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Optically Visible Phase Separation between Mott-Hubbard
and Charge-Density-Wave Domains in a Pd-Br Chain

Complex

Takefumi Yoshida,”” Shinya Takaishi,*® Hiroaki Iguchi,” Hiroshi Okamoto,” Hisaaki Tanaka,"
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We synthesized a bromo-bridged Pd complex, which under-
went as lowering the temperature a charge-density-wave
(CDW) to Mott-Hubbard (MH) phase transition, as confirmed by
using X-ray diffraction analysis, ESR, FT-IR and Raman spectros-
copies. The complex showed a phase-separation phenomenon
with a striped pattern over a wide temperature range, and do-
main propagation was observed using an optical microscope.
Moreover, we observed changes in the local electronic state ac-
companying the phase transition by using scanning tunneling
microscopy (STM)

Charge bistability in solid-state complexes is a key property for
functional materials. There has been great effort put into
switching the properties, such as charge-transfer phase tran-
sitions (CTPT), by using optical,” thermal,” and electrical®
stimuli. However, there are still many challenges in designing
materials which undergo CTPT by controlling molecular charge
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bistability and its cooperativity. Quasi-one-dimensional halo-
gen-bridged metal complexes are good candidates for these
types of materials because they possess charge bistability
based on the oxidation states of the metal ions as well as high-
ly isolated one-dimensional (1D) electronic system composed
of d,? orbital of metal ions (M) and p, orbital of bridging halide
ions (X). In other words, they can exhibit averaged valence
Mott-Hubbard (MH) and mixed valence charge-density-wave
(CDW) states. Ni complexes are primarily in an MH state with a
-X-M"-X-M"-X~ linear chain structure, in which bridging hal-
ides locate at the midpoint between the neighboring metal
ions thus they are classified as Robin-Day class Il com-
plexes.” They show marked physical properties due to strong
electron correlation of the Ni" states.” On the other hand, Pd
and Pt complexes are known to be in a CDW state
(=X-M"X=MV=X-), in which bridging halides displaced from
the midpoint, and are classified Robin-Day class Il type com-
plexes.” They show characteristic mixed valence state proper-
ties, such as luminescence with large Stokes shifts,” overtone
progressions in the resonant Raman spectra,’® and intervalence
charge transfer transitions.”) Although over 300 complexes
have so far been reported since Wolfram reported the first
chloro-bridged Pt complex in 1990,"” no exceptions were re-
ported before our recent research.

Recently, we have reported the first example of a Pd com-
plex, [Pd(en),Brl(Cs-Y),H,O (en=ethylenediamine; C;-Y=di-
pentylsulfocuccinate), exhibiting CTPT between CDW and MH
states at 205 K. This CTPT was related to large temperature
dependence in Pd-Pd distance (from 5.31 A(300K) to 5.21 A
(100 K)). The Pd" MH state was shown to be stabilized by short
Pd--Pd distance and resultant single well potential of the
brdging Br~ ion (Figure 1(b)).""? The CTPT was classified into
the first-order transition with a hysteresis, because this phase
transition is accompanied by large structural change (e.g.
Pd--Pd distance jumps by ca. 0.03 A). This is probably because
the phase transition is coupled with the alkyl chain dynamics.
One of our goals is to explore the boundary region between
CDW state with double well potential (Figure 1a) and MH state
with single well potential (Figure 1b). From this point of view,
[Pd(en),Brl(Cs-Y),-H,O is not suitable because the first order
phase transition is accompanied by large structural change
with the formation of a 3D ordering of the CDW state, there-
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Figure 1. Schematic illustration of potential curve of brdging Br~ ions in (a) a
CDW state and (b) an MH state. Blue and red dotted lines represent the po-
tential curves attributable to Pd"-Br or Pd"-Br sub-structures. Black solid lines
express the potential curves of Pd-Br-Pd structure (sum of the red and blue
dotted lines).

fore limiting the domain of coexistence of the two phases. In
order to explore the boundary region, in this work, we devel-
oped a new bromo-bridged Pd complex, [Pd(cptn),BriBr, (1),
(cptn=1R,2R-diaminocyclopentane) without alkyl chains to
make crystalline lattice rigid, which could afford less structural
difference between two phases. We found that 1 showed a
very peculiar CDW-MH CTPT as well as coexistence of both
phases in a single crystal with a stripe patterned phase separa-
tion over a wide temperature range, which could be observed
with an optical microscope. Here we report its crystal structure,
its physical properties including the phase separation phenom-
enon and the local electronic state visualized by STM.

The crystal structure and crystallographic data of 1 at 93 K
are shown in Figure 2 and Table S1, respectively. CCDC 1449578
contains the supplementary crystallographic data of 1. For
comparison, we re-analyzed the crystal structure of [Pd(chxn),
Br]Br, (chxn=1R,2R-diaminocyclohexane), which has reported
to be in a CDW state,!'? at 93 K. The Pd ion was found to have
an elongated octahedral geometry. Square planar Pd(cptn),
moieties are bridged by Br™ anions, forming a linear chain along
a-axis. These linear chains and free Br~ counteranions are con-
nected by N-H--Br--H-N hydrogen bonds along b-axis to form
a two-dimensional sheet (Figure 2a). On the other hand, there
are no chemical bonds other than van der Waals interaction be-
tween the sheets (Figure 2c). The structural features of 1, in-
cluding space group (/1222), are similar to those of [Pd(chxn),Br]
Br,. However, there are several subtle differences as described
below. First, the Pd--Pd distances along the 1D chain (5.2223(4)
R at 93 K) are slightly shorter than those of [Pd(chxn),BrlBr,
(5.2784(4) A at 93 K). Temperature dependency of Pd--Pd dis-
tances in both compounds are plotted in Figure S1. In a pre-
vious report, we have proposed that the Pd--Pd distances are
important for determining the electronic state of the Pd com-
plexes. In the case of bromo-bridged Pd complexes, we have
proposed that MH and CDW states occur when the Pd--Pd dis-
tances are shorter and longer than ca. 5.26 A, respectively. In
fact, [Pd(chxn),BrlBr, with longer Pd--Pd distances than 5.26 A
is known to have CDW state at any temperature. On the other
hand, Pd--Pd distances of 1 at 93 K is shorter than the boun-
dary distance. Thus, we expected that 1 is in an MH state at
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Figure 2. Perspective views of the crystal packings along c-axis (a and b) and
a-axis (c and d), and ORTEP drawings with thermal ellipsoids at 50 % proba-
bility in 1 and [Pd(chxn),Br]Br,, respectively (T=93 K). Gray; Pd, brown; Br,
blue; N, black; C, pink; H. Hydrogen atoms are partly omitted for clarity.

this temperature. The subtle difference (ca. 0.05A) in Pd--Pd
distances between the two compounds could be because cy-
cloalkane rings existing between the 2D sheets in [Pd(chxn),Br]
Br, sterically more crowded compared to 1 (Figure 2c and d),
that makes Pd--Pd distances longer. Hirshfeld surface and fin-
gerprint plots" for H--H contact of 1 and [Pd(chxn),BrIBr, (Fig-
ure S2) suggested that 1 has weaker intermolecular H-+H con-
tacts than [Pd(chxn),BrlBr, (less red area). This finding supports
the aforementioned hypothesis. Second, the thermal ellipsoids
of the bridging halides of [Pd(chxn),Br]Br, were elongated
along the ag-axis, whereas those of 1 were mostly spherical. The
elongated thermal ellipsoids correspond to a disordered atom
at the displaced position from the midpoint due to the double
well potential. Thus, the spherical ones suggest that 1 is in an
MH state at this T. The actual electronic state cannot be de-
termined by conventional X-ray crystal structure analysis. Third,
the thermal ellipsoid of C; in the cptn ligand is exceptionally
large due to a flipping motion of the C; atom. However, the
relationship between this flipping motion and electronic state
of 1 has not yet been determined.

In order to determine the electronic states of 1 at various T,
we acquired X-ray diffraction (XRD) photographs (Figure S3). At
220 K, we observed diffuse peaks at h=m+1/2 (m is an in-
teger), which correspond to a cell doubling along the chain as-
sociated to the CDW state. These superlattice peaks were
found to be rod-shaped diffuse scatterings from the re-
constructed diffraction image of the reciprocal lattice (Fig-
ure S3). These diffuse scatterings are due to the long range cor-
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relation of CDW phase along a and b-axis and very small corre-
lation along c-axis. Therefore, the structural state of 1 at 220 K
consists of a stacking of almost uncorrelated 2D CDW long
range order sheets. The intensity of the diffuse scatterings
gradually weakened upon cooling and mostly disappeared at
100 K, indicating that the electronic state of 1 is changing from
CDW to MH state gradually. This is in contrast to the case of [Pd
(en),Brl(Cs-Y)-H,0, which showed abrupt transition from the 3D
CDW to the MH state signed by the disappearance of the su-
perlattice Bragg peaks at T.=205 K. In the spin susceptibility
measurements, phase transition phenomena between dia-
magnetic CDW state and paramagnetic MH state was observed
but its change is very gradual compared to [Pd(en),Br](Cs-Y)-H,
O (see Figure S4). Once again, this gradual change of the spin
susceptibility in 1 can be explained by the 2D character of the
transition as opposed to the 3D ordering of the CDW state in
[Pd(en),Br](C;s-Y)-H,0.

Optical images of a single crystal of 1 at various T are
shown in Figure 3 and S5. This sample had a reddish luster at

0:2:-

00 0.5 1 15
Photon energy / eV ——>
R 1 L
e 500 1000 2000

Wavelength/ nm ——

Figure 3. Optical images of the single crystal of 1 at (a) 130 K, (b) 120 K, (c)
100 K and (d) 50 K, and (e) optical reflectivity spectra (E // chain). Inset shows
optical conductivity spectra of 1 obtained by Kramers-Kronig transformation
of the optical reflectivity spectra.

room T. The color did not change even after cooling to 130 K
(Figure 3(a)). Below 130 K, on the other hand, a yellowish do-
main appeared and showed a striped pattern parallel to the (1
1 0) or (-1 1 0) directions. At 50 K, most of the crystal had a
yellowish luster. Although texture of domain propagation de-
pended on the sample batches, the change in color could be
repeated with the same crystal by cooling and heating. This re-
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sult clearly indicates that some phase separation is occurring in
1in a wide T range.

In order to determine the electronic state of each domain,
we acquired Raman spectra of 1 at various T using Raman mi-
croscope (beam size ~ 1 um). It has been established that Br—
Pd—Br symmetrical stretching mode is Raman active and ob-
served at around 130 cm™ in CDW states,!"'® whereas it is in-
active in MH states. As shown in Figure 4, clear Raman peaks
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Figure 4. Raman spectra of 1 at various T.

were observed at ~90 and 130 cm™ above 150 K. On the basis
of a previous study, we assigned the latter peak to the Br—Pd—
Br symmetrical stretching mode, although the former could not
be assigned at present. Below 100 K, both peaks disappeared.
In other words, 1 underwent a phase transition to an MH state
below 100 K. At 125 K, Raman spectra for the reddish and yel-
lowish domains were acquired. For the reddish domain, a spec-
trum was characteristic of high temperature (CDW) phase,
whereas the spectrum for the yellowish domain was corre-
sponding to an MH state. Thus, we concluded 1 showed phase
separation phenomenon between CDW and MH phases at wide
Trange.

Besides XRD and Raman spectroscopy, FT-IR spectroscopy
can be used to determine the electronic state of MX complexes
because the N—H symmetrical stretching mode (¥(NH)) shows
single peak in an MH state and double peaks in a CDW state."”
We measured the FT-IR spectra of a single crystal of 1 using an
FT-IR microscope (aperture size=130 X 130 um) at 100 K
where the phase separation occurs. FT-IR spectra of single crys-
tal at different position (area 1 and area 2 in inset of Figure 5)
of 1 at 100 K are shown in Figure 5. As can be seen, area 1 is
mostly composed of yellowish domain whereas area 2 is mostly
composed of reddish domain. The FT-IR spectra showed single
and double peak at v(NH) region at area 1 and area 2, re-
spectively. This result is another evidence of the charge separa-
tion phenomenon between CDW and MH domains.

STM is a powerful technique for visualizing the local elec-
tronic structure. In the previous paper, we have reported the
STM image for isostructural [M(chxn),BrIBr, (M=Ni and Pd)."”
Ni and Pd compounds afforded bright spots approximately ev-
ery 5A and 10 A along the chain, respectively, which reflects
the periodicity of the charge arrangements in MH and CDW
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Figure 5. FT-IR spectra (E L chain) on the different sample position at 100 K.

states. In this study, we cleaved the single crystal of 1 using ad-
hesive tape so as to expose flat surface of ab plane after
mounted to the sample stage with carbon paste. STM images
of 1 in the ab plane are shown in Figure 6. At 114 K, bright
spots were observed approximately every 10 A along the chain,
indicating that 1 was in a CDW state at this T. At 106 K, on the
other hand, the bright spots were observed approximately ev-
ery ~5 A along the chain, confirming that 1 was in an MH state
at this T. Because these images were acquired with positive
sample bias, bright spots represents tunnel current from the
Fermi energy of the tip to the conduction band of the sample,
which are the upper Hubbard d,? band of Pd** for MH state
and d,? band of Pd*" for CDW state. To the best our knowl-
edge, this is the first observation of a change in the local elec-
tronic state with molecular spatial resolution, accompanied by
a CTPT, using STM.

In conclusion, we synthesized the bromo-bridged Pd com-
plex [Pd(cptn),BrIBr,. This complex showed CDW-to-MH CTPT
accompanied by phase separation phenomena over a wide
temperature range, which was confirmed by using X-ray dif-
fraction, ESR, Raman, optical reflectivity, and FT-IR spectros-
copies. In addition, we determined the local electronic state by
using temperature-dependent STM. To the best of our knowl-
edge, this is the first observation to detect the change in local
electronic state accompanied by a CTPT with molecular spatial
resolution. The mechanism for the phase separation phenom-
enon is currently under investigation.

Supporting Information

Experimental Section, Crystallographic parameters(Table S1),
Temperature dependence of Pd—Pd distance (Figure S1), Hirsh-
feld surface plots (Figure S2), X-ray reconstructed photographs
(Figure S3), ESR spectra (Figure S4), and optical images (Fig-
ure S5) of 1.
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Figure 6. STM topographic images of 1 at (a) 114 K and (c) 106 K. (b) and (d)
shows height profiles on the black lines drawn on the images (a) and (c),
respectively.
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