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Various interesting magnetic functionalities have been reported (a) .1s0 (b) ,g2
with Prussian blue analogues,* such as high magnetic ordering 06 T 10° ] l
temperatures,? photomagnetism,® and chemically sensitive magne- 08 5 n
tism.* In addition, new functions have been recently studied on -1001 £ .10 %10_5 []
Prussian blue analogues,® including pressure-induced CN flip, zero a 2 _?10 . ] n
thermal expansion, and hydrogen storage. Prussian blue analogues 3.2T_‘3.130_3 ,i'f“ £1071 o
. . = -50 SanT
have two types of cubic crystal structures. One of them is Fm3m 8107 1
in MA"[Mg"(CN)e] 213 ZH20, where M and M are transition-metal _ §10° 1
ions. The other one is F43m in A'M4"[Mg"'(CN)g], in which the ok 10° ——
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akali ion A dternatively occupiesin the interstitial sites. Ma[Mg- 710 Humidity / %RH

(CN)g]z3*zH-O has vacancies of [Mg(CN)g] and ligand water
mol ecules coordinated to the M4 ions, and zeolitic water molecules
exist in the vacancy sites. Herein we report high proton conductivi-
ties (0) of 1.2 x 1073 Scm™* for Co[Cr(CN)g] 23* zH,0 (1) and 1.6
x 1073 S ecm™ for V[Cr(CN)g]zs*zH:0 (2) at room temperature.
Additionally, 2 displays an interference effect between ionic
conduction and magnetic ordering below the Curie temperature (Tc).
Thisisthe first observation of an interference effect between ionic
conductivity and magnetic ordering.

1 was prepared using our previously reported procedure.*® 1 was a
pink powder with aformulaof Cao"[Cr'"'(CN)g]3+4.8H,0 (Calcd: Co,
20.8; Cr, 12.2; C, 16.9; N, 19.7%. Found: Co, 20.7; Cr, 12.2; C, 16.8;
N, 19.8%.). The X-ray diffraction (XRD) pattern of 1 showed aface-
centered cubic (fcc) crystal structure with a lattice constant of 10.560
A. The CN stretching frequency in the IR spectrum was 2169 cm ™,
2 was prepared using the modified procedure reported in Verdaguer's
paper.? 2 was synthesized by adding a mixed agueous solution of
VS0,+6H,0 (1.5 mL, 210 mM) and VOSO,+6H,0 (1.5 mL, 10 mM)
to an agueous solution of K3[Cr(CN)e] (3 mL, 67 mM) a room
temperature under an argon atmosphere. The solution was stirred for
1 min, and then the dark-purple precipitate was filtered off and washed
with water. Elemental analyses confirmed that the formula was
V!'"[Cr"(CN)g] 5+ 4.2H,0 (Cdcd: V, 19.2; Cr, 13.0; C, 18.1; N, 21.1%.
Found: V, 19.5; Cr, 12.9; C, 17.9; N, 21.0%.). The XRD pattern of 2
showed broad pesks due to the fcc structure (Figure Sl in the
Supporting Information). The CN stretching frequency in the IR
spectrum was 2110 cm ™2,

Conductivity measurements were carried out with an Agilent
4294A precision impedance analyzer using a quasi-four-probe
method in the frequency range from 40 to 110 MHz. For each
measurement, the powdered sample was compressed into a diameter
of 7 mm and thickness of 1 mm using a sample holder with nickel-
coated iron electrodes. The humidity of the sample holder for each
measurement was tuned using dry N, that had been passed through
water or a saturated aqueous solution of NaBr.

Figure 1lashowsthereal part (Z') and imaginary part (Z”) of the
complex-plane impedance data for 1. Cole—Cole circular arc fitting
gave ao vaue of 1.2 x 103 Scm™* at 293 K at 100% relative
humidity (RH). As the temperature was increased, the o value
increased from 1.2 x 103Scmtat 293 K t0 1.7 x 103 Scm™?!
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Figure 1. (8 Z vs Z” plot of the complex-plane impedance for
Co'"[Cr'"'(CN)g] 23+ 2H,0 (1) a 100% RH at 293 K. Inset: Plot of In(oT) vs
T 1a 100% RH. (b) Plot of o vsreative humidity for Co'[Cr'"'(CN)g] 3+ 2H,0 at
293K.
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Figure 2. (@) Z vs Z” plots for V'"[Cr'"'(CN)g]23°zH.O at various
temperatures. (b) Plot of In(oT) vs T~* at 100% RH. (c) Plot of the derivative
of the magnetization, —(dM/dT), vs T™%. Inset: M vs T plot at 10 Oe. (d)
Lattice constant as a function of T~1 at 100% RH.

at 308 K. The plot of In(oT) versus T~ was linear (Figure lainset)
and gave an activation energy (E;) of 0.22 eV for the ionic
conductivity. Asthe humidity was decreased, the o value drastically
decreased from 1.2 x 1073 Scem™t at 100% RH to 3.2 x 1078 S
cm~* at 8% RH (Figure 1b) while the E, value increased (e.g., 0.48
eV at 28% RH; Figure S2).

Figure 2a shows plots of Z” versus Z” for 2 and indicates that o
was 1.6 x 1072 Scm™ at 293 K and 100% RH. The ¢ value
increased from 1.6 x 1073 Scm ™t at 293K t0 2.6 x 1073 Scm™
at 323 K as the temperature was increased. However, the slope of
the In(oT) versus T ~* plot changed at an intermediate temperature
(Figure 2b). The E, valuesin the high- and low-temperature regions
were 0.10 and 0.19 eV, respectively. The folding point (T) of 313
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Figure 3. Schematic illustration of the crystal structure of Ma[Mg(CN)e]23-
+zH,0 and possible pathway of the proton transfer through hydrogen bonds
between ligand water and zeolitic water molecules (red arrows). The Mg—
CN—M, framework is drawn as stick lines, and water oxygen atoms are drawvn
asbals. Green, orange, dark-gray, light-gray, blue, purple, and light-blue colors
represent Ma, Mg, C, N, O(1) atoms of ligand water molecules, and O(2) and
O(3) atoms of zeolitic water molecules, respectively.

K corresponds to a magnetic phase transition temperature (Tc) in
the magnetization versus temperature curve (Figure 2c). Such a T¢
point was not observed for 1 or other Prussian blue anal ogues over
the temperature range 293—323 K (Figure S3). In addition, in a
V—Cr Prussian blue analogue with a different T value, its T; point
corresponded to the Tc value (Figure $4). The temperature
dependence of IR spectrum showed changes in the CN stretching
and OH stretching peaks around T¢ (Figure S5). Furthermore, the
temperature dependence of the XRD pattern showed a drastic
change in the lattice constant of the fcc structure around Tc (Figure
2d). These results indicate that magnetic ordering affects the ionic
conductivity through the variation in the crystal structure.

Theo valuesof 1.2 x 10°3Scm *for 1and 1.6 x 10 3Scm™
for 2 are very high, so 1 and 2 can be classified as superionic
conductors (o > 10™* S cm™1).® These compounds did not contain
akali cation, as determined from the results of elemental analyses,
indicating that the ionic conductivity due to the alkali cation was
negligible. In addition, the remarkable humidity effect on theionic
conductivity excludes the hopping mechanism due to mixed valency
between M, and Mg. Plots of humidity versus sample weight for
1 showed that the number of H,O molecules decreased with
decreasing humidity. Hence, the following was used to deduce the
mechanism of the observed ionic conductivity. In the vacancy sites
of [Mg(CN)g]®", the ligand water molecules coordinate to the M
ions, and zeolitic water molecules exist (Figure 3). The M4 ion
acts as a Lewis acid, and a proton is carried through the 3D
hydrogen-bonding network, which is composed of zeolitic water
and ligand water molecules (i.e., the proton conductivity is due to
the Grotthus mechanism). The increase in the E, value below T¢
may be explained by the expansion of cell volume because such
an expansion would inhibit the proton transfer.

Several mechanismsarelikely tobeinvolvedinthemagnetic—ionic
conductive interference effect, such as the coupling effect between
spin polarization and ionic conductivity and the coupling effect
between magnetostriction and ionic conductivity. The former is
probably very weak. Thus, it islikely that the latter is predominant.
In fact, the temperature dependence of the IR spectrum and XRD
pattern of 2 showed drastic changes in OH stretching and CN
stretching peaks and lattice constant. It may be that below T,
magnetic ordering induces magnetostriction, which would slightly
distort the Mg—CN—M, framework. This distortion would affect

the 3D hydrogen-bonding network between the ligand water and
zeolitic water molecules, altering Ea.

Recently, proton conductivity has been reported in the field of
coordination polymers.”® In the present work, Co—Cr and V—Cr
Prussian blue anal ogues exhibited high proton conductivities of 1.2 x
103 and 1.6 x 1073 Scm™, respectively, at room temperature. The
origin of the high proton conduction is explained by a Grotthus
mechanism, i.e., proton transfer is mediated by the 3D hydrogen-
bonding network of zeolitic water molecules. Furthermore, we have
observed an interference effect between magnetic ordering and proton
conduction, which is likely due to distortion of the 3D hydrogen-
bonding network by magnetostriction below Tc. The observation of
such an interference effect may open anew field, so-called spin-ionics.
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