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The phase transition of a cyano-bridged Co-W bimetal
assembly Cos[W/(CN)s]2(4-methylpyridine)(pyrimidine)2xH20
depends on the humidity. This humidity responsivity is
attributed to changes in the internal pressure due to the
absorption (or desorption) of water molecules in the interstitial
sites of the cyano-bridged three-demensional network.

Thermal phase transition phenomena due to charge transfer or spin
crossover have received much attention in solid state chemistry.!?
Materials exhibiting a phase transition accompanied by a thermal
hysteresis loop are especially attractive because they have
potential in sensors, displays, and recording media.?>? From this
angle, porous coordination polymers or metal-organic frameworks
should depend on the environmental conditions.* As for magnetic
coordination polymers, several types of magnetic materials have
been reported, e.g., a humidity-sensitive magnetic material,
Co"[CI™(CN)6]23zH20;*! an alcohol-vapor-sensitive magnetic
material, Cu3[W(CN)s]2(pyrimidine)28H20;% solvent-sensitive
charge-transfer magnetic materials, [Co((R)pabn)]-
[Fe(tp)(CN)3](BF4)* and [Fe(bpac)M(CN)4] (M= Pt, Pd, and Ni).*

A series of cyano-bridged Co-W bimetal assemblies,’ e.g.,
CsCo[W(CN)s](3-cyanopyridine)> H>O, Co3[W(CN)s]2-
(pyrimidine)46H20,°°¢ show thermal phase transitions and
photoinduced magnetizations. Such phenomena are driven by a
thermally or optically charge-transfer-induced spin transition.
Herein we report the humidity sensitivity of Cos3[W(CN)s]2-
(4-methylpyridine)2(pyrimidine)>XH20.

The powder-form sample of the present material was prepared
according to our previously reported method.* Cs3[WV(CN)s]-
2H20, Co''Cl2-6H20, 4-methylpyridine, and pyrimidine, were
mixed in aqueous solution (supplementary information §1).
Elemental analysis confirmed that the chemical formula of the
present compound at 60% relative humidity (RH) was

Co3[W(CN)s]2(4-methylpyridine)z2(pyrimidine)2-7.5H20:  caled:
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Co 12.26, W 25.50, C 29.96, H 2.57, N 21.36; found: Co 12.23, W
25.48, C 29.87, H 2.47, N 21.40. The number of water molecules
in the sample with RH between 80% and 5% was determined by
plotting sample weight as a function of humidity. The number of
H20 molecules (X) decreased from 8.0 to 5.3 as the humidity
decreased, but the returned to the initial value as the humidity
increased (Fig. 1). The humidity dependence of the IR spectra
showed a decrease in the O-H stretching peak at 2800-3700 cm™!
(Fig. 2), which is almost consistent with the decrease in the number
of H20 molecules. Although a small spectral change was observed
in the CN stretching peak at 2050-2250 ¢m™!, the change was too
small to discuss.

Figure 3 shows the crystal structure refined by Rietveld analysis
for the X-ray diffraction (XRD) pattern measured at 80% RH (Fig.
S1 and Table S1); the sample had a triclinic crystal structure in the
P1 space group with lattice constants of a = 7.610(1) A, b =
14.980(2) A, ¢ = 20.897(8) A, o= 90.90(8)°, f= 98.34(2)°, and
7=90.55(2)°. The asymmetric unit consisted of four Co sites (Col,
Co2, Co3, and Co4) and two W sites (W1 and W2). Co (Col and
Co2) and W(W1 and W2) were bridged by a cyano group, forming
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Fig. 1 Humidity dependence of the sample weight change of Co;[W(CN)g],(4-methyl-
pyridine),(pyrimidine), xH,0.
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Fig. 2 O-H stretching vibration peak of water in IR spectra of the present sample at
80% RH (blue), 60% RH (light blue), 40% RH (green), 20% RH (orange), and 5% RH
(red). (Inset) Plot of the relative peak area of the O-H stretching peak as a function
of humidity.
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Fig. 3 Crystal structure of the present sample at 80% RH. (a) Asymmetric unit and
crystal structure viewed along the (b) a and (c) ¢ axes. Red, blue, green, gray, and
dark gray balls represent Co, W, O, C, and N atoms, respectively.

a two-dimensional grid structure in the ab plane. These grid layer
were bridged by different Co atoms (Co3 and Co4) and stacked
along the C axis to construct a three-dimensional network. The
interstitial site contained 6.0 molecules of non-coordinated H>O,
while 2.0 H20 molecules were coordinated to Co. The schematic
hydrogen bond network was formed by the coordinated H20, non-
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coordinated H20, and CN groups. The refined crystal structure is
consistent with the structure reported in our previous paper.>®

Successively, the XRD patterns were measured with humidities
of 60% RH, 40% RH, 20% RH, and 5% RH. As the humidity
decreased, several XRD peaks shifted to a higher angle, but the
others did not shift (Fig. 4), indicating an anisotropic lattice
contraction. The contractions for the a, b, and ¢ axes from 80% RH
to 5% RH were 0.20%, 0.18%, and 0.00%, respectively (Fig. 5 and
Table 1). Figures 6a and 6b show the schematic hydrogen bonding
networks of the sample at 80% RH and the sample at 5% RH,
respectively. Desorption of the water molecules reduced the
hydrogen bonding network.

The temperature dependence of the product of molar magnetic
susceptibility (ym) and temperature (T) (ymMT—T plot) showed that
the present material exhibited a thermal phase transition due to a
charge-transfer-induced spin transition (CTIST) from the high-
temperature phase [HT phase: Co'hs(S= 3/2)-WV(S= 1/2)] to the
low-temperature phase [LT phase: CoMis(S= 0)-W™V(S= 0)].
Figure7 shows the ymT-T plots at 100% RH, 80% RH, 60% RH,
40% RH, 20% RH, and 5% RH. Table S2 lists the transition
temperatures (T12; and T121, which are defined as the temperatures
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Fig. 4 XRD spectra at 80% RH (blue), 60% RH (light blue), 40% RH (green), 20% RH
(orange), and 5% RH (red). Entire spectra and (inset) the peak where a significant
shift is not observed (0 0 2) and observed (1 -2 -1).
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Fig. 5 Plots of contraction of (a) lattice constants and (b) lattice volume as a function
of humidity. In (a), red, blue, and green indicate the g, b, and c axis, respectively.

Table 1 Humidity dependence of the lattice constants

80%RH 60%RH 40%RH 20%RH 5%RH
alA  761001)  7.609(1) 7.606(1) 7.602(1) 7.594(1)
BIA 14980(2) 14.978(2) 14.970(2) 14.963(2) 14.953(2)
clA 20.897(8) 20.897(7) 20.898(8) 20.897(8) 20.897(7)
al®  90.90(8) 90.95(3) 90.95(3) 90.98(3) 91.06(3)
B/°  9834(2) 9833(2) 9833(2) 98.34(2) 98.37(2)
/% 90.55(2)  90.56(1)  90.57(1)  90.58(1)  90.60(1)
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80% RH

Fig. 6 Schematic illustration of the decrease in the hydrogen bonding network due
to desorption of water molecules. Blue shaded areas represent the hydrogen
bonding network. Red, blue, green, gray, and dark gray balls represent Co, W, O, C,
and N atoms, respectively.
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Fig. 7 ymT-T plots with a sweeping rate of +1 K min~ under 5000 Oe of 100% RH
(blue), 80% RH (light blue), 60% RH (green), 40% RH (brown), 20% RH (orange), and
5% RH (red).

where the compound has 50% of the population in the HT and LT
phases with decreasing or increasing temperature), Tp [= (T2t +
T12,)/2], and AT (= T2t — Tizy) for each humidity. As the
humidity decreased, the T, value increased from 195 K at 100%

This journal is © The Royal Society of Chemistry 2012
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RH to 218 K at 5% RH and the AT value decreased from 95 K at
100% RH to 54 K at 5% RH.

The differential scanning calorimetry (DSC) measurement of
the sample in a N2 atmosphere displayed peak characteristics of a
first-order phase transition at 182 K with decreasing temperature
and at 238 K with increasing temperature (Fig. S2), which are close
to the phase transition temperatures observed in ymT-T plots. Tp
was 211 K [= (183 K + 238 K)/2], and the estimated transition
enthalpy AH and transition entropy AS were 25.6 kJ mol ' and 116
JK ! mol ™!, respectively.

Next the thermal phase transition of the present material was
calculated based on the mean-field model of phase transition,
Slichter-Drickamer’s model.? In this model, the Gibbs energy
(G) was expressed as G = aAH + yo(1 — @) + T{R[aIn ¢ + (1 —
a)In (1 — a)] — aAS}, where «a is the fraction of HT phase, yis the
and R The DSC
measurement was collected in a N2 atmosphere, and the obtained
G was close to the Gibbs energy for the sample at 5% RH. When
ywas 9.0 kJ mol™!, the energy minimum disappeared at 189 K with

interaction parameter, is gas constant.

decreasing temperature and at 244 K with increasing temperature
(Fig. 8). The calculated HT fraction vs. T plots well reproduced the
amT-T plots of the sample at 5% RH.

From the difference of the orbital degeneracy and the spin
multiplicity between the HT and LT phases, the spin entropy
change ASsin (= RInW, where W is degeneracy of W = 2048/8) in
the phase transition for the present system was 46 J K1 mol™!
(supplementary information §4). This value was the 40% of the
observed AS. The remaining 60% was attributed to the phonon
mode, which is a reasonable ratio compared to the ratio reported
in the spin crossover systems.?22b7

In conclusion, this work investigated the humidity dependency
of the phase transition behavior in a CoW bimetal assembly,
Co3[W(CN)g]2(4-methylpyridine)2(pyrimidine)2XH20. In  this
humidity dependency, Ti2; changed more than Ti»2t, which is
characteristic of changes in the interaction parameter y. Therefore,
the origin of the humidity dependency in the present material was
mainly attributed to changes in the internal pressure due to the
absorption (or desorption) of water molecules in the interstitial
sites of the cyano-bridged Co-W three-dimensional network.
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Fig. 8 (a) The temperature dependence of the calculated Gibbs energy as a function
of the HT fraction (&) from 260 K to 150 K in 10 K intervals based on the Slichter-
Drickamer’s model. Red and blue circles indicate the populations of the HT phase
and LT phase, respectively. (b) Temperature dependence of the calculated fractions
of the HT phase.
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Experimental

Synthesis: A powder-form sample of the present material was
prepared by adding an aqueous solution of Cs3[WY(CN)z]-2Hz20 to a
mixed aqueous solution of Co''Cly'6H20, 4-methylpyridine, and
pyrimidine according to the reported method.>

Physical measurement: The magnetic properties were measured by
a superconducting quantum interference device (SQUID) magneto-
meter (Quantum Design, MPMS). The IR spectra were recorded by
JASCO FTIR-4100 spectrometer using a CaF> plate with a scratched
surface. The sample-space humidity is controlled by a humidity meter
(CTH-1100). For the magnetic properties and IR spectra, the humidity
meter was used to monitor the humidity, while the humidity of the
sample space was tuned by N> gas passed through water. A
thermogravimetric system (Rigaku TG-8120) was used to measure the
humidity dependence of the sample weight at 293 K. A DSC study
was conducted using DSC-8230 (Rigaku). The XRD patterns were
measured using a Rigaku Ultima IV with Cu Ko radiation (4= 1.5406
A) at 293 K. While measurements, the humidity of the sample space
was controlled by a humidity controller (Rigaku HUM-1).
Crystallographic data in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-836699. Rietveld analyses were performed
using RIETAN-FP programs.?
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due to desorption or absorption of water molecules.
37x19mm (300 x 300 DPI)



