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Purely organic crystals, k-X3(Cat-EDT-TTF), [X=H or D, Cat-EDT-TTF = catechol-fused tetrathiafulvalene],
are a new type of molecular conductor with hydrogen dynamics. In this work, hydrostatic pressure effects
on these materials were investigated in terms of the electrical resistivity and crystal structure. The results
indicate that the pressure induces and promotes hydrogen (deuterium) localization in the hydrogen
bond, in contrast to the case of the conventional hydrogen-bonded materials (where pressure prevents
hydrogen localization), and consequently leads to a significant change in the electrical conducting
properties (i.e., the occurrence of a semiconductor—insulator transition). Therefore, we have successfully
found a new type of pressure-induced phase transition where the cooperation of the hydrogen
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Introduction

Hydrostatic pressure is a powerful tool to modulate the struc-
ture, properties, and phase transitions of solid state materials.
Its effect is more pronounced in molecular materials, because of
the inherent softness of their crystal lattices. For example, in
molecular conductors, such as BEDT-TTF salts [BEDT-TTF =
bis(ethylenedithio)tetrathiafulvalene], the intermolecular m-m
interactions (more precisely, the electron correlation U/W,
where U and W are the on-site Coulomb repulsion and band-
width, respectively) can be controlled by pressure, leading to
a variety of electronic states, such as metals, superconductors,
insulators, and recently quantum spin liquids.' Also, in
hydrogen-bonded (H-bonded) materials, pressure can modulate
the dynamic properties of the hydrogens, which for example,
results in a change in their order-disorder transition (or (anti)
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dynamics and m-electron interactions plays a crucial role.

ferroelectric transition) temperatures 7.. In many cases, the 7.
is decreased with increasing pressure (i.e., dT./dP < 0),> which is
interpreted as the result of a decrease in the height of the
double-well potential barrier by decreasing the H-bond
distance.?

Recently, we have successfully synthesized a new type of
molecular conductor with hydrogen dynamics, k-X3(Cat-EDT-
TTF), [X = H or D, Cat-EDT-TTF = catechol-fused tetrathia-
fulvalene; hereafter abbreviated as H-TTF and D-TTF, respec-
tively] (Fig. 1).** In contrast to the conventional molecular
conductors, H-TTF and D-TTF have no counter anion species,
but instead, have anionic [O---X---O] ! H-bonds [X = H: H-TTF,
X = D: D-TTF] between two-dimensional (2D) conducting layers
(Fig. 1a). H-TTF and D-TTF are isostructural at room tempera-
ture and the purple color in Fig. 1a represents their component
molecular unit, in which two crystallographically equivalent
Cat-EDT-TTF'*® molecules are connected by the symmetrical
anionic [0---X:--0]"" H-bond (Fig. 1b). The Cat-EDT-TTF™*
molecules are strongly dimerized in the conducting layer,
forming a dimer-Mott insulating state with a so-called k-type
molecular arrangement (Fig. 1b, right). However, due to the H/D
isotope effect, the low-temperature (LT) structures and elec-
tronic properties of these analogues are greatly different from
each other (Fig. 1c and d).*»** In D-TTF, the H-bonded deute-
rium is localized below 185 K (Fig. 1c, left), which desymmetr-
izes the H-bond and then induces electron transfer (charge
disproportionation) between the two Cat-EDT-TTF'* skeletons,
to lead to a charge-ordered spin-singlet insulating state (Fig. 1c,
right).*> On the other hand, in H-TTF, the “lighter” hydrogen is
not localized even at 0.04 K (=quantum paraelectricity) (Fig. 1d,
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Fig. 1 Structures of H-TTF and D-TTF. (a) Crystal structure at room
temperature (purple color represents the H-bonded unit) and (b—d)
chemical structures of the H-bonded molecular unit and schematic
drawings of the H-bond potential curve™ and 2D conducting layer at
room temperature ((b) X = H, D) and low temperatures ((c) X = D, (d) X
=H).

left),*“ probably due to the effective single-well potential.” This
prevents H-TTF from undergoing a phase transition, resulting
in keeping the uniformly-charged dimer-Mott state (=quantum
spin liquid at very low temperatures) (Fig. 1d, right).®

Here we report the hydrostatic pressure effects on the elec-
trical transport properties and phase transition behavior of
these new molecular conductors with hydrogen dynamics.
Electrical resistivity measurements demonstrate that the pres-
sure (1) increases the phase transition temperature (namely, the
deuterium localization and charge disproportionation/ordering
temperature) in D-TTF and (2) causes a semiconductor-insu-
lator transition in H-TTF. Interestingly, X-ray diffraction
measurements indicate that this pressure-induced insulating
phase in H-TTF is a charge-ordered phase caused by hydrogen
localization, similar to the LT charge-ordered phase in D-TTF.
Therefore, we conclude that, in these systems, hydrostatic
pressure induces and promotes hydrogen (or deuterium)
localization in the H-bond, in contrast to the usual case.?? This
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unique phenomenon should result from that the hydrogen
dynamics and m-electron interactions are strongly coupled and
cooperatively modulated by pressure.

Results and discussion

First, we show the results of electrical resistivity (p) measure-
ments on a single crystal of D-TTF under hydrostatic pressure
(Fig. 2; four-probe method, along the ¢ axis).® At ambient pres-
sure (black circles in Fig. 2a), an abrupt increase in p attribut-
able to the above-mentioned charge ordering transition (Fig. 1c)
was observed at around 170 K.? This transition temperature 7.
was increased with increasing pressure (i.e., dT./dP > 0),
reaching 221 K at 2.0 GPa (blue circles in Fig. 2a). A plot of T,
versus P (Fig. 2b, top) reveals their linear relationship in this
pressure region. Considering that this charge ordering is trig-
gered by deuterium localization in the double-well potential,*7*
this result means that its barrier height (AE; Fig. 2b, top) is
increased with increasing pressure. Therefore, hydrostatic
pressure promotes the deuterium localization or H-bond
ordering in this compound,' which is in marked contrast to
the above-mentioned general trend.>* Also, the high-
temperature (HT) phase (T > T..) remains semiconducting even
at 2.0 GPa; however, with increasing pressure the activation
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Fig. 2 (a) Temperature dependence of electrical resistivity of D-TTF
under hydrostatic pressure (inset: a magnified figure, where the arrows
indicate the transition temperature T, at each pressure). (b) Plots of T,
(top) and E, (bottom, in the HT semiconductor phase) of D-TTF as
a function of pressure P. Dashed lines represent the linear fitting lines.
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energy E," is significantly decreased (dE,/dP < 0; Fig. 2b,
bottom). This result suggests that, with increasing pressure, the
intermolecular distances in the conducting layers (the bc-plane,
Fig. 1) are decreased and consequently the intermolecular
transfer integrals and bandwidth (W) are increased."” In fact,
such a pressure-induced decrease in E, or enhancement in
conductivity is frequently observed in molecular conductors.***

Then, similar electrical resistivity measurements under
pressure were made on the hydrogen analogue, H-TTF (Fig. 3).®
As mentioned above, this material is a dimer-Mott insulator
down to very low temperatures at ambient pressure (Fig. 1d),°
thus exhibiting a semiconducting temperature dependence as
shown in black diamonds in Fig. 3a.* However, when a hydro-
static pressure of 0.8 GPa was applied (brown diamonds in
Fig. 3a), an abrupt increase in p appeared at around 76 K after
the semiconducting behavior at higher temperatures. Impor-
tantly, the T. to this pressure-induced insulating phase was
increased with increasing pressure (red squares in the top panel
of Fig. 3b), as is the case for the charge ordering transition of D-
TTF (Fig. 2). Thus, this pressure-induced insulating phase in H-
TTF is expected to be a charge-ordered insulating phase similar
to that in D-TTF (this is in fact confirmed by the following X-ray
diffraction analysis). Also, E, in the HT semiconducting phase
of H-TTF" was found to show a linear decrease with increasing
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Fig. 3 (a) Temperature dependence of electrical resistivity of H-TTF
under hydrostatic pressure. The arrows indicate the transition
temperature T, at each pressure. (b) Plots of T, (top) and £, (bottom, in
the HT semiconductor phase) of H-TTF as a function of pressure P.
Dashed lines represent the linear fitting lines.
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pressure (dE,/dP < 0; Fig. 3b, bottom), similar to that of D-TTF
(Fig. 2b, bottom). From the linear fitting of the data (dashed
lines in Fig. 2b and 3b), the d7./dP and dE,/dP values of H-TTF
(+69 K GPa™ " and —440 K GPa~ ') are much larger in magnitude
than those of D-TTF (+26 K GPa~' and —270 K GPa ').** This
suggests that H-TTF is more sensitive to pressure than D-TTF
(the details are under investigation).

Therefore, in order to gain structural insight into this
pressure-induced phase transition, we have performed
synchrotron X-ray diffraction measurements on a H-TTF single
crystal under hydrostatic pressure (see the Experimental section
and Fig. S1 in the ESI}). The pressures used were 0.8 and
1.6 GPa, where the insulator transition was clearly observed
(Fig. 3a). Fig. 4 shows the results obtained at 1.6 GPa (a similar
kind of data obtained at 0.8 GPa is shown in Fig. S2 in the ESIf).
At 160 K, diffraction spots attributable to the original semi-
conducting (dimer-Mott) phase were clearly observed, as shown
in the far right panel of Fig. 4a.**** In addition to the original
spots, additional weak diffraction spots were found beside them
(e.g., the bottom spot in the far right panel of Fig. 4a). Such
minor spots grew rapidly with decreasing temperature, and
simultaneously, the original spots diminished and finally dis-
appeared (Fig. 4a, right to left). It should be noted that these
temperature-dependent changes in the diffraction peak inten-
sity are well correlated with the temperature-dependent
changes in p at 1.7 GPa (Fig. 4b). Namely, the rapid increase
in the intensity of the diffraction peaks of the LT phase (blue
symbols in Fig. 4b) occurs simultaneously with the rapid
increase in p (black line in Fig. 4b). A similar result is observed
in the measurements at 0.8 GPa (see Fig. S2 in the ESI{).

Therefore, the pressure-induced semiconductor-insulator
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Fig. 4 X-ray diffraction measurements on a H-TTF single crystal at
1.6 GPa. (a) Images of the diffraction spots of —3 —1 —5in the HT phase
and 15 —1in the LT phase measured at several temperatures and (b)
temperature dependence of the relative intensity ratios (left side) of
three pairs of diffraction peaks in the HT (red symbols) and LT (blue
symbols) phases. For comparison, the temperature dependence of
electrical resistivity at 1.7 GPa is also shown in (b) (right side; identical to
the data shown in Fig. 3a).
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Table 1 Crystallographic data for the pressure-induced insulating phase of H-TTF and the charge-ordered phase of D-TTF.**

Compound Crystal system  Space group  a (A) b (&) c (&) a (%) 6(°) v (%) V(A%
H-TTF (1.6 GPa, 50 K)*  Triclinic P1 8.042(5)  10.779(5)  14.865(7)  78.717(9)  79.10(2) 89.79(2) 1240(1)
H-TTF (0.8 GPa, 5 K)®  Triclinic P1 8.220(7)  10.983(8)  14.982(11) 78.788(12) 78.46(3) 89.575(18) 1299(2)
D-TTF (1 atm, 50 K)**  Triclinic P1 8.3968(7) 11.0492(5) 15.0735(5) 78.892(5)  77.53(1) 89.288(6)  1339.3(2)

“ Fig. 4. ” Fig. 52.

transition in H-TTF should be accompanied by a structural
transition. Interestingly, analysis of the diffraction data reveals
that the LT phase has a similar crystal structure to the charge-
ordered phase of D-TTF (Table 1)."'* This means that
a similar charge ordering transition occurs in H-TTF under
pressure, leading to the rapid increase in p. Importantly,
considering the case of D-TTF (Fig. 1c), this charge ordering in
H-TTF should also be triggered by localization of hydrogen in
the H-bond. Namely, the hydrogen fluctuating in the H-bond at
ambient pressure (Fig. 1d) should be localized near one of the
oxygen atoms by applying pressure. Therefore, we now imagine
that the original effective single-well potential is changed to
a double-well potential by pressure, which induces the
hydrogen localization at low temperatures, as schematically
illustrated in Fig. 3b, and the following charge
disproportionation/ordering. It should be noted that, although
pressure-induced H-bond symmetrization is sometimes
observed,’®"” such asymmetrization or hydrogen localization is
rarely observed.*®

Thus, finally, let us discuss why this unique pressure effect
appeared in the present system. Here, the H-bonds triggering
the phase transition exist within the ac-plane (nearly along the
c-axis), as shown in Fig. 1a and S5d.f By applying hydrostatic
pressure, the c-axis length is significantly decreased (~2% at
0.8 GPa, ~4% at 1.6 GPa; Fig. S5ct), which would lead to
compression of the H-bond (i.e., the O---O distance). In addi-
tion, the b-axis, vertical to the H-bond, is also significantly
contracted (~2% at 0.8 GPa, ~4% at 1.6 GPa; Fig. S5b¥), and
furthermore, the g-axis is slightly contracted (~0.05% at
0.8 GPa, ~0.08% at 1.6 GPa; Fig. S5at). Therefore, one can
imagine that the H-bond is not simply contracted but deformed
by applying the pressure, similar to the case reported by Endo
et al.™ As a result, the original single-well energy potential curve
in H-TTF (Fig. 1d)’* might be transformed into a double-well
one, leading to the hydrogen localization at low temperatures
(as schematically illustrated in the top panel of Fig. 3b) and the
following charge disproportionation/ordering. In addition,
there is the possibility that the increase in the intermolecular
transfer integrals (Table S6 and Fig. S4 in the ESI{) might
contribute to the occurrence of the phase transition in H-TTF
and also to the increase in the T, in H-TTF and D-TTF. This is
because larger intermolecular T-electron interactions (espe-
cially the intradimer one) should be advantageous for the spin-
singlet formation in the LT phase (Fig. 1c); thus possibly
inducing and promoting the phase transition. In fact, we have
previously observed that a D-TTF analogue with larger inter-
molecular transfer integrals has higher 7. (~10 K) than the
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parent D-TTF, although their H-bond distances are similar.*
Therefore, we assume that hydrostatic pressure affects the -
electron interactions in the conducting layer and the hydrogen
dynamics between the layers in cooperative manner in this kind
of materials,” which led to the above-mentioned peculiar
pressure-induced phenomena and properties.

Conclusions

In conclusion, we have found that, in H-bonded molecular
conductors H-TTF and D-TTF, hydrostatic pressure induces and
promotes the localization of the hydrogen (or deuterium) in the
H-bond in cooperation with a charge disproportionation/
ordering of the m-electron system, leading to a semi-
conductor-insulator transition. Full structure determination of
these materials under pressure will provide further insights into
this peculiar hydrogen-m-electron cooperative phenomenon®
and thus is now underway. In addition, investigation of the
transport properties and phase transition behavior at higher
pressures is also of great interest.

Experimental
Sample preparation

Single crystals of H-TTF and D-TTF were prepared according to
the literatures.**?

Electrical resistivity measurements

The temperature dependence of electrical resistivity of H-TTF
and D-TTF single crystals under hydrostatic pressure was
measured with a Physical Property Measurement System (PPMS,
Quantum Design) by using the conventional four-probe ac
method (annealed Au wires and carbon paste were used). The
sample was placed in a Ni-Cr-Al piston-cylinder-type pressure
cell together with lead (for pressure calibration) and Daphne
7373 (pressure medium). The applied pressure P was estimated
based on the observed superconducting transition temperature
of lead: dT./dP = —0.365 K GPa '.>*

X-ray diffraction measurements

X-ray diffraction measurements on a H-TTF single crystal under
hydrostatic pressure were performed with a synchrotron radia-
tion source (A = 0.6889 A) at the Photon Factory (PF) BL-8A in
the High Energy Accelerator Research Organization (KEK),
Japan. The sample was placed in a diamond anvil cell together
with a NaCl single crystal (for pressure calibration at low
temperatures®), a ruby chip (for pressure calibration at room

This journal is © The Royal Society of Chemistry 2019
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temperature*), and Daphne 7373 (pressure medium). The
temperature was controlled by a cryostat. The diffraction data
were collected on an Imaging plate (IP) system (Rigaku), where
four oscillation photographs (oscillation angle: 3°) were taken at
each temperature and pressure. From these data, the space
group and lattice parameters were determined (Tables 1, S1,
and S2t). An overview of the experimental setup is shown in
Fig. S1.1

X-ray diffraction measurements on a H-TTF single crystal
under ambient pressure were performed on a Rigaku Mercuryll
CCD Xray diffractometer (MoKa, A = 0.71073 A) or with
a synchrotron radiation source (A = 0.6889 A) at the Photon
Factory (PF) BL-8A in the High Energy Accelerator Research
Organization (KEK), Japan. The structures were solved by direct
methods using the SIR2014 program.*® Refinements were
carried out by a full-matrix least-squares method (SHELXL
Version 2018/3).>” Anisotropic thermal parameters were applied
to all non-hydrogen atoms. The hydrogen atoms of the benzene
ring (at 270, 235, 200, and 175 K) were generated geometrically.

CCDC 1896674 (H-TTF, 150 K), 1896675 (H-TTF, 235 K),
1896676 (H-TTF, 175 K), 1896677 (H-TTF, 200 K), and 1896678
(H-TTF, 270 K) contain the supplementary crystallographic data
for this paper.

Theoretical calculations

Intermolecular transfer integrals and electronic band structures
were calculated by the extended Hiickel method*® and the tight-
binding approximation method,”® respectively. The atomic
coordinates used were taken from X-ray data.
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