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A series of REMN[Fe(CN)]x+2y3:zZH20 compoundsX = 0.94 (), x = 0.85 @), andx = 0.73 Q))
showed a temperature-induced phase transition with a thermal hysteresis loop, which is caused by the
charge transfer from Mhto Fé'" and a JahnTeller distortion of the produced Mh The transition
temperaturel, and the width of a thermal hysteresis loag systematically changed with decreasing
Fe/Mn ratio of & + 2)/3; i.e., theT, value decreased’{ = 259 K (1), 236 K (2), and 205 K 8)) and the
AT value increasedAT = 86 K (1), 94 K (2), and 116 K B)). It is noteworthy that a surprisingly large
AT value of 116 K was recorded f@& The trends of th@, shift andAT expansion were understood by
the variation in the transition enthalpy based on the thermodynamical analysis. The crystal structures of
the low-temperature (LT) phase farand2 were tetragonal structures, while the LT phaseJdrad a
cubic structure. This difference is because the Jdreiler elongation of M# is randomly oriented due
to a low Mn"/(Mn" + Mn"") ratio in the LT phase foB.

1. Introduction a temperature-induced phase transition, which is caused by
a metal-to-metal charge transfer from Mto Fe" and a
Jahn-Teller distortion of the produced Mhion, with a
thermal hysteresis loop in RbMn[Fe(CGN3}° In this phase
transition, the high-temperature (HT) and low-temperature
(LT) phases consist of H¢S = 1/2)-CN—Mn'"(S = 5/2)

and F&(S= 0)—CN—Mn"(S= 2) electronic states, respec-

Research associated with a thermal phase transition
phenomenon is an attractive topic in the field of solid-state
physics and chemistyA thermal phase transition is related
to the cooperativity of the corresponding system and in a
metal complex assembly is due to the interaction between a
metal ion and lattice strain such as electrg@ionon
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tively. A material that exhibits a large thermal hysteresis loop
is useful for studying the cooperative interaction in condensed
matter and an industrial application such as a memory device.
In this work, we tried to expand the width of the thermal
hysteresis loop of a rubidiurmanganese hexacyanoferrate
by tuning the composition. The prepared (Rb[Fe-
(CN)g] (x+2y3ZH0O exhibited a temperature-induced phase
transition with a surprisingly large thermal hysteresis loop
that depends oR, i.e., 86 K & = 0.94), 94 K & = 0.85),
and 116 K g = 0.73). The observed thermal hysteresis of
116 K is the largest value observed for a reversible thermal
hysteresis loop in an Fe-based compound. This expansiorjs
of the observed thermal hysteresis loop was discussed usind

a thermodynamical analysis.

. . Figure 1. Schematic structure of Ridn[Fe(CN)] x+2)3:zH20. Brown and
2. Experimental Section purple polyhedrons describe [F§@nd [MnNs (or MnNsO)], respectively.
) . . Large pink circles are Rbons. Small brown circles are C atoms, small
Target materials were prepared by reacting an agueous solutiongray circles are N atoms, and small red circles are O atoms of ligand water.
of MnCl, (0.1 mol dnt3) with a mixed aqueous solution of RbCl  Zeolitic water molecules are omitted for clarity.
(0.2, 0.4, and 0.8 mol dni) and Ks[Fe(CN)] (0.1 mol dnT3) to
yield a precipitate: [RbCI= 0.8 mol dnt3 (compoundl), 0.4 1—-3 were rectangular and their sizes were £20.6 (1),
mol dm 3 (compound2), and 0.2 mol dm3 (compound3). The 1.0+ 0.5 @), and 1.1+ 0.9 @) um.
precipitates were filtered and dried, yielding powders. 3.2. Bistability in Magnetic Susceptibility. Figure 2
Elementa! analyses in the synthesized samples were performedshows the product of the molar magnetic susceptibijity) (
using inductively coupled plasma mass spectrometry (ICP-MS) for and the temperaturdvs T plots for 1—3. TheywT values
Rb, Mn, and Fe elements and standard microanalytical methodsfor 1—3 at 300 K were 4.58. 4.50 and 4.45 &# mol-1
for C and N elements. The water contents of the samples were . . R s T
respectively, which are consistent with their expected spin-

determined by the least-squares approach;fi round — Wi caicd,> RN
wherew; is the weight percentage of Rb, Mn, Fe, C, and N elements only values of 4.74, 4.73, and 4.72 ¢ mol ™, indicating

in RbMn[Fe(CN)] g 2y2H-0. The morphology of the compounds  that the electronic states of the HT phases art g¥n''-
was measured using scanning electron microscopy (SEM) (Hitachi [FE"'(CN)gJo.9g0.3H:0 (1), RBo ggVIn"[Fe" (CN)g]0.050.8H0
S 4200) with a 3.5 kV accelerating voltage and a9 beam (2), and Rl 7VIn"[FE" (CN)g] 0.0 1.4H0O (3). TheywT value
current for imaging. Infrared (IR) spectra were recorded on a of 1 decreased at 216 Ki{3), as the sample was cooled at
Shimadzu FT-IR 8200PC spectrometer. The XRD patterns (@u K a cooling rate of-0.5 K min~! (Figure 2a). Conversely, as
were measured with a Rigaku RINT2100 instrument. During XRD  the sample in the LT phase was warmed (heating -+
measurement, the powder samples were placed on a Cu platek min-1), theyyT value increased around 302 Ky(z) and
Magnetic properties were mvestlgatgd using a Quantum Design yaached the HT phase value. The transition temperaire
rI\]/IqEF:‘;]\/rIz;Z;:tjeprerconductlng guantum interference device (SQUID) (= (T + T.2)/2) was 259 K, and the width of the thermal
' hysteresis I00AT (= Tyz — Tua) was 86 K. TheyuT—T
plots for 2 showedTyz = 189 K, T2 = 283 K, T, = 236
K, and AT = 94 K (Figure 2b). TheyyT—T plots for 3
3.1. Materials. The precipitates were light brown powders. showedTy = 147K, Tyz = 263 K, T, = 205 K, andAT =
Elemental analyses for Rb, Mn, and Fe showed that the 116 K (Figure 2c). In this series, th&, and AT values

3. Results and Discussion

formulas of the obtained precipitates are oRMn[Fe- systematically changed depending on the Fe/Mn ratioof (
(CN)go.080.3H,0 (1), Ry ggMIn[Fe(CN)]o.050.8H0 (2), and + 2)/3; i.e., theT, value decreased and th&T value
Rbo7Mn[Fe(CN)]o.0r1.4H0 (3). Anal. Calcd forl: Rb, increased as the Fe/Mn ratio decreased. It is noteworthy that
23.1: Mn, 15.8; Fe, 15.7; C, 20.3; N, 23.6. Found: Rb, 22.9; a surprisingly largeAT value of 116 K is recorded fa3.

Mn, 15.9; Fe, 15.7; C, 20.0; N, 23.5. Anal. Calcd forRb, 3.3. Valence States of LT Phasegigure 3a shows the

21.2; Mn, 16.0; Fe, 15.5; C, 19.9; N, 23.3. Found: Rb, 21.3; CN~ stretching frequencies in the IR spectra foat 300
Mn, 16.1; Fe, 15.2; C, 19.7; N, 23.5. Anal. Calcd 8rRb, and 100 K. At 300 K, a sharp CNpeak was observed at
18.6; Mn, 16.4; Fe, 15.2; C, 19.6; N, 22.8. Found: Rb, 18.5; 2152 cm®. As the temperature decreased, the intensity of
Mn, 16.6; Fe, 15.2; C, 19.3; N, 23.1. The schematic structure this peak decreased and a new broad peak appeared around
of RbMn[Fe(CN)]x+2yszH20 is shown in Figure 1. The 2095 cnt!at 100 K. The CN stretching peak at 2152 crh
SEM images demonstrated that the shapes for compoundsn the HT phase is assigned to the CNgand bridged to
Fe" and MA' ions (F&'—CN-—Mn"), and the broad CN
(10) (a) Ohkoshi, S.; Tokoro, H.; Utsunomiya, M.; Mizuno, M.; Abe, M.;  stretching peak at 2095 crhin the LT phase is assigned to
e, S, S, B00% 108 2423, 0 05w 1, the CN'ligand bridged o Peand Mi¥ ons (Fé—CN'
E.; Nakamura, T.; Nanao, S.; Isozumi, Solid State Commu2003 Mn'"). Similar temperature-induced changes in the IR spectra
125 23k7- (C)HM-nggghiYé KaHthEIm Egikrisi AF;;h Tgkgtc«;:\é I\SI ggggta were observed i@ and3 as shown in parts b and c of Figure
%‘: ;873“2&) Tokoro. H.: Ohkeshi. S Maisuda T - Hashimote. k. 3 respectively. By reference to the ratio between the IR

Inorg. Chem.2004 43, 5231. intensities of FE—CN-—Mn" and F&—CN——Mn"" for




Phase Transition of RMn[Fe(CNJ] x+2)zzH.0

—~~
QO
~—

1
A
o

A
Q

86 K

3

T/ em” Kmol
w
[6)]

w
@

100 150 200 250 300

»
o

ImT/cm” K mol
w
. F"‘ . .

Absorbance / a.u.

94 K

3

3.0 !
189K 283K
25 : : : .
100 150 200 250 300
5.0
(c)

3

mT/cm” Kmol

"100 150 200 250 300
Temperature / K

Figure 2. ObservedyuT—T plots for1 (a), 2 (b), and3 (c).
RbMn[Fe(CN}],'° the valence states of LT phases 16t3,
REL MM [FE (CN)][FE" (CN)](xr2y 3-a) (@ = Mn'"!/
(Mn' + Mn"")), were evaluatedt As a resulta values were
estimated to be 0.981), 0.87 @), and 0.65 8), and the
valence states of LT phasesbf 3 were assigned to Rips
Mn''o oM g FE'(CN)go.06°0.3H0, RBg ggVin'o 1M o g7
[FE'(CN)Jos{F€" (CN)]Joog0.8H0, and Rby 7' sMn'" g 65

[FE'(CN)]osdFE" (CN)Jo.261.4H,0, respectively. The de-

crease of the conversion from Mo Mn'"" is explained by
the coordinating environment of Mn sites. In Rin[Fe-
(CN)g] (x+2y3°ZH20, the statistical probabilities of Mns-n

(n = 0-5) are expressed as the product of the combination

(6Cn) and existing probabilities of (& x)/3 for O atoms
and & + 2)/3 for N atoms, i.e.sC, ((1 — X)/3)"((x + 2)/
3),5 " and the statistical probabilities of the MgNite for

1-3 are 0.89, 0.74, and 0.57, respectively. These prob-

abilities roughly correspond to the observed'MMn" +

(11) Valence states were evaluated through the relationship-d{(Abs2)-

(Abs3)( + 2)/3))/((Abs1)(Abs4))}?2 where Absl and Abs2 are CN

peak intensities of Fe—CN—Mn'" and Fd—CN—Mn'"", respectively,

in target compoundsl( 2, or 3), and Abs3 and Abs4 are CN peak

intensities of F —CN—Mn'"" and Fé—CN—Mn"" in RoMn[Fe(CN}],
respectively.
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Mn'") ratio, and hence, the conversion from Mo Mn"' of
this system is considered to depend on the number of MnN
sites which can undergo a Jahneller distortion.

3.4. Crystal Structures. The X-ray powder diffraction
(XRD) pattern collected at 300 K showed that all of the HT
phases were face-centered culbid3m). The lattice constants
for 1-3 werea = 10.561(1), 10.552(6), and 10.534(7) A,
respectively, as shown in the upper patterns of Figure 4. As
the samples were cooled, the XRD peaks from the HT phase
disappeared around,, and different patterns of XRD peaks
appeared as shown in the lower patterns of Figure 4. The
LT phases forl and 2 were tetragonal crystal structures
(14m2) with lattice constants of = b = 7.087(1) A and
c = 10.542(3) A () anda = b = 7.085(3) A andc =
10.503(5) A p). This transformation from cubic to tetragonal
is also observed in RbMn[Fe(C}) and the driving force
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of this structural distortion is ascribed to the Jafireller
effect on the MH' sites’® In contrast, the LT phase f@&
was not tetragonal, but had a cubic structufd3m) with a

= 10.159(2) A. Since the LT phase 8fhas a low MH'/
(Mn" + Mn') ratio of 0.65, the JahnTeller elongation of
Mn"" may not occur in only one direction of the lattice, and
thus, the LT phase a3 exhibits a different structure.

3.5. Mechanism of theT, Shift and AT Expansion.The
systematic changes @}, and AT values depend on the Fe/
Mn ratio. Since the free energie§} of the LT phase and
HT phase depend on the enthalgy;)( entropy §), and
temperature, i.eGi = H; — ST (i = LT, HT), the T, value
is expressed by, = AH/AS, whereAH (= Hur — Hy7) is
the transition enthalpy amtiS (= Syt — S1) is the transition
entropy. This relationship suggests that the decrea3gisf
due to the decrease IAH/AS In our compounds, the
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Figure 5. Calculated temperature-induced phase transition with hysteresis
loops using the mean-field model proposed by Slichter and Drickafmer:
HT phase fractiond) vs temperature plots fokH = 6.9 (dotted line), 6.5
(dashed line), and 6.2 (solid line) kJ mdlaty = 6.5 kJ mott andAS=

25 J K1 mol-1

of ais given by In((1— o)/a) = (AH + y(1 — 20))/RT —
ASR, whereR is the gas constant andis an interaction
parameter. Figure 5 shows thevs temperature plots for
AH = 6.9, 6.5, and 6.2 kJ mol when a cooperative force
and ASvalue of the system are set to constant valueg of
= 6.5 kJ mof! and AS = 25 J K molX. The model
calculation suggests that th&T value increases aaH
decreases. Hence, the decreaseAid due to the low
conversion from Mt to Mn"" explains the observed trends
of the decrease i, and the expansion &T for this series.

4. Conclusion

A material that exhibits a thermal phase transition with a
thermal hysteresis loop is useful for an application such as
in memory devices. In this paper, we report that a series of
RbMn[Fe(CN)]x+2)y3:2H20 compounds exhibit a tempera-
ture-induced phase transition with a surprisingly large thermal
hysteresis loop that depends ®ni.e., 86 K & = 0.94), 94
K (x = 0.85), and 116 KX = 0.73). The observed thermal
hysteresis of 116 K is the second largest value observed for
a reversible thermal hysteresis Iddand the largest value
for a phase transition in an Fe-based compound. The origin
of a thermal hysteresis loop is a strong cooperativity in 3-D
structure. Since new building blocks for cyano-bridged metal
complex assemblies are currently being prepéatearious
phase transition phenomena with a thermal hysteresis loop
will be observed with cyano-bridged metal complex as-
semblies soon.
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