. The emission spectra of 2 and 3 were performed on a F-4600 fluorescence
spectrophotometer (Hitachi).

2.2, Synthesis of {[Ag ,(pbmb) ,.(BF ) ,J(CH,OH),-H,0} (1)

A reaction mixture of AgBF, (0.03 mmol, 0.0058 g), pbmb (0.02 mmol, 0.0065 g), chloroform
(1 mL) and methanol (1 mL) was placed in a glass reactor, and mixture was sealed and heated
at 85 °Cfor three days; then the reaction system was cooled to room temperature. Colorless
block crystals of 1 were obtained in 45% yield (based on Ag). Elemental analysis (%): Calcd
for (C,gHAg,B,F,(N,,0,):C,43.21;H,3.07; N, 15.50. Found: C,43.07; H, 2.88; N, 15.52. IR (KBr/

78' 66 416243
pellet, cm™): 3321w, 1594w, 1525w, 1451m, 1387m, 1297m, 1191m, 1049s, 747s, 597m.

2.3. Synthesis of {[Cd,(pbmb) ](CIO,) ,-(CH,OH) } (2)

A solution of pbmb (0.0065 g, 0.02 mmol) in methanol (1 mL) was added dropwise into a
solution of Cd(ClO,),-6H,0 (0.0126 g, 0.03 mmol) in methanol (1 mL). The mixed solution
was heated at 85 °C for 36 h. Colorless block crystals of 2 suitable for X-ray analysis were
collected. Yield: 48% (based on Cd). Elemental analysis (%): Calcd for (C81H76Cd2CI4N24021):
C, 46.59; H, 3.67; N, 16.10. Found: C, 46.12; H, 3.24; N, 16.45. IR (KBr/pellet, cm™): 3429w,
3072w, 1602m, 1594m, 1480m, 1457m, 1431s, 1402m, 1337w, 1158m, 1090s, 1005m, 790m,

744s,623s.

2.4. Synthesis of [Cd,(pbmb) I,(CH,OH),]  (3)

A solution of pbmb (0.0065 g, 0.02 mmol) in methanol (4 mL) was added dropwise into a
solution of CdI2 (0.0110 g, 0.03 mmol) in chloroform (1 mL). The mixture was left to stand at
room temperature for slow evaporation for a week. Clusters of yellow brown crystals of 3
suitable for X-ray analysis were collected. Yield: 56% (based on Cd). Elemental analysis (%):
Caled for (C,gH,,Cd, N, ,0,): C, 33.05; H, 2.28; N, 11.86. Found: C, 33.41; H, 2.60; N, 11.68. IR

(KBr/pellet, cm="): 3201w, 3048w, 1597 m, 1478 m, 1450s, 1435s, 1380 m, 1300 m, 1268 m,
1192w, 1108w, 1004w, 977w, 791 m, 745s, 694w, 632w.
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Table 1. Crystal data and structure refinement for 1-3.

Complex 1 2 3
FOrmUIa C78H66Ag4B4F16N24O3 C81H76Cd2C|4N24OZ1 C78H64Cd4IBN24OZ
fw 2166.26 2088.25 283433
Temp (K) 100(10) 100.01(10) 150.01(10)

A (CuKa), A 1.5418 1.5418 0.71073
Crystal system Monoclinic Monoclinic Triclinic
Space group Q2/c P2./n P-1

a(A) 17.8850(1) 15.7842(3) 10.7037(3)

b (A) 13.1636(7) 16.1543(3) 11.2516(4)
c(h) 18.2682(9) 16.9425(3) 19.2097(6)
a (deg) 90.00 90 83.556(3)

B (deg) 98.806(5) 90.1258(15) 75.282(3)

y (deg) 90.00 90 76.009(3)

Vv (R3) 4250.2(4) 4320.02(13) 2168.00(13)
Z 2 4 1

0., (deg) 4.188-70.074 3.781-70.07 2.86-27.10
F(000) 2156 2124.0 1332.0
Final R12, wR2" 0.0665, 0.1709 0.0689, 0.1986 0.0341, 0.0668
Goodness-of-fit on F2 1.108 1.057 1.041

R =Z||F | = |F IVZIF,|-
bwR2 = [Sw(|F 2| —F /S w|F 2112

2.5. Crystal structure determination

A crystal suitable for X-ray determination was mounted on a glass fiber. The data were col-
lected on a SuperNova diffractometer with graphite monochromated Cu-Ka radiation
(A=1.54184 A) at 100(2) K for 1 and 2, whereas 3 was collected with Mo-Ka radiation
(A=0.71073 A) at 150.01(10) K. The structures were solved by direct methods and expanded
with Fourier techniques. The non-hydrogen atoms were refined anisotropically. Hydrogens
were included but not refined. The final cycle of full-matrix least-squares refinement was
based on observed reflections and variable parameters. Using OLEX2, the structure was
solved with the superflip structure solution program using Charge Flipping and refined with
the SHELXL refinement package using least squares minimization [22-25, 26]. Table 1 shows
crystal data and processing parameters for 1-3 and Table 2 lists selected bond lengths and
angles.

3. Results and discussion
3.1. Crystal structure of {[Ag (pbmb) -(BF ) ,](CH,OH),-H,0} (1)

The structure of 1 is depicted in Figure 1. The fundamental unit consists of one pbmb syn-
thon, one Ag(l) center, one quarter aqua molecule, half a methanol and one BF}, with a BF,
and free solvent molecules balancing the charge and stabilizing the structure. The short
Ag(l)---Ag(l) separation (2.953 A) between the adjacent intrachain Ag(l) centers is shorter
than the sum of the van der Waals radii for Ag (3.4 A) and very close to the Ag---Ag separation
in silver metal (2.89 A). This suggests the presence of Ag(l):--Ag(l) ligand supported interac-
tions [27-29]. Based on such argentophilic attraction, two adjacent Ag(l) centers are double
bridged to form a dimeric moiety. Among the reported metal center contacts, two outstand-
ing strategies have been employed for the self-assembly process. One is that the 0*~, OH-,
and the utilized halide may play crucial roles in forming clusters with p,, u,, and y, bridging
modes. The other is the combination of the multidentate connector with metal centers for
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Table 2. Selected bond lengths and angles for 1-3.

Complex 1

Ag1-N2#1 2.297(5) Ag1-N1 2.248(6)
Ag1-N6" 2.313(5) N2#1-Ag1-N6* 92.32(2)
N1-Ag1-N2#1 131.2(19) N1-Ag1-N6*2 135.4(2)
Complex 2

Cd1-N1 2.370(4) Cd1-N7 2.364(4)
Cd1-N2 2.350(4) Cd1-N8 2.358(4)
N6-Cd1' 2.334(4) N6'-Cd1-N8 169.37(15)
N6'-Cd1-N7 101.10(15) N8-Cd1-N1 103.04(14)
N8-Cd1-N7 71.36(14) N2-Cd1-N8 79.57(16)
N2-Cd1-N1 71.78(14) N2-Cd1-N7 105.04(14)
Complex 3

14-Cd2 2.7719(4) 12-Cd1 3.0032(4)
12-Cd2 2.8592(4) Cd1-N7 2.401(4)
Cd1-N2 2.354(3) Cd1-N1 2.392(3)
Cd2-13 2.7226(5) N7-Cd1-12 82.88(8)
N7-Cd1-1 99.97(8) N2-Cd1-12 163.26(8)
N2-Cd1-N1 71.11(11) 13-Cd2-14 117.283(15)

Symmetry transformation used to generate equivalent atoms: #1 1 =X, +Y,1/2 = Z #2+X,2 - Y, =1/2+ Zfor 1.#1 1 - X,
2-Y,1-Zfor2.

Q\~ NS m‘\.
A\ DAY L N

Figure 1. A view of the Ag(l) center with partial atom numbering schemes of 1; the hydrogens and
uncoordinated solvent molecule are omitted for clarity.

constructing clusters. The N-containing connectors, such as the pyridine, triazole, tetrazole,
and their derivatives, are frequently used to generate products [30]. Herein, to gain an
in-depth understanding of the nature of the pyridyl-benzimidazole system, the organic
connector ((2-(pyridin-2-yl)-1H-benzoimidazol-1-yl)methyl)-1H-benzotriazole was selected.
Furthermore, within the dimeric moiety of 1, separation between two centroids of the ben-
zene ring from the benzimidazole segment is 3.622 A with a dihedral angle of 7°. In this case,
such - --minteraction will reinforce argentophilic interaction (Figure S1). The four-coordinate
Ag(l) center can be regarded as a distorted trigonal-pyramid, in which the equatorial posi-
tions are occupied by three nitrogens from pyridyl, benzimidazole, and benzotriazole
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Figure 3. Packing of the repeating 1-D chains in the structure of 1. For clarity the hydrogens and solvents
are not shown.

segments of three pbmb synthons. In addition, the axial site is occupied by one fluoride with
the angle O2-Ag1-F1 of 116.044°.

Each dimeric moiety links equivalent ones via double pbmb connectors to produce a 1-D
chain along the c-axis. The anion BF,” is often noncoordinating, but in this case, there are
weak interactions between fluorine and Ag(l) atoms (Ag(l)---F = 3.132 A), and their separation
distance is shorter than their corresponding van der Waals contact of 3.19 A [31]. The closest
separation of the benzene ring and triazole ring from benzotriazole segments is 3.764 A,
with a dihedral angle of 0.7°, which indicates the presence of - ‘minteractions between the
adjacent chains (Figure 2). The extended adjacent 1-D chains along both a and b axes due
to m---m and C---F interactions are 3.229 A for C2---F2, 2.959 A for C13---F4, 3.198 A for
C15---F1,3.119 A for C16---F2 and 3.190 A for C18--F3. These values are in the range of
reported C:--F interactions [32], in forming a 3-D network (Figure 3).
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Figure 4. The coordination environments of Cd(ll) in 2.

3.2. Crystal structure of {{Cd ,(pbmb) ](CIO ) -(CH,OH) } (2)

We chose cadmium salts containing different anions (ClO,-and I) to react with a free ligand,
resulting in structurally different 2 and 3. Single-crystal X-ray diffraction analyses revealed
that 2 crystallizes in a monoclinic P 21/n space group with a 1-D coordination framework.
The asymmetric unit of 2 is composed of one Cd(ll), two pbmb, two and a half methanol
molecules and two ClO,- anions, as depicted in Figure 4. The six-coordinate Cd(ll) center is
defined by six nitrogens from four pbmb ligands, with two nitrogens (N12a, N2b) at the
apical positions and the others (N1b, N6, N7, N8) positioned at the equatorial plane to pro-
duce a regular octahedral coordination geometry. The Cd-N distances are from 2.334 A to
2.370 A, within the normal range compared with other Cd complexes [33, 34]. The Cd(ll)
centers and the pyridine, benzimidazole, and benzotriazole moieties of the multifunctional
pbmb are bridged to form a binuclear metallacycle, where the Cd---Cd (Cd1:--Cd1a) has a
minimum distance of 8.2537 A. The binuclear metallacycle is further linked via the pbmb
linkers to a 1-D chain structure. Compared with 1, their structures and coordination patterns
vary because of the difference between metal centers, although both BF,- and CIO,- have
tetrahedral geometries. This can be attributed to the difference between the metal centers
and indicates that the structures and properties of the compounds can be affected by the
metal center.

3.3. Crystal structure of [Cd ,(pbmb) ;I (CH,OH) ]  (3)

In contrast to 2, changing the anion to I~ resulted in a different supramolecular structure.
Single-crystal analysis revealed that 3 has a tetranuclear structure in the triclinic system with
space group P~'.The fundamental unit contains two Cd(ll) centers, two pbmb synthons, four
I~ anions, and one methanol molecule. The Cd1 is six-coordinate in a distorted octahedral
geometry, comprised of N6 and N7 in the apical positions and N1a, N2a, 11, and 12 in the
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Figure 5. Molecular structure and atom numbering scheme for tetranuclear 3; hydrogens have been
omitted for clarity.

equatorial plane, whereas Cd2 is five-coordinate. The Cd-I bond lengths are 2.723-3.281 A
and the Cd-N distances vary from 2.354 A to 2.436 A, which are comparable with other
Cd-based compounds [35, 36]. As shown in Figure 5, the two Cd(ll) centers form a binuclear
unit via two I~ anions, and the adjacent pairs of the binuclear units are double-bridged by
two ligands to form a tetranuclear structure. The 3-D supramolecular stacking structures are
shown in Figures S2 and S3. Compared with 2, they are structurally different due to their
different anions, although they are all complexes of cadmium. Thus, the anion plays an
important part in the structure of complexes and influences the properties of the resulting
compounds. Structurally different Cd(ll) complexes have also been investigated by Zheng's
group due in part to the different coordination behavior of inorganic anions. They found
that the 3-D frameworks induced by anion regulated the different binuclear Cd(Il) secondary
building units [37].

3.4. Luminescence properties

The air-stable 1 can retain crystalline integrity at ambient temperature. The thermal stability
of 1 was also explored by thermogravimetric (TG) and differential scanning calorimetric
(DSC) analysis, as illustrated in Figure S4. The temperature for 1 exhibiting initial mass loss
of 2.83% was 275 °C, assigned to the loss of corresponding solvent molecules (Calcd 3.79%).
This was confirmed by DSC, since the spectrum exhibited an endothermic peak around
100 °C. With respect to 1, the temperature at which 3 displayed an initial mass loss of 2.62%
was 286 °C. This is attributable to loss of the corresponding methanol molecules (Calcd
2.26%) and is confirmed from DSC spectrum which exhibited an endothermic peak near
189.6 °C (Figure S5).

Luminescent compounds have received attention due to their applications as photoactive
materials. Coordination architecture with group IIB metal centers and conjugated organic
synthon may be candidates for potential fluorescent materials. The luminescence of conju-
gated organic compound can be altered by the subtle structural and environmental changes,
especially for metal coordination. As depicted in Figure S6, free pbmb presents high-energy
emission with a maximum of 384 nm ()\ex =285 nm), which could be attributed to the m*-m
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Figure 6. The luminescence curves of 1 upon excitation of 280 nm.

transitions [38]. The small Stokes shifts together with the nanosecond (ns) lifetime range are
indicative of singlet state transitions (Table S1).

To explore luminescence thermochromic phenomena, the photoluminescence behavior
of as-synthesized 1 was investigated at ambient and cryogenic temperatures to track its
response (Figure 6). Complex 1 exhibited two emission bands with maxima at 370 and
562 nm. Upon cooling, the maximum emission peaks did not exhibit any obvious shift,
whereas there was a relative increase in the intensity. Unlike pbmb, 1 gives weak high-energy
bands ()\max =375 nm) with lifetimes in the ns range, where the lifetime 1 is equal to
0.070 + 0.002 ns at 298 K. In comparison with free pbmb, the reduced fluorescence lifetime
of 1 may be ascribed to the coordinated Ag(l) center, which would increase the spin-orbit
coupling and facilitate intersystem crossing from singlet to triplet excited states. Complex
1, however, exhibits intense broad low-energy band emissions (A =562 nm)at 13,77, 100,
150, 200, 250, and 298 K with corresponding lifetimest=19.7+0.9,19+ 1,19+ 1,14.7 £ 0.4,
12.6+0.2, 11.7 £0.2, and 9.1 £ 0.2 ms, respectively. Together with the large Stokes shift,
these emissions can be assigned to phosphorescence [39, 40]. The slight increase of triplet
lifetime upon cooling may be caused by reduction of the nonradiative decay [41, 42].

The fluorescent properties of 2 and 3, as well as pbmb, have been investigated in the
solid-state at room temperature. The free pbmb shows an emission maximum at 379 nm
upon excitation at either 279 nm or 343 nm. As depicted in Figure 7, 2 exhibits a maximum
emission wavelength of 387 nm upon excitation at 279 nm resembling that of the free pbmb,
which may be assigned to intraligand (m-m*) charge transfer [43, 44]. Compared with pbmb,
2 exhibits significant fluorescence enhancement, which can be ascribed to chelating of the
ligand to Cd, which increases the rigidity of the ligand and effectively reduces the loss of
energy. Complex 2 has potential applications as a fluorescent material due to its excellent
fluorescent properties. Moreover, different anions and coordination environments also have
a certain effect on the luminescence behavior of complexes. As shown in Figure 8, the
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Figure 8. The luminescence curves of 3 and pbmb.

emission spectra of 3 exhibits two weak peaks at 381 and 516 nm with an excitation band
at 343 nm. The Stokes shift of the emission band under low energy is 1773 nm and 38 nm
under high energy. Compared to the free ligand, the fluorescence intensity of 3 is extremely
weak, which may be attributed to the heavy atom effect. The iodide coordinates effectively
boosting the spin-orbit coupling and increasing the efficiency of the inter-system crossing
from the singlet to the triplet excited state.
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4, Conclusion

We synthesized three new complexes based on pbmb and they were characterized using
single-crystal X-ray diffraction. Crystal structure analysis revealed that 1 and 2 feature 1-D
chains, while 3 exhibited a tetranuclear structure. The photoluminescence study indicated
that 2 has strong fluorescence intensity, and therefore, can be used as a luminescent material.
On account of the heavy atom effect, 1 and 3 weaken the fluorescence intensities, which
increase the spin-orbit coupling and the efficiency of the inter-system crossing. It can be
observed that the heavy atom effect has a causative influence on the complexes, and their
luminescent properties can be affected by different metal centers and anions.

Supplementary material

Crystallographic data for the structural analysis have been deposited with the Cambridge
Crystallographic Data Center, CCDC reference numbers 1038939, 1563528, and 1563529. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.htm (or from the Cambridge
Crystallographic Data Center, 12 Union Road, Cambridge CB2 1EZ, UK; Fax:+44 1223 336033).
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