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ABSTRACT: Two mixed-ligand Ag(I) coordination polymers (CPs), namely, [Ag2(bipy)2(ox) 3 7H2O]n (1) and [Ag2(bipy)2-
(adip) 3 6H2O]n (2) (bipy = 4,40-bipyridine, H2ox = oxalic acid, H2adip = adipic acid) have been synthesized and structurally
characterized. Complex 1 exhibits a three-dimensional (3D) framework constructed from ox pillared Ag-bipy sheets. Complex
2 shows a stairlike two-dimensional (2D) structure composed of adip linkedAg-bipy double chains. Of particular interest, a 1D
C4 water chain and a novel 1D T7(2) water tape constructed from edge-sharing heptamer water clusters coexist in complex 1,
while a 1DC6 water chain exists in complex 2. Comparing the experimental results, it is comprehensible that the dicarboyxlates
play crucial roles in the formation of the diverse structures andwater aggregates. Additionally, results about thermogravimetric
curves and photoluminescence spectra were discussed.

Introduction

There is hardly a compound which has captured more
interest than water, because of its fundamental importance
in many biological and chemical processes. Theoretical and
experimental studies on the structural and dynamic properties
of, for example, discrete water clusters, chains, and sheets, in
vapor, water, and ice have been carried out to gain further
insight into the structure of bulk water, which is poorly
understood.1 Assembly of discrete water aggregates and
understanding how the water aggregates interact with the
crystal host are still challenging scientific endeavors.2 This
consciousness has led to the exploration of several interesting
water clusters (H2O)n,

2 aswell as one-dimensional (1D) chains,3

1Dtapes,4 two-dimensional (2D) layers,5 and three-dimensional
(3D) water structures.6 Among the discrete small water clusters,
even-numbered water clusters such as tetramers,7 hexamers,8

octamers,9 decamers,10 dodecamers,11 tetradecamers,12 hexade-
camers,2a,13 octadecamers,2n,p and icosadecamers2o are com-
mon within the lattice of a crystal host. However, surprisingly
little is known of the discrete odd-number water clusters, even
though trimers14 and pentamers15 are familiar in crystal
hydrates. Especially, the odd-number heptamer cyclic water
seems to be a missing member and is rarely reported in
experiments.16 Although Buck et al. have proposed to detect
only the cagelike heptamer17 based on the infrared OH
stretching vibrations in molecular beam depletion spectro-
scopy, and theoretical calculations were also performed on
twelve possible water heptamer structures to explore the
conformations as well as the spectroscopic properties of these
water clusters,18 the solid-state structure of the cyclic heptamer
is still elusive.

However, a simple discretewater cluster is still not adequate
for researchers to comprehend all branches of natural sciences.
The 1Dwater extended structure plays very important roles in
several biological processes.19 The 1D water aggregates, chain

and tape, can be constructed by an infinite connection ofwater
molecules3 or by linking of the same or different types of cyclic
small water clusters.20 The 1D tape lies between a discrete
cluster (0D) and a 2D sheet and can be either vertex- or edge-
sharing, which not only is a simplified model in a 2D sheet but
also has a close approximation to ice in the small water
clusters.21 In fact, hitherto, themodulation ofwater aggregates
is still a long-standing challenge,5b,22 despite hydrogen-bond-
ing interactions, and their fluctuations are well-known to
determine the arrangement of water.

In our previous work on the Ag(I)/bipy/aryl-dicarboxylate
system,23 we only obtained some mixed H2O-dicarboxylate
anionic sheets instead of pure water aggregates. Herein, we
replaced aryl-dicarboxylates by aliphatic-dicarboxylates in
the above system and obtained twoCPs, namely, [Ag2(bipy)2-
(ox) 3 7H2O]n (1) and [Ag2(bipy)2(adip) 3 6H2O]n (2) (bipy =
4,40-bipyridine, H2ox= oxalic acid, H2adip = adipic acid)
(Scheme 1), which incorporate two different water aggregates
(1D T7(2) water tape þ 1D C4 water chain for 1 and 1D C6
water chain for 2).

Experimental Section

Materials and General Methods. All chemicals and solvents used
in the syntheses were of analytical grade and used without further
purification. IR spectra were measured on a Nicolet 330 FTIR
spectrometer in the range 4000-400 cm-1. Elemental analyses were
carried out on a CE instruments EA 1110 elemental analyzer.
Photoluminescence spectra were measured on a Hitachi F-4500
fluorescence spectrophotometer (slit width, 5 nm; sensitivity, high).
TG curves were measured from 25 to 800 �C on a SDT Q600
instrument at the heating rate 5 �C/min under N2 atmosphere
(100 mL/min). X-ray powder diffractions were measured on a
Panalytical X-Pert pro diffractometer with Cu KR radiation.

Preparation of Complexes 1 and 2. [Ag2(bipy)2(ox) 3 7H2O]n (1).A
mixture of AgNO3 (167mg, 1mmol), bipy 3 2H2O (194mg, 1mmol),
and H2ox (90 mg, 1 mmol) was treated in CH3OH-H2O mixed
solvent (10 mL, v/v: 1/1) under ultrasonic irradiation at ambient
temperature. Then aqueous NH3 solution (25%) was dropped into
the mixture to give a clear solution. The resultant solution was
allowed to evaporate slowly in darkness at ambient temperature for
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several days to give colorless crystals of 1 (yield: 83%, based on
AgNO3). They were washed with a small volume of cold CH3OH
and diethyl ether. Anal. Calcd for Ag2C22H30N4O11: C, 35.60; H,
4.07; N, 7.55. Found: C, 35.52; H, 4.11; N, 7.59. Selected IR peaks
(cm-1): 3418 (s), 3042 (w), 2925 (w), 2852 (w), 1599 (s), 1410 (m),
1385 (s), 1312 (s), 1217 (m), 1070 (w), 990 (w), 803 (m), 617 (w),
506 (w).

[Ag2(bipy)2(adip) 3 6H2O]n (2). Synthesis of 2was similar to that of
1, but using H2adip (146 mg, 1 mmol) instead of H2ox. Colorless
crystals of 2 were obtained in 75% yield based on AgNO3. Ele-
mental analysis: Anal. Calcd for AgC13H18N2O5: C, 40.02; H, 4.65;
N, 7.18. Found:C, 40.11;H, 4.71;N, 7.23. Selected IRpeaks (cm-1):
3430 (s), 3090 (w), 3038 (w), 1602 (s), 1532 (w), 1489 (w), 1385 (s),
1330 (m), 1217 (w), 1070 (w), 819 (m), 724 (w), 641 (w).

X-ray Crystallography. Single crystals of complexes 1 and 2 with
appropriate dimensions were 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 were collected on aRigakuR-AXISRAPID Image
Plate single-crystal diffractometer (Mo KR radiation, λ = 0.71073
Å) equipped with an Oxford Cryostream low-temperature appara-
tus operating at 50 kV and 90mA inω scanmode for 1 and 2. A total
of 44 � 5.00� oscillation images was collected, each being exposed
for 5.0 min. Absorption correction was applied by correction of
symmetry-equivalent reflections using the ABSCOR program.24 In
all cases, the highest possible space group was chosen. All structures
were solved by direct methods using SHELXS-9725 and refined on
F2 by full-matrix least-squares procedures with SHELXL-97.26

Atoms were located from iterative examination of difference
F-maps following least-squares refinements of the earlier models.
Hydrogen atomswere placed in calculated positions and included as
riding atoms with isotropic displacement parameters 1.2-1.5 times
Ueq of the attached C atoms. The hydrogen atoms attached to
oxygenwere refinedwithO-H=0.85 Å, andUiso(H)=1.2Ueq(O).
The hydrogen atoms of O1W (H1WA and H1WB) and O4W
(H4WB and H4WC) for 1 and O1W (H1WA and H1WB), O2W
(H2WB and H2WC), and O3W (H3WB and H3WC) for 2 are
disordered with equal occupancy over two orientations related by
the two-fold axis and inversion center for 1 and 2, respectively. The
C13 of adip is disordered over two sites with occupancy of 0.28 and
0.72. All structures were examined using the Addsym subroutine of
PLATON27 to ensure that no additional symmetry could be applied
to the models. Pertinent crystallographic data collection and refine-
ment parameters are collated in Table 1. Selected bond lengths and
angles for 1 and 2 are collated in Table 2. The hydrogen bond
geometries for 1 and 2 are shown in Table 3. CCDC-783994 (1) and
CCDC-783995 (2) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via http://www.ccdc.
cam.ac.uk/datarequest/cif.

Results and Discussion

Synthesis and General Characterization. The synthesis of
complexes 1 and 2 was carried out in darkness to avoid
photodecomposition. As is well-known, the reactions of

Ag(I) with dicarboxylates in aqueous solution often result
in the formation of microcrystalline or amorphous insoluble
silver salts, presumably due to the fast coordination of the

Table 1. Crystal Data for 1 and 2

complex 1 2
formula Ag2C22H30N4O11 AgC13H18N2O5

Mr 742.24 390.16
crystal system orthorhombic triclinic
space group Pnna P1
a (Å) 17.271(3) 7.8756(6)
b (Å) 7.5384(15) 10.7284(9)
c (Å) 21.382(4) 11.2127(8)
R (deg) 90 116.097(2)
β (deg) 90 93.149(2)
γ (deg) 90 110.295(3)
V (Å3) 2783.8(9) 773.39(10)
T (K) 173(2) 173(2)
Z, Dcalcd (g/cm

3) 4, 1.771 2, 1.675
F(000) 1488 394
μ (mm-1) 1.470 1.325
reflns collected/unique 31979/3183 6094/2725
Rint 0.1316 0.0261
parameters 177 206
final R indices [I > 2σ(I)] R1 = 0.0643a R1 = 0.0269a

wR2 = 0.1562b wR2 = 0.0667b

R indices (all data) R1 = 0.0784a R1 = 0.0291a

wR2 = 0.1646b wR2 = 0.0680b

goodness-of-fit on F2 1.077 1.067

a R1=
P

||Fo|- |Fc||/
P

|Fo|.
b wR2 = [

P
w(Fo

2- Fc
2)2]/

P
w(Fo

2)2]1/2.

Scheme 1. 1D Water Tape/Chain Dependent on the Different

Dicarboxylates

Table 2. Selected Bond Lengths (Å) and Angles (deg) for 1 and 2

Complex 1
Ag1;N2i 2.168(5) Ag1;O1 2.616(6)
Ag1;N1 2.171(5) N2i;Ag1;O1 91.5(2)
N2i;Ag1;N1 162.4(2) N1;Ag1;O1 106.0(2)

Complex 2

Ag1;N2i 2.2298(17) Ag1;O1 2.7627(19)
Ag1;N1 2.2318(19) Ag1;O2 2.7431(19)
N2i;Ag1;N1 161.05(8) N2i;Ag1;O1 95.20(6)
N2i;Ag1;O2 88.66(7) N1;Ag1;O1 95.07(6)
N1;Ag1;O2 109.96(7) O2;Ag1;O1 47.37(6)

Symmetry code: (i)-x,y- 1/2, zþ 1/2. Symmetry code: (i)x,yþ 1, zþ 1.

Table 3. Hydrogen Bond Geometries for 1 and 2

D;H 3 3 3A D;H H 3 3 3A D 3 3 3A D;H 3 3 3A

Complex 1
O1W-H1WA 3 3 3O1Wii 0.85 2.07 2.719(17) 133
O1W-H1WB 3 3 3O1Wiii 0.85 1.96 2.81(2) 177
O1W-H1WC 3 3 3O2Wiii 0.85 1.90 2.752(11) 178
O2W-H2WA 3 3 3O3Wiv 0.85 2.01 2.849(9) 171
O4W-H4WB 3 3 3O4Wv 0.85 1.86 2.710(13) 178
O4W-H4WC 3 3 3O4Wvi 0.85 2.17 2.796(12) 131
O2W-H2WB 3 3 3O1 0.85 1.96 2.771(10) 159
O3W-H3WA 3 3 3O2 0.85 1.97 2.806(7) 167
O4W-H4WA 3 3 3O2 0.85 1.94 2.789(9) 178

Complex 2

O1W-H1WA 3 3 3O1Wiii 0.85 2.10 2.848(5) 147
O1W-H1WB 3 3 3O2W 0.85 1.98 2.831(3) 176
O2W-H2WB 3 3 3O3W 0.85 2.03 2.838(3) 158
O2W-H2WC 3 3 3O1W 0.85 2.00 2.831(3) 165
O3W-H3WB 3 3 3O3Wv 0.85 2.02 2.856(4) 170
O3W-H3WC 3 3 3O2W 0.85 1.99 2.838(3) 173
O1W-H1WC 3 3 3O1 0.85 2.09 2.936(3) 176
O2W-H2WA 3 3 3O1iv 0.85 2.05 2.886(3) 166
O3W-H3WA 3 3 3O2iii 0.85 1.98 2.796(3) 160

Symmetry codes: (ii) x,-yþ 1/2,-zþ 3/2; (iii)-xþ 1/2,-yþ 1, z; (iv)
x, yþ 1, z; (v)-xþ 1/2,-y, z; (vi) x,-yþ 1/2,-zþ 1/2. Symmetry codes:
(iii) -x þ 1, -y þ 1, -z; (iv) -x, -y þ 1, -z; (v) -x, -y, -z - 1.

http://pubs.acs.org/action/showImage?doi=10.1021/cg100927k&iName=master.img-000.jpg&w=234&h=125
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carboxylates to Ag(I) ions to form polymers.28 Hence,
properly lowering the reaction speed, such as using ammo-
niacal conditions, the layer-separation diffusion method, or
even the gel permeation method, may favor formation of
crystalline products.29

Powder X-ray diffraction (XRD) has been used to check
the phase purity of the bulk samples in the solid state. For
complexes 1 and 2, the measured XRD patterns closely
match the simulated patterns generated from the results of
single-crystal diffraction data (Figure S1, Supporting Infor-
mation), indicative of pure products. In the IR spectra
(Figure S2, Supporting Information) of complexes 1 and 2,
the broad peaks at ca. 3400 cm-1 indicate the presence of
water molecules. The IR spectra also show characteristic
absorption bands mainly attributed to the asymmetric (νas:
ca. 1600 cm-1) and symmetric (νs: ca. 1385 cm

-1) stretching
vibrations of the carboxylic groups. No band in the region
1690-1730 cm-1 indicates complete deprotonation of the
carboxylic groups,30 which is consistent with the result of the
X-ray diffraction analysis.

Structure Descriptions. [Ag2(bipy)2(ox) 3 7H2O]n (1). Single-
crystal X-ray diffraction analysis reveals that complex 1 crystal-
lizes in the space groupPnna and is an open 3Dneutral network
of rectangular channelswith latticewatermolecules.Theoverall
network of 1 consists of Ag-bipy sheets and ox ligands as
pillars. There are one Ag(I) ion, one bipy ligand, half an ox
ligand, and three and a half water molecules in the asymmetric
unit of 1. The 2-fold axis passes through the midpoint of
C11-C11iii of ox and one water molecule (O3W). As depicted
in Figure 1a, the Ag1 is located in a T-shaped geometry and
coordinated by two symmetry independent N atoms from
two bipy ligands (Ag1-O1=2.616(6), Ag1-N1=2.171(5),
Ag1-N2i=2.168(5) Å). In addition to the strong coordination

bonds, weak Ag 3 3 3O interactions also exist (Ag1 3 3 3O2 =
2.939(7) Å) which are a little longer but still fall in the secondary
bonding range (the sum of van der Waals radii of Ag and O is
3.24 Å).31 Both Ag-N and Ag-O bond lengths are well-
matched to those observed in similar complexes.32 The pyridyl
rings of bipy ligand are noncoplanar, with a dihedral angle of
22.5(12)�. (Symmetry codes: (i) -x, y - 1/2, z þ 1/2; (iii) -x þ
1/2,-yþ 1, z)

The Ag(I) ions are bridged by bipy ligands to form a 1D
infinite polymeric chain structure. The interchain face-to-
face π 3 3 3π interactions (Cg1 3 3 3Cg1

vi=3.725(5) Å; Cg1 3 3 3
Cg2vii = 3.748(5) Å; Cg1 and Cg2 are the centroids of
aromatic ring N1/C1-C5 and N2/C6-C10; Figure S3 and
Table S1) pack the 1D chains into the 2D sheets along the bc
plane, which are further pillared by μ2-η

1:η0:η1:η0 ox to form
the resulting neutral 3D framework (Figure 1b) with two
different rectangular channels. The bigger one and the
smaller one are assigned to channel A (12.8 � 7.7 Å2) and
B (8.7 � 7.7 Å2), respectively. The dihedral angle between
two symmetry-related carboxylic groups of ox is 99.7(8)�,
which is surprisingly large and may be responsible for the
staggered orientation of Ag-bipy chains between different
sheets. Interestingly, a quick search of the Cambridge Struc-
tural Database (CSD)33 for Ag-ox complexes reveals that
ox ligand prefers to adopt a nearly planar geometry; how-
ever, only three examples, one reported by Kitagawa et al.
([Ag2(ppa)2(ox) 3 9H2O]n, ppa = N-(4-pyridinylmethyl)-4-
pyridinecarboxamide)34 and two reported by us ([Ag2(2-
aminopyrimidine)2(ox) 3 2H2O]n

35a and [Ag2(2-aminopyra-
zine)2(ox)]n

35b), are not the case, with dihedral angles of
63.4�, 58.4�, and 74.9�, respectively, between two carboxylic
groups. The separation of Ag 3 3 3Ag is 3.49 Å, which is
slightly longer than twice the van der Waals radii of Ag(I),
illustrating the lack of direct Ag 3 3 3Ag interaction.
(Symmetry codes: (vi) x, -y þ 1/2, -z þ 1/2; (vii) x, -y þ
3/2, -z þ 1/2.)

The most striking feature of 1 is the coexistence of the 1D
water tape and the 1D water chain. As shown in Figure 2a,
the hydrogen bonding association of water molecules leads
to the formation of a cyclic heptamer with a pseudocrown
conformation consisting of one independent O3W, two
symmetry-related O2W, and four symmetry-related O1W.
There is a crystallographic 2-fold axis along the c axis passing
through this heptamer through O3W and the midpoint of
O1Wvii andO1Wviii. As a result, the hydrogen atoms ofO1W
are disordered. In the heptamer, O3W acts as a double
hydrogen bond acceptor and two O2W act as single hydro-
gen bond donor as well as acceptor. Of four O1W, three act
in the same role to that of O2W, and the other one acts as a
double hydrogen bond donor. The overall (H2O)7 cluster can
be represented byR7

6(14) in the graph set notation,36 andR7
by water cluster notation.21a As we know, hitherto, the
only16 crystallographically characterized heptamer water
cluster exhibits a twisted-planar structure with a R5

5(14)
hydrogen bond motif, which indicates the conformation of
cyclic heptamer water in 1 is a new one. The hydrogen-
bonded O 3 3 3O separations in the heptamer span the range
2.710(13)-2.849(9) Å, with an average value of 2.773 (14) Å,
which is comparable to 2.758 Å generated from the ab initio
calculations.37 As listed in Table 4, the O 3 3 3O 3 3 3O bond
angles in heptamer are 127.0(3), 136.2(4), and 111.0(4)�,
respectively, which are slightly different from the tetrahedral
angle found in ice Ih and Ic,

11b and the average torsion
angle involving four adjacent water molecules is 43.2(7)�.

Figure 1. (a) Coordination environment of Ag(I) ion in 1 with the
thermal ellipsoids at the 30% probability level. Hydrogen atoms
andwatermolecules were omitted for clarity. (b) Presentation of the
3D network (red pillar, ox; yellow stick, bipy). (Symmetry codes: (i)
-x, y - 1/2, z þ 1/2; (iii) -x þ 1/2, -y þ 1, z.)

http://pubs.acs.org/action/showImage?doi=10.1021/cg100927k&iName=master.img-001.jpg&w=231&h=277
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The theoretical predictions of low-energy structures of water
heptamers suggest that a cuboid structure with a missing
corner is found to be the most stable. This structure has ten
hydrogen bonds and has a stabilization energy of 60.53 kcal/

mol at the HF/6-31G(d,p) level, with a dipole moment (μ) of
1.35 D.38 Most likely, this is because cage structures max-
imize the formation of hydrogen bonds within the cluster
while interactions with the surrounding environment are
ignored.39 In experiments, high-energy cyclic motifs of water
heptamers still can survive in the specific chemical environ-
ment which may offer an additional stabilization energy for
them. (Symmetry codes: (vii)-xþ 1/2, y- 1/2,-zþ 3/2; (viii)
x, -y þ 1/2, -z þ 3/2.)

Adjacent hepamers are reversedly fused together by shar-
ing one edge (O1W 3 3 3O1W), forming a 1D tape along the b
axis (Figure 2c). This tape has a width of ca. 11.4 Å and is
anchored by ox ligands that undergo hydrogen bonding to
O2W and O3W (O2W 3 3 3O1 = 2.771(10) and O3W 3 3 3
O2=2.806(7) Å), giving a R3

3(9) hydrogen-bonding pattern.
According to the water cluster notation, this 1D water tape
can be described as a T7(2) classification.

Another water molecule, O4W, does not participate in
the heptamer but forms an independent C4 water chain
(Figure 2b), which means four water molecules (one O4W
and its three crystallographically equivalent neighbors) form
the unit cell repeat unit of the chain. Within the water chain,
the O4W 3 3 3O4W separation is 2.796(12) Å, which is slightly
longer than the average O 3 3 3O distances in a heptamer,
proving that the linear water chain is less stable than a cyclic
one, owing to the formation of less hydrogen bonds within
the chain.14b The O4W molecules are nearly coplanar, with
the torsion angles of O4Wxiv

3 3 3O4Wxiii
3 3 3O4Wv

3 3 3O4W
and O4Wxiii

3 3 3O4Wv
3 3 3O4W 3 3 3O4Wvi being 174.3(3) and

2.2(4)�, respectively. The O4W acts as a single hydrogen
bond donor as well as acceptor in the chain, which also
interacts with the ox ligand through the O4W 3 3 3O2 hydro-
gen bond (2.789(9) Å). Overall, the 1D water tapes and 1D
water chains incorporate the ox ligands to form the anionic
2D sheet (Figure 2c) along the bc plane. In other words, as
shown in Figure S4, the host-guest relationship between
water aggregates and the 3D framework is that the 1D water
tapes and the 1D water chains are embedded in the bigger
channel A and smaller channel B, respectively, which de-
monstrates the water aggregates form not only by a simple
void-filling but also by the templating effect;33f,5f that is to
say, the shape and size of the channel in this structure
somewhat control the morphologies of the water aggregates.
(Symmetry codes: (v)-xþ 1/2,-y, z; (vi) x,-yþ 1/2,-zþ 1/2;
(xiii) -x þ 1/2, y - 1/2, -z þ 1/2; (xiv) x, -y - 1/2, -z þ 1/2.)

[Ag2(bipy)2(adip) 3 6H2O]n (2).Single crystalX-ray analysis
reveals that 2 is an extended 2D sheet involving Ag-bipy
double chains and the 1Dwater chains as guests. As shown in
Figure 3a, the asymmetric unit of 2 consists of one crystal-
lographically independent Ag(I) ion, one bipy, half of an
adip ligand, and three lattice water molecules. The Ag1
adopts a linear geometry completed by two symmetry
independent N atoms from two bipy ligands (Ag1-N1=
2.2318(19), Ag1-N2i = 2.2298(17) Å, N2i-Ag1-N1 =
161.05(8)�), while adip ligand just weakly coordinated to
Ag(I) ion with an average Ag 3 3 3Obond length of 2.7529(19)
Å. A pair of adjacent Ag-bipy single chains are linked into a
double chain by a weak Ag 3 3 3Ag contact. The Ag 3 3 3Ag
separation of 3.2146(5) Å in 2 is comparable to those
(3.116(1) and 3.286(2) Å) found in two reported infinite
molecular ladders ([Ag(bipy)X], X=MeCO2

- andH2PO4
-)40

and those (2.970(2)-3.312(1) Å) found in other Ag(I) CPs
with pyridyl-donor ligands,41 indicating the argentophilic
interactions42 (Symmetry code: (i) x, y þ 1, z þ 1).

Table 4. Bond Angles and Torsion Angles (deg) for the Water Heptamer

and 1D Water Chains for 1 and 2

Complex 1
O3W 3 3 3O2Wx

3 3 3O1W 127.0(3)
O2Wx

3 3 3O1W 3 3 3O1Wviii 136.2(4)
O1W 3 3 3O1Wviii

3 3 3O1Wvii 111.0(4)
O3W 3 3 3O2Wx

3 3 3O1W 3 3 3O1Wviii 92.0(7)
O2Wx

3 3 3O1W 3 3 3O1Wviii
3 3 3O1Wvii -37.2(8)

O1W 3 3 3O1Wviii
3 3 3O1Wvii

3 3 3O1Wv 0.4(6)
O4Wv

3 3 3O4W 3 3 3O4Wvi 112.3(3)
O4Wxiv

3 3 3O4Wxiii
3 3 3O4Wv

3 3 3O4W 174.3(3)
O4Wxiii

3 3 3O4Wv
3 3 3O4W 3 3 3O4Wvi 2.2(4)

Complex 2

O1Wiii
3 3 3O1W 3 3 3O2W 130.28(12)

O1W 3 3 3O2W 3 3 3O3W 109.15(11)
O2W 3 3 3O3W 3 3 3O3Wv 107.74(11)
O3Wiii

3 3 3O2Wiii
3 3 3O1Wiii

3 3 3O1W 26.8(2)
O2Wiii

3 3 3O1Wiii
3 3 3O1W 3 3 3O2W 180

O1W 3 3 3O2W 3 3 3O3W 3 3 3O3Wv 108.31(13)

Symmetry codes: (v)-xþ 1/2,-y, z; (vi) x,-yþ 1/2,-zþ 1/2; (vii)-x
þ 1/2, y- 1/2,-zþ 3/2; (viii) x,-yþ 1/2,-zþ 3/2; (x)-xþ 1/2,-yþ 1, z;
(xiii) -x þ 1/2, y - 1/2, -z þ 1/2; (xiv) x, -y - 1/2, -z þ 1/2. Symmetry
codes: (iii) -x þ 1, -y þ 1, -z; (v) -x, -y, -z - 1.

Figure 2. (a) ORTEP plot showing the single (H2O)7 cluster unit
(left, top view; right, side view). (b) ORTEP plot showing the 1D
water chain. (c) View of the 2D anionic sheet incorporating the
T7(2) water tape (yellow dashed lines), the 1D C4 water chain (blue
dashed lines), and ox ligands. (Symmetry codes: (iv) x, y þ 1, z; (v)
-xþ 1/2,-y, z; (vi) x,-yþ 1/2,-zþ 1/2; (vii)-xþ 1/2, y- 1/2,-zþ
3/2; (viii) x,-yþ 1/2,-zþ 3/2; (ix) x, y- 1, z; (x)-xþ 1/2,-yþ 1, z;
(xi)-xþ 1/2, yþ 1/2,-zþ 1/2; (xii) x,-yþ 3/2,-zþ 1/2; (xiii)-xþ
1/2, y - 1/2, -z þ 1/2; (xiv) x, -y - 1/2, -z þ 1/2).
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The backbone of adip in 2 possesses an anti-gauche
conformation43 with the torsion angles of 65.9(10) and
180�. The double chains are linked by adip ligands to form
a stairlike 2D sheet through weak Ag 3 3 3O coordinative
bonds (Figure 3b). The pyridyl rings within the double chain
are closely stacked with a dihedral angle of 20.25(14)o, and
the π 3 3 3π contact distance is 3.8654(17) Å (Figure S5 and
Table S1), which consolidates the resulting 2D sheet, while
the absolutely parallel pyridyl rings between adjacent sheets
are stacked together to give a π 3 3 3π contact distance of
3.6869(17) Å with the slippage of 1.236 Å, which combines
with the rich Owater;H 3 3 3Oadip and Owater;H 3 3 3Owater

hydrogen bonds to play a vital role in the formation of the
resulting 3D supramolecular framework.

The most fascinating feature of 2 is that three crystal-
lographically independent lattice water molecules (O1W,
O2W, and O3W) within the void are hydrogen bonded to
each other, forming an infinite water chain with a curl
conformation (Figure 4a). Within the water chain, all water
molecules act as a single hydrogen bond donor as well as
acceptor. The arrangement mode of three water molecules
within a water chain can be described as 3 3 3O1W 3 3 3
O2W 3 3 3O3W 3 3 3O3W 3 3 3O2W 3 3 3O1W 3 3 3O1W 3 3 3O2W

3 3 3O3W 3 3 3 . The O 3 3 3O distances in the chain are in the
range 2.831(3)-2.848(5) Å with an average value of 2.840(4)
Å, which is longer than that in both the water chain and the
water tape of 1. Moreover, the average O 3 3 3O 3 3 3O angle is
115.72(11)�, which is slightly larger than the corresponding
value of 109.3� in ice Ih. The overall [(H2O)3]n chain can be
represented by C6, according to the water cluster notation.
In addition, the Owater;H 3 3 3Oadip hydrogen bonds (avg
2.873(3) Å) anchor the water chains to the host adip anions,
forming a 2Danionic sheet (Figure 4b). Thewater aggregates
in 1 can be seen as intercalation of guests into voids of the 3D
framework host; however, differently, the curl water chains
in 2 do not simply fill the voids between the sheets but
traverse the [Ag4(bipy)2(adip)2] rectangle grids of the 2D
sheets (Figure S6).

Influence of Dicarboxylates on Structures of Both Metal-
Organic Frameworks and Water Aggregates. It has been

demonstrated that the structural diversities of both metal-
organic frameworks and water aggregates in complexes 1

and 2 are undoubtedly related to the configurations and
coordinationmodes of auxiliary dicarboxylates. For 1 and 2,
H2ox and H2adip possess rigid and flexible carbon back-
bones, respectively, as well as the different orientations of
carboxylic groups situated in the carbon backbones. For ox
anion, it adopts a monodentate bridging mode to sustain the
Ag-bipy sheets. Two terminal carboxylic groups do not lie
in the same plane and form a large dihedral angle, which
makes the Ag-bipy chains in different sheets arrange in a
crosslike mode. As a result, the ox pillared 3D framework
forms. When replacing short and rigid ox by a long and
flexible adip, a 2D sheet was obtained. The bidentate chelat-
ing adip anion weakly links Ag(I) ions with an anti-gauche
conformation to form the resulting 2D sheet. Additionally,
as an intermediate member of this series, the previously
reported {[Ag3(bipy)3(suc)1.5] 3 10H2O}n (H2suc = succinic
acid)4e shows a 2D sheet and pillar type of structure based on
a Ag 3 3 3Ag interaction engaged triple Ag-bipy chain where
suc ligands adopt two different conformations (gauche and
anti-gauche) and a 1D water tape consisting of (H2O)18
water clusters is observed. These results show diverse dicar-
boxylates can fine-tune themselves to satisfy the coordina-
tion preference of metal centers and the lower energetic
arrangement in the self-assembly process. On the other hand,
different dicarboxylates not only change the structures of the
metal-organic framework but also modulate different
hydrophilic environments which are suitable to the various
water aggregates being optimally occupied both in terms of
packing efficiency and the maximization of intermolecular
interactions. Consequently, the morphologies of water

Figure 3. (a) ORTEP plot showing the coordination environment
of Ag(I) ion in 2 with the thermal ellipsoids at the 30% probability
level. Hydrogen atoms and water molecules are omitted for clarity.
(Symmetry codes: (i) x, y þ 1, z þ 1; (vi) -x þ 1, -y þ 2, -z þ 1.)
(b) A view of the 2D sheet (red pillar, adip; blue stick, bipy).

Figure 4. (a) ORTEP plot showing the 1D water chain. (Symmetry
codes: (iii)-xþ 1,-yþ 1,-z; (v)-x,-y,-z- 1). (b) Ball and stick
plot showing the 2D water-adip anionic sheet incorporating the 1D
water chain (blue lines). The oxygen atoms of water are shown as
bigger balls.
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aggregates are successfully tuned by a change in the shape
or distribution of the hydrophilic groups on the host metal-
organic frameworks.

TG Analysis. The thermogravimetric (TG) analysis was
performed in N2 atmosphere on polycrystalline samples of
complexes 1 and 2, and the TG curves are shown in Figure 5.
TheTGcurve of 1 shows the first weight loss of 17.95% in the
temperature range 25-157 �C, which indicates the loss of
seven lattice water molecules per formula unit (calcd:
17.01%), and then the metal-organic framework starts
to decompose accompanying loss of organic ligands. The
residual weight of 28.81% is consistent with that of 29.07%
calculated formetallic silver. For 2, theweight loss attributed
to the gradual release of three water molecules per formula
unit is observed in the range 25-130 �C (obsd, 12.99%;
calcd, 13.84%) and then the framework collapses in the
temperature range 131-249 �C before the final formation
of metal silver (obsd, 26.55%; calcd, 27.65%).

Photoluminescence Properties. The photoluminescence
spectra of the free ligands and complexes 1 and 2 are shown
in Figure 6. The free ligands bipy, H2ox, and H2adip display
photoluminescence with emission maxima at 436, 342, and
383 nm (λex= 300 nm), respectively. It can be presumed that
these peaks originate from the π*f n or π*f π transitions.
To the best of our knowledge, the emission of dicarboxylate
belongs to the π* f n transition, which is very weak
compared to that of the π* f π transition of the bipy, so
the dicarboxylates almost have no contribution to the fluo-
rescent emission of as-synthesized CPs.44 Upon complexa-
tion of these ligands with Ag(I) ions, intense emissions are
observed at 383 nm (λex=300 nm) for 1 and 408 nm (λex=
310 nm) for 2, respectively. The resemblance between the
emissions of 1 and 2 and that of the free bipy indicates that
the emissions of 1 and 2 originate from the π*f π electronic
transition of bipy ligand.45 In comparison with 1, a red shift
of 25 nm has been observed in 2 which can be attributed to
the combination of replacement of ox by adip and the
existence of the Ag 3 3 3Ag interaction in 2.46

Conclusions

In summary, we have succeeded inmodulating not only the
structural motifs of the metal-organic framework but also

the 1D water aggregates including a 1D water tape, a 1D C4
water chain, as well as a 1DC6water chain by employment of
different aliphatic dicarboxylates. The heptamer water clus-
ter, the subunit of the 1D water tape in 1, provides a rare
example of a high-nuclearity, odd-numbered water cluster
very different from the one found experimentally or predicted
theoretically. Including the 1D water tape, a 1D water chain
also exists in 1, which is different from that in 2. These results
illustrate the structural diversity of water aggregates and the
sensitive dependence of their structures upon the details of
their environment. The precise structural analysis and the
cooperative association of the water aggregates and crystal
hostsmay provide insight into the hydrogen-bondingmotif of
the aqueous environment in living systems and a clear under-
standing of the structure of ice and bulk water as well.
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