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In a rubidium manganese hexacyanoferrate, RbMn[Fe(CN)6], the magnetic susceptibility (øM) decreased at 225 K
()T1/2V) and abruptly increased at 300 K ()T1/2v) in the cooling and warming processes, respectively. X-ray
photoelectron spectroscopy and infrared spectroscopy indicated that the high-temperature (HT) and low-temperature
(LT) phases were composed of MnII−NC−FeIII and MnIII−NC−FeII, respectively. A structural change from cubic
(F4h3m, a ) 10.533 Å) to tetragonal (I4hm2, a ) b ) 7.090 Å, c ) 10.520 Å) accompanied the phase transition,
and, on the basis of these results, the HT and LT phases were assigned to MnII(t2g

3eg
2, 6A1g; S ) 5/2)−NC−FeIII

(t2g
5, 2T2g; S ) 1/2) and MnIII(eg

2b2g
1a1g

1, 5B1g; S ) 2)−NC−FeII (b2g
2eg

4, 1A1g; S ) 0), respectively. This phenomenon
is caused by a metal-to-metal charge transfer from MnII to FeIII and a Jahn−Teller distortion of the produced MnIII

ion. The reaction mechanism is discussed, considering the entropy difference between the HT and LT phases.

1. Introduction

Thermal phase transition phenomena, which are divided
into categories such as spin crossover1,2 and intramolecular
electron transfer, are extensively investigated in solid state
chemistry.1-13 Depending on the strength of the ligand field,
a transition metal ion in a spin crossover complex can be in

either a low-spin or a high-spin state. When the thermal
energy is close to the exchange energy, which corresponds
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to the crossover, a spin transition occurs between the two
spin states and is typically observed in octahedral coordinate
iron transition metal complexes.2 Another category is the
charge-transfer phase transition, which has been observed
in mixed-valence complexes,3-6 and charge-transfer phase
transitions accompanied by spin crossovers have also been
reported. For example, in (n-C3H7)4N[FeIIFeIII (dto)3] (dto )
C2O2S2), the FeIII (S ) 1/2)-FeII(S ) 2) phase converts to
the FeII(S ) 0)-FeIII (S ) 5/2) phase.7 Co(py2X)(3,6-DBQ)2
(X ) O, S, Se)8 and Na0.4Co1.3[Fe(CN)6]‚4.9H2O9 were also
reported to have this type of charge-transfer transition. Often,
a thermal phase transition accompanies a thermal hysteresis
loop.7-9 A thermal hysteresis loop is related to the cooper-
ativity of the corresponding system and in a metal complex
assembly is due to the interaction between a metal ion and
lattice strain. Examples include electron-phonon coupling,11

Jahn-Teller distortions,12 and elastic interactions.13 Since
cyano-bridged metal assemblies14,15 such as Prussian blue
analogues are mixed-valence compounds with a strong
cooperativity due to the bridged CN- ligand, they are suitable
for observing thermal phase transitions. We have recently
observed a temperature-induced phase transition with a large
thermal hysteresis loop in rubidium manganese hexacyano-
ferrate.16 In this paper, detailed data regarding this phase
transition such as variations in crystal structures, electronic
states, and magnetic properties are reported and the mech-
anism of this phase transition is discussed.

2. Experimental Section

Rubidium(I) manganese(II) hexacyanoferrate(III) was prepared
by reacting an aqueous solution (0.1 mol dm-3) of MnCl2 with a
mixed aqueous solution of RbCl (1 mol dm-3) and K3[Fe(CN)6]

(0.1 mol dm-3) to yield a precipitate. The precipitate was filtered
and dried and yielded a powdered sample.

Elemental analyses of Rb, Mn, and Fe in the synthesized
compound were performed by inductively coupled plasma mass
spectrometry (ICP-MS). The morphology of the compound was
measured by a Hitachi S 4200 scanning electron microscope (SEM)
with 3.5 kV accelerating voltage, and 30µA of beam current was
used for imaging. The X-ray photoelectron spectroscopy (XPS)
measurements were conducted using a Physical Electronics odel
5600 spectrometer equipped with a hemispherical capacitor ana-
lyzer. Ultraviolet-visible (UV-vis) reflectance spectra and infrared
(IR) spectra were recorded on a Shimadzu UV-3100 spectrometer
and a Shimadzu FT-IR 8200PC spectrometer, respectively. For
optical measurements, CaF2 plates held the powder sample. The
powder X-ray diffraction (XRD) patterns were measured with a
Rigaku RINT2100 instrument (Cu KR), and the powder sample
was placed on a Cu plate. The magnetic properties were measured
using a Quantum Design MPMS-7S superconducting quantum
interference device (SQUID) magnetometer. The heat capacity was
measured using a Quantum Design 6000 physical property mea-
surement system (PPMS), and the data was collected during heating
since the equipment used the thermal relaxation method.

3. Results

3.1. Material. The prepared compound was a light brown
powder, and elemental analyses for Rb, Mn, and Fe indicated
that the obtained precipitate had a formula of RbMn-
[Fe(CN)6] (Calcd: Rb, 24.26; Mn, 15.59; Fe, 15.85%.
Found: Rb, 24.25; Mn, 15.95; Fe, 15.35%). The 1:1:1 ratio
of Rb:Mn:Fe allowed the Mn ions to coordinate six cyano-
nitrogen, and consequently the network does not contain
water molecules as shown in Figure 1. Other Prussian blue
analogues have also been reported to have this type of crystal
structure.17 SEM images showed that the obtained powder
sample was composed of cubic microcrystals that were 2.1
( 1.1 µm (Figure 2).

3.2. SQUID Measurement.Figure 3 shows the product
of the molar magnetic susceptibility (øM) and the temperature
(T) vs T plots. TheøMT value in the high-temperature (HT)
phase was 4.67 cm3 K mol-1 at 330 K, but when the sample
was cooled at a cooling rate of 0.5 K min-1, theøMT value
decreased around 235 K and atT ) 180 K in the low-
temperature (LT) phase reached 3.19 cm3 K mol-1. Con-
versely, as the sample in the LT phase was warmed at a
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Figure 1. Schematic structure of RbIMnII[FeIII (CN)6]. Large gray circles
are RbI ions. Middle black circles are MnII ions, and middle white circles
are FeIII ions. Small white circles are C atoms, and small gray circles are
N atoms.
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heating rate of 0.5 K min-1, theøMT value suddenly increased
near 285 K and reached the HT phase value at 325 K. The
transition temperatures from HT to LT (T1/2V) and from LT
to HT (T1/2v) were 225 and 300 K, respectively, and the width
of the thermal hysteresis loop (∆T ) T1/2v - T1/2V) was 75
K. This temperature-induced phase transition was repeatedly
observed. Furthermore, when the LT phase was cooled to a
very low temperature under an external magnetic field of
10 G, it exhibited spontaneous magnetization with a Curie
temperature (TC) of 12 K. The magnetization as a function
of the external magnetic field at 3 K indicated that the
saturated magnetization (Ms) value was 3.6µ B (Figure 4)
and the coercive field (Hc) value was 1050 G (Figure 5).
The øM

-1-T plots of the paramagnetic LT phase showed
positive Weiss temperatures (Θ) between 12 and 15 K, which

were obtained by extrapolating the data in the temperature
region of 30-270 K and 150-270 K, respectively (Figure
6).

3.3. XPS, IR, and UV-Vis Reflectance Spectroscopy.
The XPS spectra of KI3[FeIII (CN)6], KI

4[FeII(CN)6], HT, and
LT phases were measured. In the HT phase, the Fe-2P3/2

and Mn-2P3/2 electron binding energies were 710.1 and 641.8
eV, respectively (Table 1). In the LT phase, the Fe-2P3/2 and
Mn-2P3/2 electron binding energies were 708.8 and 642.5
eV, respectively. The 2P3/2 electron binding energies for the
reference samples of KI3[FeIII (CN)6] and KI

4[FeII(CN)6] were
710.0 and 709.1 eV, respectively.

The IR spectra were recorded over a temperature range
between 300 and 10 K. Figure 7 shows the CN- stretching
frequencies at 300, 240, 220, 200, and 10 K. At 300 K, a
sharp CN- peak was observed at 2152 cm-1 (line width )
9 cm-1), and as the temperature decreased, the intensity of
this peak decreased. Around 220 K a new broad peak
appeared at 2095 cm-1 (line width ) 65 cm-1). These IR
changes were in the same temperature range of the phase
transition in theøMT-T plots.

Figure 8 shows the UV-vis reflectance spectra of the HT
and LT phases. In the HT phase, the absorption bands were

Figure 2. SEM image of the precipitate.

Figure 3. The observedøMT-T plots in the cooling (i) and warming (ii)
processes, first measurement (O), second measurement (0), and third
measurement (1).

Figure 4. Magnetization vs external magnetic field plots of the LT phase
at 3 K.

Figure 5. Magnetic hysteresis loop of the LT phase at 3 K.

Figure 6. The observedøM
-1-T plots. The data between 150 and 270 K

was fitted to Curie-Weiss plots (-).

Table 1. XPS Data of the HT and LT Phases

binding energy [eV]

Fe ion Mn ion

compound 2P1/2 2P3/2 2P1/2 2P3/2

HT 724.1 710.1 654.0 641.8
LT 721.7 708.8 654.4 642.5
KI

3[FeIII (CN)6] 723.6 710.0
KI

4[FeII(CN)6] 721.8 709.1
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approximately 410, 520, and 680 nm, while the band
absorptions in the LT phase were 540, 700, and 1100 nm.

3.4. XRD Spectroscopy.Figure 9 shows the XRD patterns
as the temperature decreased from 300, 250, 240, 230, 220,
210, 200, 180, to 160 K. The diffraction pattern of the HT
phase was consistent with a face-centered cubic (F4h3m)

structure with a lattice constant of 10.533 Å (at 300 K). As
the sample was cooled, the XRD peaks of the HT phase
decreased and different peaks appeared. The observed XRD
pattern in the LT phase showed a tetragonal structure ofI4hm2
with a ) b ) 7.090 Å andc ) 10.520 Å (at 160 K), which
correspond toa ) b ) 10.026 Å andc ) 10.520 Å in a
cubic lattice. The unit cell volume of 1169 Å3 in the HT
phase was reduced about 10% to 1057 Å3 in the LT phase,
and the tetragonal structure returned to the cubic one upon
warming.

3.5. Heat Capacity.The molar heat capacity (Cp) of this
compound between 2 and 320 K was measured (Figure 10),
and as the temperature increased, the heat capacity showed
an anomalous peak in the temperature range of 290-300 K.
A transition enthalpy (∆H) of 1.7 kJ mol-1 and a transition
entropy (∆S) of 6 J K-1 mol-1 in this phase transition were
obtained by eliminating the normal heat capacity of the LT
phase.18

4. Discussion

4.1. Electronic States of HT and LT Phases. The observed
Fe-2P3/2 electron binding energy of 710.1 eV in the HT phase
corresponds to an electron binding energy of 710.0 eV for
FeIII in KI

3[FeIII (CN)6]. In contrast, the Fe-2P3/2 binding
energy of 708.8 eV in the LT phase is close to that of FeII

in KI
4[FeII(CN)6], 709.1 eV. The shift of the Mn-2P3/2 binding

energy from HT to LT phases suggests that the oxidation
number of the Mn ion increases from II to III. The CN-

stretching peak at 2152 cm-1 in the HT phase is due to the
CN- ligand bridged to FeIII and MnII ions (FeIII-CN--MnII),
but the broad CN- stretching peak at 2095 cm-1 in the LT
phase is assigned to the CN- ligand bridged to FeII and MnIII

ions (FeII-CN--MnIII ). These XPS and IR spectra indicate
that valence states for Mn and Fe ions in the HT phase are
MnII(d5) and FeIII (d5) and those in the LT phase are MnIII (d4)
and FeII(d6). Considering the decrease in theøMT value at
T1/2V,, the electronic states of the HT and LT phases are
assigned to MnII(d5; S ) 5/2)-CN--FeIII (d5; S ) 1/2) and
MnIII (d4; S) 2)-CN--FeII(d6; S) 0), respectively. These
assignments are also supported by Mn and Fe X-ray emission

(18) To determine the excess heat capacity due to the observed thermal
phase transition, the normal heat capacity curve was calculated by a
least-squares fitting ofaT2 + bT+ c, in the temperature region between
190 and 280 K.

Figure 7. Temperature dependence of CN- stretching frequencies in the
IR spectra as the temperature decreases.

Figure 8. UV-vis reflectance spectra of the LT (solid line) and HT (dotted
line) phases.

Figure 9. Temperature dependences of XRD spectra. Black and gray peaks
are the diffraction peaks of the HT and LT phases, respectively, and light
gray peak is the overlapped peak of the HT and LT phases. (* indicates Cu
from the sample holder.)

Figure 10. Cp vs T plots as the temperature increases.
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and absorption spectroscopies.19 The structural change from
cubic to tetragonal in the XRD measurement (Figure 9) is
explained by the MnIII Jahn-Teller transformation of the
tetragonally octahedral elongation type (B1g oscillator
mode).20-22 Thus, the d-orbitals for both metal ions in the
LT phase haveD4h symmetry (a1g, b1g, b2g, and eg). Therefore,
the precise electronic state of LT phase is MnIII (eg

2b2g
1a1g

1;
S ) 2)-NC-FeII(b2g

2eg
4; S ) 0) (Scheme 1).

The UV-vis reflectance spectra can be explained using
the assigned electronic states for the HT and LT phases.
Absorptions near 410 and 520 nm in the HT phase are due
to a ligand-to-metal charge transfer of [FeIII (CN)6] and d-d
transition of FeIII (2T2g f 4T1g), respectively.23 In the LT
phase, the absorptions around 540 nm (5B1g f 5B2g, 5Eg)
and 1100 nm (5B1g f 5A1g) are due to Jahn-Teller distorted
MnIII ,20 and the broad absorption around 700 nm is from the
metal-to-metal charge-transfer band (intervalence transfer
band) in the mixed-valence compound.

4.2. Mechanism of Phase Transition.Prussian blue
analogues are in class II mixed-valence compounds, which
have the potential to exhibit a charge-transfer phase transition
and are represented by two parabolic potential-energy curves
due to valence isomers in the nuclear coordinate of the
coupled vibrational mode.3,4 When these two vibronic states
interact, the ground state surface has two minima in the
vibrational coordinate. In the present system, the MnIII-FeII

vibronic state is a ground state atT ) 0 K for the vibrational
coordinate (mixed-valency mode) (black curve in Figure
11a). Piepho, Krausz, and Schatz (PKS model) and Prassides
studied this kind of diagram with two active modes.3f,g

Moreover, in this situation, the MnIII causes Jahn-Teller
distortion, and the energy of the MnIII-FeII has two minima
as shown in the configurational coordinate (Jahn-Teller
mode) (gray curve in Figure 11a). In the present system,
MnIII ions show an elongation-type Jahn-Teller distortion.
These potential surfaces change as the temperature increases,
which causes a phase transition. To understand the obtained
results, the free energy changes of LT and HT phases were
analyzed. The LT and HT phases consist ofD4hMnIII (5B1g)-
D4hFeII(1A1g) and OhMnII(6A1g)-OhFeIII (2T2g), respectively.
The entropies due to the spin-multiplicities lead to a
crossover from LT to HT phases as the temperature increases.
Although the present compound does not show spin cross-
over, the entropy-induced phase transition is analogous to
the phase transition of spin crossover complex. The free
energies of the LT phase (GLT) and HT phase (GHT) depend
on temperature as described in eq 1. The LT phase consists
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184111.
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Inorg. Chem.1981, 20, 638. (d) Åkesson, R.; Pettersson, L. G. M.;
Sandstro¨m, M.; Wahlgren, U.J. Phys. Chem.1992, 96, 150. (e) Kück,
S.; Hartung, S.; Hurling, S.; Petermann, K.; Huber, G.Phys. ReV. B
1998, 57, 2203. (f) Krzystek, J.; Telser, J.; Pardi, L. A.; Goldberg, D.
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and four short Mn-N bond distances are 2.26(2) and 1.89(3) Å,
respectively, and the two short and four long Fe-C bond distances
are 1.89(2) and 2.00(3) Å, respectively.21

(23) Naiman, C. S.J. Chem. Phys.1961, 35, 323.

Scheme 1. Reaction Scheme between the LT and HT Phases

Figure 11. The schematic free energy surfaces of this system in mixed-
valence (black curve) and Jahn-Teller (gray curve) modes: (a) ground
state is MnIII -FeII and metastable state is MnII-FeIII at T ) 0 K, (b) T )
263 K ()Tp), (c) ground state is MnII-FeIII and metastable state is MnIII -
FeII at T ) 400 K. Each curve is calculated on the basis of eq 1. Gray
spheres indicate population.
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of MnIII (5B1g) and FeII(1A1g), and 5B1g has 5() 1 (orbital
degeneracy)× 5 (spin multiplicity))-fold degeneracy and1A1g

has 1() 1 × 1)-fold degeneracy, respectively. Consequently,
the degeneracy of the LT phase is 5() 5 × 1)-fold. In
contrast, since the HT phase consists of MnII(6A1g) and
FeIII (2T2g), and 6A1g has 6() 1 × 6)-fold degeneracy and
2T2g has 6() 3 × 2)-fold degeneracy, the degeneracy of the
HT phase is 36() 6 × 6)-fold. Therefore, their entropies
(SLT and SHT) are SLT ) R ln 5 and SHT ) R ln 36,
respectively. When the cooperative force between converted
sites, e.g., elastic interaction, is neglected, the∆S in this
phase transition isR ln (36/5)) 16.4 J K-1 mol-1. From eq
1, the transition temperature (Tp) of the phase transition can
be obtained by∆H/∆S. Here,Tp of this system is defined as
Tp ) (T1/2V + T1/2v)/2 ) 263 K. UsingTp ) 263 K and∆S)
16.4 J K-1 mol-1, ∆H was 4.3 kJ mol-1. GLT andGHT change
as the temperature increases and a phase transition occurs
at Tp. In addition, Figure 11b and Figure 11c show theGLT

andGHT surfaces in the vibrational (mixed-valency mode)
and configurational (Jahn-Teller mode) coordinates at each
temperature. The heat capacity measurement showed∆H )
1.7 kJ mol-1 and ∆S ) 6 J K-1 mol-1, which are smaller
than theoretical values since the orbital contribution to the
entropy of FeIII in the HT phase becomes smaller. The
extended X-ray absorption fine structure data of the HT phase
shows a small distortion in the octahedral coordinates of
metal ions, which is probably due to the small contribution
of LT phase.19b In this situation,2T2g of FeIII is reduced to
2B2g. Then∆Sand∆H are changed toR ln (12/5)) 7.28 J
K-1 mol-1 and 1.9 kJ mol-1, respectively, which are close
to the experimental values.

5. Conclusion

In summary, a temperature-induced phase transition in
RbMn[Fe(CN)6] (T1/2V ) 225 K,T1/2v ) 300 K) was observed
with a large thermal hysteresis loop of 75 K. The charge
transfer from MnII to FeIII accompanying the Jahn-Teller
effect on the MnIIIN6 moiety explains this phase transition.
Recently, the photoinduced phase transition from the LT to
HT phases has been also observed in this system.24 These
thermally induced and optical phase transition phenomena
are due to the bistability in the electronic state and the strong
cooperativity in CN- bridged 3-D structure.14,15 Since new
building blocks for cyanide-bridged metal complexes are
currently being prepared,25 various phase transition phenom-
ena will be observed with cyanide-bridged metal complexes
in the near future.
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