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Two supramolecular isomers, {[Cd2(pda)2(1,10′-phen)2]·H2O}n (1) and {[Cd2(pda)2(1,10′-phen)2]·4-
H2O}n (2) (1,10′-phen = 1,10-phenanthroline, pda = phenylenediacrylate dianion), have been synthe-
sized and characterized by single-crystal X-ray analysis. Complex 1 exhibits a 3D network
constructed from 1D rod-shaped secondary building units, while 2 shows a 3D, twofold interpene-
trated framework. There exists a reversible transformation between the pair of isomers: when yel-
low block crystals of 1 are treated under microwave irradiation, colorless plate crystals of 2 are
formed; in turn, if crystals of 2 are dissolved in water and left undisturbed about two weeks at
room temperature, crystals of 1 reappear. Fluorescence properties of 1 and 2 have also been
studied.

Keywords: Coordination polymer; Supramolecular isomer; Reversible transformation; Fluorescence
property

1. Introduction

Supramolecular isomerism, the existence of more than one type of supramolecular
structure for the same molecular building blocks, has received increasing attention in
coordination chemistry and crystal engineering because different isomers differing struc-
tural features may result in different physical and chemical properties that lead to various
performances when used in molecular adsorption, separation processes, ion exchange,
catalysis, sensor technology, and photoelectronics [1–7]. Supramolecular isomerism in
coordination polymers, which involves transformation between different isomers, is very
important because the process provides opportunities to gain better understanding of
factors that influence crystal growth and help to develop new functional materials [8].
Detailed studies on the transformation between supramolecular isomers, however, remain
scarce [9, 10].

Compared with coordination polymers constructed from other metal ions, d10

coordination polymers are more able to undertake transformations owing to a flexibility to
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adopt various coordination modes and geometries [11]. Examples of d10 coordination poly-
mers have been reported to undergo transformation caused by external stimuli such as
light, thermal and other factors [12]. For these coordination polymers, although the conver-
sion processes accompany the breaking of bonds, alteration of oxygen state or loss of
guest molecules, crystalline states are retained [13].

Recent studies have demonstrated combining predictable coordination behavior of che-
lating ligands and the negative charge of a carboxylate have advantages in the crystal engi-
neering of coordination polymers and supramolecular isomers [14]. We have synthesized
{[Cd2(pda)2(1,10′-phen)2]·H2O}n (1) and the supramolecular isomer {[Cd2(pda)2(1,10′-
phen)2]·4H2O}n (2). Complex 1 exhibits a 3D network composed of 1D rod-shaped
secondary building units (SBUs). The isomer, 2, shows 3D twofold interpenetration archi-
tecture. A reversible transformation exists between the two supramolecular isomers; under
microwave irradiation, 1 can transform to 2 and in water at room temperature, 2 can
convert to 1. Fluorescence properties of 1 and 2 have also been studied.

2. Experimental

2.1. Materials and general methods

All purchased chemicals were of reagent grade and used without purification. Microwave
reactions were performed in a microwave oven (START D, Milestone, maximum power of
1200W, 2.45GHz). Elemental analyses (C, H, and N) were performed on a Perkin-Elmer
2400 CHN elemental analyzer. FT/IR spectra were recorded from 4000 to 400 cm�1 on an
Alpha Centaur FTIR spectrophotometer using KBr pellets. TG analyses were performed on
a Perkin-Elmer TGA7 instrument in flowing N2 with a heating rate of 10 °C min�1. PXRD
patterns were recorded on a Siemens D5005 diffractometer with Cu KR (λ = 1.5418Å)
radiation. Photoluminescence spectra were measured using a FL-2T2 instrument (SPEX,
USA) with 450-W xenon lamp monochromated by double grating (1200 gr/mu).

2.2. Synthesis of 1

Complex 1 was prepared from Cd(OAc)2·2H2O (0.027 g, 0.1mmol), H2pda (0.022 g,
0.1mmol), 1,10′-phen (0.018 g, 0.1mmol), and 5mL H2O. The mixture was stirred and
pH adjusted to 7 with 1M NaOH. After stirring for another 15min, the mixture was trans-
ferred to a 23-mL Teflon-lined stainless steel bomb and kept at 140 °C under autogenous
pressure for four days. The reaction system was cooled to room temperature during 24 h. A
large amount of block yellow crystals of 1 were obtained. Yield: 71% (based on Cd).
Anal. Calcd for C48H34N4O9Cd2: C, 55.67%; H, 3.31%; N, 5.41%. Found: C, 55.54%; H,
3.41%; N, 5.37%. IR (cm�1): 3467 (s), 3382 (s), 1635 (s), 1558 (s), 1419 (s), 1375 (s),
898 (s), 838 (s), 727 (s) (figure S1(a)).

2.3. Synthesis of 2

Crystals of 1 (0.10 g) were added to 8mL of H2O and the obtained mixture was placed in a
20-mL Teflon autoclave. After heating at 500W for 20min, colorless plate crystals of 2 were

1108 G. Li et al.
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obtained. Yield: 43% (based on Cd). Anal. Calcd for C48H40N4O12Cd2: C, 52.91%; H,
3.70%; N, 5.14%. Found: C, 53.07%; H, 3.62%; N, 5.25%. IR (cm�1): 3456 (s), 3060 (m),
1637 (s), 1560 (s), 1515 (s), 1419 (s), 1396 (s), 968 (s), 826 (s), 719 (s) (figure S1(b)).

2.4. X-ray crystallography

Suitable single crystals of 1 and 2 were carefully selected under an optical microscope and
glued on glass fibers. Structural measurements were performed on a Bruker AXS SMART
APEX II CCD diffractometer at 293K. The structures were solved by the direct method
and refined by full-matrix least-squares on F2 using SHELXTL 97 crystallographic soft-
ware package and anisotropic thermal parameters were used to refine all nonhydrogen
atoms [15, 16]. Carbon-bound hydrogens were placed in geometrically calculated posi-
tions; oxygen-bound hydrogens were located in the difference Fourier maps, kept in that
position and refined with isotropic temperature factors. Further details of the X-ray struc-
tural analysis are given in table 1. Selected bond lengths are listed in table 2. Further
details of the crystal structure determination have been deposited to the Cambridge
Crystallographic Data Center as supplementary publication. CCDC 842567 and 842568 for
1 and 2 contain the supplementary crystallographic data.

3. Results and discussion

3.1. Structure description

Single-crystal X-ray diffraction analysis reveals that 1 is a 3D framework constructed by
infinite rod-shaped SBUs and pda linkers. In the fundamental unit, there are two crystallo-
graphically independent Cd ions, two pda, two 1,10′-phen, and one free water. Cd1 is a

Table 1. Crystal data and structure refinement results for 1 and 2.

1 2

Empirical formula C48H34N4O9Cd2 C48H40N4O12Cd2
Formula weight 1035.59 1089.64
Crystal system Monoclinic Monoclinic
Space group P21/c P21/c
a/Å 11.0512 23.768
b/Å 23.463 18.231
c/Å 15.7410 10.394
β/° 101.882 91.180
V/Å3 3990.9 4503.2(5)
Z 4 4
Dcalcd/(g cm�3) 1.722 1.607
F (000) 2072 2192
Reflections collected 19,846 24,635
Reflections unique 7013 7922
R (int) 0.0196 0.0246
Data / restraints / parameters 7013 / 11 / 581 7922 / 20 / 651
Goodness-of-fit on F2 1.027 1.030
R1 [I > 2σ(I)] 0.0431 0.0287
wR2 [I > 2σ(I)] 0.1453 0.0866
R1 (all data) 0.0484 0.0353
wR2 (all data) 0.1532 0.0914

R1 =Σ||Fo|�|Fc||/Σ|Fo|; wR2 =Σ[w(Fo
2�Fc

2)2]/Σ[w(Fo
2)2]1/2.

Supramolecular isomers 1109
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distorted octahedron and connects with four carboxyl oxygen atoms from four pda with
Cd–O distances and O–Cd–O angles ranging from 2.191(3) to 2.514(3) Å and 82.72(9) to
168.82(11)°. The other two coordination sites are occupied by 1,10′-phen (figure 1(a)).
Cd2 has the same kind of connection as Cd1 but with different bond lengths and angles
(figure 1(b)). In 1, the four carboxylates of two unique pda ligands adopt three different
connection modes, resulting in formation of a cadmium-carboxylate chain along the c axis
(figure 2). The infinite rod-shaped cadmium-carboxylate chain can be regarded as a SBU,
where the two independent Cd ions are separated by 3.876Å. These SBUs are linked in
parallel by pda and give a 3D coordination framework. The structure of 1 has channels of
12.13� 12.13Å dimensions with a void space running along the c axis; the channels are
occupied by 1,10′-phen, which coordinate to Cd(1) and Cd(2) (figure 3). Yaghi and others
have reported a series of coordination polymers constructed from 1D rod-shaped SBUs
[17]. Based on topology theory, 1 exhibits a pcu-type rod packing.

Table 2. Selected bond lengths for 1 and 2.

1
Cd(1)–O(7)#1 2.191(3) Cd(1)–O(1)#3 2.408(3)
Cd(1)–O(3)#2 2.229(3) Cd(1)–O(6) 2.514(3)
Cd(1)–N(1) 2.455(3) Cd(1)–N(2) 2.434(3)
Cd(2)–O(2) 2.258(3) Cd(2)–O(4)#2 2.321(3)
Cd(2)–O(5) 2.435(3) Cd(2)–O(6) 2.352(3)
Cd(2)–N(3) 2.431(4) Cd(2)–N(4) 2.347(4)
2
Cd(1)–O(1) 2.257(18) Cd(1)–O(3)#2 2.256(18)
Cd(1)–O(4)#2 2.501(2) Cd(1)–O(7)#1 2.255(2)
Cd(1)–N(1) 2.321(2) Cd(1)–N(2) 2.392(2)
Cd(2)–O(1) 2.343(18) Cd(2)–O(2) 2.523(2)
Cd(2)–O(5) 2.462(2) Cd(2)–O(6) 2.271(19)
Cd(2)–O(8)#1 2.316(2) Cd(2)–N(3) 2.313(2)
Cd(2)–N(4) 2.388(2)

Symmetry transformations used to generate equivalent atoms for 1: #1 �x, y+ 1/2, �z + 3/2; #2 �x+ 1, y�1/2,
�z + 1/2; #3 x, �y+ 1/2, z + 1/2; for 2: #1 �x+ 1, y�1/2, �z+ 3/2; #2 �x, y�1/2, �z +½.

Figure 1. The coordination environments of Cd(1) and Cd(2) in 1; hydrogens are omitted for clarity.
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If the guest water molecules are neglected, 2 has the identical molecular formula and
chemical components as 1. Its fundamental unit is also made up of two crystallographi-
cally independent Cd ions, two pda and two 1,10′-phen. Cd(1) connects with four carboxyl
oxygen atoms from different pda ligands. The Cd–O bond distances range from 2.255(2)
to 2.501(2) Å. Two nitrogen atoms from 1,10′-phen occupy the other two coordination sites
with an average Cd–N bond distance 2.357Å. This results in the distorted octahedral coor-
dination mode of Cd(1) (figure 4(a)). Unlike Cd(1), Cd(2) is a distorted pentagonal bipyra-
midal coordination sphere consisting of five carboxyl oxygen atoms from three different
pda and two nitrogen atoms from 1,10′-phen (figure 4(b)). These two Cd ions are bridged
by a pair of pda carboxylates into a binuclear Cd unit with the Cd(1)–Cd(2) distance
3.928Å. Two independent pda ligands have two coordination modes: in the first pda, one
carboxylate chelates and another bridges; in the second pda, one carboxylate chelates and
the other chelate-bridges. With these connection modes, the adjacent binuclear Cd units
are bridged and form a 2D layer with (4, 4) topology (figure 5(a)).

Figure 2. Infinite rod-shaped SBUs used to assemble 1.

Figure 3. The 3D framework of 1 (1,10′-phen are omitted).

Supramolecular isomers 1111
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Different from previously reported 2D layer complexes with (4, 4) topology, the layer
structure reported here exhibits ‘up’ and ‘down’ arms pointing from both sides of each
layer, resulting in the interdigitation of 2 [18, 19]. There are two factors that play impor-
tant roles in generation of the interdigitated network of 2: first, four pairs of binuclear Cd
units and four pda ligands form a large cavity and second, dangling 1,10′-phen ligands are
disposed in a mutual antiorientation and the length of each dangling 1,10′-phen is longer
than the distance of adjacent layers. Based on these points, the dangling arms of each layer
point into the cavities of neighboring layers in a mutual relationship and each cavity is
interdigitated by two arms belonging to two different layers, one entering from one side,
while the other from the opposite side (figure 5(b)). These layers are mutually interdigita-
ted to create a stable framework.

In this framework, the separated [Cd2(pda)2(1,10′-phen)2]n layers stack along the c crys-
tal direction and construct a 3D supramolecular network with π–π interactions between
1,10′-phen with distances of neighboring aromatic rings from 3.651 to 3.749Å and the
angle of the aromatic rings is 2.420° (figure 6(a)). So, the binuclear Cd units can be trea-
ted as six connected nodes, linking with four binuclear Cd units in the same layer and two
binuclear Cd units from two adjacent layers. The connectivity pattern gives a 3D supramo-
lecular network with α-Po topology (figure 6(b)). Owing to the length of pda, the single
network is porous. The pore exhibits dimensions of 11.170� 17.640Å, which leads to
twofold interpenetration structure of 2 (figure 7).

3.2. Structure transformation between 1 and 2

The most interesting feature of 1 and 2 is a reversible transformation. After crystals of 1
were placed in a microwave oven and reacted 20min, colorless plate crystals appeared.
The XRPD pattern of these new samples exhibits significant change, which matches well
with the pattern of 2 as calculated from the single-crystal X-ray analysis (figure 8(a)). If
the crystals of 2 (0.10 g) are placed in 10mL of H2O and left undisturbed for two weeks
at room temperature, yellow block crystals were found that show similar XRPD pattern to
1 as simulated from single-crystal X-ray data (figure 8(b)).

Figure 4. The coordination environments of Cd(1) and Cd(2) in 2; hydrogens are omitted for clarity.
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Several examples of irreversible transformation between supramolecular isomers have
been studied, but reversible transformation has never been reported. Thus, the transforma-
tion between 1 and 2 represents the first example [9, 10].

Coordination of pda seems to play an important role in transformation between 1 and 2.
In 1, the pda adopt two coordination modes. In one type of pda, two carboxylates bridge,
while in the second type of pda, one carboxylate chelate-bridges while the other is mono-
dentate. For 2, one carboxylate of pda is chelating-bridging, while the other chelates. In
the second type of pda, one chelates and the other bridges. With the change of the coordi-
nation modes of carboxylates, rearrangements of bonds between metal centers occur. Dur-
ing the transformation from 1 to 2, accompanying the cleavage of three bonds (Cd1–O6,
Cd2–O2, and Cd2–O4), three new bonds (Cd1–O1, Cd1–O4, and Cd2–O8) are formed.
During these changes, Cd2–O2 bond is the key factor in the transformation process which
leads to change of dimensionality and conversion between 1 and 2.

Conversion between 1 and 2 involves not only formation of new covalent bonds, but
also change of dimensionality. Only a few examples have been reported where single-crys-
tal nature of coordination polymers is retained when structural transformations are accom-
panied with changes of covalent bonds and dimensionality [20].

Figure 5. (a) (4, 4) Topology layer of 2 along the c axis and (b) the interdigitated structure of 2 along the b axis.

Supramolecular isomers 1113
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3.3. IR spectroscopy

For 1, absorptions at 1635, 1558, and 1419 cm�1 display asymmetric and symmetric vibra-
tions, respectively; the separations (Δ) between γasym (CO2) and γsym (CO2) are 216 and
129 cm�1. The IR spectrum of 2 shows absorptions at 1637, 1560, and 1515 cm�1 and the
Δ values are 77 and 122 cm�1. For these two complexes, the Δ values are in agreement
with the results of the single crystal analysis.

3.4. Thermal analysis

To examine stabilities of 1 and 2, thermal gravimetric analysis (TGA) were carried out in
nitrogen atoms from 30 to 800 °C (figure S2). For 1, the first weight loss of 1.86% at 87–
105 °C is due to loss of guest water (calcd. 1.74%). From 313 to 406 °C, weight loss of

Figure 6. (a) The 3D supramolecular framework of 2 and (b) representation of the α-Po topology of 2.

Figure 7. Scheme representation of the 3D twofold interpenetration network of 2.

1114 G. Li et al.
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76.82% should correspond to decomposition of organic ligands (calcd. 76.94%). Complex
2 also displays two-step weight loss, 6.55% from 83 to 112 °C and 73.04% from 307 to
412 °C, respectively, which can be attributed to loss of guest water (calcd. 6.61%) and
organic ligands (calcd. 73.13%), respectively. Thermal properties of crystals transformed
from 1 have similar TGA curve to 2. Thermal properties of crystals transformed from 2
give TGA curve similar to 1 (figure S3). These processes further indicate a reversible
transformation between 1 and 2.

3.5. Fluorescence

Coordination polymers composed of d10 metal centers have fluorescence properties with
potential applications in photochemistry, chemical sensors, etc. Fluorescence spectra of free
H2pda, 1, and 2 were measured at room temperature in the solid state (figure 9). Emission
peaks are observed at 426, 408, and 441 nm, respectively (with λex = 310 nm). The
emissions of 1 and 2 can be ascribed to π–π⁄ or π–n transitions of organic ligands [21].
Compared with that of free H2pda, 1 and 2 exhibit intense emissions at room temperature,
attributed to rigidity of their framework [22–24].

Figure 8. (a) PXRD pattern of 2 and (b) PXRD pattern of 1.

Supramolecular isomers 1115

D
ow

nl
oa

de
d 

by
 [

R
en

m
in

 U
ni

ve
rs

ity
 o

f 
C

hi
na

] 
at

 1
0:

52
 1

3 
O

ct
ob

er
 2

01
3 



4. Conclusion

A pair of supramolecular isomers was synthesized with reversible transformation between
these two isomers. When treated with microwave irradiation, 1 turns into 2. After dissolv-
ing in water and leaving undisturbed for two weeks, colorless plate crystals of 2 convert to
block yellow crystals of 1 slowly. These two complexes exhibit different structural
features. Complex 1 shows a 3D network, composed by rod-shaped SBUs, and 2 exhibits
a 3D twofold interpenetrated framework. 1 and 2 fluoresce. The reversible transformation
between 1 and 2 is a simple conversion phenomenon, paving the way for preparation of
new supramolecular isomers unavailable by direct synthesis.

Supplementary material

Crystallographic data for the structural analysis have been deposited with the Cambridge
Crystallographic Data Center, CCDC reference numbers: 870430 (1), 870431 (2).
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