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gap semi-conductive materials.
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The reactions of AgNO3 with combinations of 4,40-bipyridine (bpy)/1,2-di(4-pyridyl)ethylene (dpe), and
5-aminophthalic acid (H2ap)/2,6-Naphthalenedicarboxylic acid (H2npdc)/4,40-stilbenedicarboxylic acid
(H2sbdc) in aqueous alcohol/ammonia at room temperature produce crystals of [Ag4(bpy)4](ap)2�11H2O
(1), [Ag2(bpy)2](npdc)�2H2O (2) and [Ag2(dpe)1.5(sbdc)0.5](sbdc)0.5�7H2O (3). All complexes 1, 2 and 3 con-
sist of 1D infinite silver-ligand cationic chains, interspersed with organic carboxylate anions that provide
charge compensation in the crystal structures. The lattice water molecules are situated among the frame-
work of the crystal structure and show rich hydrogen-bonding interactions, which serve to orientate of
the organic carboxylate anions in the crystal packing, while the presence of Ag� � �N and Ag� � �Ag contacts
strengthens the frameworks. In addition, complexes 1–3 exhibit good photocatalytic activities for dye
decolorization under UV light.

� 2014 Elsevier B.V. All rights reserved.
Introduction their distinctive chemical and physical properties, which include
Metal–organic frameworks (MOFs) have received great
attention due to not only their diverse structures [1–6], but also
conductivity, luminescence, adsorption and separation [7–13]. A
new emerging application of MOFs is helping the environment,
such as acting as efficient photocatalyst on the degradation of
organic dyes with irradiation of UV or visible light, and absorbent
on removal of organic dyes from waste streams.

Some MOFs have been demonstrated to be efficient photocata-
lysts [14–19]. Under the irradiation of UV or visible light, there is
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an electron transfer from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO). The
HOMO is mainly contributed by oxygen and/or nitrogen 2p
bonding orbitals (valence band) and the LUMO by empty M (like
Cu) orbitals (conduction band), charge transfer actually takes place
from oxygen and (or) nitrogen to M ion on photoexcitation. The
HOMO strongly demands one electron to return to its stable state.
Therefore, one electron was captured from water molecules, which
was oxygenated into the �OH active species. Then the �OH radicals
could cleave organic dye (like methylene blue) effectively to com-
plete the photocatalytic process [17,20].

In this paper, we present three silver-based complexes, namely
[Ag4(bpy)4](ap)2�11H2O (1), [Ag2(bpy)2](npdc)�2H2O (2) and
[Ag2(dpe)1.5(sbdc)0.5](sbdc)0.5�7H2O (3), constructed from rigid
4,40-bipyridine (bpy)/flexible 1,2-di(4-pyridyl)ethylene (dpe), and
5-aminophthalic acid (H2ap)/2,6-Naphthalenedicarboxylic acid
(H2npdc)/4,40-stilbenedicarboxylic acid (H2sbdc) (as listed in
Scheme 1), to investigate the influence of different organic anions
on the crystal structures and properties of the resulting silver-
based coordination complexes. The Eg of complexes 1, 2 and 3
can be assessed at 3.2 eV, 3.2 eV and 3.3 eV, respectively, implying
potential wide gap semi-conductive materials. All three complexes
demonstrated that they are excellent candidates for photocatalytic
degradation of methylene blue (MB).
Experimental

All chemicals were commercially available reagent grade, and
used without further purification. Elemental analyses were
obtained using an Elementar Vario EL-III instrument. FTIR spectra,
in the region (400–4000 cm�1), were recorded on a Perkin–Elmer
Spectrum 100 Fourier Transform infrared spectrophotometer.
UV–Vis diffuse reflectance spectra of solid samples were measured
from 200 nm to 800 nm by Shimadzu UV-3101PC spectrophotom-
eter, in which barium sulfate (BaSO4) was used as the standard
with 100% reflectance [21]. Photocatalytic experiments were per-
formed in conventional processes. A suspension containing com-
plexes 1–3 (40 mg) and 250 mL MB (5 mg/L) solution was stirred
in the dark for about 30 min to ensure the adsorption equilibrium
before irradiation. It was then stirred continuously under 300 W
Hg lamp. At given time intervals, 1 mL samples were taken out of
the reactor using 0.2 lm syringe filter (Tianjin Jinteng), and then
analyzed by UV–vis spectrometer (Shanghai Lab-Spectrum Instru-
ments Co., Ltd.). The concentration of MB was determined by the
absorbance at 665 nm, which directly relates to the structural
change of its chromophore.
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Scheme 1. The structural formulae of b
Synthesis of [Ag4(bpy)4](ap)2�11H2O (1)

An ammonia solution (25 mL, 0.5 mol/L) of AgNO3 (0.0085 g,
0.05 mmol) and 5-aminophthalic acid (ap) (0.009 g, 0.05 mmol)
was added dropwise to an EtOH solution (25 mL) of bpy (0.010 g,
0.05 mmol). The clear mixture was stirred for a few minutes, and
then allowed to evaporate slowly at room temperature. Block-like
light yellow crystals of [Ag4(bpy)4](ap)2�11H2O (1) were obtained
after several weeks. Anal. Calcd. for C56H64Ag4N10O19 (%): C, 41.7;
H, 4.0; N, 8.7. Found: C, 42.1; H, 4.3; N, 8.9. IR (KBr)/cm�1:
3398 m, 2864 m, 1598s, 1577s, 1530s, 1485 m, 1447 m, 1434 m,
1411 m, 1384s, 1218s, 1071w, 1001w, 805s, 757 m, 721 m,
702 m, 626 m, 570 m, 507 m, 486 m.

Synthesis of [Ag2(bpy)2](npdc)�2H2O (2)

Synthesis of block-like colorless crystals of [Ag2(bpy)2]
(npdc)�2H2O (2) followed the same procedure as for 1, except that
H2ap was replaced by H2npdc. Anal. Calcd. for C32H30Ag2N4O8(%):
C, 47.2; H, 3.7; N, 6.9. Found: C, 47.4; H, 3.6; N, 7.0. IR (KBr)/
cm�1: 3297 m, 2926 m, 2859 m, 2554 m, 1686s 1622s, 1605s,
1569s,1497 m, 1455 m, 1421 m, 1366 m, 1307 m, 1284 m,
1218 m, 1210 m, 1012w, 1004w, 979w, 809s, 802 m, 791s, 783s,
722s, 688w, 665 m, 638w, 613 m, 507 m, 489 m.

Synthesis of [Ag2(dpe)1.5(sbdc)0.5](sbdc)0.5�7H2O (3)

Synthesis of block-like colorless crystals of [Ag2(dpe)1.5

(sbdc)0.5](sbdc)0.5�7H2O (3) followed the same procedure as for 1,
except that bpy and H2ap were replaced with dpe and H2sbdc,
respectively. Anal. Calcd. for C34H42Ag2N3O11 (%): C, 46.2; H, 4.8;
N, 4.8. Found: C, 46.7; H, 4.9; N, 4.9. IR (KBr)/cm�1: 3564 m,
2924 m, 2862 m, 1937 m, 1600s, 1557s, 1498 m, 1455 m, 1424s,
1416s, 1385s, 1353s, 1301w, 1204s, 1156 m, 1109s, 1073w,
1009 m, 997 m, 972w, 954w, 826s, 739w, 669w, 547 m, 491 m,
427w.

X-ray crystallography

X-ray single-crystal data collection for complexes 1, 2 and 3 was
performed with Bruker CCD area detector diffractometer with a
graphite-monochromatized Mo Ka radiation (k = 0.71073 Å) using
u–x mode at 298(2) K. The SMART software [22] was used for data
collection and the SAINT software [23] for data extraction.
Empirical absorption corrections were performed with the SADABS
program [24]. The structure has been solved by direct methods
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Table 1
Details of X-ray data collection and refinement for complexes 1, 2 and 3.

1 2 3

Formula C56H64 Ag4N10O19 C32H30 Ag2N4O8 C34H42Ag2N3O11

M 1612.65 407.17 884.45
Crystal system Monoclinic Triclinic Triclinic
Space group P2(1) P�1 P�1
a, (Å) 9.1963(9) 7.1388(8) 11.4627(4)
b, (Å) 28.385(3) 9.6059(9) 12.6360(5)
c, (Å) 11.4281(11) 11.4050(10) 13.6132(5)
a, (o) 90 90.4430(10) 114.877(2)
b, (o) 94.4450(10) 94.9710(10) 93.1080(10)
c, (o) 90 108.804(2) 90.9710(10)
V, (Å3) 2974.2(5) 737.04(13) 1784.46(11)
Z 2 2 2
l(Mo, Ka) (mm�1) 1.381 1.390 1.160
Total reflections 10721 4289 10,735
Unique 8380 2616 6284
F(000) 1620 408 898
Goodness-of-fit on F2 0.993 1.050 1.029
Rint 0.0405 0.0268 0.0215
R1 0.0479 0.0354 0.0339
xR2 0.0841 0.0840 0.0738
R1 (all data) 0.0736 0.0461 0.0512
xR2 (all data) 0.0986 0.0919 0.0833
Largest diff. Peak and

hole (e/Å3)
0.483, �0.614 0.350, �0.639 0.643, �0.332
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(SHELXS-97) [25] and refined by full-matrix-least squares tech-
niques on F2 with anisotropic thermal parameters for all of the
non-hydrogen atoms (SHELXL-97) [25]. All hydrogen atoms were
located by Fourier difference synthesis and geometrical analysis.
These hydrogen atoms were allowed to ride on their respective
parent atoms. All structural calculations were carried out using
the SHELX-97 program package [25]. Crystallographic data and
structural refinements for complexes 1, 2 and 3 are summarized
in Table 1. Selected bond lengths and angles for both complexes
are listed in Table 2.
Results and discussion

Structure of complex 1

[Ag4(bpy)4](ap)2�11H2O (1) is made up of infinite [Ag4(bpy)4]n
4n+

cationic chains, ap2� anions, and H2O molecules. Fig. 1(a) shows
the asymmetric unit of complex 1. In the chains of [Ag (bpy)]n

n+

cations, the Ag1, Ag2, Ag3 and Ag4 atoms, in a linear coordination
geometry, are coordinated by the two nitrogen atoms from two dif-
ferent bpy ligands, and the parameters of bond lengths and bond
angles are listed in Table 2. The dihedral angles between the
pyridyl rings of bpy ligands linked to Ag atoms are 5.565(512)�.
The oxygen atoms of the water molecules interact with the Ag
centers through weak Ag� � �O interactions [Ag(1)� � �O(9) and
Ag(1)� � �O(10) = 2.661(8) and 2.932(8) Å; Ag(2)� � �O(12)
and Ag(2)� � �O(11) = 2.633(8) and 2.699(8) Å; Ag(3)� � �O(13) and
Ag(3)� � �O(14) = 2.689(7) and 2.806(8) Å; Ag(4)� � �O(15) = 2.811(7)
Å]. The Ag� � �O distances are thus shorter than their van der Waals
contact distance of 3.24 Å [26].

The adjacent cationic [Ag1(bpy)]n
n+ and [Ag3(bpy)]n

n+ chains
are connected by Ag� � �Ag and Ag� � �N interactions (Ag1� � �Ag3 con-
tacts being 3.57 Å; Ag1� � �N7 contacts being 3.54 Å; Ag3� � �N4 con-
tacts being 3.45 Å) into double chain (A double chain). While the
adjacent cationic [Ag2(bpy)]n

n+ and [Ag4(bpy)]n
n+ chains are also

connected by Ag� � �Ag and Ag� � �N interactions (Ag2� � �Ag4 contacts
being 3.49 Å, Ag2� � �N9 contacts being 3.62 Å) into double chains (B
double chain). Finally the [Ag2(bpy)]n

n+ and [Ag3(bpy)]n
n+ chains

are joined by p� � �p stacking interactions with centroid���centroid
distances of 3.62 Å between the pyridyl rings of neighboring bpy
ligands, connecting the A double chains and B double chains to
build 2-D sheets, as shown in Fig. 1(b). The deprotonated ap2�

anions are joined into anionic sheets with the aid of lattice water
molecules via intermolecular hydrogen-bonding interactions, as
depicted in Table 3 and Fig. 1(c). The neighboring cationic and
anionic sheets are further alternately joined into a 3D sandwich-
like framework by hydrogen bonding and electrostatic interac-
tions, as shown in Fig. 1(d).

Structure of complex 2

As illustrated in Fig. 2(a), in the complex [Ag2(bpy)2](npdc)�
2H2O (2), the Ag1 atoms, in a linear coordination geometry, are
coordinated by the two nitrogen atoms from two different bpy
ligands (Ag1–N being 2.150(3) and 2.155(3) Å; N–Ag1–N being
175.99(10)�). The oxygen atoms of the aqua ligands also interact
with the Ag1 centers through weak Ag� � �O interactions
[Ag1� � �O = 2.794(25) Å].

The adjacent cationic [Ag1(bpy)]n
n+ chains are connected by

Ag� � �N and Ag� � �Ag interactions (Ag� � �N contacts and Ag� � �Ag
contacts being 3.690 Å and 3.553 Å, respectively) into 2D cationic
sheets (A sheet), as shown in Fig. 3(a). The deprotonated npdc2�

anions are joined into anionic sheets (B sheets) with the aid of
lattice water molecules via intermolecular hydrogen-bonding
interactions, as depicted in Table 3 and Fig. 2d. The neighboring
cationic and anionic sheets are further joined into a 3D sand-
wich-like framework with the repeating order of ABAB by electro-
static interactions.

Structure of complex 3

The crystal structure reveals that [Ag2(dpe)1.5(sbdc)0.5](sbdc)0.5

�7H2O (3) is made up of infinite cationic chains of [Ag2(dpe)1.5

(sbdc)0.5]n
n+, sbdc2� anions and lattice water molecules, as drawn

in Fig. 3(a). In the cationic chains of [Ag2(dpe)1.5(sbdc)0.5]n
n+, the

Ag1 atoms, in linear geometry, are coordinated by one nitrogen
atom from dpe ligand and one oxygen atom from sbdc2� ligand
(Ag–N = 2.124(2) Å; Ag–O = 2.121(2) Å; O–Ag–N = 169.58(10�)),
and Ag2 atoms also adopt linear geometry, completed by two
nitrogen atoms from two different dpe ligands (Ag–N = 2.119(2)
Å and 2.125(2) Å, N–Ag–N = 176.05(10)�), as illustrated in Fig. 3
and Table 2.

The adjacent cationic [Ag2(dpe)1.5(sbdc)0.5]n
n+ chains are con-

nected by Ag� � �O and Ag� � �Ag interactions (Ag� � �O contacts being
3.43 Å, and Ag� � �Ag contacts being 3.20 Å) into 2D cationic sheets,
as shown in Fig. 3(b). The completely deprotonated sbdc2� anions
are joined into anionic sheets with the aid of lattice water mole-
cules via intermolecular hydrogen-bonding interactions, as
depicted in Table 3. The neighboring cationic and anionic sheets
are further joined into a 3D sandwich-like framework by hydrogen
bonding and electrostatic interactions. Interestingly, the sbdc2�

acts as not only bidentate ligand to link two Ag(I) atoms to form
[Ag2(dpe)1.5(sbdc)0.5]n

n+ chains with the aid of bpy ligand, but also
counterions to form anionic sheets with the help of lattice water
molecules.

Series of complexes of silver (I) with sandwich-like structure
have been reported, like [Ag2(bpy)2](HA)2�6H2O [3], [Ag2(bpy)2

(H2O)](pdc)�3H2O [3], [Ag4(bpy)4](bptc)�14H2O [3] and [Ag2

(dpe)2(H2O)2](HA)�6H2O [27], [Ag2(bpy)2(Hda)2](HAc)2�2H2O [28],
and [Ag2(dpe)2(da)]�4H2O [28], (NH4)[Ag(dpe)(H2bptc)] [29]
and Ag2(bpy)(ox)�7H2O [29] (bpy = 4,40-bipyridine, dpe = 1,2-di
(4-pyridyl)ethylene, HA = hexanedioic acid, pdc = pyridine-3,
5-dicarboxylic acid, bptc = 3,304,40-biphenyltetracarboxylic acid,
da = diphenic acid, ox = oxalic acid). All the above-stated com-
plexes consist of 2D cationic sheets constructed from parallel 1-D
infinite bpy/dpe/bpp-silver cationic chains via ligand-unsupported



Table 2
Selected bond lengths (Å) and angles (o) for complexes 1, 2 and 3.

[Ag4(bpy)4](5ap)2�11H2O (1)
Bond lengths (Å)
Ag(1)–N(3) 2.151(6) Ag(1)–N(4)#1 2.168(6) Ag(2)–N(6) 2.177(7)
Ag(2)–N(5) 2.182(7) Ag(3)–N(8)#1 2.167(7) Ag(3)–N(7) 2.174(7)
Ag(4)–N(9) 2.150(7) Ag(4)–N(10) 2.153(7)

Bond angles (o)
N(2)#1–Ag(1)–N(1) 141.81(14) N(2)#1–Ag(1)–O(2)#2 118.97(12)
N(1)–Ag(1)–O(2)#2 94.26(13) N(2)#1–Ag(1)–O(1) 94.34(13)
N(1)–Ag(1)–O(1) 116.74(13) O(2)#2–Ag(1)–O(1) 67.86(10)
N(3)–Ag(2)–N(3)#3 180.00(9)

Symmetry transformations used to generate equivalent atoms: #1 x, y, z + 1; #2 x, y, z � 1
[Ag2(bpy)2](npdc)�2H2O (2)

Bond lengths (Å)
Ag(1)–N(2)#1 2.150(3) Ag(1)–N(1) 2.155(3)
Bond angles (o)
N(2)#1–Ag(1)–N(1) 175.99(10)

Symmetry transformations used to generate equivalent atoms: #1 x, y, z � 1
[Ag2(dpe)1.5(sbdc)0.5](sbdc)0.5�7H2O (3)

Bond lengths (Å)
Ag(1)–O(1) 2.121(2) Ag(1)–N(1) 2.124(2) Ag(1)–Ag(1)#1 3.2044(5)
Ag(2)–N(2) 2.119(2) Ag(2)–N(3) 2.125(2)

Bond angles (o)
O(1)–Ag(1)–N(1) 169.58(10) O(1)–Ag(1)–Ag(1)#1 77.33(6)
N(1)–Ag(1)–Ag(1)#1 105.05(7) N(2)–Ag(2)–N(3) 176.05(10)
Symmetry transformations used to generate equivalent atoms: #1 �x + 1, �y + 2, �z + 1

Fig. 1. (a) Asymmetric unit of [Ag4(bpy)4](ap)2�11H2O (1) and coordination environments around the AgI atoms. Water molecules and corresponding H atoms are omitted for
clarity. (b) The cationic layer formed from Ag-bpy chains in complex 1. (c) The anionic layer constructed from ap2� and water molecules in complex 1. (d) Packing view of the
sandwich-like framework built from anionic and cationic sheets along the a-axis for complex 1.
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Ag� � �Ag and Ag� � �N, interspersed with anionic sheets constructed
from organic anions and water molecules via rich hydrogen bond-
ing interactions, which play the role of charge compensation in the
crystal structure.
Optical energy gap

In order to explore the conductivity of the title complex, the
measurement of diffuse reflectivity for a powder sample was used



Table 3
Hydrogen bonds for compounds 1, 2 and 3 [Å and o].

D–H d(D–H) d(H� � �A) <DHA d(D� � �A) A

[Ag4(bpy)4](ap)2�11H2O (1)
N1–H1A 0.860 2.270 171.67 3.124 O7 [x + 1, y, z]
N1–H1B 0.860 2.495 144.92 3.236 O6 [x + 1, y, z]
N2–H2A 0.860 2.212 162.37 3.042 O1 [�x + 1, y � 1/2, �z + 1]
O9–H9C 0.850 2.016 171.18 2.859 O8 [�x, y + 1/2, �z + 2]
O9–H9D 0.850 2.121 172.46 2.966 O16 [�x + 1, y + 1/2, �z + 1 ]
O10–H10C 0.850 1.934 170.02 2.775 O8 [�x + 1, y + 1/2, �z + 2 ]
O10–H10D 0.850 1.884 170.61 2.726 O19 [�x + 1, y + 1/2, �z + 1 ]
O11–H11C 0.850 2.188 163.72 3.013 O15
O11–H11D 0.850 1.964 163.90 2.791 O17 [x � 1, y, z]
O12–H12C 0.850 2.023 170.45 2.865 O16
O12–H12D 0.850 2.025 168.74 2.863 O17
O13–H13C 0.850 1.919 177.52 2.769 O3
O13–H13D 0.850 1.910 178.10 2.760 O10
O14–H14C 0.850 1.958 172.82 2.803 O3 [x � 1, y, z]
O14–H14D 0.850 2.115 172.80 2.960 O19 [�x, y + 1/2, �z + 1]
O15–H15C 0.850 1.984 173.08 2.829 O5
O15–H15D 0.850 2.076 172.87 2.922 O8 [x, y, z � 1]
O16–H16C 0.850 1.858 168.48 2.696 O6 [x + 1, y, z]
O16–H16D 0.850 1.914 168.90 2.753 O18
O17–H17C 0.850 1.813 163.17 2.638 O1
O17–H17D 0.850 1.853 163.33 2.678 O4 [x, y, z � 1]
O18–H18C 0.850 2.025 174.51 2.873 O4 [x, y, z � 1]
O18–H18D 0.850 1.931 173.99 2.778 O7 [x + 1, y, z � 1]
O19–H19C 0.850 1.803 175.75 2.652 O2 [�x + 1, y � 1/2, �z + 1]
O19–H19D 0.850 1.880 175.64 2.729 O5

[Ag2(bpy)2](npdc)�2H2O (2)
O3–H3C 0.850 2.023 155.84 2.820 O2
O3–H3D 0.850 2.376 156.93 3.175 O2 [�x + 1, �y, �z]
O4–H4C 0.850 1.902 168.67 2.741 O1 [x, y + 1, z]
O4–H4D 0.850 1.960 169.00 2.799 O2 [�x + 2, �y + 1, �z]

[Ag2(dpe)1.5(sbdc)0.5](sbdc)0.5�7H2O (3)
O5–H5C 0.850 1.842 177.55 2.691 O4
O5–H5D 0.850 1.991 177.83 2.841 O1 [�x + 1, �y + 1, �z + 1]
O6–H6C 0.850 1.985 179.13 2.835 O2 [x, y � 1, z]
O6–H6D 0.850 2.046 179.26 2.896 O10 [�x + 1, �y, �z + 1]
O7–H7C 0.850 1.911 168.47 2.749 O3
O7–H7D 0.850 2.020 168.60 2.858 O3 [�x, �y + 1, �z + 1]
O8–H8C 0.850 1.893 174.32 2.740 O5
O8–H8D 0.850 1.954 174.96 2.802 O2 [x, y � 1, z]
O9–H9C 0.850 2.040 167.64 2.876 O7
O9–H9D 0.850 2.013 167.46 2.849 O8 [x, y + 1, z]
O10–H10C 0.850 1.978 175.47 2.826 O6 [x, y, z � 1]
O10–H10D 0.850 1.949 174.96 2.797 O9 [�x + 1, �y + 1, �z + 1]
O11–H11E 0.850 1.989 173.81 2.836 O4 [x + 1, y, z]
O11–H11F 0.850 2.170 174.69 3.017 O5 [�x + 1, �y, �z + 1]
O10–H10D 0.850 2.039 174.81 2.887 O11 [x, y, z + 1]
O11–H11E 0.850 1.856 178.52 2.706 O8
O11–H11F 0.850 1.869 178.71 2.719 O10 [x, �y + 3/2, z � 1/2]
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to obtain its band gap Eg. The band gap Eg was determined as the
intersection point between the energy axis and the line extrapo-
lated from the linear portion of the absorption edge in a plot of
Kubelka–Munk function F against energy E. Kubelka–Munk func-
tion, F = (1 � R)2/2R, 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 complex
1, 2 and 3 are shown in Fig. 4, where steep absorption edges are
displayed and the Eg of all complexes can be assessed at 3.2 eV,
3.2 eV and 3.3 eV, respectively, which indicate that complexes 1–
3 are potential wide gap semiconductive materials [27,30,31].

Photocatalytic activity

The optical band gaps of complexes 1, 2 and 3 were found to be
3.2 eV, 3.2 eV and 3.3 eV, respectively, indicating that these com-
plexes may be used as a photocatalyst using the UV irradiation.
In order to study the photocatalytic activity of the complexes 1,
2 and 3, herein, methylene blue (MB), as a model of dye contami-
nant, was selected for evaluating the activities of photocatalysts in
decomposition of organic pollutants in wastewater. In addition, MB
is commonly used as a representative of a widespread organic dyes
that are very difficult to decompose in waste streams under UV
irradiation [19]. The photocatalytic performances of complexes
1–3 for the photodegradation of MB were carried out under UV
irradiation. Additionally, control experiments on photodegradation
of MB were performed. No significant change in the degradation of
MB was observed in the following reaction conditions: (1) in the
dark; (2) without complexes 1, 2, 3 as photocatalysts, as illustrated
in Fig. 5. The distinctly shortened degradation time compared with
the control experiments indicated that complexes 1–3 are all
active for the decomposition of MB under UV light irradiation.
The concentration of MB versus reaction times of complexes 1, 2
and 3 are plotted in Fig. 5. It can be observed that the photocata-
lytic activities increase from 12% (without any catalyst) to 98.2%
for 1, 99.8% for 2 and 99.9% for 3 after 180 min of irradiation, which



Fig. 2. (a) Asymmetric unit of [Ag2(bpy)2](npdc)�2H2O (2) and coordination environments around the AgI atoms. Lattice water molecules and corresponding H atoms are
omitted for clarity. (b) The cationic layer formed from Ag-bpy chains in complex 2. (c) The cationic layer formed from Ag-bpy chains in complex 1. (d) The anionic layer
constructed from npdc2� and water molecules in complex 2.

Fig. 3. (a) Asymmetric unit of [Ag2(dpe)1.5(sbdc)0.5](sbdc)0.5�7H2O (3) and coordination environments around the AgI atoms. Lattice water molecules and corresponding H
atoms are omitted for clarity. (b) The cationic sbdc-Ag-bpp chains in complex 3. (c) The anionic sheet built up from sbdc2� and lattice water molecules. (d) Packing view of the
sandwich-like framework built from anionic and cationic sheets along the b-axis for complex 3.
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Fig. 4. Kubelka–Munk-transformed diffuse reflectance spectra of complexes 1–3.

Fig. 5. Changes in C/C0 plots of MB solution (initial concentration is 5.0 mg/L)
versus reaction time (Without catalysts, in the presence of complexes 1–3 in dark,
and in the presence of complexes 1–3 under UV irradiation).
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is comparable with the previously reported results [14–20]. The
results reveal that complexes 1–3 may be excellent candidates
for photocatalytic degradation of MB.

In order to understand the photocatalytic degradation of MB
with complexes 1, 2 and 3, a simple mechanism based upon high-
est occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) considerations was proposed. Accord-
ingly, the HOMO and LUMO of the charge transfer state, in the
absence of the UV light, would have two electrons in the HOMO,
and the LUMO would be vacant. Once in the presence of UV light,
there was an electron transfer from the HOMO to LUMO. The elec-
tron of the excited state in the LUMO was usually very easily lost,
while the HOMO strongly demanded one electron to return to its
stable state. Generally, the excited Ag+ center decayed to its ground
state quickly. However, if some molecules were within a reason-
able range and had an appropriate orientation, for example, MB
in this case, transitional active complexes could be formed. Thus,
one a-hydrogen atom of the methylene group bonded to the elec-
tron-withdrawing nitrogen atom of MB, which would give up its
electron and left as H+ later, was abstracted by metal species,
and this resulted in the cleavage of the C–N bond and stepwise
N-deethylation of MB. Since the HOMO was then reoccupied, the
excited electron must remain in the LUMO until it was captured
by electronegative substances such as molecular oxygen in
solution, which would transform into highly active peroxide anion
and subsequently accomplish further oxidation and total degrada-
tion of MB. A similar mechanism had been proposed recently for
the degradation of organic dyes in the presence of similar metal–
organic frameworks [32–36].

Conclusions

The three silver(I) complexes reported here all contain sand-
wich-like frameworks, showing that the different anions play an
important role in determining the crystal structures. In these com-
plexes, the rigid bpy and flexible dpe acts as a typical bidentate
ligand to link the Ag(I) centers into 1D cationic chains, further
joined into cationic sheets via ligand-unsupported Ag� � �Ag and
Ag� � �N interactions, balanced by the anionic sheet built up of
organic carboxylate anions (like ap2�, npdc2� and sbdc2�) and lat-
tice water molecules via rich hydrogen bonding interactions. The
photocatalytic behavior of complexes 1–3 indicate they may be
good photocatalysts for the decolorization of MB.
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