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Introduction

The enormous structural diversity exhibited by metal–organ-
ic frameworks represents an opportunity and a challenge for
the crystal engineering of materials with new structural
motifs.[1] It is well-known that their topologies can often be
controlled and modulated by the selection of the coordina-
tion geometry of the metal ions,[2] the chemical nature of or-
ganic ligands,[3] the polarity of reaction solvent,[4] reaction
temperature,[5] the use of template molecules,[6] and so on.
On the other hand, the structural diversity of these frame-

works, especially for a given set of components, is of particu-
lar importance because the superstructure plays an essential
role in determining the properties of crystalline solids.[7]

Herein, we successfully synthesized and characterized a
discrete mononuclear entity and two novel 3D metal–organ-
ic frameworks with urocanate ligands, [Cd2(L2)2(L3)2ACHTUNGTRENNUNG(H2O)8]
(1), {[Cd(L)(L2)] ACHTUNGTRENNUNG(H2O)1=2

}n (2), and {[Cd(L3)2]ACHTUNGTRENNUNG(H2O)3=2
-

ACHTUNGTRENNUNG(EtOH)}n (3) (HL–HL3 are shown in Scheme 1), by control-
ling the reaction conditions. Notably, the rotations of the
carboxy group and the imidazolyl ring (HL and HL1, HL2

and HL3) allow different coordination geometries of the li-
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gands. More importantly, H transfer between the two N
atoms of the imidazolyl group (HL and HL2, HL1 and HL3)
caters to the coordination needs of the metal ions
(Scheme 1). As a result, although we used HL as reagent
with �99 % assay and employed the same solvent, its depro-
tonated tautomers (L2 and L3) were also present in the coor-
dination compounds through rotation of and H transfer in
the imidazolyl ring (Scheme 2). This suggests that the reac-
tion temperature, pressure, and the metal ions act as cooper-
atively to control the tautomers of the ligand, resulting in
the structural diversity of their metal coordination polymers.

Results and Discussion

Description of Crystal Structures

The crystallographic data and details of the structure refine-
ment for complexes 1–3 are summarized in Table 1.

Complex 1 crystallizes in the monoclinic space group
P21/n. The crystal structure contains two separate mononu-
clear units, [Cd(L2)2ACHTUNGTRENNUNG(H2O)4] and [Cd(L3)2ACHTUNGTRENNUNG(H2O)4], with tauto-
meric urocanate ligands (L2 and L3) (Figure 1 a). The two
types of CdII center both adopt octahedral geometries

through the coordination of two imidazolyl nitrogen atoms
from two symmetric urocanate ligands and four water mole-
cules. The carboxy group of each urocanate ligand does not
coordinate to the CdII center. The Cd�N and Cd�O bonds
lengths are within the normal ranges (Table 2).[10]

The two types of mononuclear unit [Cd(L2)2ACHTUNGTRENNUNG(H2O)4] and
[Cd(L3)2ACHTUNGTRENNUNG(H2O)4] self-assemble into similar 2D layers through
hydrogen bonding with the opposite urocanate tautomer.
The related hydrogen-bonding geometry is given in Table 3.
All the hydrogen-bond distances fall within the normal
range. Figure 1 b shows the 2D hydrogen-bonding layer con-
structed by the adjacent [Cd(L2)2ACHTUNGTRENNUNG(H2O)4] units. The intermo-
lecular O�H···O hydrogen-bonding interactions O1W�
H1WB···O2#2 (#2=x�1, �y+1.5, z+0.5), O1W�
H1WA···O1#7 (#7=�x+1, y+0.5, �z+0.5), and O2W�
H2WB···O2#6 (#6=x�1, �y+0.5, z+0.5) from the coordi-
nated H2O and COO� groups of the [Cd(L2)2ACHTUNGTRENNUNG(H2O)4] unit
lead to the formation of the 2D layer, which is parallel to
the [100] and [010] directions. There is a similar 2D hydro-
gen-bonding layer constructed by [Cd(L3)2 ACHTUNGTRENNUNG(H2O)4] units.
Furthermore, these two similar types of layers are alternate-
ly arranged to form a 3D network (Figure 1 c) with intermo-
lecular hydrogen-bonding interactions (Table 3).

Scheme 2. The ligand coordination modes in complexes 1–3.

Table 1. Crystallographic data and structure refinement for 1–3.

1 2 3

Chemical formula C12H18CdN4O8 C12H11CdN4O4.50 C28H38Cd2N8O13

Mr 458.70 395.65 919.46
Space group P21/n C2/c I41/a
a [Q] 12.0260(10) 12.4153(11) 18.6378(19)
b [Q] 7.2880(6) 13.7177(12) 18.6378(19)
c [Q] 17.8803(14) 15.0099(16) 22.570(3)
a [8] 90 90 90
b [8] 93.0860(10) 94.3440(10) 90
g [8] 90 90 90
V [Q3] 1564.9(2) 2549.0(4) 7840.2(15)
Z 4 8 8
GOF 1.080 1.043 1.212
D [gcm�3] 1.947 2.062 1.558
m [mm�1] 1.449 1.742 1.152
T [K] 183(2) 293(2) 273(2)
R[a]/wR[b] 0.0227/0.0642 0.0212/0.0527 0.0754/0.1339

[a] R=S(jjF0j�jFC j j )/S jF0 j ; [b] wR= [Sw(jF0j2�jFC j 2)2/SwACHTUNGTRENNUNG(F0
2)]

1=2 .

Figure 1. a) The two separate mononuclear units with H atoms omitted,
b) the quasi-2D network consisting of intermolecular hydrogen-bonding
interactions, and c) the packing pattern of the 2D hydrogen-bonding net-
works of 1. *=Cd, *=C, *=N, *=O, *=H.
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Complex 2 crystallizes in the monoclinic space group
C2/c. The asymmetric unit of 2 contains one CdII center, the
mixed urocanate ligands (L and L2), and half a water mole-
cule. The CdII center adopts a distorted octahedral geometry
by coordinating to an imidazolyl nitrogen atom and four car-
boxy groups of L and L2 in a chelating, m2, or monodentate
fashion (Figure 2 a). The carboxy group of each L2 ligand
adopts an O�C�O bridging coordination mode to link two
adjacent CdII ions and form an eight-membered dimetallocy-
cle with a Cd···Cd separation of 4.102 Q, whereas that from
each L ligand adopts m2 and monodentate coordination
modes to link two adjacent CdII ions and form a four-mem-
bered dimetallocycle with a Cd···Cd separation of 3.856 Q.
The two types of dimetallocycle share the CdII centers and
expand in an infinite chain down the c axis. The imidazolyl
N atoms of L2 are coordinated to the CdII centers, whereas
those of L are not. Notably, the reagent HL became L2 to
coordinate to CdII centers through H transfer. All the Cd�O

and Cd�N bond lengths fall within the normal ranges
(Table 4).[10]

A more-careful examination shows that the structure of 2
contains a 2D layer constructed by unique octanuclear cad-
mium building blocks (Figure 2 a). In each building block,
the two cadmium atoms at each corner are bridged by two
carboxy groups of the uraconate ligands to form an eight-
membered ring with a Cd···Cd separation of 4.102 Q. The
adjacent imidazolyl rings (corresponding symmetry code:
�x+1, y, 0.5�z) are arranged face-to-face with a centroid-
to-centroid separation of 3.382 Q, which indicates the pres-
ence of strong p–p stacking interactions. Interestingly, the
carboxy groups of L link these adjacent 2D layers to form a

Table 2. Selected bond lengths (Q) and angles (8) for 1.[a]

Cd1�N1 2.2850(13) Cd1�O2W 2.2955(12)
Cd1�O1W 2.3770(12) Cd2�N3 2.2264(13)
Cd2�O3W 2.3452(12) Cd2�N3 2.3643(12)

N1�Cd1�N1#1 180.00(7) Cd1�O2W 91.34(5)
N1�Cd1�O2W 88.66(5) O2W#1�Cd1�

O2W
180.0

N1�Cd1�O1W 95.42(4) N1#1�Cd1�O1W 84.58(4)
O2W#1�Cd1�
O1W

84.54(4) O2W�Cd1�O1W 95.46(4)

O1W�Cd1�
O1W#1

180.0 N3#2�Cd2�N3 180.0

N3#2�Cd2�O3W 93.76(5) N3�Cd2�O3W 86.24(5)
O3W�Cd2�
O3W#2

180.00(6) N3#2�Cd2�
O4W#2

94.68(4)

N3�Cd2�O4W#2 85.32(5) O3W�Cd2�
O4W#2

89.94(4)

O3W�Cd2�O4W 90.07(4) O4W#2�Cd2�
O4W

180.0

[a] Symmetry codes for 1: #1=�x+2,�y+2,�z ; #2=�x,�y,�z+1.

Table 3. Hydrogen-bonding geometries for 1.

D�H···A[a] D�H [Q] H···A [Q] D···A [Q] D�H···A [8]

O4W�H4WB···O4#1 0.82 1.98 2.774(2) 166
O1W�H1WB···O2#2 0.82 2.14 2.933(2) 165
N2�H2A···O3 0.83 1.94 2.771(2) 179
O3W�H3WA···O2#3 0.83 1.90 2.722(1) 176
O2W�H2WA···O4#4 0.82 1.88 2.698(2) 175
N4�H4A···O1#5 0.89 1.92 2.805(9) 174
O2W�H2WB···O2#6 0.81 2.02 2.827(0) 172
O3W�H3WB···O4# 6 0.84 2.02 2.833(9) 162
O1W�H1WA···O1#7 0.82 1.89 2.693(5) 165
O4W�H4WA···O3#3 0.82 1.87 2.687(4) 171
C1�H1···O2W 0.95 2.55 3.143(5) 121
C4�H4···O4W#4 0.95 2.58 3.515(3) 168
C7�H7···O3W 0.95 2.52 3.097(6) 119
C11�H11···O1W#3 0.95 2.58 3.427(3) 148

[a] Symmetry codes: #1=x�1, �y�0.5, z+0.5; #2=x�1, �y+1.5, z+
0.5; #3=�x, y�0.5, �z+0.5; #4=�x, y+0.5, �z+0.5; #5=x�1, y, z ;
#6=x�1, �y+0.5, z+0.5; #7=�x+1, y+0.5, �z+0.5.

Figure 2. Sections of the polymeric structures of 2 showing a) the unique
octanuclear building blocks bridged by the carboxy groups of L (yellow),
b) the 3D framework consisting of the adjacent 2D layers bridged by the
carboxy groups of L, and c) a schematic illustration of the alpha-poloni-
um network. *=Cd, *=C, *=N, *=O, * shows the centroid-to-
centroid separation of two imidazolyl rings.
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noninterpenetrated 3D alpha-polonium network (Fig-
ure 2 b).[11] The two nearest cadmium atoms between two ad-
jacent 2D layers are bridged by two carboxy oxygen atoms
from L through m2 coordination to form a four-membered
dimetallocycle with a Cd···Cd separation of 3.856 Q. Fig-
ure 2 c shows the continuous and slightly distorted rectilin-
ear alpha-polonium network with each cadmium atom pair
in the eight-membered ring of the octanuclear unit as a
node. Thus, it is reasonable that the 3D alpha-polonium net-
work of 2 consists of 2D layers with unique octanuclear cad-
mium building blocks that are bridged by the carboxy
groups of L. The water molecules are included in the spaces
between two adjacent layers with strong intermolecular hy-
drogen-bonding interactions (Table 5).

Under solvothermal conditions at 140 8C, the reaction of
HL with Cd ACHTUNGTRENNUNG(ClO4)2·6H2O affords the four-fold interpene-
trated diamondoid network of 3 ; a similar structure was re-
cently reported with different guest molecules.[12] The crystal
data of 3 were collected with low-temperature refinement
and well-refined guest molecules (H2O and EtOH).

As opposed to 1 and 2, complex 3 crystallizes in the high-
symmetry tetragonal space group I41/a. The asymmetric unit
of 3 contains one CdII center, two L3 ligands, and one and a
half water and one ethanol molecules. The CdII center
adopts a highly distorted octahedral geometry through coor-

dination of two imidazolyl nitrogen atoms and two chelating
carboxy groups from four separate L3 ligands (Figure 3 a). If
the chelating carboxy groups are treated as connecting
points, the CdII centers in 3 have a pseudotetrahedral geom-
etry. Each CdII center in 3 is thus connected to four other
CdII centers to produce a diamondoid network (Figure 3 a).
With Cd···Cd separations of 10.823 and 10.967 Q, a large
void is generated within a single diamondoid cage. Each L3

ligand links two adjacent CdII ions and expands in three di-
mensions to form the nanosized (�19 Q) channel structure

Table 4. Selected bond lengths (Q) and angles (8) for 2.[a]

Cd1�N1 2.2248(17) Cd1�O2#1 2.2610(14)
Cd1�O4#2 2.3647(16) Cd1�O1#3 2.3684(16)
Cd1�O3#2 2.3904(15) Cd1�O3 2.4489(16)
Cd1�C12#2 2.725(2)

N1�Cd1�O2#1 126.25(6) N1�Cd1�O4#2 92.96(6)
O2#1�Cd1�O4#2 140.69(6) N1�Cd1�O1#3 97.97(6)
O2#1�Cd1�O1#3 87.89(5) O4#2�Cd1�O1#3 83.40(6)
N1�Cd1�O3#2 142.12(6) O2#1�Cd1�O3#2 88.30(5)
O4#2�Cd1�O3#2 55.51(6) O1#3�Cd1�O3#2 98.35(5)
N1�Cd1�O3 94.38(6) O2#1�Cd1�O3 80.97(6)
O4#2-Cd1-O3 100.71(6) O1#3�Cd1�O3 166.77(6)
O3#2�Cd1�O3 74.33(6)

[a] Symmetry codes for 2 : #1=�x+0.5, y�0.5, �z+0.5; #2=�x, �y+1,
�z+1; #3=x�0.5, y�0.5, z.

Table 5. Hydrogen-bonding geometries for 2.[a]

D�H···A D�H [Q] H···A [Q] D···A [Q] D�H···A [Q]

N2�H2A···N4#1 0.86 2.04 2.895(8) 171
N3�H3 A···O1W#2 0.86 2.53 2.901(1) 107
N3�H3A···O2#3 0.86 1.95 2.780(0) 160
C2�H2···O1#4 0.93 2.46 3.082(0) 125
C3�H3···O1W#5 0.93 2.27 3.134(9) 154
C5�H5···O1W#6 0.93 2.55 3.213(0) 129
C8�H8···O1W#2 0.93 2.60 2.933(0) 102
C9�H9···O3#7 0.93 2.59 3.295(5) 133
C10�H10···O3 0.93 2.43 2.793(6) 103

[a] Symmetry codes: #1=x�0.5, y+0.5, z ; #2=�x+1, �y+1, �z+1;
#3=�x+1, y, �z+0.5; #4=�x+0.5, y�0.5, �z+0.5; #5=�x, y+1,
�z+1; #6=x, �y+1, z�0.5; #7=�x+0.5, �y+1.5, �z+1.

Figure 3. a) The diamondoid network unit, b) the 3D framework with
nanosized open channels along the a axis, and c) diagram illustrating the
four-fold interpenetration along the a axis of 3. *=Cd, *=C, *=N,
*=O.
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(Figure 3 b). Notably, the cavities are decreased in size by
three other identical interpenetrated diamondoid networks,
such that four independent diamondoid networks mutually
interpenetrate (Figure 3 c). All the Cd�O and Cd�N bond
lengths fall within the normal ranges (Table 6).[10] Complex

3 belongs to class IIa of interpenetration,[1g,13,14] in which the
networks are related by a single symmetry element. Only a
few examples of this type of four-fold interpenetration have
been reported.[12,15,16] Despite the nature of the interpenetra-
tion, 3 still forms 1D open channels (10.8 S 11.0 Q2) in which
guest molecules (EtOH and H2O) are trapped (Table 7).

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was carried out to inves-
tigate the thermal stabilities of 2 and 3 (see Supporting In-
formation). The TGA curve of 2 indicates the slow release
of guest molecules (H2O) up to about 200 8C to give the sol-
vent-free form; this slow release is probably due to the
strong hydrogen-bonding interactions of the trapped water
molecules with the urocanate ligands. From 300 8C, the li-
gands start to be released. The TGA curve of 3 indicates the
release of guest molecules (H2O and EtOH) from 80 to
160 8C to give its solvent-free form. From 290 8C, the ligands

start to be released. Furthermore, the powder XRD patterns
of 1–3 also indicate that only one clean phase is formed at
each reaction condition.

Fluorescence Emission

The fluorescence emission properties of 1–3 and urocanic
acid were further investigated. Urocanic acid displays a
weak fluorescence maximum at 380 nm in the solid state at
room temperature, whereas 2 exhibits an intense bathochro-
mic shift with the emission maximum at 483 nm (lex=

380 nm) (Figure 4). The bathochromic shift is undoubtedly

due to the deprotonation of the ligand when forming the 3D
alpha-polonium network. The p–p stacking interactions of
the imidazolyl groups may have also contributed to the
bathochromic shift in 2. Complex 3 displays an intense emis-
sion maximum at 612 nm (lex=460 nm) (Figure 4), which
may be attributed to metal-to-ligand charge transfer
(MLCT). Undoubtedly, the rigidity of the frameworks of 3
also contributes to the enhancement of the fluorescence
emission.[17] Complex 1 exhibits a slightly weaker fluores-
cence emission than that of free urocanic acid, which may
be attributed to the many coordinated water molecules in 1
quenching the fluorescence emission of the ligands. The
strong blue emissions of 2 and 3 in the solid state implies
that these complexes may be potentially applicable as mate-
rials for blue-light-emitting diode devices.[18]

Nitrogen Adsorption

Despite the nature of the four-fold interpenetration, 3 still
forms 1D open channels in which guest molecules (EtOH
and H2O) are trapped. The total potential void volumes of
the open channels of 3 are estimated to be about 35.3 %
(2769.7 Q3) of the volume of the unit cell (7840.2 Q3), as cal-
culated with PLATON.[19] The powder XRD patterns and
crystal structure of the dehydrated form of 3 also confirmed
that the solids, after removal of the solvent molecules, retain

Table 6. Selected bond lengths (Q) and angles (8) for 3.[a]

Cd1�N3 2.192(6) Cd1�O2#1 2.241(5)
Cd1�N1#2 2.251(7) Cd1�O4 2.285(5)
Cd1�O3 2.459(5) Cd1�O1#1 2.608(5)
Cd1�C6 2.735(7)

N3�Cd1�O2#1 139.4(2) N3�Cd1�N1#2 103.3(2)
O2#1�Cd1�N1#2 93.9(2) N3�Cd1�O4 116.9(2)
O2#1�Cd1�O4 97.0(2) N1#2�Cd1�O4 96.0(2)
N3�Cd1�O3 96.8(2) O2#1�Cd1�O3 84.20(19)
N1#2�Cd1�O3 150.55(19) O4�Cd1�O3 55.34(17)
N3�Cd1�O1#1 86.9(2) O2#1�Cd1�O1#1 52.95(18)
N1#2�Cd1�O1#1 104.8(2) O4�Cd1�O1#1 143.78(18)
O3�Cd1�O1#1 97.40(18)

[a] Symmetry codes for 3 : #1=x, y�0.5, �z ; #2=x�0.5, y, �z+0.5; #3=
x+0.5, y, �z+0.5.

Table 7. Hydrogen-bonding geometries for 3.[a]

D�H···A D�H [Q] H···A [Q] D···A [Q] D�H···A [Q]

O1W�H1WB···O4 0.82 2.13 2.755(3) 133
N2�H2D···O3#1 0.86 1.98 2.799(8) 158
O2W�H2WA···O1W 1.10 2.00 3.001(0) 149
N4�H4D···O2#2 0.86 1.86 2.684(2) 159
C3�H3···O1#3 0.93 2.44 3.338(2) 161
C4�H4···O3 0.93 2.52 2.840(8) 101
C9�H9···O1#4 0.93 2.45 3.097(8) 127
C11�H11···N4 0.93 2.59 2.917(7) 101
C13�H13B···O1W#5 0.96 1.92 2.805(9) 152
C13�H13C···O1W 0.96 1.99 2.796(8) 140

[a] Symmetry codes: #1=�y+0.75, x+0.25, z+0.25; #2=y+0.25, �x+
1.25, z+1.25; #3=�x+0.5, �y+1.5, �z+0.5; #4=x, y�0.5, �z ; #5=
�x+0.75, y�0.25, z�0.5.

Figure 4. Fluorescence emission spectra of 2 and 3 in the solid state with
lex=380 nm for 2 and lex=460 nm for 3. c=2, c=3.
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the initial framework of 3.[12] Therefore, it is possible to
study the molecular adsorption features of 3.

The nitrogen adsorption behavior of 3 was examined at
77 K. Nitrogen adsorption isotherms were recorded with au-
tomatic volumetric adsorption equipment (ASAP2010, Mi-
crometritics). A sample of 3 (330 mg) was placed in a quartz
tube and dried under high vacuum at 160 8C for 10 h to
remove the solvent molecules prior to measurements. Ap-
proximately 1.08 mmol of N2 per gram of solvent-free
sample was adsorbed at 1 atm (Figure 5).

Theoretical Investigations

To provide insight into the energy difference and charge dis-
tribution of 1–3, we performed quantum chemical calcula-
tions with the Gaussian 03 program.[20] The Becke three pa-
rameter hybrid functional with
the Lee–Yang–Parr correlation
corrections (B3LYP) was
used.[21] The 6-311+G(d) basis
set was used for C, N, O, and
H atoms, and the Los Alamos
ECP plus DZ (LANL2DZ) for
Cd atoms.[22] For the tautomers
of HL–HL3, the geometries
were fully optimized, and vi-
brational frequencies were cal-
culated with analytical second
derivatives. For 2 and 3, Mul-
liken population analysis was
carried out on the geometries
of the monomolecular units cut
out from the crystal data.

Figure 6 shows the optimized
structures, selected Mulliken
charge distributions, and rela-
tive energies of the HL tauto-

mers. The energy differences of the imidazolyl H transfer
between HL and HL2 (DE=0.27 kcal mol�1) and between
HL1 and HL3 (DE=�0.34 kcal mol�1) are lower than those
of the rotation of the imdazolyl group between HL and HL1

(DE=1.73 kcal mol�1) and between HL2 and HL3 (DE=

1.12 kcal mol�1), all of which are small. On the other hand,
1H NMR spectroscopic measurements showed that upon
heating HL to 90 and 140 8C in water without CdII ions, it
does not turn tautomerize, which suggests high activation
barriers for H transfer and imidazole ring flip. As shown in
Figure 7, the lowest unoccupied and highest occupied molec-
ular orbitals (LUMO and HOMO, respectively) of singlet
HL further imply that the C�C bonds between the imidazol-
yl and alkenyl groups are tightened by the conjugated p

system, which makes the imidazole ring difficult to flip. The
observation of the tautomers herein suggests that the CdII

ions play an important role in determining the structures of
urocanate ligands. In 1, HL turns into HL2 and HL3 to coor-

Figure 5. N2 adsorption curve of 3 at 77 K.

Figure 6. Optimized structures, selected Mulliken charge distributions,
and relative energies of the urocanic acid tautomers at the B3LYP/6-
311+G(d) level of theory.

Figure 7. Molecular orbital pictures of singlet HL, showing the LUMO and HOMOs down to the eighth
ACHTUNGTRENNUNGvalence molecular orbital from the HOMO. The unit of orbital energy is the hartree (in parentheses).
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dinate to CdII ions at room temperature as it is energetically
favorable. Calculations on the asymmetric units of 2 and 3
at the B3LYP/6–311+G(d)-LANL2DZ level predict that 3
lies 30.59 kcal mol�1 lower in energy than 2, which suggests
that 3 has a more stable structure than 2. Furthermore, 3
was only obtained under higher-temperature solvothermal
conditions herein, thus implying that the tautomerism of the
ligands results from a cooperative effect of the temperature,
pressure, and the metal ions in the self-assembly
(Scheme 3).

Conclusions

Three CdII urocanate coordination compounds have been
synthesized separately through control of the reaction condi-
tions. The tautomers of the urocanate ligand were present in
this system, which illustrates that the temperature, pressure,
and the metal ions act cooperatively to control the tauto-
merism of the ligands. This effect results in the enormous
structural diversity of such metal coordination compounds.

Experimental Section

Materials and General Methods

All the solvents and reagents for synthesis were commercially available
and used as received. FTIR spectra (KBr pellets) were recorded on a
JASCO FT/IR-230 spectrometer. Powder XRD data was collected with
CuKa (l=1.5406 Q) radiation on a Rigaku X-ray diffractometer. TGA
was carried out at a ramp rate of 5 8C min�1 in a helium atmosphere with
a Shimadzu DTG-50 instrument. Emission spectra were recorded on a
Perkin–Elmer LS50B luminescence spectrophotometer. Nitrogen adsorp-
tion measurements were performed with automatic volumetric adsorp-
tion equipment (ASAP2010, Micrometritics).

Syntheses

1: A mixture of CdACHTUNGTRENNUNG(ClO4)2·6H2O (0.84 g, 2 mmol), urocanic acid (0.28 g,
2 mmol), and a solution of water/ethanol/pyridine (1:5:1, 10 mL) was stir-
red for 3 h and filtered. Colorless crystals of 1 (0.29 g, �63 %) were ob-

tained after the filtrate was left to stand for ten days at room tempera-
ture. IR (KBr): ñ=3357 (m), 2854 (w), 1653 (s), 1529 (vs), 1384 (vs),
1277 (m), 1166 (s), 1124 (vs), 1001 (s), 846 (m), 678 (m), 647 cm�1 (m).

2 : A mixture of Cd ACHTUNGTRENNUNG(ClO4)2·6H2O (0.84 g, 2 mmol), urocanic acid (0.28 g,
2 mmol), and water/ethanol/pyridine (1:5:1, 10 mL) was sealed in a
teflon-capped scintillation vial. Yellow prismatic crystals of 2 (0.14 g,
�36 %) were obtained after four days of heating at 90 8C. IR (KBr): ñ=
3132 (m), 1845 (vs), 1773 (vs), 1696 (s), 1517 (s), 1457 (m), 1276 (m), 840
(m), 701 (w), 624 cm�1 (w).

3 : The synthesis of 3 is similar to that of 2 except that a reaction temper-
ature of 140 8C was used. Colorless block crystals of 3 (0.32 g, �70%)
were obtained after four days. IR (KBr): ñ=3384 (m), 1918 (m), 1792
(vs), 1684 (s), 1623 (m), 1534 (s), 1329 (m), 1121 (m), 970 (m), 970 (w),
825 cm�1 (w).

Caution: Perchlorate complexes of metal ions in the presence of organic
ligands are potentially explosive. These materials should be handled with
extreme care in small amounts.

XRD Data Collection and Structure Determination

Single-crystal XRD data for 1–3 were collected on a Bruker Smart 1000
CCD diffractometer at 183(2) K with MoKa radiation (l=0.71073 Q).
The program SAINT[8] was used for integration of the diffraction profiles.
All the structures were solved by direct methods with the SHELXS pro-
gram of the SHELXTL package and refined by full-matrix least-squares
methods with SHELXL (semiempirical absorption corrections were ap-
plied with the SADABS program).[9] Metal atoms in each complex were
located from the E maps, and other non-hydrogen atoms were located in
successive difference Fourier syntheses and refined with anisotropic ther-
mal parameters on F2. The hydrogen atoms of the ligand were generated
theoretically onto the specific atoms and refined isotropically with fixed
thermal factors. The hydrogen atoms of the water molecules were located
by the difference Fourier method. Further details of the structural analy-
sis are summarized in Table 1.

CCDC-288377 (1), -267261 (2), and -267262 (3) contain the supplementa-
ry crystallographic data for this paper. These data can be obtained free
of charge from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: (+44) 1223-336-033; e-mail :
ACHTUNGTRENNUNGdeposit@ccdc.com.ac.uk) or at www.ccdc.cam.ac.uk/data_request.cif.
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