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Syntheses, Crystal Structure and Optical Property of Two Bis-ligand Silver(1)
Complexes Containing Diphenic Acid and Bidentate N-donor Ligands
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Abstract: The reaction of AgNOs, 4,4'-bipyridine (bpy)/flexible 1,2-di(4-pyridyl)ethylene (dpe), diphenic acid
(Hyda) in acetic acid/alcohol aqueous solution produces, respectively, block-like crystals of [Agy(bpy).(Hda),](HAc),
+2H,0 (1), and [Agy(dpe)s(da)]-4H,0 (2) at room temperature. Both the above-stated compounds consist of parallel
1D infinite cationic chains, [AgL]. (L=bpy and dpe), interspersed with organic da’” anions which play the role of
charge compensation in the crystal structure. The lattice water molecules are situated among these chains, and
stabilized by rich hydrogen-bonding interactions, playing a role in the orientation of the da® in the crystal
packing. Optical absorption properties and band gaps of title compounds were determined with UV/Vis/NIR diffuse
reflectance spectra, and the results show that the E, can be assessed at 3.3 eV for both compound 1 and 2.

CCDC: 768737, 1; 768736, 2.
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0 Introduction as well as their special properties like electrical
conductivity, magnetism, host-guest chemistry and

The design and assembly of metal-organic frame- catalysis™. The construction of coordination polymers
works (MOFs) with novel structures has received more is highly influenced by factors like coordination nature
and more attentions due to their versatile architecture of metal ions, the structural characteristic of the poly-
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dentate organic ligands, the metal-ligand ratio, and the
possible counter-ions"”. The key to construction of a
desired framework is the selection of organic ligands,
and in some cases, a subtle alteration of organic ligands
could lead to different architecture, such as [Ag(bpp)]
[Ag:(bpp)2(0x)INO; and [Ag, (ppa)s (ox)] - OH,0M™ (bpp=
1,3-bis (pyridyl)propane;  ppa=N-(4-pyridinylmethyl)-
4-pyridinecarboamide; ox =oxalate), [Ag (bpp)]:(tdc) -
8H,0" and [Ag,(bpy).(H,0)](tdc) - 6H,0™ (bpy=4,4'-
bipyridine; tde = thiophene-2,5-dicarboxylate). 4,4" -
Bipyridine and other pyridyl-donor ligands like 1,2-di
(4-pyridyl)ethylene (dpe) can construct a large range of
infinite frameworks, including honeycomb, diamond,
square grids, ladder, brick, octahedral and T-
shaped™. While diphenic acid (H,da) is one of the
candidates used as a ligand to build multi-dimensional
architectures, in which its two carboxylate groups can
coordinate with metal ions via multi-coordinate ways to
form a series of metal-organic frameworks bearing
different structures and interesting properties!™"®. The
combination of center metal ions with neutral N-donor
ligands and anionic O-donor ligands can generate more
interesting structures which can not be obtained only
via one type of ligands!"7?l. Furthermore, the prospect of
introducing the second or more organic ligands into a
reaction system provides further impetus for research
on metal-organic supramolecular frameworks.

We are trying to utilize rigid 4,4"-bipyridine (-bpy)
Mlexible 1,2-di (4-pyridyl)ethylene (dpe) and diphenic
acid (Hda) to generate some metal-organic frameworks
(MOFs) with novel crystal structures. In this paper, we
report the synthesis, crystal structures, and optical
absorptance properties of two new and novel metal-
organic frameworks assembled by AgNO;, da and 4,4'-
bpy/dpe, namely [Ag,(bpy).(Hda),](HAc),-2H,0 (1) and
[Agx(dpe)a(da)] -4H0 (2). The single-crystal diffraction
results revealed that both complexes contain fascinating
sandwich-like framework, in which the anionic sheets
built up from da* anions and lattice water molecules via
rich  hydrogen-bonding interactions were inserted
between the cationic silver complex layers. And the
Optical absorption properties of complexes 1 and 2
were determined with UV/Vis/NIR diffuse reflectance

spectra.
1 Experimental

1.1 Materials and general methods

All commercially available chemicals were of
reagent grade, and used as received without further
purification. Elemental analysis for the title complexes
was performed by Elementar Vario EL-III. Infrared (IR)
spectra, in the region of 400~4 000 cm™, were recorded
on PerkinElmer Spectrum 100 Fourier Transform
UV-Vis-NIR  diffuse

reflectance spectra of the solid samples were measured

infrared  spectrophotometer.
by Shimadzu UV-3100 spectrophotometer, in which
barium sulfate (BaSO,) was used as the standard with
100% reflectance™.
1.2 Synthesis of complex 1

An ammonia solution (25 mL) containing 0.008 5 ¢
AgNO; (0.05 mmol) and 0.012 g diphenic acid~ (0.05
mmol, H,da) was added dropwise to an acetic acid
(25 mL) of 0.007 8 g 4,4’ -bipyridine (0.05

mmol, bpy). The clear mixture was stirred for a few

solution

minutes and then allowed to evaporate slowly at room
temperature. Block-like brown crystals of [Ag, (bpy),
(Hda),]J(HAc),-2H,0 (1) appeared after several weeks.
Anal. caled. for Cs5HyAgoN,O04(%): C, 53.49; H, 3.94;
N, 4.80; O, 19.20. Found (%): C, 53.51; H, 4.00; N,
4.61; 0, 19.50. IR (KBr, em™): 3 432, 3 050, 2 456,
1940, 1702, 1598, 1 486, 1438, 1389, 1276, 1214,
1143, 1099, 1 066, 1 005, 852, 805, 756, 651, 626,
617,576, 530, 488.
1.3 Synthesis of complex 2

An ammonia solution (25 mL) containing 0.008 5 g
AgNO; (0.05 mmol) and 0.012 g diphenic Acid (0.05
mmol, Hyda) was added drop-wise to an alcohol solution
(25 mL) of 0.0091 g 1,2-di(4-pyridyl)ethylene (0.05
mmol, dpe). The clear mixture was stirred for a few
minutes and then allowed to evaporate slowly at room
temperature. Block-like yellow crystals of [Ag, (dpe),
(da)] -4H,O (2) appeared after several weeks. Anal.
Caled. for C3H3Ag,N,O4(%): C, 51.09; H, 3.94; N, 6.27;
0, 14.34. Found(%): C, 52.22; H, 4.01; N, 6.16; O,
14.55. IR (KBr, em™): 3434,3 039, 1950, 1857, 1 598,
1498, 1435, 1424,1416, 1390, 1302, 1 257, 1 205,
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1152,1108,1089, 1074, 1010, 998, 973, 955, 847,
838, 827,781,759, 716, 672, 659, 554, 492.
1.4 X-ray crystallography

Diffraction intensities for complexes 1 and 2, were
recorded with a Bruker Smart Apex CCD area detector
diffractometer with graphite-monochromatized Mo Ko
radiation (A=0.071 073 nm) using ¢-w mode at 298(2)
K. Semi-empirical absorption correction were applied

using the SADABS program™. The structure were

solved by direct methods™ and refined by full-matrix
least-squares on F* using SHELXS 97 and SHELXL 97
programs respectively®>.. All non-hydrogen atoms were
refined anisotropically and hydrogen atoms were placed
in geometrically calculated positions. Crystallographic
data and structural refinements for compound 1 and 2
are summarized in Table 1. Selected bond lengths and
angles for both compounds are listed in Table 2.
CCDC: 768737, 1; 768736, 2.

Table 1 Details of X-ray data collection and refinement for complexes 1 and 2

1 2
Formula CsHisA2oN,O1y CisH36A2oN,O5
M, 583.33 892.45
Crystal system Monoclinic Monoclinic
Space group C2/c P2i/n
a/ nm 3.011 2(3) 1.081 52(10)
b/ nm 1.15175(13) 1.83321(17)
¢/ nm 1.41247(14) 1.81515(18)
B/ 92.341 0(10) 94.605(2)
V/nm? 4.894 6(9) 3.587 2(6)
A 8 4
#(Mo Ka) / mm™ 0.873 1.151
Total reflections 12 037 17 857
Unique 4323 6311
Riu 0.048 0.042 2
R, 0.040 1 0.038 2
wR, 0.086 1 0.072 5
R, (all data) 0.069 1 0.094 2
wR, (all data) 0.104 6 0.099 4

Table 2 Selected bond lengths (nm) and angles (°) for complex 1 and 2

Ag(1)-N(2) 0.222 2(3) Ag(1)-N(1) 0.222 6(3) Ag(1)-02)#1 0.258 9(3)
Ag(1)-0(1) 0.259 3(3)
N(2)-Ag(1)-N(1) 169.80(10) N(2)-Ag(1)-0Q2)#1 88.44(10) N(1)-Ag(1)-0(2)#1 91.60(11)
N(2)-Ag(1)-0(1) 92.08(9) N(1)-Ag(1)-0(1) 91.30(10)
Ag(1)-N(1) 0.219 3(4) Ag(1)-N@3) 0.219 5(4) Ag(1)-0(3) 0.251 1(4)
Ag(1)-0(1) 0.253 9(4) Ag(2)-N@) 0.217 9(4) Ag(2)-N©2) 0.220 1(4)
Ag(2)-0(1) 0.243 1(4)
N(1)-Ag(1)-N(3) 153.26(17) N(1)-Ag(1)-0(3) 88.76(14) N(3)-Ag(1)-0(3) 109.50(14)
N(1)-Ag(1)-0(1) 109.46(14) N(3)-Ag(1)-0(1) 85.39(14) 0(3)-Ag(1)-0(1) 104.40(12)
N(4)-Ag(2)-N(2) 151.24(18) N(4)-Ag(2)-0(1) 108.70(14) N(2)-Ag(2)-0(1) 99.06(15)

Symmetry transformations used to generate equivalent atoms: 1: #1: —x+1, y, —z+3/2.
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2 Results and discussion

2.1 Crystallographic analysis of complex 1

The analysis of the crystal structure reveals that
[Agx(bpy).(Hda),](HAc),-2H,0 (1) is made up of neutral
chains of [Ag, (bpy),(Hda),]., acetic acid and water
molecules. In the neutral chains of [Ag,(bpy),(Hda),]..,
each Ag atom is coordinated, in a slightly distorted
tetrahedral geometry, by two nitrogen atoms from two
different bpy ligands (Ag-N 0.222 2(3) nm; N-Ag-N
169.80(10)°), and two oxygen atoms from two different
bpda ligands (Ag-O 0.258 9(3) nm and 0.259 3(3) nm;
N-Ag-0 88.44(10)°~92.08(9)°) , as illustrated in Fig.1a
and Table 2. And bpy acts as typical bidentate ligand,
linking two Ag atoms via nitrogen atoms from two
pyridyl rings. Da act as both counterions, balancing the
cationic charge of Ag, and bidentate ligands with
coordination mode as illustrated in Scheme 1la, joining
two Ag atoms via two oxygen atoms from the same COO~
group, while the two oxygen atoms on the other COOH
group are terminal.

In the [Agy(bpy).(Hda),|(HAc),- 2H,0, the da anions
coordinate and weakly bridge adjacent Ag centres, thus
reducing the effective positive charge of each Ag, which

allows the cations to approach more closely. Therefore,

C R %27 %
OH
N\, ~#°
L OO
. C C
7/ \ 0/\ / \0
P N/ O
Ag Ag Ag Ae
(a) (b)

Scheme 1 Two coordination modes of diphenic ion

in complex 1 and 2

the apparent Ag --- Ag interactions are formed with
distances of 0.308 34 (7) nm, which is comparable to
those (0.297 0(2)~0.342 (3) nm) found in other Ag coor-
dination polymers with pyridyl-donor ligands!"*""*. The
adjacent chains are interconnected by da ligands via
oxygen atoms with chelating mode and Ag --- Ag
interactions in a “head to head” fashion, binding two
adjacent chains together to afford infinite “ladders”
(Fig.1b), which are further strengthened by aromatic 7-
7 interactions (0.311 43(4) nm). The adjacent chains

are joined into 3D sandwich-like network by rich
(Table 3) formed by

lattice water molecules and acetic acid.

hydrogen-bonding interactions

Fig.1 (a) Asymmetric unit of [Agy(bpy).(Hda),|(HAc),*2H,0 (1) and coordination environments around Ag cations (H atoms

are omitted for clarity); (b) double chains viewed from a axis in 1 built by da ligands and Ag---Ag interactions

Table 3 Hydrogen bonds for complex 1 and 2

D-H--A d(D-H) / nm d(H--A) / nm d(D-+A) / nm ZDHA / ()
1

03-H3---01 0.082 0 0.166 4 0.247 4 169.23

05-H5---07 0.082 0 0.184 2 0.262 6 159.49
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Continued Table 3

07-H7C---04 0.085 0 0.197 1 0.282 1 178.61
07-H7C---03 0.085 0 0.256 1 0.310 7 122.98
07-H7D---06#4 0.085 0 0.197 2 0.282 2 178.72
2
05-H5C---02#3 0.085 0 0.199 0 0.282 4 166.59
05-H5D---04 0.085 0 0.191 8 02752 166.68
06-H6C---03 0.085 0 0.208 7 0.290 5 161.39
06-H6D---05 0.085 0 0.201 0 0.282 8 161.25
07-H7C---02#3 0.085 0 0.193 3 0.276 9 167.33
07-H7D---04 0.085 0 0.191 5 02751 167.46
08-H8C---06#4 0.085 0 0.190 7 027517 178.98
08-H8D---07#5 0.085 0 0.1959 0.280 9 179.42

Symmetry transformations used to generate equivalent atoms: 1: #4: x, —y, z—1/2; 2: #3: x—=1/2, —y+3/2, z+1/2;

#4: —x+1/2, y=1/2, —z+1/2; #5: —x+1, —y+1, —z+1.

2.2 Crystallographic analysis of complex 2

The crystal structure reveals that [Ag,(dpe),(da)] -
4H,0 is made up of 1D infinite neutral double chains
[Agy(dpe)y(da)]. and lattice water molecules. The Ag(1)
atom is coordinated in a slightly distorted tetrahedral
geometry with two nitrogen atoms from two different dpe
ligands (Agl-N 0.219 3(3) nm; N-Agl-N 153.26°), and
two oxygen atoms from two COO ~ group attached on
different benzene rings of the same da ligand (Agl-O
0.251 1(4) and 0.253 9(4) nm; N-Ag1-0 109.50(14)°; O-
Agl-0 104.40(12)°). While Ag(2) atom, in distorted
trigonal geometry, is coordinated by two nitrogen atoms
from two different dpe ligands (Ag-N 0.217 9(4) and
0.220 1(4) nm) and an oxygen atom from COO~ group
(Ag-O 0.243 1(4) nm). As illustrated in Fig.2a and
Table 2. The dpe ligand acts as typical 4,4'-bipyridine-

like bidentate ligand, linking two Ag atoms via nitrogen
atoms from two pyridyl rings to form infinite 1D chain.
While da acts as tridentate ligand with coordination
mode as shown in Scheme 1b, in which one Ag atom
was coordinated by two oxygen atoms, with chelating
mode, from two different COO~ group attached on two
different benzene rings of the same ligand molecule; the
other Ag atom was coordinated by an oxygen atom with
mono mode.

It is noteworthy that in 2 the ligand-unsupported
Ag---Ag (03539 nm) and Ag---N (0.345 0 nm) weak
interactions also play important role on connecting the
adjacent [Ag(dpe)|* chains, as shown in Fig.2b. The 1D
double chains are connected into 2D sheet by rich
hydrogen-bonding interactions formed by lattice water

molecules situating among the [ Agy(dpe),(da)] molecules.

€0 2 2y e e — e
“f‘H—*—-—-—*?ﬁ-ﬁ—r_»—rsr—w______: =
€ s =y e e __,_9‘1_\‘,._—."_1_‘____ _______ /‘ e
_______ “H:'J‘"‘\r—‘ﬁ—*?—o—"‘—“‘w-:.
=m—69"—\'er:_s__—‘-_—,.g_\é’l_s‘ ______ =‘_9__@g"_\‘\@___—___
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(b)

Fig.2 (a) Asymmetric unit of [Ag)(dpe)y(da)]-4H,0; (2) coordination environments around Ag cations (H atoms are

omitted for clarity); (b) Ag---N and Ag---Ag interactions between the [Ag(dpe)].. chains
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2.3 Optical energy gap

In order to explore the conductivity of the title
compound, the measurement of diffuse reflectivity for a
powder sample was used to obtain its band gap E
which agrees well with that obtained by absorption
measurement from a single crystal™. The band gap E,
was determined as the intersection point between the
energy axis and the line extrapolated from the linear
portion of the absorption edge in a plot of KubelkaMunk
function F against energy E. KubelkaMunk function, F=
(1-R)/(2R), was converted from the recorded diffuse
reflectance data, where R is the reflectance of an
infinitely thick layer at a given wavelength. The F
versus E plots for the compound 1 and 2 are shown in
Fig.3, where steep absorption edges are displayed and
the E, of both compounds can be assessed at 3.3 V.

F/au.

E/evV

Fig.3 F-E plots for compound 1 and 2

3 Conclusions

In conclusion, we present two novel and interesting
metal-organic frameworks built from rigid 44" -
bipyridine (4,4" -bpy)/flexible 1,2-di (4-pyridyl)ethylene
(Hyda) and Ag (I) ions. The
isolations of 1 and 2 imply that the utilization of

(dpe), diphenic acid

different ligands can lead to new types metal coordina-
tion compounds with fascinating architectures. And the
reflectance spectrum measurements revealed the prese-
nce of optical band gaps with 3.3 eV compound 1 and

2, respectively.
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