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a b s t r a c t

A mixed-ligand coordination polymer (CP) of the formula {[Ag3(bmimb)2 (ndca)1.5]�H2O}n (1) (where
bmimb = 1,4-bis(2-methylimidazol-1-ylmethyl)benzene and H2ndca = naphthalene-1,4-dicarboxylic
acid) was synthesized by reaction of Ag2O and bmimb ligand with H2ndca under the ammoniacal condi-
tion. It has been structurally characterized by element analysis, IR and X-ray single-crystal diffraction.
The bmimb acts as bidentate l2-N,N0 ligand, and the ndca ligand adopts two different coordination modes
in 1, which are l4-g1:g1:g1:g1 and l2-g1:g0:g1:g0, respectively. Coordination of Ag(I) ions with bmimb
and ndca ligands produces two different 1D chains, which is attributed to the different coordination
modes of the ndca ligand, indicating the ndca ligand plays an important role in the formation of the
diverse 1D chains. The complex 1 exhibits photoluminescent emission in the solid state at room
temperature.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

The continuing interest in the crystal engineering of coordina-
tion polymers (CPs) not only originates from their potential applica-
tions in catalysis, storage, conduction, non-linear optics (NLOs),
luminescence, ferroelectricity and magnetism, but also from their
fascinating architectures and topologies [1–9]. As we know,
construction of CPs is mainly dependent on the metal centers and
organic ligands. The Ag(I) ion with d10 closed-shell electronic con-
figuration is famous for having pliant coordination geometries
including linearity, triangle, tetrahedron and trigonal-pyramid with
occasional instances of square and octahedron [10]. The coordina-
tion features of the organic ligand including the coordination mode
and orientation of the donor groups also play an important role in
controlling CPs’ structures. In recent years, although heterocyclic
N-donor ligands (such as pyridine, pyrazine, pyrimidine, and their
derivatives) have been widely used in transition metal CPs as either
bridging or chelating ligands [11–24], we are currently investigating
the use of the flexible ligand 1,4-bis(2-methylimidazol-1-
ylmethyl)benzene (bmimb) to construct novel architectures. The
bmimb ligand is rarely used in Ag(I) CPs due to its two turning
points and can act as bidentate l2-N,N0 ligand. Herein, we utilized
ll rights reserved.
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mixed-ligand strategy to construct a new 1D coordination polymer
which contains two different 1D chains, and the influence of the
coordination mode of the ndca ligand on the resulting structure
was discussed.
2. Experimental

2.1. Materials and physical measurements

All the reagents and solvents employed were commercially
available and used as received without further purification. Infra-
red spectrum was recorded on a Nicolet AVATAT FT-IR330 spec-
trometer as KBr pellets in the frequency range 4000–400 cm�1.
The elemental analysis (C, H, N contents) was determined on a
CE instruments EA 1110 analyzer. Photoluminescence measure-
ment was performed on a Hitachi F-7000 fluorescence spectropho-
tometer with solid powder on a 1 cm quartz round plate.

2.2. Synthesis of compound {[Ag3(bmimb)2 (ndca)1.5]�H2O}n (1)

A mixture of Ag2O (23 mg, 0.1 mmol), bmimb (27 mg, 0.1 mmol)
and H2ndca (22 mg, 0.1 mmol) was stirred in methanol-DMF mixed
solvent (5 mL, v/v: 3/2). Then aqueous NH3 solution (25%, 2 mL) was
dropped into the mixture to give a clear solution under ultrasonic
treatment. The resultant solution was allowed to evaporate slowly
in darkness at room temperature for several days to give yellow
crystals of 1 (yield: 67%, based on silver). Anal. Calcd (found) for
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Table 2
Selected bond distances (Å) and angles (�) for 1.

Complex 1
Ag1–O1 2.093(6) Ag1–Ag2 3.3216(17)
Ag2–O2 2.658(6) Ag3–N3 2.165(7)
Ag2–N1 2.116(7) Ag3–O4 2.532(18)
O1i–Ag1–O1 175.9(4) O2–Ag2–Ag1 53.92(13)
N1i–Ag2–O2 92.0(3) N1i–Ag2–N1 177.0(4)
N1–Ag2–O2 89.7(3) N3–Ag3–N3ii 146.6(4)
N1–Ag2–Ag1 91.5(2) N3–Ag3–O4 106.7(2)

Symmetry codes: (i) �x + 1/2, y, �z + 1/2; (ii) x, �y + 1, �z + 2.
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Ag3C50H45N8O7: C, 49.88 (50.32); H, 3.70 (3.80); N, 9.45 (9.39)%. IR
(KBr): m(cm�1) = 3421 (s), 1561 (s), 1518 (m), 1502 (s), 1470 (m),
1414 (s), 1365 (s), 1287 (m), 1270 (m), 1212 (w), 1156 (m), 1138
(m), 1076 (w), 989 (w), 865 (w), 797 (m), 738 (s), 665 (m), 630
(m), 566 (m), 478 (m).

3. X-ray crystallography

Single crystal of the complex 1 with appropriate dimensions was
chosen under an optical microscope and quickly coated with high
vacuum grease (Dow Corning Corporation) before being mounted
on a glass fiber for data collection. Data for 1 was collected on a Bru-
ker-AXS CCD single-crystal diffractometer with graphite-mono-
chromated Mo Ka radiation source (k = 0.71073 Å). A preliminary
orientation matrix and unit cell parameters were determined from
3 runs of 20 frames each, each frame corresponds to a 0.3o scan in
5 s, followed by spot integration and least-squares refinement. Data
were measured using x scans of 0.3� per frame for 10 s until a com-
plete hemisphere had been collected. Cell parameters were re-
trieved using SMART software and refined with SAINT on all
observed reflections [25]. Data reduction was performed with the
SAINT software and corrected for Lorentz and polarization effects.
Absorption corrections were applied with the program SADABS.
[25] In all cases, the highest possible space group was chosen. The
structure was solved by direct methods using SHELXS-97 [26] and
refined on F2 by full-matrix least-squares procedures with SHEL-
XL-97 [27]. Atoms were located from iterative examination of dif-
ference F-maps following least squares refinements of the earlier
models. Hydrogen atoms were placed in calculated positions and
included as riding atoms with isotropic displacement parameters
1.2–1.5 times Ueq of the attached C or N atoms. The structure was
examined using the Addsym subroutine of PLATON [28] to assure
that no additional symmetry could be applied to the models. The
crystallographic details of 1 are summarized in Table 1. Selected
bond lengths and angles for 1 are collected in Table 2.

4. Results and discussion

4.1. Syntheses and IR

The synthesis of complex 1 was carried out in the darkness to
avoid photodecomposition. The infrared spectrum and elemental
Table 1
Crystallographic data for complex 1.

Complex 1
Formula Ag3C50H45N8O7

Mr 1193.55
Crystal system Orthorhombic
Space group Cmca
a (Å) 21.901(5)
b (Å) 30.645(7)
c (Å) 14.201(3)
Z 8
V (Å3) 9531(4)
Dc (g cm�3) 1.664
l (mm�1) 1.281
F(000) 4784
No. of unique reflns 4323
No. of obsd reflns [I > 2r(I)] 3134
Parameters 301
GOF 1.047
Final R indices [I > 2r(I)]a,b R1 = 0.0805

wR2 = 0.2032
R indices (all data) R1 = 0.1075,

wR2 = 0.2230
Largest difference peak and hole (e Å�3) 1.763 and �0.861

a R1 =
P

||Fo| � |Fc||/
P

|Fo|.
b wR2 ¼

P
wðF2

o �wR2 ¼
P

wðF2
o � F2

c Þ
2=
P

wðF2
oÞ

2
h i0:5

.

analysis of 1 are fully consistent with its formation. Its IR spectrum
(Fig. S2) exhibits strong absorptions centered at �3400 cm�1 corre-
sponding to the O–H stretching vibration of the lattice water mol-
ecule. Strong characteristic bands of carboxylic group are observed
in the range of �1560–1500 cm�1 for asymmetric vibrations and
�1470 cm�1 for symmetric vibrations, respectively.
4.2. Crystal structure of {[Ag3(bmimb)2 (ndca)1.5]�H2O}n (1)

X-ray single-crystal analysis reveals that 1 crystallizes in the
orthorhombic space group Cmca whose asymmetric unit contains
one and a half Ag(I) ions, one bmimb ligand, three fourths of ndca
anion and a half of lattice water molecule. Analysis of the local sym-
metry of the metal atoms and ligands showed that all Ag(I) ions
(Ag1, Ag2 and Ag3) and water molecule reside on the crystallo-
graphic 2-fold axis (site occupancy factor (SOF) = 1/2); the ndca li-
gand is bisected by a crystallographic mirror along the bc plane
and disordered in two equal positions related to a 2-fold axis. As
shown in Fig. 1a, Ag1 is coordinated by two oxygen atoms from
two ndca anions to form a line geometry [Ag1–O1 = 2.093(6) Å].
Ag2 is located in a distorted tetrahedral coordination geometry by
coordinating with two nitrogen atoms from two different bmimb li-
gands and two oxygen atoms from two different ndca anions [Ag2–
N1 = 2.116(7), Ag2–O2 = 2.658(6) Å] without consideration of
Ag� � �Ag interaction. While Ag3 is coordinated by two nitrogen
atoms from two different bmimb ligands and one oxygen atom from
ndca anion to form a T-shape geometry [Ag3–N3 = 2.165(7), Ag3–
O4 = 2.532(18) Å]. The distortion of the tetrahedron can be indi-
cated by the calculated value of the s4 parameter introduced by
Houser [29] to describe the geometry of a four-coordinate metal
system, which is 0.53 for Ag2 (for perfect tetrahedral geometry,
s4 = 1).

It is noteworthy that a pair of oppositely arranged l2-bmimb li-
gands bind two Ag3 atoms to form a [Ag2(bmimb)2] ring subunit.
These subunits are linked by ndca anions to form a 1D chain [chain
(I), Fig. 1b]. Except for this kind of 1D chain, another kind of 1D
chain also coexists in 1. A pair of Ag1 and Ag2 atoms are ligated
by two ndca anions to form a [Ag2(ndca)2] eight-membered ring
subunit and these subunits link each other by sharing the two car-
boxyl groups of the ndca anion to form a 1D chain. The intra-sub-
unit shortest Ag� � �Ag contact is 3.3216(17) Å, which is slightly
shorter than the twice the van der Waals radius of Ag(I) [30] and
indicates so-called argentophilic interaction [31–35]. Then the 1D
chain is stabilized by the bmimb ligands, which act as bridges of
the adjacent Ag2 atoms with a l2-g1:g1 coordination mode, thus,
chain (II) is formed (Fig. 1c).

The lattice water molecule (donor) is hydrogen bonded to oxy-
gen atoms of the carboxyl groups of two different ndca anions with
the Owater� � �Ocarboxyl distances of 2.74(2) Å (Table 3). This kind of
hydrogen bond extends the chain (I) into a 2D network (Fig. 1d).
The p� � �p interactions (as shown in Table 4, Fig. S1, Supporting
Information) bond the 2D network and chain (II) into a 3D
supramolecule.



Fig. 1. (a) The coordination environment of the Ag(I) ions and the linkage modes of ligands in 1 with 50% thermal ellipsoid probability. Water molecule and hydrogen atoms
are omitted for clarity. (b) Chain (I). (c) Chain (II). (d) The 2D network arranged from chain (I) and hydrogen bonds of adjacent chains. (Symmetry codes: (i) �x + 1/2, y, �z + 1/
2; (ii) x, �y + 1, �z + 2; (vi) �x, �y + 1, �z + 2; (vii) �x, y, z; (viii) �x + 1, y, z.)

Table 3
The hydrogen bond geometry for 1.

Complex 1
D–H� � �A D–H H� � �A D� � �A D–H� � �A
O1W–H1WA� � �O3 0.85 1.89 2.74(2) 180

Table 4
p� � �p Interactions in 1.

Ring
(i) ? ring
(j)

Cg� � �Cg
(Å)

Dihedral
angle (i,j) (�)

Cg(i) ? ring
(j) (Å)

Cg(j) ? ring
(i) (Å)

b (�)

Cg1� � �Cg4iii 3.863(6) 10.3(6) 3.623(4) �3.648(4) 19.20
Cg3� � �Cg7iv 3.971(5) 27.0(4) 3.960(4) �3.661(3) 22.81
Cg4� � �Cg1iii 3.863(6) 10.3(6) �3.648(4) 3.624(4) 20.28
Cg7� � �Cg3v 3.971(5) 27.0(4) �3.660(3) 3.961(4) 4.17

Cg1: N3/C15/C16/N4/C17; Cg3: C20/C21/C21a/C20a/C22a/C22; Cg4: N1/C6/C5/N2/
C7; Cg7: C12/C13/C14/C14b/C13b/C12b.
Symmetry codes: (iii) x, 1 � y, 1 � z; (iv) 1/2 � x, 1 � y, 1/2 + z; (v) 1/2 � x, 1 � y,
�1/2 + z. b = Angle Cg(i) ? Cg(j) or Cg(i) ? Me vector and normal to ring (i).

Fig. 2. Emission spectra of the ligands and complex 1.
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4.3. Photoluminescence properties

Emissive CPs are of great current interest because of their
various applications in chemical sensors, photochemistry and
electroluminescent display [36,37]. Thus, the photoluminescence
property of 1 as well as free ligands was examined in the solid state
at room temperature (Fig. 2). The bmimb and ndca ligands display
photoluminescent emissions at 493 and 477 nm respectively under
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360 nm radiation which are probably attributed to the p�? p tran-
sition [38–40]. Consideration of weak emissive essence of H2ndca li-
gand [41], the photoluminescence of compound 1 should originate
from the transitions between the energy levels of N-donor ligands
[42]. The intense emission bands at 446 nm (kex = 360 nm) for 1 is
observed at room temperature which is blue-shifted by about
50 nm compared to that of the bmimb ligands.

5. Conclusions

In summary, we demonstrate the synthesis and characteriza-
tion of a photoluminescent 1D chain Ag(I) CP under the ammonia-
cal condition. As the change of the coordination mode of the ndca
ligand, two different kinds of chains [chain (I) and chain (II)] are
formed. These results provide a way of understanding the influence
of the coordination modes of the ndca ligand on the resultant
structures. Moreover, photoluminescent property of this CP is also
discussed.
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Appendix A. Supplementary material

CCDC 853976 contains the supplementary crystallographic data
for 1 in this paper. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB 21EZ, UK; fax: (+44) 1223-336-033; or e-mail: depos-
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article can be found, in the online version, at doi:10.1016/
j.molstruc.2012.01.052.
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