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’ INTRODUCTION

Comprehensive studies on the control and quantification of
charge transfer between electron donors (D) and acceptors (A)
have been most successful using cocrystallized organic π-DA
molecules.1,2 Fine tuning of the ionization potential (ID) of D and
the electron affinity (EA) of A in 1:1 DδþAδ� complexes (δ: the
degree of charge transfer) can be used to control phase transitions
between distinct valence states of the neutral (N: D0A0 with δ = 0)
and ionic (I: DþA� with δ = 1) states, i.e., the so-called N�I phase
transition, which is triggered by external modulations, such as
temperature,3,4 pressure,5�12 and photoirradiation.13�17 A tetra-
thiafulvalene/p-chloranil compound (TTF-CA) was the first re-
ported example of compound exhibiting anN�I phase transition.3,4

Accompanying this ‘switch of charge,’ several fundamental physical
properties, such as emergent electron transport caused by charge
fluctuations,3,4 magnetism,18 and dielectric properties induced by
structural modifications,19�23 are reversibly modified, making it
possible to prepare multiple switchable materials controlled by
applyingmagnetic23 and electric fields.24,25 Although there has been
a large amount of interest in systems exhibiting N�I transitions,
examples are still limited to materials comprised of ‘stacked’
π-DA systems of organic compounds.4,8,12,21,26�31 Most of these
systems therefore exhibit a one-step N�I transition involving lattice
dimerization in the I phase to form spin-singlet pairs.32,33

In order to systematically control N�I transitions, tuning ID of
D and EA of A is the most important.4 Meanwhile, the effect of
Coulomb interactions, which can cause the formation of a
number of charge-gap states at once allowing stepwise transitions
to occur even in homogeneous DA systems, has been a long-
standing mystery since Hubbard and Torrance34 and Bak
et al.35,36 theoretically predicted such a stepwise feature 30 years
ago, where they hence called it ‘devil’s staircase’. Although a two-
step N�I transition upon application of pressure to a stacked
assembly of 3,30,5,50-tetramethybenzidine/7,7,8,8-tetracyanoqui-
nodimethane (TCNQ) has been reported, crucial information
about the intermediate phase has not yet been reported.11 Here,
we report temperature-induced two-stage N�I phase transitions
in a covalently bonded DA chain compound due to contributions
from anisotropic interchain Coulomb interactions. The present
covalently bonded DA chain compound is [Ru2(2,3,5,6-
F4PhCO2)4(DMDCNQI)] 3 2(p-xylene) (1; 2,3,5,6-F4PhCO2

�

= 2,3,5,6-tetrafluorobenzoate; DMDCNQI = 2,5-dimethyl-N,N0-
dicyanoquinonediimine), where the [Ru2

II,II(2,3,5,6-F4PhCO2)4]
moiety has a paddlewheel diruthenium(II,II) motif with a Ru�Ru
bond (hereafter abbreviated as [Ru2

II,II]). Accompanying stepwise

Received: November 8, 2010

ABSTRACT: Neutral (N)�ionic (I) transitions in organic
donor (D)/acceptor (A) charge-transfer complexes are intriguing
because a ‘reservoir of functions’ is available. For systematically
controlling N�I transitions, tuning the ionization potential of D
and the electron affinity of A is extremely important. However, the
effect of Coulomb interactions, which likely causes a number of
charge-gap states at once in a system bringing about stepwise
transitions, is a long-standing mystery. Here, we show definite
evidence for stepwise N�I transitions caused by contributions
from anisotropic interchain Coulomb interactions in a metal-
complex-based covalently bonded DA chain compound, [Ru2(2,3,5,6-F4PhCO2)4(DMDCNQI)] 3 2(p-xylene) (1; 2,3,5,6-F4PhCO2

�

= 2,3,5,6-tetrafluorobenzoate; DMDCNQI = 2,5-dimethyl-N,N0-dicyanoquinonediimine), where the [Ru2
II,II(2,3,5,6-F4PhCO2)4]

moiety has a paddlewheel diruthenium(II,II) motif with a Ru�Ru bond. An intermediate-temperature phase involving self-organizedN
and I chainswas observed in the temperature range between 210K (=T2) and270K (=T1) withNphase atT>T1 and I phase atT<T2.
Accompanying the charge transitions, the spin�ground states as well as the ferrimagnetic ordering in the I phase vary. The stepwise
feature of theN�I transition with a highly sensitivemagnetic response should bring about new dynamical functionalities associated with
charge, spin, and lattice.
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charge transitions, δ for DδþAδ� varies reversibly between 0 and
∼0.5 at T1 and then 0.5 and 1 at T2 (<T1). In addition to precise
characterization of the two phases and the intermediate (IM)
phasewith a formal charge ofδ= 0.5, highly sensitivemagnetic and
electronic responses accompanying the N�I transitions were
evaluated.

’RESULTS AND DISCUSSION

Compound 1 is composed of an array of chains of alternating
covalently bonded carboxylate-bridged paddlewheel diruthenium-
(II,II) complexes, [Ru2

II,II(2,3,5,6-F4PhCO2)4], and DMDCNQI
units. [Ru2II,II]withS=1

37,38 can act as adonor forming [Ru2
II,III]þ

with S = 3/239 (as Dþ) without any significant structural changes
(Chart 1a),40 and DCNQI is a well-known π-acceptor,41 which
becomes a radical anion (DCNQI•�, denoted as A�) with S = 1/2
(Chart 1b).42,43 Even in such covalently bonded DA assemblies,
tuning ID of D and EA of A is important for systematically
controlling the oxidation state, as shown in D2A assembled
systems composed of [Ru2] and TCNQ derivatives.44�49 In fact,
the presence of the fluoro groups, which have electron-with-
drawing character, at the 2, 3, 5, and 6 positions of the benzoate
ligands of [Ru2

II,II]50 and use of DMDCNQI resulted in the
formation of the neutral chain 1 at room temperature.

From single-crystal X-ray analysis using a commercial CCD
X-ray diffractometer in the temperature range of 107�282 K, the
complex has a one-dimensional (1-D) chain motif with a
[�{Ru2}�(DMDCNQI)�] repeat (Figure 1a) in themonoclinic
P21/n with Z = 2. No distinct diffraction spots indicating a lower
symmetry structure were observed under the measurement con-
ditions. These data will be used hereafter to discuss averaged
structures, even that of the IM phase, whereas data obtained from

synchrotron X-ray diffraction analyses will be used to discuss the
true structure (vide infra). The chains run along the a axis of the
unit cell (Figure 1b) and are arranged in anisotropic π stacks
along the b axis with repeating [Ru2] units and slipped π stacks in
parts of the 2,3,5,6-F4Ph groups (Form A; Figure 1c) and along
the c axis in a [ 3 3 3 (DMDCNQI)R 3 3 3 (p-xylene) 3 3 3 (F4Ph)

β
3 3 3

(F4Ph)
γ
3 3 3 (p-xylene) 3 3 3 ] arrangement (Form B, which in-

cludes Form A in the 3 3 3 (F4Ph)
β
3 3 3 (F4Ph)

γ
3 3 3 part;

Figure 1d), where F4Ph is the 2,3,5,6-F4Ph group of [Ru2] and
the superscripts R�γ distinguish respective moieties coming
from different adjacent chains. The mean-plane distances in the
π stack forms are in the range of 2.93�3.45 Å (at 107 K). Chains
align in-phase along the b axis with a distance of 10.519(3) Å
between [Ru2] units and antiphase in the Æ011æ direction with a
distance of 10.0603(3) Å between [Ru2] andDMDCNQI (at 107
K). Thus, the chains align in-phase along the b axis and antiphase
in the Æ011æ direction. This anisotropic chain arrangement has
important implications for understanding the features of stepwise
phase transitions.

The Ru�Oeq length (Oeq = equatorial oxygen atoms) is quite
sensitive to the oxidation state of the [Ru2] subunit: 2.06�2.07 Å
for [Ru2

II,II] and 2.02�2.03 Å for [Ru2
II,III]þ.39 The average

Ru�Oeq bond length (Table S1, Supporting Information) is
plotted as a function of temperature in Figure 2a. At 282 K, the
Ru�Oeq bond lengthwas in the range of 2.06�2.07Å, indicating an
oxidation state of [Ru2

II,II]. Upon cooling, it suddenly decreased to
around 2.04�2.05 Å at∼270 K (T1) and decreased to the range of
2.02�2.03 Å at∼210 K (T2). Below T2, the oxidation state of the
[Ru2] unit is close to [Ru2

II,III]þ. In between T1 and T2, the
oxidation state is between both oxidation states, namely [Ru2]

δþ

where δ is formally ∼0.5 (IM phase). In addition, the axial bond

Chart 1. Schematic Representations of (a) Paddlewheel
Diruthenium Units and the Quinonoid and (b) Benzenoid
Forms of DMDCNQI with the Assignment of Respective
Bonds a�f for Figure 2b

Figure 1. Chain structure of 1 at 107 K (a) composed of [Ru2(2,3,5,6-
F3PhCO2)4] and DMDCNQI subunits (50% probability ellipsoids;
hydrogen atoms were omitted for clarity) and packing diagrams
projected along the b (b), a (c), and c axes (d), respectively (C, white;
F, green; N, blue; O, red; Ru, purple for the chain, and p-xylene was
colored in pink; hydrogen atoms were omitted for clarity). In (c) and
(d), blue circles indicate π stack forms (Form A and B; see text).
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length (Ru�Nax), which is also sensitive to the oxidation state of the
[Ru2] unit, became shorter at T1 and T2 with cooling down (Table
S1, Supporting Information, and inset of Figure 2a).

Neutral DMDCNQI has a quinonoid structure (top of
Chart 1b) with characteristic single (b and d in Chart 1b), double
(CdC; c and e) and triple (CtN; a) bonds, whereas anionic
DMDCNQI (i.e., DMDCNQI•�) has a nearly benzenoid struc-
ture (bottom of Chart 1b) with an unpaired electron delocalized
over the entire complex, causing an averaging of the bond
lengths. As shown in Figure 2b, a, c, and e became longer at T1

andT2 in stepwisemanner upon cooling in the range of 282�107
K, whereas b and d became shorter. Bond f, which is not involved
in the resonance scheme, did not change in the temperature
range. On the DMDCNQIδ� moiety, δ was estimated by using
the Kistenmacher relationship51 δ =�{AF[c/(bþ d)] þ BF} in
relation to the neutral chain [Rh2

II,II(CF3CO2)4(DMDCNQI)]
(δ = 0)52 and the ionic chain [MnIII(TMesP)(DMDCNQI)]
(TMesP = meso-tetrakis(2,4,6-trimethylphenyl)porphyrinate;
δ = 1)53 with AF = �36.900 and BF = 17.295. From a plot of
the estimated values (Table S2, Supporting Information) versus T
(Figure 2c), the DMDCNQI moiety has a quinonoid structure at
around room temperature. In other words, the chain is neutral (N
form) when T > T1. Then DMDCNQI converts to a quasi-
benzenoid form, meaning the chain becomes ionic (I form) with
δ ≈ 1, when T < T2. The IM form is a ‘stage of charge’ with a
formalδ of∼0.5 betweenT1 andT2. The change inDMDCNQI is
consistent with the change in the oxidation state of the [Ru2]
subunit, showing structurally that stepwise N�I phase transitions
occur at T1 and T2. We confirmed by using differential scanning
calorimetry (DSC) that these first-order transitions were rever-
sible exo/endothermal processes with a small hysteresis in the
cooling and heating processes, respectively (Figure 2d).

In order to elucidate the structure of the IM phase, X-ray
diffraction measurements on a single crystal using a synchrotron
beam were performed while heating. Figure 3a shows X-ray
oscillation photographs of the I (200 K) and IM (220 K) phases.
Superlattice reflections with a modulation vector (0 1/2 1/2)
were clearly observed at 220 K. The typical intensity of the
superlattice spots was weaker by 3 orders of magnitude than the
fundamental reflections. The temperature dependence of the
intensity of a superlattice reflection (�7 2.5 �0.5), shown in
Figure 3b, indicates that a superlattice is present only in the IM
phase. Moreover, some high-angle Bragg spots are split in the IM
phase as shown in Figure 3c, indicating that the [011] and
[0�11] axes are not equivalent. Both the 21 screw and glide
operations break down, and hence the crystal symmetry is
lowered to triclinic. The detailed analysis, which was performed
taking account of the twinning, showed that the lengths of the
[01�1] and [001] axes in the triclinic IM phase, corresponding
the [011] and [0�11] axes in the monoclinic setting, respec-
tively, are 20.42 and 20.45 Å. The simultaneous breaking of these
symmetries is well in accord with the first-order nature of the
transitions at T1 and T2. The appearance of the superlattice and
the unchanged periodicity along the chain, i.e., along the a axis, in
the IM phase strongly implies a regular arrangement of none-
quivalent chains in the crystal. The superlattice unit cell of the IM
phase based on the triclinic space group P�1 contains four
structurally independent chains (I�IV), as shown in the middle
panel of Figure 4b. The Ru�Oeq and bond lengths a�f in
DMDCNQI for each chain were determined using structural
parameters obtained at 240 K (Tables S3 and S4, Supporting
Information). The extent of charge transfer for chains I�IV was

Figure 2. Structural variations and electrical resistivity as a function of
temperature (for a�c, all structures were determined using the mono-
clinic space group P21/n). (a) Variation in the averaged Ru�Oeq bond
(Oeq = carboxylate oxygen atoms) normalized to the value at 107 K,
where the inset is the variations in the Ru�Ru and Ru�Nax bonds
(Nax = cyanide nitrogen atom of DMDCNQI). (b) Variations in the
local bonds of the DMDCNQI subunit normalized to the values at 107
K, where a�f are defined in Chart 1b and dav stands for the average value
between dH and dMe. (c) The degree of charge �δ on the DMDCNQI
subunit estimated by using the Kistenmacher relationship. (d) Tem-
perature dependence of the heat flow obtained from DSC (sweep rate,
5 �C/min). (e) Temperature dependence of electrical resistivity
R measured on a single crystal along the a axis (two-probe method).
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estimated to be 1.22(13), �0.11(13), 1.11(14), and 0.04(13),
respectively, by using the Kistenmacher relationship (Figure 4a).
The Ru�Oeq bond lengths in II/IV are considerably longer than
those in I/III (Table S3, Supporting Information and Figure 4a);
this trend agrees with the assignment of [Ru2

II,II] and [Ru2
II,III]þ

for II/IV and I/III, respectively, while those in II/IV are a little
shorter than in the high-temperature N phase. These results
suggest that two kinds of N chains (II and IV) with δ ≈ 0 and
other two kinds of I chains (I and III) with δ ≈ 1 are aligned to
form an alternating stack of N and I layers, as shown in Figure 4b.
This is the first observation of self-organized N and I chains in an
IM phase causing a stage for stepwise transitions.

The 1:1 alignment of N and I chains can be explained by taking
into account electrostatic Coulomb interactions. As already men-
tioned, two neighboring chains are aligned in-phase along the b axis.
A Coulomb energy cost is necessary for two chains to change
simultaneously from N to I states. For this reason, having two I
chains along the c axis is an unstable configuration. On the other
hand, the next neighbor chains in the Æ011æ direction are aligned
antiphase. In this case, two chains can become I chains with a

Coulomb energy gain. TheCoulomb interactions prevent a uniform
N�I transition and instead give rise to a complicated arrangement
of N and I chains, as shown in Figure 4b. Below T2, the intrachain
energy gain of the I state becomes large enough to overcome the
Coulomb energy cost, allowing a uniform I state to form.

The 1:1mixture ofN and I chains in the IMphase was confirmed
by using infrared absorption spectroscopy on a single crystal.
Characteristic CdC stretching modes (νCdC) of DMDCNQI

Figure 3. X-ray superlattice reflections in the intermediate (IM) phase.
(a) Synchrotron X-ray oscillation photographs recorded at 200 K (T <
T2; left) and 220 K (T2 < T < T1; right). A series of (h, kþ 1/2, lþ 1/2)
reflections are discernible at 220 K. (b) Temperature dependence of the
integrated intensity of the superlattice reflection (�7 2.5�0.5). (c) Split
of (�11 6 2) reflection in the IM phase.

Figure 4. Arrangement of neutral (N) and ionic (I) chains in the
intermediate (IM) phase. (a) The Ru�Oeq bond lengths (red solid
circles) and degree of charge�δ on the DMDCNQI subunit estimated
by using the Kistenmacher relationship (blue open squares) on each
chain at 240 K (IM phase) deduced from the present synchrotron X-ray
measurement. Four chains in a superlattice unit cell in the IM phase are
labeled as shown in themiddle panel of (b). Chains I and III are regarded
as ionic, whereas II and IV are neutral. (b) Arrangements of N and I
chains in the I phase below T2 (top), IM phase between T1 and T2

(middle), and N phase above T1 (bottom) projected onto the bc plane.
Yellow and green denote the N and I chains, respectively.
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were observed in the frequency range of 1400�1600 cm�1

(Figure 5; heating process). In the T range of 275�310 K, vCdC

was observed as a single band at 1539 cm�1, corresponding to theN
state of DMDCNQI (e.g., 1537 cm�1 for free DMDCNQI0).
However, in the T range of 270�215 K, another band at
1528 cm�1, assigned to vCdC for the I state, appeared without
the loss or shifting of the band for theN state and then below 210K,
only the band for the I state remained. These changes took place at
∼270 and ∼210 K, which correspond to T1 and T2, respectively.
Importantly, the characteristic bands for theN and I states coexist in
the range of 270�215 K, i.e., the IM phase, without any new band
that indicates the presence of a uniform D0.5þA0.5� state in each
chain. A similar trend was observed in the CtN stretching modes
(vCtN) (Figure S1, Supporting Information). These results agree
with the synchrotron X-ray structural study.

N�I transitions are accompanied by drastic variations in the
electron-transport properties. Figure 2e shows the temperature
dependence of the electrical resistivity of a single crystal sample
measured using a two-probe dc method along the a axis, i.e., chain
direction. The resistivity was over 3.0� 104Ω cmwhenT > 310 K
(almost insulator). However, upon cooling, it suddenly decreased
to 4.0 � 102 Ω cm at 284 K and then increased again with an
inflection at 263 K. The inflection also occurs in the heating
process, although itmakes a small peak at 266K.On the basis of the
magnitude of the resistivity, 1 can be regarded as a semiconductor
over the entire temperature range. Therefore, such a decrease in the
resistivity is unusual and is due to theN�I phase transition atT1. In
the TTF-CA system, the emergent conductance occurring just

prior to the N�I phase transition was concluded to be due to the
transport of charged and/or spin solitons in the dimerized I phase
or the N�I domain walls.6,18,54 A similar feature was observed in a
D2A-type two-electron transferred [Ru2]2TCNQ system, in which
thermally induced charge fluctuation between Dδþ and Aδ� is the
cause.49 Because no dimerization occurs along the chain, the
anomalous decrease in resistivity at around T1 was ascribed to
charge fluctuations. One might think that δ would fluctuate in the
IM phase where N and I chains coexist. However, Coulomb
interactions between N and I chains and the resultant long-range
ordering of the N and I chains prevent δ from fluctuating. The
charge fluctuation is thus enhanced just above the temperature
where long-range ordering appears; so, the increase in the resistivity
occurs abruptly around T1.

The change in the magnetic state accompanying the N�I phase
transition is one of the most important features of this system
because the variety of utilizable spins and their strong magnetic
correlations even at lowmagnetic fields confer an advantage on such
a covalently bonded system based on transition-metal complexes.
This is in sharp contrast to the case of mixed stack organic systems,
where the antiferromagnetic interactions between neighboring
quantum spins often causes dimerization to form spin-singlet
pairs. In the present system, a new strongly coupled spin set is
generated in the I state (S = 3/2 for [Ru2

II,III]þ and S = 1/2 for
DMDCNQI•�) from the paramagnetic N state with a sole
contribution from the [Ru2

II,II] species with S = 1. It should be
noted here that no structural evidence for dimerization was found,
possibly due to the covalent bonding in the chains. In accordance
with the stepwise N�I transitions, the magnetic susceptibility (χ),
which has a typical value of 3.07 � 10�3 cm3 mol�1 (χT =
0.921 cm3 K mol�1) at 300 K due to the nature of the isolated
[Ru2

II,II] species,37�39 exhibited anomalies at T1 and T2 and
ultimately increased due to a ferrimagnetic arrangement of the
generated spins with a decrease in T (Figure 6). No χ peak was
observed down to 1.8 K even in applied fields of 3�1000 Oe
(Figure S2, Supporting Information), and χT did not show a
minimum.Nevertheless, the saturatedmagnetization (Ms = 1.3μB)
at 7 T in aM vsH plot at 1.8 K confirms that there is an intrachain
ferrimagnetic arrangement (Figure 7 and Figure S3, Supporting
Information),55 indicating the presence of a strong 1-D correlation
just below T2. The Ms value, which is smaller than the expected
value of 2 μB with g = 2.0, was attributed to strong magnetic
anisotropy of [Ru2

II,III]þ unit, which has been observed in

Figure 5. Infrared absorption spectra of 1 in the wavenumber range of
1400�1600 cm�1 measured on a single crystal, where the bands at 1539
and 1528 cm�1 correspond to v(CdC) of the neutral and ionic
DMDCNQI moieties, respectively (blue, red, and black lines represent
ones for N, IM, and I phases, respectively).

Figure 6. Temperature dependence of χT of 1 (cooling process), where
the solid red line was fitted for the temperature range of 50�190 K using
an alternating model of Si = 3/2 and Siþ1 = 1/2 (see text). The inset is a
close-up view of the T range of 150�330 K (blue plot, cooling process;
red plot, heating process).
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[Ru2]2TCNQ systems45�48 (zero-field splitting parameter D ≈
60�70 cm�1 in [Ru2

II,III]þ with S = 3/239,37). Though the
presence of large anisotropy in a 1-D system makes it difficult
to evaluate accurately the magnitude of the intrachain exchange
coupling, simulation of the χT vs T curve using an alternating
chain model56 with Si = 3/2 and Siþ1 = 1/2 in the Hamiltonian
H ¼ � 2J∑Ni¼ 1 sBi 3 sBiþ1 afforded a large antiferromagnetic ex-
change parameter (J/kB) of ca. �169 K with grad = 2.0 (fixed) and
gRu = 1.94 in the T range of 50�190 K (solid red line in Figure 6).
Furthermore, on the basis of the T dependence of the ac suscept-
ibilities (Figure 8), 3-D ferrimagnetic ordering occurs somewhat
viscously at 6.2 K due to the presence of interchain ferromagnetic
interactions (Figure S2, Supporting Information for the temperature
dependence of the field-cooled magnetization at several weak fields).
Thus, the change in the magnetism sensitively occurs with the N�I
phase transitions.

The variation in the N�I transitions as a function of hydro-
static pressure was investigated using a piston-cylinder-type cell
made of Cu�Be alloy in a SQUID magnetometer.57,58 Figure 9a
shows temperature dependence of the magnetization under
various applied pressures, and Figure 9b is a diagram of pressure
versus T. T1 and T2 are dependent on the hydrostatic pressure.
Even at low pressures less than 1 kbar, T1 and T2 sensitively shift
to higher T at the same rate without overlapping up to 320 K.
This result supports that the IM phase forms due to the
interchain Coulomb interactions. The hydrostatic pressure iso-
tropically affects the area between chains as well as within chains.
In this situation, the Coulomb energy cost and gain, which are

expected to be between chains along the c axis and in the Æ011æ
direction, respectively, increase at the same rate.

’CONCLUDING REMARKS

The first example of a covalently bonded DA chain complex
exhibiting the N�I transition was reported. In addition, the
stepwise feature involving an IM phase, i.e., ‘devil’s staircase,’ is
the first demonstration in the temperature-induced N�I phase
transition. The IM phase is comprised of a 1:1 mixture of N and I
chains. From a full structural analysis, N and I chains alternate in
the crystal due to anisotropic interchain Coulomb interactions.
The most important aspect is the fact that Coulomb interactions
as well as the relation between the ionization potential of D and

Figure 7. Field dependence of the magnetization at 1.8 K, where the
saturation value of the magnetization is 1.3 μB at 7 T.

Figure 8. Temperature dependence of the ac susceptibilities (χ0, in-
phase; χ0 0, out-of-phase)measured at several ac frequencies in a 0 dc field
and a 3 Oe oscillating field.

Figure 9. Pressure dependence of the N�I transitions. (a) Tempera-
ture dependence of the magnetization (M) under several hydrostatic
pressures up to 16.85 kbar, where the red line represents a profile of
dM/dT. After applying pressures, the pressure was released to the
ambient pressure (see P = 0 (release)), at which the feature of the
magnetization as well as the transition temperatures was completely
recovered, indicating the reversibility of the magnetic behavior and the
stability of the sample under an applied pressure. (b) A phase diagram of
pressure versus T.
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the electron affinity of A control the long-range charge distribu-
tion in the solid state of homogeneous species. This knowledge is
not only important for understanding electronic materials but
can also be used to obtain new dynamic functionalities via
synergistic correlations among charge, spin, and lattice.

’EXPERIMENTAL SECTION

Synthesis of 1. All synthetic procedures were performed under an
inert atmosphere using standard Schlenk-line techniques and a commercial
glovebox. A CH2Cl2 solution (10 mL) of DMDCNQI (4.6 mg, 0.025
mmol) was separated into 2 mL portions (bottom layer) and placed in
narrow diameter sealed glass tubes (φ: 8 mm). A mixture of p-xylene and
CH2Cl2 (1:1 v/v; 1 mL) was added. A p-xylene solution (10 mL) of
[Ru2(2,3,5,6-F4PhCO2)4(THF)2] (26 mg, 0.025 mmol) was carefully
placed in 2 mL portions into the middle layer, and slow diffusion was
allowed to occur. The glass tubes were left undisturbed for one month or
more to yield plate-shaped brown crystals of 1. Elemental analysis (%) calcd
for 1 C54H32F16N4O8Ru2: C, 47.31; H, 2.35; N, 4.09. Found: C, 47.34;
H, 2.41; N, 4.08. IR (KBr measured on a JASCO FT-IR 620): v(CtN),
2109 cm�1; v(CdC), 1536 cm�1; v(CO2), 1586, 1403 cm

�1.
Physical Measurements. Infrared (IR) absorption spectra were

measured as KBr disks at room temperature on a JASCO FT-IR 620
spectrophotometer, and the temperature dependence of IR absorption
spectra were measured on a single crystal in the temperature range of
200�300 K using a JASCO IRT-5000 infrared microscope with a He
cryostat. DSCdata were collected on a ShimadzuDSC-60 instrument in the
temperature range of 275�150 K with a sweep rate of 5 �C/min. The
temperature dependence of dc electrical resistivity on five single crystals
from different batches with approximately dimensions of 100 � 50 � 40
μm was measured using an Agilent 34420A nanovoltmeter using a two-
probe technique. The source voltage was fixed at 1 V. Electrical contacts to
the crystal weremadewith 15μmplatinumwire and carbonpaste.Magnetic
susceptibility measurements were conducted on a SQUID magnetometer
(QuantumDesignMPMS-XL) in the temperature range of 1.8�300K. AC
measurements were performed at various frequencies ranging from 1 to
1488 Hz with an ac field amplitude of 3 Oe. Polycrystalline samples were
embedded in liquid paraffin. The diamagnetic contributions of the sample
holder and liquid paraffin were calculated from Pascal constants and
subtracted from the raw data. Magnetic measurements under hydrostatic
pressures up to 16.85 kbar were carried out using a piston-cylinder-type cell
made of Cu�Be alloy in the SQUID magnetometer.57 The sample was
dispersed into Apiezon-J oil, which was used as a pressure-transmitting
medium with a piece of Pb, whose superconducting transition temperature
can be used as a probe to estimate the actual pressure. The mixture was
placed in a Teflon bucket and fixed in a cell clamp.
Single-Crystal X-ray Crystallography at the Laboratory

Level. Crystal data were collected on a CCD diffractometer (Rigaku
Saturn VariMax) with graphite-monochromated Mo KR radiation (λ =
0.71070Å). A single crystal with dimensions of 0.21� 0.12� 0.02mmwas
mounted on a thin-glass loop and cooled in an N2 gas stream to a
temperature in the range of 107�282 K (heating process). The absolute
temperature was determined using a thermocouple located at the sample
position. The structures were solved using direct methods (SIR97). The
nonhydrogen atoms were refined anisotropically, and hydrogen atomswere
introduced at fixed positions. Full-matrix least-squares refinements on F2

converged with unweighted and weighted agreement factors of R1 = ∑||Fo|
� |Fc||/∑|Fo| (I > 2.00σ(I) and all data), and wR2 = [∑w(Fo

2 � Fc
2)2/

∑w(Fo
2)2]1/2 (all data). A Sheldrick weighting scheme was used. CCDC-

793287 contains the data obtained at 107 K and the supplementary
crystallographic data for 1. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif. Crystal data for 1 at 107 K: C54H32F16N4O8Ru2, Mr =
1370.98, monoclinic, space group P21/n, a = 14.760(5) Å, b = 10.519(3) Å,

c = 17.152(6) Å, β = 97.265(5)�, V = 2641.7(15) Å3, Z = 2, λ = 0.71070 Å,
μ=6.878 cm�1,Dcalc = 1.723 g cm

�3,F000 = 1360.00,T=107(1) K; 20 767
reflections, 5983 unique,Rint = 0.050; final refinement to convergence on F

2

gave R1 = 0.0527 (I > 2σ(I)), R1 = 0.0702 (all data) and wR2 = 0.1195 (all
data), goodness of fit (GOF) = 1.093. The data at other temperatures are
summarized in Table S5, Supporting Information.
Single-Crystal X-ray Crystallography Using a Synchrotron

Beam. X-ray diffraction measurements were performed using a cylind-
rical imaging plate detector installed in the beamline BL-8B at the
Photon Factory, KEK, Japan. The incident X-ray beam was monochro-
matized to 0.6888 Å by using a Si (111) double-crystal monochromator.
The wavelength was calibrated using a powder diffraction pattern of CeO2.
High-quality single crystals with typical dimensions of 0.12 � 0.07� 0.02
mm3 were used. The sample was mounted on a thin-glass loop and cooled
by anN2 gas stream.Data acquisitionwas performed at 180, 240, and 280K.
All nonhydrogen atoms were refined anisotropically using SHELXL, and
hydrogen atoms were ignored. Results of the analysis for 180 and 280 K
agree with those at laboratory level. Structure analysis for 240 K was
performed by allowing the presence of twin. The volume fraction obtained
by the least-squares fitting is consistent with the ratio in intensities of split
peaks, as shown in Figure 3c. Crystal data at 240 K are as follows: Triclinic
system, space group P�1, a = 14.803(2) Å, b = 21.2201(4) Å, c =
20.4174(9) Å, R = 121.201(2)�, β = 96.222(10)�, γ = 90.121(4)�, V =
5440.6(9) Å3, Z = 4, 30 704 reflections, 14 713 unique, Rint = 0.0479; R1 =
0.0381 (I > 2σ(I)), R1 = 0.0663 (all data) and wR2 = 0.1177 (all data),
goodness of fit (GOF) =0.870. Structural parameters, Ru�Odistances, and
bond lengths of DMDCNQI are listed in Tables S3 and S4, Supporting
Information, respectively. CCDC-812097 contains the data at 240 K
obtained in this technique. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre.
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