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Abstract: In order to understand novel structural features of crystal packing of [CuL2][Ni(CN)4]·2H2O (L = (1R,2R)-1,2-
diaminocyclohexane), we have investigated temperature effect, metal-size effect, and isotope effect and their temperature 
dependence (100-300 K) with synchrotron powder X-ray diffraction (XRD) for (1) [CuL2][M(CN)4]·2H2O (M=Pd, Pt), (2) 
[CuL’2][M(CN)4] (M=Ni, Pd, and Pt; L’ = N-ethylethylenediamine), and (3) [CuL’’2][M(CN)6]·nH2O (L’’ =(1S,2S)-1,2-
dimethylcyclohexanediamine. M=Cr, Co, and Fe; isotopes of H2O are 1H(H), 2H(D), and 18O(O), respectively). The effect 
of the factors of (1) (temperature difference of 200 K) is comparable to metal size for the system of (1). Combinatorial 
preparation of (2) gave rise to the most stable Pd(II) complexes predominantly. Isotope effect of water molecules resulted 
in little structural changes of lattice for (3). 
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INTRODUCTION 

 Some flexible frameworks of cyanide-bridged bimetallic 
assemblies exhibit novel structural crystallographic features. 
For example, guest-dependent reversible structural transfor-
mation due to dehydration by heating and hydration has been 
reported for chiral coordination polymers [1-3]. Guest-
dependent negative thermal expansion behavior, showing 
contraction of cell volume and/or length of axes on heating, 
can be observed for certain Prussian blue analogues [4, 5], 
which are dependent on lattice dynamic effect of nanoporous 
frameworks. Furthermore, some coordination polymers ex-
hibit colossal positive and negative thermal expansion [6], in 
particular, metallophilic interaction d10 closed-shell interac-
tions may be suitable flexible building blocks for the frame-
works of these crystalline materials [7]. 

 We have investigated structural flexibility of 3d9 cop-
per(II) complexes [8] and their cyanide-bridged bimetallic 
assemblies [9] due to Jahn-Teller distortion [10, 11]. Herein 
we report on variable temperature XRD and attempt of 
preparation bimetallic assemblies potentially having long 
semi-coordination bonds [12, 13] and related complexes [14, 
15]. In order to understand novel structural features of crys-
tal packing of [CuL2][Ni(CN)4]·2H2O (L = (1R,2R)-1,2-
diaminocyclohexane), we have investigated temperature ef-
fect, metal-size effect, and isotope effect and their tempera-
ture dependence (100-300 K) with synchrotron powder  
X-ray diffraction (XRD) for (1) [CuL2][M(CN)4]·2H2O 
(M=Pd, Pt), (2) [CuL’2][M(CN)4] (M=Ni, Pd, or Pt; L’ = N-  
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ethylethylenediamine), and (3) [CuL’’2]3[M(CN)6]2·nH2O 
(L’’ =(1S,2S)-1,2-dimethylcyclohexanediamine. M=Cr, Co, 
and Fe; isotopes of H2O are 1H(H), 2H(D), and 18O(O), re-
spectively). The purpose is the present study is not com-
pletely determination of crystal structures from powder XRD 
data but experimental benchmark tests for some effects of 
chemical modifications on thermally structural changes, 
which have been never carried out actually. 

MATERIALS AND METHODOLOGY 

Preparations 

 [CuL2][M(CN)4]·2H2O [12, 13] and [CuL’2][M(CN)4] 
[14, 15] were prepared according to the literature methods. 
Combinatorial preparation of the system (2) by using differ-
ent [M(CN)4]

2- precursors was carried out and characterized 
XPS and XRD. Total 9 compounds of (3), [CuL’’2]3 

[M(CN)6]2·nH2O, Cr-H, Cr-D, Cr-O, Co-H, Co-D, Co-O, Fe-
H, Fe-D, and Fe-O, were prepared in similar way to the 
analogous compounds [9] by employing the corresponding 
amine ligands (L’’’) and water containing isotope atoms. 

Physical Measurements 

 X-ray photoelectron spectra (XPS) were recorded with a 
JEOL JPS-9010MC at 298 K. Powder samples were pressed 
as pellets and put under UHV to reach the 10-8 Pa range. The 
nonmonochromatized Mg K  source was used at 10 kV and 
10 mA, as a flood gun to compensate for the nonconductive 
samples. The binding energy of the spectra was calibrated in 
relation to the C 1s binging energy (284.0 eV), which was 
applied as an internal standard. Powder XRD patterns were 
also measured by using synchrotron radiation beamline at 
KEK-PF BL-8B with 8 keV (  = 1.54184 Å) under variable 
temperature apparatus of nitrogen stream equipped with a 
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RIGAKU imaging plate. All the samples were measured for 
3 min and constant ring current (440 mA). 

RESULTS AND DISCUSSION 

 Figs. (1 and 2) exhibit variable temperature XRD patterns 
for [CuL2][Pd(CN)4]·2H2O and [CuL2][Pt(CN)4]·2H2O, 
respectively. The predominant peaks of (0, 2, 1), (2, 0, -1), 
and (1, 0, 0) appear around 2  = 16.4, 18.6, and 9.6 degrees, 
respectively. Both complexes exhibited usual positive 
thermal expansion upon heating [16]. The d-values of (0, 2, 
1), (2, 0, -1), and (1, 0, 0) peaks at 300 K are 5.42, 4.80, and 
9.21 Å and the difference between 300 K and 100 K are 
0.029, 0.000, and 0.000 Å for [CuL2][Pd(CN)4]·2H2O. The 
corresponding values for [CuL2][Pt(CN)4]·2H2O are 5.40, 
4.78, and 9.24 Å and the difference between 300 K and 100 
K are 0.028, 0.000, and 0.006 Å, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Powder XRD patterns for [CuL2][Pd(CN)4]·2H2O obtained 
with synchrotron radiation (  = 1.54184 Å) at 100-300 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Powder XRD patterns for [CuL2][Pt(CN)4]·2H2O obtained 
with synchrotron radiation (  = 1.54184 Å) at 100-300 K. 

 On the other hand, the difference due to metal-
substitution (Pd and Pt) at 300 K are 0.02, 0.02, and 0.03 Å 
for (0, 2, 1), (2, 0, -1), and (1, 0, 0) peaks, respectively. It 
should be noted that structural differences in d-values attrib-
uted to temperature difference (300 K and 100 K) were com-
parable to that attributed to metal- substitution (Pd and Pt) 
for these complexes. In this context, it may be interesting 
that [CuL2][Pd1-xPtx(CN)4]·2H2O (0 < x < 1) may be a prom-
ising material which indicate novel thermal expansion be-
havior as functions of temperature and composition (x), be-
cause [CuL2][Pd(CN)4]·2H2O and [CuL2][Pt(CN)4]·2H2O 
crystallize isostructurally [12, 13]. However, in the system-
atic studies of cyanide-bridged bimetallic assemblies, we 
have not obtained such complexes so far. 

 We have prepared precursors as aqueous solutions of 
precursors under two conditions: <condition 1> [CuL2 

(H2O)2]
2+ (9.03 mg, 0.02 mmol) and both K2[Pd(CN)4] (2.29 

mg, 0.01 mmol), and K2[Pt(CN)4] (4.31 mg, 0.01 mmol), 
<condition 2> [CuL2(H2O)2]

2+ (4.51 mg, 0.01 mmol) and 
both K2[Pd(CN)4] (2.89 mg, 0.1 mmol), and K2[Pt(CN)4] 
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(2.89 mg, 0.005 mmol) to give rise to a blue single crystal. 
According to XPS results showing only Pd 3d3/2 and Pd 3d5/2 
peaks around 340 eV , only [CuL2][Pd(CN)4]·2H2O precipi-
tated for both conditions. 

 In order to prepare such mixed-metal bimetallic assem-
blies, we also examined the related cyanide-bridged com-
plexes, [CuL’2][M(CN)4] (M = Ni, Pd, Pt). We have pre-
pared by using aqueous solutions of precursors of three or 
two components; <condition 1> [CuL’2(H2O)2]

2+ (36.3 mg, 
0.1 mmol) and K2[Ni(CN)4] (8.62 mg, 0.033 mmol), 
K2[Pd(CN)4] (9.61 mg, 0.033 mmol), and K2[Pt(CN)4] (13.9 
mg, 0.033 mmol) <condition 2> [CuL’2(H2O)2]

2+ (36.4 mg, 
0.1 mmol) and both K2[Pd(CN)4] (14.0 mg, 0.05 mmol), and 
K2[Pt(CN)4] (21.1 mg, 0.05 mmol) to give rise to a blue  
single crystal. According to XPS results showing only Pd 
3d3/2 and Pd 3d5/2 peaks around 340 eV, only [CuL’2] 
[Pd(CN)4]·2H2O precipitates were obtained for both condi-
tions. Figs. (3 and 4) show the corresponding XRD patterns 
at 300 K and 100 K, which indicate single component pat-
terns surely. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Powder XRD patterns for [CuL’2][Pd(CN)4] (prepared as 
mixture of Ni/Pd/Ni) obtained with synchrotron radiation (  = 
1.54184 Å) at 100 and 300 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (4). Powder XRD patterns for [CuL’2][Pd(CN)4] (prepared as 
mixture of Pd/Ni) obtained with synchrotron radiation (  = 1.54184 
Å) at 100 and 300 K. 

 By the way, Figs. (5-7) exhibit variable temperature 
XRD patterns for [CuL’’2]3[M(CN)6]2·nH2O (whose water 
are substituted H, D, and O isotopes), respectively. Among 
these 9 isostructural crystals, metal substitution (M=Cr, Co, 
and Fe) results in slight structural difference similar to ion 
size difference between Pd and Pt as mentioned above. Al-
though strength of hydrogen bonds should be expected to 
vary depending on isotopes, isotope substitution resulted in 
little structural difference in XRD patterns examined. 

 Temperature dependence of XRD patterns of 
[CuL’’2]3[M(CN)6]2·nH2O clearly indicates that their crystal 
lattice exhibits isotropic normal (positive) thermal expansion 
behavior (even only several points are recorded) for 
[CuL’’2]3[Fe(CN)6]2·nH2O (H) (Fig. 8). In this way, isotope 
effect may emerge not as lattice behavior but also specific 
interatomic distances. Therefore, thermally-induced struc-
tural changes of crystal lattice constants and each bond dis-
tance may be observed separately for hydrogen bonded sys-
tems or a certain packing systems involving considerably 
anisotropic chemical bonds. 

 

 

 

 

 

 

 

Fig. (5). Powder XRD patterns for [CuL’’2][Cr(CN)6]·nH2O (H, D, and O) obtained with synchrotron radiation (  = 1.54184 Å) at 100 and 
300 K. 
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Fig. (6). Powder XRD patterns for [CuL’’2][Co(CN)6]·nH2O (H, D, and O) obtained with synchrotron radiation (  = 1.54184 Å) at 100 and 
300 K. 

 

 

 

 

 

 

 

 

 

Fig. (7). Powder XRD patterns for [CuL’’2][Fe(CN)6]·nH2O (H, D, and O) obtained with synchrotron radiation (  = 1.54184 Å) at 100 and 
300 K. 

 

 

 

 

 

 

 

 

 

Fig. (8). Powder XRD patterns for [CuL’’2][Fe(CN)6]·nH2O (H) obtained with synchrotron radiation (  = 1.54184 Å) at 100-300 K. 
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CONCLUSION 

 In order to design new materials to exhibit novel thermal 
expansion behavior, we examined temperature dependence 
of structural features for some cyanide-bridged bimetallic 
assemblies. The effect of the factors (1), 200 K temperature, 
was comparable to metal size for the system of (1). Combi-
natorial preparation of (2) gave rise to the most stable Pd(II) 
complexes. Isotope effect exhibited little effects on structural 
changes of lattice for (3). It was found that structural differ-
ences in d-values attributed to temperature difference (300 K 
and 100 K) are comparable to that attributed to metal- substi-
tution (Pd and Pt) for these complexes. In this way one can 
conclude that at present it is easy to obtain middle size of 
[CuA2][Pd(CN)4]·2H2O and difficult to prepare [CuA2][Pd1-

xPtx(CN)4]·2H2O (0 < x < 1) type cyanide-bridged bimetallic 
assemblies. It is possible that expected thermally-induced 
structural changes of crystal lattice constants and each bond 
distance may be observed separately. 
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