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Abstract: The exploration of dynamic molecular crystals is a
fascinating theme for materials scientists owing to their fundamental
science and potential application to molecular devices. Herein, we
report a one-dimensional (1D) rhodium—dioxolene complex that
exhibits drastic changes in properties with the phase transition. The
X-ray photoelectron spectroscopy (XPS) reveals that the room-
temperature (RT) phase is in a mixed-valence state, and therefore,
the drastic changes originate from the mixed-valence state appearing
in the RT phase. Another notable feature is that the mean square
displacements of the rhodium atoms along the 1D chain dramatically
increase in the RT phase, indicating a large-amplitude vibration of the
Rh—Rh bonds. From these results, we propose a possible mechanism
for the appearance of the mixed-valence state in the RT phase based
on the thermal electron transfer from the 1D d-band to the
semiquinonato T orbital coupled with the large-amplitude vibration of
the Rh—Rh bonds.

Introduction

The development of bistable molecular materials that can control
their physical properties, such as their electronic, magnetic, and
optical properties, by external stimuli, such as heat, light, pressure,

electric or magnetic fields, has received increased attention owing
to their promising applications in molecular switches, molecular
memories, sensors, and so on.l These switchable physical
properties originate from the interconversion between two nearly
degenerated electronic states caused by charge transfer,/? spin
transition,'"®3 charge-transfer coupled spin transitions,! proton
transfer,® and cooperative proton—electron transfer®® that occur
in response to external stimuli. In addition, the switching that
originates from the motion of constituted atoms or molecules in
molecular materials has also attracted attention in recent years.[”]
Such stimuli-responsive, bistable crystalline molecular materials
are summarized in a recent review by Sato as dynamic molecular
crystals.'! Valence tautomeric (VT) complexes derived from
redox-active ligands and metal centers, represented by metal—
dioxolene complexes, can take two valence isomers or redox
isomers with different localized electronic structures exhibiting
different physical properties.®! VT transitions between these
isomers accompanying intramolecular electron transfer can not
only cause changes in the valence and spin states and radical
formation and disappearance but also lead to interesting mixed-
valence statesl® and spin transitions,?2¢1% and these features
can be tuned by controlling the VT transitions by external stimuli,
such as heat, 102100100111 |ight [19.10,100121 X _rgy 131 pressure,Bd
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Scheme 1. lllustration of the frontier orbital control and energy level diagrams
of 1D rhodium—dioxolene complexes

electricl" and magnetic fields.['! Therefore, VT transitions are
widely utilized as stimuli-responsive, controllable functions on
dynamic molecular crystals.

To realize multifunctional molecular materials that can control
both electrical and magnetic properties by utilizing the VT
transition, frontier orbital control is conducted for a one-
dimensional (1D) rhodium(l)-semiquinonato complex [Rh(3,6-
DBSQ)(CO))~- (1; 3,6-DBSQ™ =  3,6-di-tert-butyl-1,2-
benzosemiquinonato) by chemical modification.!"®!
Semiquinonate is an organic radical anion and is one of the redox
series of dioxolene, which can produce three different redox
isomers, i.e., benzoquinone (BQ), semiquinonate (SQ), and
catecholate (Cat?"), via two sequential one-electron transfers. In
our target system, the semiquinonato radical can serve not only
as a spin carrier of S = %2 but also as an electron acceptor for the
partial oxidation of a rhodium(l) linear chain. Thus, the linear
rhodium chain can produce the 1D conducting d-band via electron
transfer from the rhodium(l) ion to the semiquinonato ligand
(valence tautomerism), i.e., the partial oxidation of the rhodium
linear chain. In addition, the filling of the 1D d-band can be tuned
post-synthetically in cases where the application of external
stimuli, such as heat, light, or pressure, can control valence
tautomerism. The low-lying T* orbitals of the 3,6-DBSQ"" ligand
are relatively close in energy to the upper level of the filled 1D d-
band derived from electron-rich rhodium(l) ions, which facilitates
electron transfer from the rhodium(l) ion to the 3,6-DBSQ"" ligand
by chemical modification. In a previously reported 1D mixed-
valence rhodium(l,Il)-semiquinonato/catecholato complex
[Rh(3,6-DBDiox-4,5-Cl2)(CO)2]- (2), where 3,6-DBDiox-4,5-Clz
indicates  3,6-di-tert-butyl-4,5-dichloro-1,2-benzosemiquinonato
or 3,6-di-tert-butyl-4,5-dichlorocatecholato, electron transfer from
the rhodium(l) ion to the semiquinonato ligand was realized in the
solid state by introducing two chloro substituents into the 4 and 5
positions of the 3,6-DBSQ™ ligand.®® The average formal
oxidation state of the rhodium ion is +1.33, and the compound is
a paramagnetic semiconductor with a significantly higher
electrical conductivity of orr = 17-34 S cm™" at RT. However, the
band-filling control of 2 through the valence tautomerism by the
temperature could not be realized post-synthetically. On the other
hand, we have also found that the introduction of two methoxy
groups at the 4 and 5 positions of the 3,6-DBSQ"" ligand has led
to intriguing bistable multifunctionality and switchable very strong
ferromagnetic-to-antiferromagnetic ~ coupling of the 1D
rhodium(l)-semiquinonato complex, [Rh(3,6-DBSQ-4,5-
(MeO)2)(CO)2]- (3; 3,6-DBSQ-4,5-(MeQ)." = 3,6-di-tert-butyl-4,5-
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Figure 1. Excess heat capacity of [Rh(3,6-DBDiox-4-NO2)(CO).]- (4) as a
function of temperature. The measurements in the transition region were
repeated four times to determine the accurate transition temperature.

dimethoxy-1,2-benzosemiquinonato), although the basic
skeletons of the Rh(3,6-DBSQ)(CO). moieties are almost the
same among compounds 1-3.['04

Herein, we report the synthesis, crystal structure, and solid-
state properties of a conductive 1D rhodium-dioxolene complex,
[Rh(3,6-DBDiox-4-NOz]- (4), that exhibits drastic changes in the
solid-state properties with a first-order phase transition at 176.3 K.
In  particular, the conducting behavior shows typical
semiconducting behavior in the low-temperature (LT) phase but
drastically changes to a relatively high electrical conductivity with
little temperature dependence in the room-temperature (RT)
phase. The X-ray photoelectron spectroscopy (XPS) spectrum
indicated that compound 4 in the RT phase exists in a Rh(l,ll)
mixed-valence state due to valence tautomerism. The
temperature dependence of the X-ray crystal structures indicated
that the mean square displacements of the rhodium atoms along
the 1D chain dramatically increase in the RT phase, indicating the
occurrence of a large-amplitude vibration of the Rh—Rh bonds in
the RT phase. We performed density functional theory (DFT)
calculations to estimate the energy levels of the semiquinonato *
orbital and 1D d-band. Finally, employing a combination of these
results, we propose a possible mechanism for the appearance of
the mixed-valence state in the RT phase from the viewpoint of
thermal electron transfer from the filled 1D d-band to the vacant
semiquinonato T* orbital coupled with the increase in the band
dispersion accompanying the large-amplitude vibration of the Rh—
Rh bonds.

Results and Discussion

Synthesis and heat capacity

Dark brown needle crystals of compound 4 were prepared by a
redox reaction of [Rhs4(CO)12] with 3,6-di-tert-butyl-4-nitro-1,2-
benzoquinone (3,6-DBBQ-4-NO3) in a mixture of hexane—toluene
(3:1, vlv). To examine whether the compound 4 undergoes a
phase transition, the heat capacity was measured from 7 K to 302
K by adiabatic calorimetry (Figure 1). A thermal anomaly was
observed at Tws = 176.3 K during heating, indicating the existence
of RT and LT phases. The enthalpy and entropy of the phase
transition were determined to be 580(16) J mol™" and 3.39(11) J
K=" mol™', respectively. Generally, the transition entropy for the
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Figure 2. Crystal structure of [Rh(3,6-DBDiox-4-NO2)(CO)]- (4). a) Structure of the infinite chain built from a stack of planar complex molecules, and b) structural
view down the 1D chain showing an overlap mode of the complex molecules in the RT phase (288 K). c¢) Structure of an infinite chain, and d) structural view down
the 1D chain in the LT phase (101 K). Thermal ellipsoids are drawn at the 25 % probability level. Intermolecular C::-O and C---C contacts shorter than the sum of
the van der Waals radii of the contacting atoms are represented by dashed lines. e) Packing diagram viewed down the b-axis, and f) packing diagram viewed
down the a-axis in the LT phase (101 K). Thermal ellipsoids are drawn at the 50 % probability level.

data and intensity data collection for all

structures are provided in the Supporting
Information (Table S1). The 1D chain structures
and packing diagrams in the RT and LT phases
are shown in Figure 2 and Figures S1, S2 in
Supporting Information, respectively. Although

compound 4 undergoes a first-order phase
transition, all the structures determined at each
temperature belong to the same orthorhombic
space group Pbca and the asymmetric unit
composed of only one complex molecule.

First, we describe the crystal structure of 4
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at 288 K in the RT phase (Figure 2a,b). The
crystal structure is composed of neutral 1D
chains of the planar complex molecule stacked
in equal intervals with a staggered arrangement
along the a-axis, where the twisting angles
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Figure 3. a) Temperature dependence of the lattice parameters of [Rh(3,6-DBDiox-4-NO2)(CO)2]«
(4). The a-axis is parallel to the 1D chain direction. The dashed line represents the phase transition
temperature. b) Temperature dependence of the anisotropic atomic displacement parameters
(ADPs; U1, U2, and Usz) of the rhodium atom and the coordinated oxygen atoms of the

semiquinonato ligand and carbon atoms of the carbonyl ligands in 4.

order—disorder-type phase transition is known to be a large value,
such as AwsS = R In 2 = 5.76 J K" mol™". Therefore, since the
observed transition entropy is smaller than 5.76 J K=" mol™, this
phase transition is presumably not of the order—disorder type.
However, the value is somewhat larger than that for the typical
displacive type phase transition.['! This cause will be discussed
later.

X-ray crystal structure analyses

To investigate the details of the temperature dependence of the
crystal structure, the crystal structures of compound 4 were
determined at ten different temperatures from 288 K to 35 K by
single-crystal X-ray crystal structure analyses. Crystallographic

Temperature / K

between adjacent molecules estimated from the
torsion angles of O1-Rh1-Rh1*~02* and O2—-
Rh1-Rh1*~O1* are approximately 139° at 288
K. The Rh1-Rh1* distance at 288 K is 3.0665(5)
A. Regarding the intermolecular contacts in the
1D chain, the intermolecular C---O contacts
(3.079(4)-3.104(4) A) and C---C contacts
(3.156(5)-3.377(5) A) shorter than the sum of
the van der Waals radii of contacting atoms
exist between the dioxolene ligand and carbonyl ligand in the
adjacent stacked molecules; they are represented by dashed
lines in Figure 2a,b. The slight zigzag conformation is observed in
the Rh—Rh chain, and the bond angle of Rh1'-Rh1-Rh1* is
173.108(19)°. This result is due to the influence of these strong
intermolecular interactions. The positional disorder in the
dioxolene moiety was observed as follows (Figure S3 in
Supporting Information). The carbon atoms in the 4- and 5-
positions of the dioxolene ring are disordered in both the upper
and lower positions of the molecular plane, and their occupancy
factors were estimated to be 0.65 (C4, C5) and 0.35 (C7, C8),
respectively. Moreover, the nitro group binding to these carbon

250 300
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atoms is disordered over three sites with estimated occupancy
factors of 0.55 (N1), 0.10 (N3) and 0.35 (N2). This disorder model
was applied to all other temperature data sets. On the other hand,
the Rh1-Rh1* distance at 101 K in the LT phase is 2.9892(4) A,
which is shortened by 0.077 A compared to 288 K (Figure 2c,d).
The bond angle of Rh1'-Rh1-Rh1* is 173.371(16)°, which is very
slightly increased compared with that in the RT phase. The
intermolecular C---O contacts (2.980(4)-3.205(4) A) and C---C
contacts (3.085(4)-3.307(4) A) between dioxolene ligands and
carbonyl ligands in the adjacent stacked molecules are also
slightly shortened compared with those in the RT phase (Figure
2¢,d).

The temperature dependence of the lattice parameters and
Rh-Rh distance of 4 are shown in Figure 3a and Figure S4 in
Supporting Information, respectively. In accordance with the
thermal anomaly observed in the heat capacity, the slope of each
lattice parameter has changed in the vicinity of 175 K. While the
a-axis parallel to the 1D Rh chain has elongated with the phase
transition, the c-axis has contracted. The Rh1-Rh1* distance at
288 K is 3.0665(5) A, which is 0.21 A shorter than that of [Rh'(3,6-
DBSQ)(CO)2]- (1) (3.252(4) and 3.304(5) A at 294-297 K)"®a put
0.19 A longer than that of [Rh""(3,6-DBDiox-4,5-Cl2)(CO)2]~ (2)
(2.8629(2)-2.8984(3) A at 302 K) on average.®® Formally, there
is no bond between Rh atoms in the 1D Rh(l) chain because the
d? orbital involved in the bond is filled by two electrons. However,
when the rhodium atom is partially oxidized, the Rh—Rh distance
decreases owing to bond formation by removing the electrons
from the antibonding orbitals of the 1D Rh(l) chain. The shorter
Rh—-Rh distance compared to that of a typical Rh(l)-
semiquinonato complex suggests the possibility that a slight
amount of charge transfer from the Rh(l) ion to semiquinonato
ligand has occurred to produce a Rh(1,II)—
semiquinonato/catecholato mixed-valence state. The space
group in the LT phase is also Pbca, which is the same as the RT
phase, and no indication of lattice distortion, such as dimerization
due to the phase transition, was observed. However, a drastic
increase in the Rh—Rh distance (approximately 0.031 A) is
observed in the vicinity of 175 K due to the phase transition.

The temperature dependence of the anisotropic atomic
displacement parameters (ADPs; Ui1, Uz, and Uss) of the
rhodium atom and the coordinated oxygen atoms of the dioxolene
ligand and carbon atoms of carbonyl ligands in 4 is shown in
Figure 3b. U11, U2z, and Uss indicate the squares of the average
moving distance of the atom along the a-, b-, and c-axes from its
equilibrium position, respectively. For U11 corresponding to the 1D
chain direction, a drastic increase in all atoms was observed in
the vicinity of the transition point. In particular, the Ui1 of the
rhodium atom is remarkably increased by approximately 0.04 A2
with the phase transition. However, U2z and Uss in the direction
perpendicular to the 1D chain increase almost linearly with
increasing temperature. For the cause of the drastic increase in
the temperature factor, either static structural disorder or dynamic
disorder of atoms may be considered. The observed increase in
Ui1 is attributed to the increase in the amplitude of the thermal
vibration since it occurs not in the LT phase but starts in the RT
phase where lattice distortion is generally eliminated. Therefore,
it is suggested that rhodium atoms in the RT phase vibrate with a
large amplitude along the 1D chain direction. Since the rates of
increase in U11 of the coordinated oxygen and carbon atoms are
smaller than that of the rhodium atom, it is considered that these

10.1002/chem.202004217
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Figure 4. Rh 3dsz and 3ds2 core-level spectra for a) [Rh(3,6-DBDiox-4-
NO2)(CO)2]- (4) and b) [Rh!(3,6-DBSQ)(CO)z]~ (1). The solid lines are the
deconvoluted components and the sum of all the components.

Table 1. XPS Data for [Rh!(3,6-DBSQ)(CO)2]- (1) and [Rh(3,6-DBDiox-4-
NO2)(CO)z]- (4)

binding energies, eV

compound Rh* 3dsi2 Rh?* 3dsi2 Rh* 3dar2 Rh?* 3dai2
1 309.31 313.99
(1.91) 2.17)
4 308.94 314.88
(2.00) (2.48)
4 309.17 310.49 313.86 315.18
(1.91) 2.12) 2.17) 2.41)

[a] Full width at half maximum (fwhm) values for peaks are given in
parentheses. [b] These values were corrected against the C1s peak using a
value of 284.6 eV

atoms are dragged by the large-amplitude vibration of the rhodium
atoms and vibrate greatly along the 1D chain direction.

To discuss the lattice periodicity of the 1D chain in each phase,
X-ray diffraction photographs of 4 were taken in the LT and RT
phases (Figure S5 in Supporting Information). The X-ray
diffraction pattern in the RT phase exhibits diffuse lines at 0.5a*,
in addition to the main Bragg reflections, indicating that a new
periodic ordering along the a-axis (1D chain direction) with a 2-
fold repetition length of the a-axis has occurred in the RT phase.
Considering the large-amplitude vibration that appears only at the
RT phase, the observed diffuse scattering can be attributed to
dynamic distortion of the rhodium atoms. From these results, as
the possible phonon mode expected in the RT phase, we propose
phonon mode 2, which satisfies the two-fold periodicity (see
Figure S6¢ in Supporting Information).

X-ray photoelectron spectroscopy (XPS)

To examine the valence state of the rhodium ions, we measured
the XPS spectrum of 4 at RT together with that of [Rh!(3,6-
DBSQ)(CO)z]~ (1) (Figure 4 and Table 1). Rh(l)-semiquinonato
complex 1 shows sharp Rh 3ds;2 and 3ds2 peaks, whereas the full
width at half maximum (fwhm) values of the Rh 3ds2 and 3ds»2
peaks of compound 4 are slightly larger than those of 1. When the
curve deconvolution using a Gaussian-Lorentzian line shape fit is
performed by assuming compound 4 to be in the mixed-valence
state composed of Rh(l) and Rh(ll), these peaks could be
resolved into two sets of Rh* 3ds2,32 and Rh?* 3dsi2,32 doublets.
The peak area ratio of the Rh* 3ds2/Rh?* 3dsi2 and Rh* 3ds2/Rh?*
3dsz doublets is approximately 10:1, which suggests that the

This article is protected by copyright. All rights reserved.
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Figure 5. Vis—NIR-mid-IR spectrum of [Rh(3,6-DBDiox-4-NO2)(CO)2]~ (4) in
the solid-state (KBr pressed disk), together with those of [Rh!(3,6-
DBSQ)(CO)2]- (1) and [Rh''(3,6-DBDiox-4,5-Cl2)(CO)2]- (2). The Vis—NIR
and mid-IR spectra were connected smoothly at approximately 4000-5000
cm.

formal oxidation state of rhodium ions at RT is approximately
Rh'%* and the ratio of [Rh'(3,6-DBSQ-4-NO2)(CO)2] to [Rh'(3,6-
DBCat-4-NO2)(CO);] is approximately 10:1, where 3,6-DBSQ-4-
NO2 and 3,6-DBCat-4-NO: indicate 3,6-di-tert-butyl-4-nitro-1,2-
benzosemiquinonato and 3,6-di-tert-butyl-4-nitrocatecholato,
respectively.

Electronic absorption spectra

To better understand the electronic structure, the visible-near-
infrared-mid-infrared (Vis—NIR-mid-IR) spectrum of 4 was
measured, together with the spectra of 1 and 2 (Figure 5). Each
compound exhibits intense absorption expanding from the NIR to
mid-IR region, which is the absorption that appears by adopting a
1D chain structure. The absorption band for 1 with the maximum
at 6700 cm™" is assigned to the charge-transfer absorption from a
filled 1D d-band to the vacant semiquinonato 1* levels.['% The
absorption band for 2 with the maximum at 8000 cm~" extends
widely from the NIR to mid-IR region compared with that of 1 and
is considered to consist of several overlapping bands, including
the intervalence charge-transfer transitions of Rh?* « Rh* and
*(SQ™) « m*(Cat?") transition, in addition to the T™(SQ™) « 1D
d-band (dz?) transition.®d This broad band extends further from
the mid-IR to the far-IR region, indicating the presence of low-
energy electronic excitation in the Rh chain associated with —-Rh*—
Rh?#*— «— —Rh%-Rh*-['® |n fact, 2 exhibits a high electrical
conductivity of 17-34 S cm~'.°¢ The absorption band for 4 with
the maximum at 6700 cm™" is clearly broader than that of 1 and
extends to the far-IR region, as in the case of the band observed
for 2, although the degree of expansion of the band is small.
Therefore, the origin of this absorption is considered to be the
same as those of 2, but the reason for the less broad feature is
that the ratio of Rh(ll)—catecholato to Rh(l)-semiquinonato in 4 is
small. The broadening of the band reaching the far-IR region

suggests that compound 4 will exhibit a relatively high conductivity.

Electrical properties

The temperature dependence of the electrical resistivity of 4 was
measured along the chain axis a using a DC four-probe technique
(Figure 6). The electrical conductivity at RT is a relatively high
value of 2.9 x 1072 S cm™. The resistivity does not depend much
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using the Arrhenius equation.
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Figure 7. Temperature dependence of the molar magnetic susceptibility in the
form of ymuT vs. T plots for [Rh(3,6-DBDiox-4-NO2)(CO)2]- (4) measured on a
polycrystalline sample under ordinary pressure and several static pressures
up to 8.4 kbar. Each measurement was performed during a cooling process.

on the temperature down to 220 K and surprisingly decreases to
the vicinity of the phase transition temperature and then increases
rapidly in the LT phase. The observed decrease in the resistivity
and the almost temperature-independent resistivity may indicate
that 4 in the RT phase is in a metallic state. However, the electrical
conductivity at RT is about two orders of magnitude smaller than
the metallic 1D d-electronic metal complex conductors.['®19 This
may be due to the fact that the carrier concentration is quite low
due to the very small degree of partial oxidation and the electrons
flowing in the 1D Rh chain are strongly affected by the large-
amplitude vibrations of Rh atoms. Further studies will still be
required to reveal whether the RT phase is in a metallic state or
not. Another important feature of the electrical property of 4 is the
crossover from a relatively high conducting state with a small
activation energy of Ea = 13.1 meV (299-230 K) in the RT phase
to a semiconductor with a large activation energy of Ea = 295 meV
(167-150 K) in the LT phase. The observed relatively high
electrical conductivity (~102 S cm™) and a small activation
energy (13.1 meV) can be attributed to the Rh(l,Il) mixed-valence
state, in agreement with the XPS results. On the other hand,
considering the typical semiconducting behavior with a large
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Figure 8. a) Frontier molecular orbitals and energies (eV) for the monomer and dimer models derived from the UB3LYP level calculation based on the structure
determined at 129K. The MIDI + polarization function, 6-31G*, and 6-31+G* basis functions were used for Rh atom, 3,6-DBSQ-4-NO: ligand, and CO ligands,
respectively. b) Spin-density isosurface (threshold = 0.004) of the monomer model at 129 K derived from the UB3LYP calculation. Blue and green lobes represent

positive and negative spin densities, respectively.

activation energy in the LT phase, although complex molecules
are stacked with equal spacing, it is natural to consider that the
LT phase is a Rh(l)-semiquinonato state rather than a mixed-
valence state. This result is the first example succeeded in band-
filling control by using valence tautomerism.

Magnetic properties
The temperature dependence of the molar magnetic susceptibility
of 4 was examined under ordinary pressure and several static
pressures up to 8.4 kbar (Figure 7). Compound 4 exhibits a
dramatic change in magnetic behavior with the phase transition.
The ymT value at 300 K under ordinary pressure is 0.200 emu K
mol~!, which is 53 % of the spin-only value of S = 1/2 (0.375 emu
K mol™). The ymT value increases very slightly with decreasing
temperature in the RT phase and then increases rapidly with the
phase transition up to the maximum of 0.603 emu K mol~" at 140
K, before rapidly decreasing down to 0.050 emu K mol™ at 2 K.
The observed magnetic behavior is similar to that observed for
compound 3 but does not exhibit a striking increase in ymT value,
as observed in the LT phase of 3.1'0

Although compound 4 is an equally spaced molecule, the
magnetic data in the RT phase show a significantly different
behavior from the S = 1/2 1D Heisenberg antiferromagnetic chain
model (Figure S7 in Supporting Information). For this reason, it is
first considered that a little less than 10 % of this compound has
been changed to the Rh(Il)-catecholato complex, as suggested
by the XPS spectrum. Second, although the ymT value at the RT
is 53 % of the spin-only value, the ymT value slightly increases
with decreasing temperature, suggesting that ferromagnetic
interactions coexist in addition to the strong antiferromagnetic
interactions. In the DFT calculations performed for the trimer
model for compound 3, we have already reported that the next-

neighbor magnetic interaction is very large at J/ks = —200.1 K.[1%]
This magnetic interaction is expected to have a strong effect even
in 4. Therefore, the details of the magnetic interactions in 4 could
not be well discussed. It is, however, apparent that not only the
conductivity but also the magnetism varies dramatically due to the
change in the electronic state accompanying the phase transition.

As shown in Figure 7, when pressure is applied, the transition
point disappears, which is probably because the transition
temperature shifts to a higher temperature by applying pressure.
A similar shift of the transition point to RT with applying pressure
has also been found in compound 3, in which the transition point
shifts to RT at a pressure of 1.6 kbar.['%! As the applied pressure
is increased, the swelling of the ymT value near 170 K decreases,
and then the ymT value monotonically decreases with decreasing
temperature under pressures above 1.9 kbar. The disappearance
of the transition point with applied pressure is also confirmed by
the temperature dependence of the electrical conductivity under
pressure (Figure S8 in Supporting Information), and it is
considered that the LT phase shifts to room temperature by
applying the pressure. This behavior is because the LT phase with
a short Rh—Rh distance is stabilized under pressure.

Density functional theory (DFT) calculations

To obtain information regarding the electronic structure and
magnetic interaction for 4, we performed DFT calculations based
on the monomer and dimer models constructed from the atomic
coordinates of the RT and LT phases. Selected frontier orbitals
and their energies are shown in Figure 8a and Figure S9 in
Supporting Information. Here, the SOMO, SUMO, HOMO, and
LUMO denote the singly occupied, singly unoccupied, highest-
occupied, and lowest-unoccupied molecular orbitals, respectively,
and the molecular orbitals were obtained as the a and S orbitals
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Figure 9. Band structure model predicted from the energy levels of the monomer and dimer models, and changes in energy levels accompanying the large-

amplitude vibrations of rhodium atoms.

due to the spin-unrestricted formalism. The spin densities of the
monomer models based on the structures at 129 K and 228 K are
shown in Figure 8b and Figure S10 in Supporting Information,
respectively. In either case, the spin density is delocalized to the
whole molecule, except for the t-butyl groups, but is not very
present on the rhodium atom. Since no obvious difference in the
electronic state due to the difference in the temperatures at 129
Kand 228 K was confirmed, the results for the 129 K data will be
described.

The a-SOMO and B-SUMO of the monomer model are
predominantly the semiquinonato w* orbitals with some
contributions from the Rh dr orbital and carbonyl ligands. The
HOMOs primarily comprise a semiquinonato 1 orbital with some
contribution from a Rh dr orbital. The d.? orbital that consists of
the 1D d-band greatly contributes to the HOMO-1s. On the other
hand, unlike the monomer model, the HOMO of the dimer model
is composed of the HOMO-1s of the monomer model derived
from the d orbitals, and the SOMO-HOMO energy level
conversion has occurred. This conversion is due to a large orbital
splitting of do and do* orbitals caused by the large overlap of d.?
orbitals between monomers. Moreover, the LUMO of the dimer
model originating from the SUMO of the monomer exists at
approximately —4.4 eV, and its energy level is almost the same as
the SUMO level of the monomer because there is no direct
overlap between semiquinonato ligands.

To estimate the effective exchange integral Jab, we calculated
the energies of the high-spin (HS) triplet state and the low-spin
(LS) spin-singlet state of the dimer units at 228 Kand 129 K (Table
S2 in Supporting Information).? The effective exchange integrals
Jav/ks at 228 K and 129 K estimated from these energy values
based on the following equation were —433 K and —462 K,
respectively, which suggests that both intrachain magnetic
interactions are strongly antiferromagnetic:

H == JinSa:So
ab

ELS_ EHS
Jao = sz (52y)

where EX and <S?>X represent the total energies and the <S?>
values of the spin state X (X = HS or LS), respectively. Therefore,
the difference in the magnetic behavior between the LT and RT
phases could not be deduced by the DFT calculation based on
the dimer models.

Dynamic mixed-valence state
Although the DFT calculations have only been performed up to
the dimer model, it is expected that the splitting between the do
and do* orbitals becomes large with an increasing number of
interacting complex molecules. The band structure model
predicted from the DFT calculations based on the monomer and
dimer models is shown in Figure 9. In the polymeric structure, the
further overlap of d? orbitals is expected to form much wider 1D
d-bands and reduce the HOMO-LUMO gap since the LUMO
comprised of a semiquinonato 1* orbital exists at almost the same
level as the SUMO of the monomer. Judging from the typical
semiconducting behavior, the LT phase is considered to be a
Rh(I)-semiquinonato complex, and therefore, the upper part of
the filled d-band is expected to be relatively far from the empty m*
level of the semiquinonato ligand. As already described, there
was no significant difference in the HOMO-LUMO gap estimated
for the dimer models at 129 K and 228 K. However, the obvious
structural difference between the LT and RT phases is the large-
amplitude vibration of the rhodium atoms and its surrounding
coordinated atoms in the 1D chain direction, which is only
observed in the RT phase. Since the influence of the molecular
vibration is not included in the DFT calculations, it is considered
that no difference between the two phases was observed.

The thermal vibration of rhodium atoms contains the
contribution of lattice vibration (including the libration and
vibration of the whole molecule), in addition to the large-amplitude
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vibration of the rhodium atoms along the 1D chain. As a very
rough approximation, assuming that the mean square
displacement values in another two directions perpendicular to
the 1D chain (Uz22 = 0.02948 (14), Uss = 0.03073 (13) A?) are the
contributions from lattice vibration, its magnitude is estimated
from the average of these values. Subtracting this averaged value
from the mean square displacement in the 1D chain direction (U11
=0.0676 (4) A?) and calculating the square root of it, the deviation
in the 1D chain direction from the equilibrium position of the
rhodium atom is estimated to be 0.19 A. As already mentioned
above, this large-amplitude vibration of the Rh—Rh bonds is
tentatively inferred to be a phonon mode like the phonon mode 2
(Figure S6c¢ in Supporting Information), due to the existence of the
two-fold periodicity of the -Rh—Rh- period. Considering the effect
of the large-amplitude vibration of rhodium atoms on the thermally
induced metal-ligand electron transfer (valence tautomerism) and
vice versa, we propose a band structure model shown in Figure
9. When the Rh-Rh distance is largely reduced due to the
increase in the amplitude of the Rh—Rh stretching vibration by
thermal excitation, the 1D d-band expands, and the upper part of
the band is very close to the vacant semiquinonato 1* level. This
situation will allow the thermally induced electron transfer from the
rhodium(l) ion to the semiquinonato ligand, resulting in the
Rh(l,Il)-semiquinonato/catecholato mixed—valence state, which
further causes a decrease in the Rh—Rh distances by removing
the electrons from the antibonding orbitals of the 1D d-band. Thus,
it is considered that the coupling of the thermally induced metal—
ligand electron transfer (valence tautomerism) with the large-
amplitude vibration of the Rh—Rh bonds causes a dynamic mixed-
valence state, producing approximately 10 % of [Rh'(3,6-DBCat-
4-NO2)(CO)2]. Finally, as described above, the present phase
transition exhibited a comparatively larger transition entropy than
that for the typical displacive type phase transition.'” Such a large
entropy change would arise from the softening of the vibrational
modes due to the phase transition, which is consistent with the
above situation.

Conclusions

As mentioned in the introduction, since VT complexes have two
nearly degenerate electronic states, the interconversion of
electrical, magnetic, or optical properties using the switching of
valence tautomerism by external stimuli has been vigorously
studied. However, there is currently no example of a dynamic
mixed-valence state originating from the combination of valence
tautomerism with large-amplitude molecular vibrations. The
present compound 4 is the first example of the dynamic mixed-
valence state originating from the metal-ligand electron transfer
(valence tautomerism) coupled with the large-amplitude vibration
of the metal-metal bonds. We have also reported a 1D iodido-
bridged mixed-valence diplatinum(ll,Ill) complex [Pt2(EtCSz2)al]~
that exhibits a metallic state above 204 K originating from the
electron transfer between diplatinum units coupled with the large-
amplitude vibration of the bridging iodido ions.[' Electron transfer
coupled with molecular vibrations is very important since it may
create new research fields in the chemistry and physics of
dynamic molecular crystals based on dynamic electronic states
arising from the mixing of different electronic states by nuclear
displacements. We will continue to search for molecular materials
that exhibit unique physical properties originating from the
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dynamic mixed-valence state that appears by the coupling of
electron transfer with molecular vibrations.

Experimental Section

General

All syntheses were performed under an argon atmosphere using standard
vacuum-line and Schlenk techniques. All solvents were dried using
appropriate drying agents and were freshly distilled under argon before
use.?!l 'H and '*C NMR spectra were obtained on a JEOL ECA-600
spectrometer using tetramethylsilane (TMS) as an internal standard.
Elemental analyses were performed at the Center for Organic Elemental
Microanalysis of the Graduate School of Pharmaceutical Sciences, Kyoto
University.

Syntheses

Dodecacarbonyltetrarhodium(0) ([Rh4(CO)12])?%, [Rh(3,6-DBSQ)(CO)2]~
(1% and  [Rh(3,6-DBDiox-4,5-Cl2)(CO)2]- (2) were prepared
according to published procedures. The synthesis of 3,6-di-tert-butyl-4-
nitro-1,2-benzoquinone (3,6-DBBQ-4-NO2) was performed after improving
the literature method and once isolating the intermediate of 3,6-di-tert-
butyl-5,6-dinitro-3-cyclohexene-1,2-dione. 23

Synthesis of 3,6-di-tert-butyl-5,6-dinitro-3-cyclohexene-1,2-dione: To
a solution of 3,6-di-tert-butylcatechol (2.202 g, 9.904 mmol) dissolved in
25 mL of acetic acid, a mixture of 2.00 mL (43.8 mmol) of nitic acid
(S.G.=1.38) and 5 mL of acetic acid was slowly added dropwise, with
stirring in an oil bath, at room temperature. The resulting black solution
was heated at 50 °C for 7 h to produce a bright yellowish orange
suspension. After cooling to room temperature, the suspension was cooled
overnight at 0 °C. The precipitate was filtered through a glass filter. The
collected solid was rinsed with ice-cooled hexane and dried in vacuo to
afford a bright yellow powder (902 mg, 29%). '"H NMR (600 MHz, CDCl3):
6=1.15 (s, 9H, t-butyl), 1.25 (s, 9H, t-butyl), 6.29 (d, J = 7.6 Hz, 1H, —
CH(NO2)-CH=), 7.17 (d, J = 7.6 Hz, 1H, -CH(NO2)-CH=).

Synthesis of 3,6-di-tert-butyl-4-nitro-1,2-benzoquinone (3,6-DBBQ-4-
NO2): To a solution of 3,6-di-tert-butyl-5,6-dinitro-3-cyclohexene-1,2-dione
(1.706 g, 5.462 mmol) in 45 mL of dichloromethane, a solution of
diethylamine (0.7 mL, 6.77 mmol) in 10 mL of dichloromethane was slowly
added dropwise, with stirring, at room temperature. The color of the
reaction mixture changed from bright yellow to black. After 1 h, the black
reaction mixture was washed with 5 % NaCl solution (100 mL x 3) until the
washings became neutral, and then the aqueous phase was extracted with
dichloromethane (100 mL x 2). The combined organic phases were dried
over anhydrous Na2SQa4. After filtration, the solution was concentrated until
dryness using a rotatory evaporator. The resulting residue was purified by
silica gel column chromatography using hexane—diethyl ether (10:1, v/v)
as the eluent to render 3,6-DBBQ-4-NO: as a dark green powder. The
crude product was recrystallized twice by dissolving it in a minimal amount
of diethyl ether, adding hexane with a forming layer, and then cooling the
solution overnight in a freezer at —60 °C to produce pure 3,6-DBBQ-4-NO2
as a dark green powder (815 mg, 72%). 'H NMR (600 MHz, CDCls):
6=1.27 (s, 9H, t-butyl), 1.38 (s, 9H, t-butyl), 6.39 (s, 1H, —C(NO2)=CH-);
8C NMR (600 MHz, CDCl3): 5=28.7 (CHs), 28.8 (CH3), 35.6 (CMes), 36.5
(CMe3), 131.2 (C(5)H), 139.3 (ring C(3)), 151.8 (ring C(6)), 153.1
(C(4)NO2), 178.8 (C(1)=0), 182.5 (C(2)=0); elemental analysis calcd for
C14H19NO4: C 63.38, H 7.22, N 5.28, found: C 63.22, H 7.21, N 5.29.

Synthesis of [Rh(3,6-DBDiox-4-NO2)(CO)z]- (4): Bubnov et al. reported
the synthesis of compound 4 by the reaction of TI(3,6-DBSQ-4-NO2) with
[RhCI(CO)2)2 in toluene.?* We prepared compound 4 using our developed
redox reaction of [Rhs(CO)12] with the corresponding benzoquinone
derivative. [Rh4(CO)12] (37.35 mg, 50.0 umol) and 3,6-DBBQ-4-NO2 (53.35
mg, 201 ymol) were placed in a small cut vial (10 mm i.d., 30 mm height)
and a large sealable vial (15.0 mm i.d., 50 mm height), respectively. The
small vial was placed inside the large sealable vial such that 3,6-DBBQ-4-
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NO2 was not buried under the small vial. After filling the large sealable vial
with a mixture of hexane—toluene (3:1, v/v), well-shaped dark brown
needle crystals of 4 grew within 2 weeks via the slow diffusion of
[Rh4(CO)12] and 3,6-DBBQ-4-NO2. The resulting needle crystals of 4 were
collected by suction filtration and were rinsed with ice-cooled hexane
(57.58 mg, 68%). Elemental analysis calcd for C16H19NOsRh: C 45.30, H
4.51, N 3.30, found: C 45.15, H 4.50, N 3.31.

X-ray Photoelectron Spectroscopy (XPS)

XPS data were obtained on a VG Scientific ESCALAB 220i-XL
spectrometer equipped with a non-monochromatized Mg Ka radiation
source (1253.6 eV) operated at 15 kV and 20 mA. Measurements were
conducted in the 10 Pa pressure range. Samples were ground into
powders and spread onto the conductive adhesive tape attached to
sample holders. The absence of X-ray beam effects was verified by the X-
ray power dependence of the XPS spectra. The carbon 1s binding energy
(284.6 eV) was used to calibrate the binding energies. Curve-fitting
analysis was performed with the iterative least squares computer program
XPSPEAK41 using a combination of Gaussian and Lorentzian line shapes.

Calorimetry

Heat capacity measurements were performed in the temperature range of
7-302 K with a laboratory-made LT adiabatic calorimeter for small
samples.[?®l A sample of 0.11413 g after the buoyancy correction was
loaded into a gold-plated copper cell and sealed under helium gas at
ambient pressure using an indium gasket. The helium gas functions as a
heat-exchange medium. Thermometry was performed with a rhodium-iron
alloy resistance thermometer (nominal 27 Q, Oxford Instruments)
calibrated on the basis of the international temperature scale of 1990 (ITS-
90).

X-ray Crystal Structure Analyses

Single-crystal X-ray diffraction data were collected at 10 temperatures
ranging from 288 K to 35 K on two different crystals. Crystals of 4 were
mounted on glass fibers using Apiezon grease. X-ray diffraction
experiments in-house were performed using Mo Ko radiation of A =
0.71075 A on a Rigaku Saturn 724 HG CCD detector with a MicroMax007
HF DW X-ray generator installed at Okayama University of Science. The
temperature of the crystal was controlled by a Rigaku variable-temperature
apparatus based on a cold nitrogen gas stream method. X-ray diffraction
experiments using a synchrotron radiation source (A = 0.68869 A) were
performed at the Photon Factory (PF) BL-8A in the High Energy
Accelerator Research Organization (KEK), Japan. The diffraction data
were collected on a Rigaku imaging-plate area detector system equipped
with a cold helium gas flow-type system for the LT experiments. Data
collection, cell refinements, indexing, peak integrations, and the scaling of
the diffraction data were performed using CrystalClear software for the in-
house data and RAPID AUTO software for the synchrotron radiation data.
Lorentz, polarization, and multi-scan absorption corrections were applied
to the intensity data.

The structures were solved by a direct method using the SHELXS
program and refined by a full-matrix least squares method on F2 for all
reflections utilizing the SHELXL-2018/1 or -2018/3 program.28l The X-ray
analyses were performed using the free GUI software Yadokari-XG.[271 All
non-hydrogen atoms were refined anisotropically, whereas hydrogen
atoms on the methyl groups were placed in geometrically calculated
positions using a riding model and were refined using the isotropic
displacement parameters derived from their parent atoms. Further details
of the crystal data and crystal structure refinements for 4 are available in
the Supporting Information. Deposition Numbers CCDC-2027122—-
2027131 contain the supplementary crystallographic data for 206 K, 101
K, 156 K, 173 K, 288 K, 228 K, 129 K, 254 K, 153 K, and 35 K data,
respectively. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszentrum
Karlsruhe Access Structures service www.ccdc.cam.ac.uk/structures.
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UV-Visible-Near-IR and IR Spectroscopies

UV-visible-near-IR spectra of complexes 1, 2 and 4 as KBr pressed disks
were recorded on a Hitachi U-3500 spectrophotometer equipped with a
60-mm-i.d. integrating-sphere apparatus. IR spectra were recorded as KBr
pressed disks on a JASCO FT/IR-4100 spectrophotometer.

Magnetic Measurements

Magnetic measurements were performed using a Quantum Design
MPMS-5SH or MPMS-XL7 SQUID magnetometer. A polycrystalline
sample (27.64 mg) of 4 held in a polyethylene film (19.97 mg) inside a
plastic straw was used. Magnetic susceptibility measurements on the
polycrystalline sample were performed from 350 K to 2 K under an applied
magnetic field of 1 kOe. The diamagnetic contributions of the polyethylene
film and plastic straw were measured from 350 to 2 K under an applied
magnetic field of 10 kOe, and the corresponding diamagnetic contribution
obtained by multiplying the measured value by a factor of 1000/10000 was
subtracted from the raw data. The paramagnetic component of the molar
magnetic susceptibility (ym) was obtained after subtraction of the
calculated diamagnetic core contribution (-181.5 x 10 emu mol-")
estimated from the measured diamagnetic susceptibility of 3,6-di-tert-
butyl-4-nitro-1,2-benzoquinone (3,6-DBBQ-4-NO2) (-121.5 x 10 emu
mol-') and Pascal’s constants for a rhodium(0) atom and two carbon
monoxide ligands. Magnetic measurements under various static pressures
up to 8.4 kbar were performed using a piston-cylinder-type pressure cell
constructed from a Cu-Be alloy. The crystals (10.75 mg) were dispersed
into a pressure-transmitting medium, Daphne 7373, with a piece of tin as
the manometer in a Teflon bucket. The actual pressure was calibrated
using the superconducting transition temperature of tin.

Electrical Resistivity Measurements

Direct current electrical resistivity measurements along the 1D chain
direction were performed on several single crystals by the four-probe
method. The electrical contacts between the sample and 15 ym o.d. gold
wires were created using gold paint. The sample temperature was
controlled using a closed-cycle helium refrigerator (Iwatani, CryoMini
D105). The electrical resistivity under static pressure up to 12 kbar (1.2
GPa) was measured using a clamp-type pressure cell purchased from
Kitano Seiki Co., Ltd.

Density functional theory (DFT) calculations

We performed DFT calculations based on the monomer and dimer models
of 4 in the RT and LT phases constructed from the atomic coordinates at
228 K and 129 K, respectively. All calculations were performed using an
unrestricted B3LYP (UB3LYP) method with basis sets of MIDI +
polarization function, 6-31G*, and 6-31+G* for the Rh atoms, 3,6-DBSQ-
4-NOg2 ligand, and CO ligands, respectively. All calculations were carried
out using the Gaussian 09 program.[28]
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Vibronic interaction has the potential to create new fields on dynamic electronic states
arising from the mixing of different electronic states by nuclear displacements. A one-
dimensional rhodium—dioxolene complex undergoes drastic changes in properties with the
phase transition, which are ascribable to the appearance of the mixed-valence state due
to the metal-ligand electron transfer coupled with a large-amplitude vibration of Rh—Rh
bonds.
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