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Abstract: A —Pd"'—Br—Pd"'— Mott—Hubbard state was observed in a quasi-one-dimensional bromo-bridged
Pd compound [Pd(en):Br](Cs—Y)2-H.O (en = ethylenediamine, Cs—Y = dipentylsulfosuccinate) for the
first time. The phase transition between Mott—Hubbard and charge-density-wave states occurred at 206
+ 2 Kand was confirmed by using X-ray, ESR, Raman and electronic spectroscopies, electrical resistivity,
and heat capacity. From X-ray powder diffraction patterns and Raman spectra of a series of Pd—Br
compounds, [Pd(en):Br](C,—Y)2-H.O (n=4, 5, 6, 7, 8,9, and 12), chemical pressure from the alkyl chains

of the counterions caused the phase transition.

Introduction

Recently, there has been much interest in one-dimensional
(1D) electron systems, or quantum wires, because they have
many characteristic physical properties, such as spin-density-
wave (SDW) and charge-density-wave (CDW) states in organic
conductors;' a soliton, polaron, and bipolaron in 7z-conjugated
polymers;? slow relaxation of magnetization in several ferro-
or ferrimagnetic compounds,® etc. One-dimensional (1D) mixed-
valence Wolffram’s red salt analogues, that is, halogen-bridged
MX chains, have been attracting much attention. Many interest-
ing chemical and physical properties, such as an intense and
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dichroic charge transfer band,*overtone progressions in the
resonant Raman spectra,” midgap absorptions attributable to
solitons and polarons,® gigantic third-order nonlinear optical
susceptibility,” thermochromism in the organic media,® and
insertion of a 1D chain into artificial peptides,” have been
reported. These compounds form highly isolated 1D electron
systems, such as —“M—X—M—X— 1D linear chain structures,
composed of the d,2 orbitals of metal ions (M) and the p, orbitals
of bridging halide ions (X). These MX chains are thought to
be Peierls—Hubbard systems, where the transfer integral (7), the
on-site and nearest neighbor-site Coulomb repulsion (U and V,
respectively), and the electron—Ilattice interaction (S) strongly
compete with each other.'® Pt and Pd compounds form mixed-
valence states, represented as —XeooMITeee X—MV—X-e- as
a consequence of a strong S value (S > U). These compounds
are Robin—Day class IT mixed-valence complexes.'' Their
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Figure 1. Crystal structure of [Pd(en),Br](Cs—Y),*H>O. ORTEP drawing (a) at 259 K and (b) at 162 K and of (c) crystal packing. Water molecules and
hydrogen atoms are omitted for clarity. White, Pd; brown, Br; blue, N; yellow, S; red, O; gray, C.

Peierls distorted 1D structure has been noted to be in a charge-
density-wave (CDW) state.

On the other hand, Ni complexes crystallize in an average-
valent Mott—Hubbard (MH) state, expressed as —X—Ni''—
X—Ni""—X—, due to a strong U value (U > S). These com-
pounds are in a Robin—Day class IIT state.'' Although more
than 300 compounds have been synthesized since Wolffram
reported the mixed-valence salt [Pt"(NH,C,Hs)4][Pt"Y (NH,-
C,H5)4Cl,]Cly+4H,0 in 1900, all of the Ni compounds and Pd
and Pt compounds form MH and CDW states, respectively,
without exception. If S & U, a phase transition between CDW
and MH states can occur. It is difficult to control U structurally
because U is usually dependent on M itself. On the other hand,
S is dependent on not only M and X but also the 1D chain
structure. In other words, S is reduced by shortening the
M—X—M bond lengths. Therefore, chemical pressure can
effectively reduce S. Herein, to the best of our knowledge, we
report the first observation of a temperature induced CDW to
MH phase transition under ambient pressure in a Pd compound
by introducing long alkyl chains as counterions, which can cause
effective chemical pressure. The mechanism for the phase
transition between CDW and MH states will also be discussed.

Experimental Section

Sodium salts of the counterions NaC,—Y (C,—Y = dialkylsul-
fosuccinate) were prepared using a previously reported method.'?
[Pd(en),Br](C,—Y),*H,O (n = 4, 5, 6, 7, 8, 9, and 12) was
synthesized by slowly diffusing Br, vapor into a 1:1 H,O/THF
solution of Pd(en),Br, and NaC,—Y. Single crystal structures were
determined on a Bruker SMART CCD diffractometer with graphite-
monochrometed Mo Ko radiation (1 = 0.7107 A). ESR spectra
were measured on a Bruker EMX spectrometer equipped with a
gas-flow type cryostat Oxford ESR 900. Raman spectra were
measured on a Renishaw Raman spectrometer. Polarized reflectivity
spectra were obtained by using a specially designed spectrometer
with a 25 cm grating monochromator and an optical microscope.
Current—voltage characteristics were measured using a Keithley

(10) (a) Nasu, K. pniinsniemminm 1984, 52, 3865-3873. (b) Webber-
Milbrodt, S. M.; Gammel, J. T.; Bishop, A. R., Jr. jafiifeltiinlt 1992,
45, 6435-6458. (c) Iwano, K.; Nasu, K. jniinsisiny. 1992. 6/.
1380-1389.

(11) Robin, M. B.; Day, P. | NN 1967. /0. 247-422.

(12) Dufour, B.; Rannou, P.; Djurado, D.; Janeczek, H.; Zagorska, M.; de
Geyer, A.; Travers, J. -P.; Pron, A. (isuddatsy. 2003, /5, 1587-
1592.

2611 source meter, and electrical resistivity measurements were
carried out using an Agilent 34420A nanovoltmeter. X-ray powder
diffraction patterns were measured on a Rigaku RINT-TTR III
diffractometer for [Pd(en),Br](C,—Y),*H,O (n = 4, 5, 6, 7, and
8) and on a Debye—Scherrer camera in the beamline 02B2'?
combined with the synchrotron radiated X-ray source installed at
SPring-8 for [Pd(en),Br](C,—Y),*H,O (n = 9 and 12). Lattice
parameters were refined using the LeBail method.'*

Results and Discussion

Results of X-ray crystal structure analysis for [Pd(en),Br]-
(C5—Y)2*H,0 at 259 and 162 K are shown in Figure la and
1b, respectively. At both temperatures, the Pd(en), moieties are
bridged by bromide ions, forming 1D chains. There are hydrogen
bonds between two oxygen atoms of the sulfonate ion and the
amino protons of the en ligand. The compound has a lamellar
structure, and the counterions separate the hydrophobic and
hydrophilic spaces. The 1D Pd—Br chain lies in the hydrophilic
space (Figure 1c).

There was a remarkable difference in the periodicity of the
crystal structures at the two temperatures. At 259 K, the lattice
parameters a and b were two times longer than those at 162 K.
This difference was clear in the superlattice reflections (see
Supporting Information). At 259 K, the Pd(1)—Br bond lengths
are 2.512 and 2.497 A, whereas the Pd(2)—Br bond lengths are
2.783 and 2.776 A. Because a Pd"—Br distance is usually longer
than a Pd"Y—Br distance, Pd(1) and Pd(2) were assigned to be
Pd"Y and Pd", respectively. Therefore, this indicates that the
present compound is in a 3D-ordered CDW state (+++Pd"--
X—Pd"™V—X--+Pd"-++) at this temperature. At 162 K, on the
other hand, the 2-fold periodicity disappeared, and all of the
Pd ions became equivalent. The Pd—Br bond lengths are 2.613
and 2.604 A, which are intermediate between Pd"—Br and
Pd"—Br bond lengths, suggesting that this compound is in an
MH state (—Pd"'—X—Pd"'—=X—Pd"'~) at 162 K.

Figure 2 shows the temperature dependence of the average
neighboring Pd—Pd distance along the chain. The average
Pd—Pd distance in [Pd(en),Br](Cs—Y),*H,0 at 293 K is 5.31
A. This distance is longer than that in [Pd(chxn),Br]Br; (chxn

(13) Takata, M.; Nishibori, E.; Kato, K.; Kubota, Y.; Kuroiwa, Y.; Sakata,
M. i 2002, 45, 377-384.

(14) Le Bail, A.; Duroy, H.; Fourquet, J. L. i 1998. 23,
447-452.
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Figure 2. Temperature dependence of the average Pd—Pd distance in
[Pd(en),Br](Cs—Y),*H>0 during the cooling (circle) and heating (triangle)
processes together with that in [Pd(chxn),Br]Br; (square).

1 | Ll | 1
| O cooling
5 ) A heating |
£
>
£ N
[ -
n
e Bap
1 -
x YN ggﬁrmA
= ° a i
o]
a
o Lu | ' B0
100 200 300
7/ L

Figure 3. Temperature dependence of the spin susceptibility for [Pd(en),-
Br](Cs—Y),-H,O0.

= 1R,2R-diaminocyclohexane), which has the shortest Pd—Pd
distance thus far reported and is in a CDW state."” Upon
lowering the temperature, this distance decreased by ca. 2%
and became 5.21 A at 110 K, whereas that of [Pd(chxn),Br]Br,
showed almost no temperature dependence. Such a large
temperature dependence in the present compound is thought to
be due to suppression of the thermal motion of the alkyl chains.
In addition, a discontinuity in the Pd—Pd distance with a small
hysteresis was clearly observed at ca. 205 K. This indicates that
some first-order phase transition occurs at this temperature.
In order to confirm that a phase transition occurs, electron
spin resonance (ESR) spectra were acquired. Because CDW and
MH states should show diamagnetic and paramagnetic (anti-
ferromagnetic) behaviors, respectively, the two states can be
determined using ESR signals. ESR spectra at various temper-
atures are shown in the Supporting Information. Figure 3 shows
the temperature dependence of the spin susceptibility obtained
by integrating the first derivative of the ESR signal twice.
Around room temperature, very weak ESR signals on the order
of 107® emu mol ' were observed. This result is in agreement
with the structural data, which indicate that this compound is
in a diamagnetic CDW state at room temperature. On the other
hand, the spin susceptibility below 200 K was on the order of
10~ emu mol '. This could be due to paramagnetic behavior
coupled with a strong antiferromagnetic interaction, which is
characteristic of compounds in an MH state.'® The Curie
(1/T) contribution below 100 K, which is 0.14% of the spin
concentration, is probably due to the existence of an odd number
of Pd** ions (S = '/») in the domains or short chains. A clear
discontinuity in the spin susceptibility was observed at ca. 205

(15) Hazell, A. | NNENEMEE 1991, 47, 962-966.
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Figure 4. (a) Temperature dependence of the charge transfer energy
determined from the peak in the optical conductivity spectra. (b) Proposed
band structures in the CDW and MH states.

4+ 5 and 230 K + 5 K in the cooling and heating processes,
respectively. We concluded that the discontinuity corresponds
to a first-order phase transition between CDW and MH states.

Figure 4a shows the temperature dependence of the charge
transfer (CT) energy, which was determined from the optical
conductivity spectra, shown in the Supporting Information. A
clear discontinuity in the electronic transition energy was
observed at 206 + 2 K as well. This temperature is similar to
those observed in the crystal structure and ESR results. In the
high temperature (HT) phase, the peak energy decreased from
0.86 eV (290 K) to 0.66 eV (210 K). On the other hand, the
peak energy barely changed with a change in the temperature
in the low temperature (LT) phase. This can be understood by
considering the origin of the electronic transition. Figure 4b
shows the band structures for the CDW and MH states proposed
based on the Peierls—Hubbard model.!? In the CDW state, the
lowest electronic transition is a CT transition from the Pd" to
Pd" d2 band. In this case, the CT energy (Ecrt) is 2S5 — Uif V
and ¢ are ignored. In the MH state, on the other hand, the lowest
electronic transition is that from a lower Hubbard band to an
upper Hubbard band, of which Ecr = U. Because almost no
temperature dependence was observed in the LT phase, whereas
there was a large temperature dependence of the CT energy in
the HT phase, S, not U, decreases as the Pd—Pd distance
becomes shorter.

Figure 5 shows the temperature dependence of the Raman
spectra. In the HT phase, an intense Raman peak was observed
at ca. 130 cm™ !, which was assigned to the Br—Pd—Br
symmetrical stretching mode (v(Br—Pd—Br)). However, the
peak disappeared in the LT phase. It is well-known that this
stretching mode is allowed in the CDW state and forbidden in
the MH state. This result clearly indicates that this compound
undergoes a phase transition from CDW to MH states.

(16) Okamoto, H.; Toriumi, K.; Mitani, T.; Yamashita, M. it
1990, 42, 10381-10387.
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Figure 5. Temperature dependence of the Raman spectra for [Pd(en),Br]-
(Cs—=Y)2*Hy0.
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Figure 6. (a) Current (/)—voltage (E) characteristics for [Pd(en),Br]-
(C5—Y)2-H,0 at 215 K (black) and 145 K (red). Inset shows low voltage
region magnified. (b) Temperature dependence of electrical resistivity for
[Pd(en):Br](Cs—Y)2+H,0. Inset is the electrical circuit used in this
measurement.

Figure 6a shows current (/)—voltage (E) characteristics for
[Pd(en),Br](Cs—Y),*H,O. In both phases, nonlinearity of the
I—E characteristics was observed above ca. 0.5 V. In the CDW
state, it is known that electrical conduction above a threshold
voltage (Et) is explained by the sliding of the CDWs, which
carries a current with only small incremental changes in the
electric field.!” On the other hand, nonlinear conduction in an
MH state is not well understood; however, there may be a
depinning effect of the conducting carrier due to the electron
correlation. Anyway, in order to exclude such a depinning effect,
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Pd-Pd distance / A
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Figure 7. Nearest neighboring Pd—Pd distance as a function of the alkyl
chain length.

we measured the electrical resistivity at a low voltage (0.5 V).
Figure 6b shows the temperature dependence of the electrical
resistivity. Below the critical temperature (7.), the electrical
conductivity increased with a decrease in the temperature. The
electrical resistivity could be fitted by using an Arrhenius model
(p = po exp(Ey/2kgT)), and the activation energy (E,) was
determined to be 205.8 meV. This value is much smaller than
the optical gap (~0.6 eV) probably because of an indirect band
gap in this compound.

Above T., on the other hand, the electrical resistivity
decreased with a decrease in the temperature. Such a metallic
temperature dependence is not observed in CDW compounds
because the CDW state, which is a consequence of the Peierls
transition, has a finite band gap. This anomalous behavior is
probably due to change of the activation energy (E,) caused by
change of the Pd—Pd distance.

In addition, a drastic decrease in the resistivity was observed
just above T¢. This behavior is explained by a charge fluctuation
due to the phase transition accompanied by CT. This behavior
has also been observed in a tetrathiafulvalene (TTF)—chloranil
(CA) salt, which shows a neutral (N) to ionic (I) phase
transition. '®

From the crystal structures, spin susceptibility, optical
conductivity spectra, Raman spectra, and electrical resistivity,
we concluded that a first-order phase transition between CDW
and MH states occurs at 7. = 206 £ 2 K. This phase transition
was also confirmed using a heat capacity measurement (AH =
1.554 & 0.011 kJ mol™!, AS = 7.48 + 0.05J K~' mol™'; see
Supporting Information).

In order to clarify the origin of the phase transition, we
synthesized a series of Pd—Br compounds [Pd(en),Br](C,—Y),*
H,O (n =4, 5,6,7,8,9, and 12) with different alkyl chain
lengths. We determined the nearest neighboring Pd—Pd
distance of these compounds from the X-ray powder diffraction
(XRPD) patterns. Increasing the alkyl chain length caused the
Pd—Pd distance to decrease dramatically even at room temper-
ature, as shown in Figure 7, suggesting that the attractive force
between the alkyl chains of the counterions becomes stronger
with an increase in the alkyl chain length. In other words, the
attractive force acting between the alkyl chains is the origin of
the chemical pressure.

(17) McDonald, R. D.; Harrison, N.; Balicas, L.; Kim, K. H.; Singleton,
J.; Chi, X. il 2004, 93, 076405.

(18) Mitani, T.; Kaneko, Y.; Tanuma, S.; Tokura, Y.; Koda, T.; Saito, G.
il 1987, 35, 427-429.
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Figure 8. Raman spectra of [Pd(en),Br](C,—Y),*H.O (4 = n =< 12).

Figure 8 shows Raman spectra of the series of Pd—Br
compounds at room temperature. An intense Raman peak
attributed to v(Br—Pd—Br) was observed for the compounds
with short alkyl chains (n < 8), whereas it was not observed
for the compounds with longer alkyl chains (n = 9). Therefore,
the compounds with short (n < 8) and long (n = 9) alkyl chains
are in CDW and MH states, respectively, at room temperature.
As shown in Figure 7, the nearest Pd—Pd distances in
[Pd(en),Br](Cs—Y),*H,0 and [Pd(en),Br](Coy—Y),*H,O at room
temperature were determined to be 5.283 and 5.232 A, re-
spectively. This finding is in agreement with the result of the
temperature dependency studies on [Pd(en),Br](Cs—Y),*H,O
(boundary between CDW and MH phase is at a Pd—Pd distance
of ca. 5.26—5.27 A). Therefore, the Pd—Pd distance is the main
factor determining the electronic state of these compounds.

We measured the temperature dependence of the Raman
spectra and determined the 7. for the series of Pd—Br
compounds (Raman spectra are shown in the Supporting
Information). Figure 9 shows the phase diagram of these
compounds. With an increase in the alkyl chain length, 7.
steadily increased.

12084 J. AM. CHEM. SOC. = VOL. 130, NO. 36, 2008
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Figure 9. Phase diagram for [Pd(en),Br](C,—Y),*H-O.

We concluded that the attractive force between the alkyl
chains and the thermal motion of the alkyl chains originally
compete in this system. We were able to control the electronic
state of the compounds via the temperature and alkyl chain
lengths.
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