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ABSTRACT: The iron mixed-valence complex (n-C3H7)4N-
[FeIIFeIII(dto)3] exhibits a novel type of phase transition called
charge-transfer phase transition (CTPT), where the thermally
induced electron transfer between FeII and FeIII occurs reversibly at
∼120 K, in addition to the ferromagnetic phase transition at TC = 7
K. To investigate the mechanism of the CTPT, we have synthesized
a series of magnetically diluted complexes (n-C3H7)4N-
[FeII1−xZn

II
xFe

III(dto)3] (dto = C2O2S2; x = 0−1), and carried
out magnetic susceptibility and dielectric constant measurements
and 57Fe Mössbauer spectroscopy. With increasing ZnII concen-
tration (x), the CTPT is gradually suppressed and disappears at x ≈
0.13. On the other hand, the ferromagnetic transition temperature
(TC) is initially enhanced from 7 K to 12 K between x = 0.00 and
0.05, despite the nonmagnetic nature of ZnII ions, and then it decreases monotonically from 12 K to 3 K with increasing ZnII

concentration. This anomalous dependence of TC on ZnII concentration is related to a change in the spin configuration of the
ferromagnetic state caused by the partial suppression of the CTPT.

■ INTRODUCTION

In the past few decades, there has been a growing interest in
molecule-based magnetic materials. The versatility and
flexibility of molecular chemistry provide a possibility of fine-
tuning the nuclearity, structure, and magnetic dimensionality,
which makes it possible to design novel magnetic materials,
such as single-molecule magnets (SMMs1−4) and single-chain
magnets (SCMs5−8). Another important topic in this field is
the creation of multifunctional magnets. Materials in this class
possess one or more additional functionalities, along with a
magnetic property within a single compound, which leads to a
unique opportunity for interplay between these properties to
generate novel functional materials, such as metallic mag-
nets,9−11 proton-conducting magnets,12−14 superconducting
magnets,15,16 and photocontrollable magnets.17−22

Among various ligands, oxalate dianion (ox) attracts much
attention, because of its ability to bridge two metal ions,
generally in the bis-bidentate mode, and mediates a strong
magnetic interaction between them. To construct an oxalato-
complex with a particular magnetic dimensionality, a tris-
oxalato complex [MIII(ox)3]

3− (MIII = trivalent transition-metal
ion) is widely used as the metal-containing ligand bridges
several metal ions to construct homometallic and hetero-

metallic multinuclear complexes with wide ranges of structure
and dimensionality. In this family, the bimetallic anionic
complexes [MIIMIII(ox)3]

− (MII = Mn, Fe, Co, Ni, Cu, Zn; MIII

= Cr, Fe, Ru, V, Mn) have been extensively investigated since
the discovery of ferromagnetic ordering in the oxalato-bridged
bimetallic layered complexes (n-C4H9)4N[M

IICrIII(ox)3] (M =
Mn, Cr, Fe, Co, Ni, Cu).23 These complexes exhibit two-
dimensional (2D) or three-dimensional (3D) architecture,
depending on the size, charge, and geometry of the
countercation that templates the formation of the anionic
bimetallic network.24 The 2D structural complexes are obtained
when a bulky tetraalkylammonium cation (n-CnH2n+1)4N

+ (n =
3−6) is used as a template cation.23,25−29 Furthermore, the
alkylammonium cation can be substituted with an organic or
organometallic cation having various functionalities, such as a
paramagnetic cation,30−32 photochromic cation,33 conductive
cation,9,34,35 proton-conducting cation,12 nonlinear optical
active cation,36−38 or molecular rotor cation.39 Thus the ox-
bridged bimetallic complex system A[MIIMIII(ox)3] (A =
cation) possesses ferromagnetic, antiferromagnetic, or ferri-
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magnetic ordering, together with additional functionality arising
from the substituent cation.
On the other hand, ox can also be substituted by the 1,2-

dithiooxalato dianion (dto) to form a similar 2D bimetallic
anionic network, which was first reported for (n-CnH2n+1)4N-
[MIICrIII(dto)3] (M = Fe, Co, Ni, Zn).40 Among this family, the
iron mixed-valence complexes, (n-CnH2n+1)4N[Fe

IIFeIII(dto)3]
(n = 3, 4) exhibit a novel type of phase transition called charge-
transfer phase transition (CTPT), where the thermally induced
charge transfer (CT) between FeII and FeIII occurs reversibly, as
shown schematically in Figure 1.41−43 In the case of (n-

C3H7)4N[Fe
IIFeIII(dto)3] at room temperature, FeIII in the low-

spin state is coordinated by six S atoms of the dto, while FeII in
the high-spin state is coordinated by six O atoms. The phase
with this spin configuration, FeII(S = 2)−FeIII(S = 1/2), is
denoted as the high-temperature phase (HTP). At ∼120 K, the
CTPT occurs with a one-electron transfer from FeII to FeIII

sites. As a result of this phase transition, the spin configuration
changes from the HTP to the low-temperature phase (LTP),
where FeII site surrounded by S atoms is in the low-spin state,
while FeIII site surrounded by O atoms is in the high-spin state,
i.e., FeII(S = 0)−FeIII(S = 5/2). In contrast to (n-CnH2n+1)4N-
[FeIIFeIII(dto)3] with n = 3 and 4, no CTPT is observed for (n-
CnH2n+1)4N[Fe

IIFeIII(dto)3] with n = 5 and 6; hence, the spin
configuration of these complexes remain in the HTP over the
entire measurement temperature range between 300 K and 2
K.44 In addition to the CTPT, the ferromagnetic transition for
the LTP spin state is observed at TC = 7 K for (n-
C3H7)4N[Fe

IIFeIII(dto)3], while that for the HTP spin state is
observed at 19.5 K for (n-C5H11)4N[Fe

IIFeIII(dto)3]. This result
shows that the spin configuration of the HTP gives a higher TC
value than that of the LTP; thus, the ferromagnetic transition of
the iron mixed-valence complex [FeIIFeIII(dto)3]

− can be
controlled by the size of the intercalated cation.20

The dielectric response associated with electron transfer
between metal sites has been reported for some of the
biferrocenium-based CT salts. In the cases of 1′,1‴-
didodecylbiferrocenium triiodide45 and (1′,1‴-isopropyl-1,1″-
biferrocene)[Ni(mnt)2],

46 an enhancement of the dielectric
constant without frequency dependence is observed, which is
attributed to a rapid valence tautomerization accompanied by a
polarity inversion of the biferrocenium-based cation. These
complexes exhibit a valence detrapped−trapped transition, and
the electron transfer is gradually frozen below the transition
temperature, which results in a decrease in the dielectric
constant with decreasing temperature. These facts suggest that
the dielectric measurement is valuable to observe the CT

phenomena between metal sites in a CT complex. In the case of
(n-C3H7)4N[Fe

IIFeIII(dto)3], it has been reported that the
nature of the CT in the CTPT is the oscillation of electrons
between FeII and FeIII with dynamic fluctuation of the internal
field.47 Therefore, it is expected that an anomalous enhance-
ment of the dielectric constant will be observed associated with
the CTPT, which can thus be detected by means of dielectric
measurement.
Recently, we have synthesized the magnetically diluted

complexes (n-C3H7)4N[Fe
II
1−xZn

II
xFe

III(dto)3] (x = 0−1) to
investigate the effects of magnetic dilution on the magnetic
property and CTPT of (n-C3H7)4N[Fe

IIFeIII(dto)3].
48 From

the results of magnetic susceptibility measurements and 57Fe
Mössbauer spectroscopy, it was determined that the CTPT is
quenched by the substitution of FeII with ZnII with a critical
concentration below x = 0.26. The suppression of the CTPT
causes an enhancement of the TC value, despite the dilution of
magnetic sites with nonmagnetic ions. With further increases in
the concentration x, TC decreases until the ferromagnetic
transition almost disappears between x = 0.96 and 1.00.
However, the detailed concentration dependence of the spin
configuration and the magnetic behavior of this system has not
yet been clear, particularly at the dilution ratio x around the
critical concentration for the disappearance of the CTPT.
In this article, we report the temperature-dependent

dielectric response related to the CTPT for (n-C3H7)4N-
[FeIIFeIII(dto)3] at various frequencies. Furthermore, the effects
of magnetic dilution on the electronic and magnetic states of
(n-C3H7)4N[Fe

II
1−xZn

II
xFe

III(dto)3] (x = 0−1) are assessed by
means of dielectric constant measurement in addition to
magnetic susceptibility and Mössbauer spectroscopy. On the
basis of these measurements, a magnetic phase diagram for this
system and a mechanism of the CTPT are proposed.

■ EXPERIMENTAL SECTION
Synthesis. The precursor KBa[Fe(dto)3]·3H2O was prepared

according to the literature.49 All other reagents and solvents were
commercial-grade reagents and used without further purification.

(n-C3H7)4N[Fe
II
1−xZn

II
xFe

III(dto)3] were prepared with several ZnII

concentrations by a previously reported method,44,48 except for using
the appropriate amount of ZnCl2 in place of FeCl2·4H2O. A solution
containing (n-C3H7)4NBr (0.15 g, 0.56 mmol) and the appropriate
proportion of divalent metal chlorides (total of 0.38 mmol) in a 3:2
methanol/water mixture (15.2 mL) was stirred. To this, a solution of
KBa[Fe(dto)3]·3H2O (0.246 g, 0.38 mmol) in a 3:2 methanol/water
mixture was added dropwise. Black powdered sample was immediately
precipitated, collected by suction filtration, and washed with a 1:1
methanol/water mixture, methanol, and ether before being dried in
vacuo.

Measurements. The ratios of divalent metal ions in the diluted
magnetic system were determined by JEOL Model EX-2300BU
energy-dispersive X-ray spectroscopy (EDS) in a JEOL Model JSM-
6700F field-emission scanning electron microscope (SEM). The
powder X-ray diffractions for all samples were measured with a Rigaku
multiflex diffractometer using Cu Kα radiation at room temperature.
The static magnetic susceptibilities were measured with a Quantum
Design MPMS-5 SQUID susceptometer in the temperature range of
2−300 K under the static magnetic field of 5000 Oe. The magnetic
susceptibility data were corrected for diamagnetic contributions using
Pascal’s constants. The temperature dependence of the zero-field-
cooled magnetization (ZFCM) and the field-cooled magnetization
(FCM) were measured in the temperature range of 2−30 K under 30
Oe. The remnant magnetization (RM) was measured in the same
temperature range under zero field. ac magnetic susceptibility
measurements were performed in the temperature range of 2−40 K
under ac magnetic field of 3 Oe and frequency range of 10−1000 Hz.

Figure 1. Schematic representation of the charge-transfer phase
transition (CTPT) in (n-C3H7)4N[Fe

IIFeIII(dto)3].
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For the 57Fe Mössbauer spectroscopic measurements (Wissel Model
MDU1200), 57Co in Rh was used as a γ-ray source. The spectra were
calibrated using the six lines of a body-centered cubic iron foil (α-Fe),
the center of which was taken as zero isomer shift. The temperature
dependence of the dielectric constant was measured in the
temperature range of 4−300 K and the frequency range of 1 Hz to
1 MHz by the two-probe method on a pellet sample by applying
carbon paste onto the two surfaces. Measurements were made using a
Solartron 1260 impedance gain phase analyzer equipped with a
Solartron 1269 dielectric interface.

■ RESULTS AND DISCUSSION
We prepared 10 compositions of mixed-metal complexes (n-
C3H7)4N[Fe

II
1−xZn

II
xFe

III(dto)3] with ZnII concentrations x =
0.00, 0.05, 0.13, 0.26, 0.48, 0.62, 0.72, 0.83, 0.96, and 1.00 by
using starting solutions with ZnII/FeII ratios of 0.00, 0.01, 0.02,
0.05, 0.10, 0.15, 0.20, 0.30, 0.53, and 1.00, respectively. It
should be noted that x = 0.05, 0.13, 0.62, 0.72, and 0.83 are
complementary samples to previous literature, because the
original concentration interval was too coarse to explain the
concentration dependence of the magnetic properties of this
system. The data of powder XRD and magnetic measurements
for x = 0.00, 0.26, 0.48, 0.96, and 1.00 are those already
reported in the previous literature.48 We combine these data to
present a unified explanation in the below discussion.
All the complexes were characterized by powder XRD. As

shown in Figure 2, the diffraction patterns of the mixed-metal

complexes are similar to that previously reported for the parent
complex (n-C3H7)4N[Fe

IIFeIII(dto)3],
43 indicating that the (n-

C3H7)4N[Fe
II
1−xZn

II
xFe

III(dto)3] series is isostructural over the
entire ZnII concentration range, and thus the structure of these
complexes consist of 2D honeycomb networks with alternating
arrays of MII (M = Zn, Fe) and FeIII through dto bridges.
Figure 3a shows the temperature dependence of the molar

magnetic susceptibility multiplied by temperature (χT) for the
selected samples, x = 0.00, 0.05, 0.48, 0.72, 0.83, and 1.00 to
clarify the ZnII concentration dependence of the magnetic
property of this series. The remaining data are shown in the
Supporting Information (Figure S1). At room temperature, the
χT value decreases with increasing ZnII concentration, which is
consistent with the decrease in the effective magnetic moment
per [FeII1−xZn

II
xFe

III(dto)3] unit, corresponding to the non-
magnetic substitution of the FeII sites. In the low-temperature
region, the χT values for the complexes with x ≤ 0.83 increase
upon cooling, reach a maximum, and then decrease. This
behavior is indicative of ferromagnetic ordering within this
concentration range. In contrast, the χT values gradually
decrease with decreasing temperature for x = 0.96 and 1.00.
These results suggest that the dominant magnetic interaction in
this series of complexes changes from a ferromagnetic
interaction to an antiferromagnetic one between x = 0.83 and
0.96. Moreover, the spin transition with thermal hysteresis that
is associated with the CTPT44 was observed for the complexes
with low ZnII concentration (i.e., x ≤ 0.05), whereas it
disappears at x = 0.13 and above (Figure 3b). This observation
is indicative of the suppression of the CTPT by the substitution
of FeII with ZnII with a critical concentration between x = 0.05
and 0.13. The slight decrease in the χT value for x = 0.00 at T
≈ 120 K is corresponding to the reduction of the effective
magnetic moment associated with the CTPT. Such behavior is
not observed for x = 0.05, despite the occurrence of the CTPT.
The partial suppression of the CTPT caused by substitution of
FeII by ZnII ion is, as discussed later, responsible for this subtle
change in the effective magnetic moment.
To quantify the ZnII concentration dependence of the

magnetic properties of this series, the temperature dependences
of the magnetic susceptibilities in the high-temperature region
(i.e., T > 150 K for x ≤ 0.05, T > 50 K for 0.13 ≤ x ≤ 0.83, and
T > 100 K for 0.96 ≤ x) were fitted with the Curie−Weiss law,

χ
θ

=
−
C

T

where C is the Curie constant and θ is the Weiss temperature.
Note that the θ values are corrected for the orbital contribution
of FeIII ion by using temperature-dependent magnetic
susceptibility of the precursor, KBa[FeIII(dto)3]·3H2O.

50 Figure
4 shows the effective magnetic moment μe f f per
[FeII1−xZn

II
xFe

III(dto)3] unit obtained using the observed
Curie constant and the formula μeff = (8C)1/2. The value of
μeff systematically decreases with increasing x, as a result of the
substitution of nonmagnetic ZnII for FeII. The observed μeff
values are slightly larger than that expected from the sum of the
magnetic moments of the two spin sites (i.e., μeff = μFe(III) + (1
− x) × μFe(II); the observed effective magnetic moment for the
precursor, KBa[FeIII(dto)3]·3H2O is used as μFe(III) to correct
the orbital contribution of FeIII ion,50 and μFe(II) is the spin-only
value for high spin FeII; see Figure 4) with g = 2, which is
considered to be due to a g-value shift from the free electron in
the anisotropic FeII ion and/or the high-spin FeIII impurity
caused by linkage isomerism of the dto bridge.41,44 The Weiss

Figure 2. Powder X-ray diffraction (XRD) pattern of (n-C3H7)4N-
[FeII1−xZn

II
xFe

III(dto)3].
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temperature θ gradually decreases with increasing ZnII

concentration at first and then abruptly decreases above x =
0.83, as shown in Figure 5. Such nonliner concentration
dependence of the Weiss temperature is typical for a low-
dimensional magnet. It is generally expected that an absolute
value of θ for a magnetic system will monotonically decrease
toward zero with nonmagnetic substitution for the para-
magnetic metal ion. In the present case, however, the Weiss
temperature becomes zero at x ≈ 0.83 and continues to
decrease toward −17 K with increasing ZnII concentration to x
= 1.00. The ferromagnetic interaction for (n-CnH2n+1)4N-
[FeIIFeIII(dto)3] (n = 5, 6) in the HTP is caused by the

coupling between the ground configuration φi[Fe
III(t2

5)]-
φj[Fe

II(t2
4e2)] and the CT configuration φi[Fe

II(t2
6)]-

φj[Fe
III(t2

3e2)], in addition to the ferromagnetic exchange
interaction between FeII and FeIII due to the orthogonality
between the magnetic orbitals of FeII and FeIII.44 This situation
is presumably similar to the case of (n-C3H7)4N-
[FeII1−xZn

II
xFe

III(dto)3] with x ≥ 0.05, where the ferromagnetic
state is in the HTP. The nonmagnetic substitution of FeII sites
with closed-shell ZnII ions prevents both of these interactions,
and thus θ and TC for the HTP decrease with increasing ZnII

concentration. Simultaneously, this substitution creates an
antiferromagnetic exchange pathway between FeIII ions through
the orbitals of the nonmagnetic ZnII ions. The antiferromag-
netic interaction compete with the ferromagnetic interaction at

Figure 3. (a) Temperature dependence of the molar susceptibility multiplied by temperature (χT) for x = 0.00, 0.05, 0.48, 0.72, 0.83, and 1.00. (b)
Thermal hysteresis in the χT value corresponding to the CTPT for x = 0.00 and 0.05; hysteresis was not observed for x = 0.13.

Figure 4. Variation of the effective magnetic moment (μeff) with x for
(n-C3H7)4N[Fe

II
1−xZn

II
xFe

III(dto)3]. The red solid line shows the
effective magnetic moment expected from the sum of the magnetic
moments of the two spin sites.

Figure 5. Variation of the Weiss temperature (θ) with x for (n-
C3H7)4[Fe

II
1−xZn

II
xFe

III(dto)3]. The dashed line is a guide for the eyes.
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x ≈ 0.83 and the Weiss temperature θ appears to be zero.
Above this ZnII concentration, the antiferromagnetic interaction
becomes dominant. These factors account for the strongly
negative Weiss temperature for x = 0.96 and 1.00.
The ferromagnetic phase transition within this series of

complexes was confirmed by the field-cooled magnetization
(FCM), zero-field-cooled magnetization (ZFCM), and remnant
magnetization (RM) measurements. The temperature depend-
ence of the magnetization curves in the low-temperature region
for the selected samples (x = 0.00, 0.05, 0.13, 0.96, and 1.00)
are shown in Figure 6 to show the characteristic influence of the

CTPT on the ferromagnetic transition. The remaining data are
shown in the Supporting Information (Figure S2). For x = 0.00,
the RM disappears at 7 K, and the FCM and ZFCM curves split
below the same temperature (Figure 6a). This behavior is
consistent with that previously reported for (n-C3H7)4N-
[FeIIFeIII(dto)3] (i.e., x = 0.00), which has an estimated
ferromagnetic transition temperature TC of 7 K for the LTP
spin state.43,44 Although the TC value for x = 0.05 is estimated
to be 12 K from the magnetization plot (Figure 6b), in contrast
to x = 0.00, there are two peaks in the ZFCM curve at 12 and
5.5 K and a shoulder in the FCM curve at 12 K. This behavior
implies the coexistence of two ferromagnetic phases, corre-
sponding to a HTP fragment with TC = 12 K and a LTP
fragment with TC lower than that of the HTP fragment, as a
result of partial suppression of the CTPT. To elucidate the
ferromagnetic transition temperature for the LTP fragment in x

= 0.05, ac magnetic susceptibility measurements were
performed (see Figure S3b in the Supporting Information).
The in-phase signal (χ′) shows a maximum at ∼14 K, as well as
a nonzero out-of-phase signal (χ″), which corresponds to the
onset of the ferromagnetic ordering within the HTP fragment.
Furthermore, an additional peak corresponding to the
ferromagnetic transition within the LTP fragment appears as
a shoulder at 7 K in χ′. These features clearly confirm the
coexistence of two ferromagnetic phases in this compound.
From these data, the ferromagnetic transition temperature for
the LTP fragment in x = 0.05 is determined to be TC = 7 K,
which is the same value as TC for the LTP in x = 0.00 (see
Figure 6a and Figure S3a in the Supporting Information). Note
that the coexistence of the two ferromagnetic phases, the HTP
and LTP, is already reported for (n-C4H9)4N[Fe

IIFeIII(dto)3],
which was confirmed by magnetic susceptibility, 57Fe
Mössbauer spectra, and ESR measurements.44 As shown in
Figure 6c, the peak corresponding to the LTP fragment in the
ZFCM curve disappears for x = 0.13, which suggests that the
CTPT is completely suppressed between x = 0.05 and 0.13.
With further increases in x, the ferromagnetic transition
temperature monotonically decreases and the transition almost
disappears between x = 0.96 and 1.00 in the entire measured
temperature range (see Figures 6d and 6e). The variations of
TC with x for all of the members of this series are shown in
Figure 7. Generally, the ferromagnetic transition temperature

for a diluted magnetic system decreases as the dilution ratio
increases, as a result of disconnections in the exchange
pathways. In the present case, however, TC is initially enhanced
between x = 0.00 and 0.05 and then decreases with increasing x.
This anomalous behavior can be explained as follows. For x =
0.00, the CTPT occurs at ∼120 K. Below this temperature, the
electronic state is in the LTP. Therefore, the ferromagnetic
transition for this complex occurs within the LTP. When ZnII

concentration is increased to x = 0.05, the CTPT is partially
suppressed, as mentioned above; hence, the HTP fragment,
whose TC value is higher than that of the LTP fragment,
remains in the low-temperature region. Note that the
ferromagnetic ordering for (n-C3H7)4N[Fe

IIFeIII(dto)3] in the
LTP is achieved by the CT interaction44,51 between FeIII sites
through nonmagnetic low-spin FeII ions. Therefore, the
exchange interaction between the neighboring spin sites in
the LTP is weaker than that in the HTP, and this accounts for

Figure 6. Temperature dependence of (△) the field-cooled
magnetization (FCM), (●) zero-field-cooled magnetization
(ZFCM), and (◇) remnant magnetization (RM) of (a) x = 0.00, x
= 0.05, (c) x = 0.13, (d) x = 0.96, and (e) x = 1.00.

Figure 7. Variation of the ferromagnetic transition temperature (TC)
with x for [FeII1−xZn

II
xFe

III(dto)3] in the (●) high-temperature phase
(HTP) and (○) low-temperature phase (LTP). The double-headed
arrow represents coexistence of the HTP and LTP.
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the lower ferromagnetic transition temperature of the LTP,
compared to that of the HTP. The ferromagnetic transition
occurs within the LTP for x = 0.00 but within the HTP for x =
0.05. For these reasons, an anomalous enhancement of TC
between x = 0.00 and 0.05 is observed. When x is further
increased, TC monotonically decreases, as generally expected
for a diluted magnetic system. Note that the ferromagnetic
transition temperature for the LTP fragment in x = 0.05 (7 K)
is the same as that in x = 0.00 (7 K), despite the increasing
dilution ratio. The CTPT is suppressed in the vicinity of dopant
ZnII ions, and such vicinity can be considered as the HTP
fragment. Therefore, the magnetic dilution does not affect the
magnetic interaction in the LTP fragment. For this reason, TC
for the LTP fragment remains unchanged between x = 0.00 and
x = 0.05.
It was previously reported that the transfer of electrons in the

CTPT occurs within the magnetic honeycomb layer of
[FeIIFeIII(dto)3]

−, as revealed by anisotropic resistivity
measurement on (n-C3H7)4N[Fe

IIFeIII(dto)3] under high
pressure.52 Moreover, the μSR measurement revealed that the
nature of the CT in the CTPT is a dynamic oscillation of
electrons between FeII and FeIII sites with a frequency of 0.1
MHz under ambient pressure.47 Considering these facts, a
dielectric anomaly corresponding to the CTPT would be
observed in the dielectric constant. Since the dielectric
measurement possesses high signal detectability and fast
responsiveness, we measured the temperature-dependent
dielectric constant to elucidate the presence and disappearance
of the CTPT in (n-C3H7)4N[Fe

II
1−xZn

II
xFe

III(dto)3]. Figure 8

shows the temperature dependence of the dielectric constant
(ε′) for x = 0.00 at several frequencies. Above 200 K, ε′
remarkably depends on frequency and temperature, which is
likely due to the thermal fluctuation of the countercation, (n-
C3H7)4N

+. Moreover, an anomalous enhancement of ε′ with a
thermal hysteresis is observed at ∼120 K across the entire
measuring frequency range between 1 Hz and 1 MHz. As
mentioned above, this observation can be attributed to the
dynamic fluctuation of electrons between FeII and FeIII sites
associated with the CTPT. The anomaly becomes apparent as
the frequency is lowered. Such frequency dependence is likely

to be caused by the slow relaxation of the electrons, due to the
barrier of the electron hopping on the grain boundary of the
compressed powder sample. These results clearly demonstrate
that the CTPT is detectable by dielectric constant measure-
ment. Figure 9 shows the temperature dependent dielectric

constant at 1 kHz for the selected samples (x = 0.00, 0.05, 0.13,
0.26, and 1.00) to clarify the characteristic ZnII concentration
dependence of the dielectric response of this series. The
remaining data are shown in the Supporting Information
(Figure S4). An anomalous enhancement of the dielectric
constant with a large thermal hysteresis is observed for x = 0.00
and x = 0.05 (see Figures 9a and 9b), which almost disappears
at x = 0.13, leaving only a small bump with a narrow hysteresis
(Figure 9c). Both the upper and lower limits of the hysteresis
are lowered with increasing ZnII concentration. Above x = 0.26,
the anomaly disappears from the dielectric constant (see
Figures 9d and 9e). From these results, the critical ZnII

concentration for suppression of the CTPT is estimated at x
≈ 0.13. Note that the anomalous behavior in the magnetic
susceptibility associated with the CTPT is not observed for x =
0.13 (see Figure 3b). Furthermore, the spin configuration of the
LTP fragment is not detected at 15 K for x = 0.05 and x = 0.13
in the Mössbauer study (see Figures S5 and S6 in the
Supporting Information). These facts demonstrate that the
dielectric measurement is a highly sensitive method to detect
the CTPT.
On the basis of all of the above data, we present a phase

diagram of the diluted magnetic system (n-C3H7)4N-
[FeII1−xZn

II
xFe

III(dto)3] in Figure 10. In this diagram,
TC(HTP), TC(LTP), T↑(CT), and T↓(CT) represent,

Figure 8. Temperature- and frequency-dependent dielectric constant
(ε′) of x = 0.00. Inset shows the low-temperature region.

Figure 9. Temperature dependence of the dielectric constant (ε′) for
(a) x = 0.00, (b) x = 0.05, (c) x = 0.13, (d) x = 0.26, and (e) x = 1.00
measured at 1 kHz.
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respectively, the ferromagnetic transition temperatures for the
HTP and LTP, determined by the FCM, ZFCM, and RM
measurements, and the upper and lower limits of the thermal
hysteresis in the dielectric constant measured at 1 kHz,
corresponding to the CTPT. At room temperature, the
complex with ZnII concentration x = 0.00 is a paramagnetic
phase with the spin configuration of the HTP. This phase is
denoted as PHTP in the diagram. Below T↑(CT), the phase
represented as CT appears at this concentration. In this phase,
the CTPT occurs and the electrons dynamically oscillate
between FeII and FeIII. Below T↓(CT), a paramagnetic phase
with the spin configuration of the LTP (denoted as PLTP)
appears, as a result of the CTPT. This complex exhibits a
ferromagnetic transition at TC(LTP), which results in a
ferromagnetic phase with a spin configuration that remains in
the LTP (denoted as FLTP). The complexes in the ZnII

concentration region 0.00 < x ≤ 0.13 also exist in the PHTP
phase above T↑(CT), and the CT appears in the temperatures
between T↑(CT) and T↓(CT). However, in contrast to x =
0.00, the CTPT for the complexes in this concentration region
is partially suppressed, and, hence, the spin states at the
temperatures below T↓(CT) are paramagnetic mixtures of the
HTP and the LTP (denoted as PHTP+LTP) down to the
ferromagnetic transition temperature. As mentioned above, the
ferromagnetic transitions for the complexes in this ZnII

concentration region occur at TC(HTP) within the HTP
domain. As a result, a ferromagnetic phase with a spin
configuration in a mixture of the HTP and the LTP (denoted as
FHTP+LTP) appears below TC(HTP). Note that this spin
configuration is responsible for the two-stepped ferromagnetic
transition in x = 0.05. For the complexes in the ZnII

concentration region of x ≥ 0.26, the CTPT is completely
suppressed and the CT disappears. Consequently, the
complexes in this concentration region remain in PHTP down
to TC(HTP) and exhibit ferromagnetic transitions at this
temperature. This results in a ferromagnetic phase with the spin
configuration of the HTP (FHTP), except for in x = 1.00, where
the ferromagnetic transition is not observed in any magnetic
measurements within the examined temperature range.

As shown in the phase diagram, the critical concentration for
the disappearance of the CTPT is unexpectedly low. Note that
the significant ZnII concentration dependence of the structure is
not observed in the powder XRD patterns (see Figure 2). If this
phase transition is not a cooperative phenomenon and the CT
in the CTPT is accomplished only between a pair of FeII and
FeIII sites, the critical concentration is estimated at x = 1.00.
From these facts, it is demonstrated that the CTPT is a highly
cooperative phenomenon and the suppression of the CTPT by
substituting ZnII for FeII is related to the loss of cooperativity of
the CT during the CTPT.

■ CONCLUSION
We have prepared a magnetically diluted series of complexes
(n-C3H7)4N[Fe

II
1−xZn

II
xFe

III(dto)3] (x = 0−1) and investigated
the effects of magnetic dilution on the charge-transfer phase
transition (CTPT) and magnetic properties. These complexes
are isostructural across the entire ZnII concentration range.
Magnetic and dielectric measurements reveal that the CTPT is
gradually suppressed by substitution of FeII with ZnII ions and
finally disappears above a ZnII concentration at x ≈ 0.13. This
unexpectedly low critical ZnII concentration for the disappear-
ance of the CTPT is indicative of high cooperativity of the
electron transfers in the CTPT. In association with the gradual
suppression of the CTPT, the spin state of the ferromagnetic
state changes from the low-temperature phase (LTP) for x =
0.00 to a mixture of the LTP and high-temperature phase
(HTP) for 0 < x ≤ 0.13 to the HTP for x > 0.13. Note that the
spin configuration of the HTP gives a higher TC value than that
of the LTP. For these reasons, the ferromagnetic transition
temperature TC is enhanced by the substitution of Fe

II with ZnII

ions in the low ZnII concentration region, despite the
nonmagnetic nature of the ZnII ion. Further increasing the
substitution ratio causes a disconnection of the ferromagnetic
exchange pathways between magnetic sites, which is accom-
panied by decreasing TC; finally, the ferromagnetic phase
transition disappears in the very high ZnII concentration region
across the entire measured temperature range.
In the case of x = 0.13, the CTPT can be detected by means

of dielectric constant measurement. However, no anomalous
behavior associated with the CTPT is observed in the
temperature-dependent magnetic susceptibility. Furthermore,
the spin configuration of the LTP fragment could not be
detected for the complexes with x = 0.05 and 0.13 in the
Mössbauer spectra in the low-temperature region (i.e., at 15 K),
because of the low signal-to-noise (SN) ratio of these spectra.
These results demonstrate that dielectric measurement is a
suitable method for the direct observation of a charge-transfer
(CT) phenomenon in a mixed-valence complex, such as the
CTPT.
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