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・研究⽬的・概要
有機材料は、構成する分⼦および集合体の多様性により、それらが⽰す多彩な物性という観点から学術的な興味をもたれていることはもちろん
のこと、デバイス開発の材料としても応⽤⾯から⼤きな注⽬を集めている。機能⾼度化のための最適作成条件の探索は広く⾏われるが、新規分
⼦の開発を含む基礎的な理解から機能発現を最適化するという部分は、ともすれば後回しにされがちである。最近ではこれらの機能性有機物を
⽤い、⾼品質な薄膜の作製技術が発展し、構造と物性を対応づけた議論が⾏えるようになってきた。⼀⽅で、有機分⼦材料は分⼦の設計⾃由度
に加え、集合形態の⾃由度が⾼く、集合化することではじめて物性が確⽴する集合体では、物性の最適化と材料設計の間に直接的な相関をもた
せることが困難である。このギャップを埋めるために、既存のデータベースおよび理論計算を活⽤し、新規材料探索を効率よく進め、新規有機
エレクトロニクス材料の探索を加速することを⽬的として研究を推進している。
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基板の上に作製された薄膜試料に対する構造解析・mono-BTBT-Cn
アニールにより、⻑鎖型から短鎖型へ構造相転移
構造相転移に伴い、移動度も⼤きく変化することから、構造と特性に⼤きな関連があると考えられる。
構造相転移に伴い、結晶性が劣化し、回折ピークがブロードになり、相転移後の構造決定が困難

・pTol-BTBT-Cn
薄膜試料の回折
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2D semiconductive π -core layer and inert alkyl-chain layers
should eventually contribute to the enhancement of the lay-
ered crystallinity [26]. Another intriguing aspect is that
these materials frequently undergo smectic liquid-crystal (LC)
phase transitions at elevated temperatures, as observed in
Ph-BTBT-Cn [10,34–36].

Among the variety of asymmetric rodlike OSCs, a series
of mono-Cn-BTBTs is the simplest representative example
[27,28,37,38] [see Fig. 1(a)]. Interestingly, the compounds
did not show LC phases at elevated temperatures but
formed distinctive b-LHB-type polymorphs, depending on the
alkyl chain length; they can be classified into short-chain-
type (SCP; 4 ! n ! 7) and long-chain-type polymorphs
(LCP; 8 ! n) [27,28]. The polymorphs likely appear as a re-
sult of the balance between the intermolecular core–core and
chain–chain interactions. However, a complete understanding
of the origin and variation of polymorphic phases has not yet
been obtained, even though it can provide a unique opportu-
nity to understand and control the molecular packing motif of
highly layered crystalline OSCs [39–54].

In this study, we report that some mono-Cn-BTBTs
exhibit temperature-induced transformations between distinc-
tive polymorphic phases. We show that these observations
provide a unique opportunity to investigate the stability and
relationship between the polymorphic phases. We first discuss
that the polymorphism observed in mono-Cn-BTBTs origi-
nates from a unique feature of LHB, in which two types of
T-shaped contacts are possible between the BTBT cores. Sub-
sequently, we show that four long-alkylated mono-Cn-BTBTs
(n = 8, 9, 10, and 11) exhibit temperature-induced trans-
formation, as shown by both polarized optical spectra and
powder x-ray diffraction (p-XRD), in which Patterson anal-
ysis is useful for distinguishing the polymorphic phases. We
then present the chain-length-dependent thermal analysis of
the polymorphic transformations and the analysis of inter-
molecular interactions based on the results of complete crystal
structure analyses. Based on these results, we discuss the
molecular mechanism of the polymorphic transformation in
mono-Cn-BTBTs.

II. RESULTS AND DISCUSSION

A. On the distinct glide symmetries in LHB polymorphs

The LHB packing is composed of a periodic arrangement
of intermolecular T-shaped contacts, with the long axis of the
π -core planes aligned perpendicular to the layer, as shown
in Figure 1(b). The π cores at the T-shaped contacts are
typically arranged in glide reflection symmetry, where the
dihedral angle (denoted as θHB) between the π -core planes
is used for structural classification [55]. However, even with
a common dihedral angle, two types of T-shaped contacts are
possible when the π core involves relatively low symmetry.
The two distinct LHB packings are illustrated in Figs. 1(c) and
1(d), where both packing motifs are depicted with the slipped
parallel contact parallel to the vertical axis (y axis). The ori-
entation of the π -core planes relative to the glide reflection
plane [shown by the angle α in Figs. 1(c) and 1(d)] shows
an obvious difference. The distinct nature of the packing is

FIG. 1. (a) Chemical structure of mono-Cn-BTBT. (b) Schematic
illustration of the T-shaped molecular contact, with the long axis of
π -core planes aligned perpendicular to the layer, as shown in the
right panel. The T-shape contacts are characterized by glide reflec-
tion symmetry. (c), (d) Schematic representations of distinct glide
symmetries in LHB polymorphs. The glide planes are perpendicular
to the (c) y axis and (d) x axis, as indicated by the purple dotted
lines. (e)–(h) Molecular packing structures of mono-Cn-BTBTs. The
packing motifs are depicted based on the crystal structures of (e), (g)
n = 4 and (f), (h) n = 9. The yellow and orange colors distinguish
between sulfur atoms in the BTBT core close to and far from the
alkyl chain, respectively.

ascribed to the absence of reflection symmetry of the π core
with regard to the short axis within the π -core plane.

This LHB polymorphism was observed in a series
of mono-Cn-BTBTs. The molecular structure is shown in
Fig. 1(a). Figures 1(e)–1(h) show the molecular packing
structures of mono-C4-BTBT and mono-C9-BTBT. The π -
core planes exhibit similar dihedral angles at the T-shaped
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FIG. 3. Powder x-ray diffraction (p-XRD) analyses of
mono-Cn-BTBTs. (a), (b) Diffraction patterns of the (a) recrystallized
and (b) heated samples of n = 9. The principal peaks associated
with the in-plane diffraction were indexed as (h k l). The incident
x-ray photon energy was 10.0 keV. (c)–(f) Patterson maps were
calculated using the in-plane diffraction intensity. The maps
of (c) and (d) were calculated from the p-XRD patterns of (a)
and (b), respectively. Patterson functions were also calculated
using the crystal structures of (e) mono-C9-BTBT (LCP) and
(f) mono-C4-BTBT (SCP). The x and y axes in the maps are
normalized by the lattice constant of the unit cell in each
crystallographic direction. The calculated intensity, P, was also
normalized by the maximum intensity at the origin of coordi-
nates, P0.

where the intralayer diffractions are observed. Table I lists the
lattice constants obtained by indexing the distinctive in-plane
diffraction peaks. We also determined the lattice constants of
heat-treated mono-C9-BTBT through refinement using Le Bail
analysis of the thin-film XRD data [57]. The lattice constants

of the sample after the heating treatment became shorter in
the x direction and longer in the y direction than before the
heating treatment. In contrast, the lattice volume remained al-
most unchanged. The spectrum of the heated sample of n = 9
is similar to that of n = 7 (SCP), and similar changes are
commonly observed for the series of mono-Cn-BTBT (n = 8,
9, and 10), showing polymorphic transformation (see Fig. S4).
The results provide clear evidence of the phase transformation
from LCP to SCP.

We analyzed the p-XRD results by using the Patterson
method. The Patterson function represents the convolution of
electron density with itself (see Supplemental Material [56]
for details). We adopted this method to visually present the
difference in the intralayer molecular packing of LHB poly-
morphs. Figures 3(c) and 3(d) show the calculated Patterson
maps for the obtained p-XRD data. The observed features
in the Patterson map present qualitative changes due to the
heating treatment, which is ascribable to the variation of the
electron density distribution within the two-dimensional layer.
In particular, the positive value of the map was more elongated
along the y axis before than after the heating treatment. This
change is evident from the signal at (0, ±1/2). A similar
feature was also observed in the Patterson map of the heated
mono-C8-BTBT sample shown in Fig. S5. As the reference,
we also calculated the Patterson functions based on the results
of the full crystal structure analysis of mono-C9-BTBT and
mono-C4-BTBT, as shown in Figs. 3(e) and 3(f). The distinct
features which originate from the change of the LHB packing
are more clearly observed in the comparison of the Patterson
maps. The Patterson map is useful for discriminating the LHB
polymorphs when only p-XRD data can be obtained owing to
difficulties in full crystal structure analysis.

D. Phase diagram and transition entropy

We conducted thermal analyses of the polymorphic trans-
formations of the recrystallized products of mono-Cn-BTBT
using differential scanning calorimetry (DSC). Figure 4(a)
shows typical DSC curves for the series of mono-Cn-BTBTs
(n = 8 − 11). The DSC curves for all the samples exhibit
small endothermic peaks at approximately 85–100 ◦C owing
to polymorphic transformations, which are followed by sharp
endothermic peaks associated with the melting transitions at
around 110 ◦C. The onset temperatures of the endothermic
peaks for the polymorphic transitions are roughly indepen-
dent of the heating rate, whereas the peak height and peak

TABLE I. The intralayer lattice constants of mono-Cn-BTBTs along x and y crystallographic directions.

n // x (Å) // y (Å) Lattice volume (Å3) Cryst. type Methoda Ref.

4 5.8764 8.1910 1543.9 SCP SC-XRD [27]
8 (heated) 5.7560 8.2873 1935.0 SCP p-XRD [38]
8 (as-grown) 5.9616 7.8701 1901.7 LCP SC-XRD This work
9 (heated) 5.755 8.256 2058.5 SCP thin-film XRD and p-XRD This work
9 (as-grown) 5.97616 7.9219 2043.3 LCP SC-XRD [27]
10 5.96528 7.8482 2107.1 LCP SC-XRD This work
11 5.95355 7.84939 2220.6 LCP SC-XRD This work

aSC-XRD: Single crystal x-ray diffraction.
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FIG. 6. (a), (b) Chain-length dependence of the sum of the (a)
intralayer and (b) interlayer interaction energies. The core–core
(square symbols) and chain–chain (triangle symbols) interactions in
the mono-Cn-BTBT crystals were calculated using the structures of
the fragments in the crystals. The red-open and blue-filled symbols
indicate the results calculated using the crystal structures of SCP and
LCP, respectively.

evaluated the lattice energy (Ulattice ) using dispersion-
corrected density functional theory (DFT) calculations under
periodic boundary conditions (see Supplemental Material [56]
and Refs. [61–65] for details). The results are shown in
Fig. S9(a). We found that the Ulattice increased almost linearly
as the alkyl chain length increased.

To investigate the origin of the change in Ulattice, we
decomposed the intermolecular interactions into four dif-
ferent types: Intralayer/interlayer core–core interactions and
intralayer/interlayer chain–chain interactions; the calculated
results are plotted in Fig. 6 (see Supplemental Material [56]
and Refs. [64–68] for details). The sum of the decomposed in-
teraction energies is approximately coincident with the lattice
energy, as shown in Fig. S9(b). We found that the intralayer
interactions are almost 10 times larger than the interlayer
interactions, and that the intralayer chain–chain interaction
primarily increases with increasing chain length. Notably,
the change from the LCP to the SCP causes a slight in-
crease (1.85 kJ/mol) of the intralayer core–core interaction
but a decrease (6.08 kJ/mol) of the intralayer chain–chain
interaction, as seen in Fig. 6(a). These results demonstrate
that the intralayer chain–chain interaction is more significant
in determining the intermolecular arrangements of the LCP
than that of the SCP. The intralayer interaction analyses also
suggest that the SCP is slightly more stable in terms of the
π -core arrangements, as evidenced by the crystal structure
of BTBT without alkyl chain substitution [27], which shows
an SCP crystal structure. We conclude that the polymorphic
transformation is triggered by a decrease in the effective in-
tralayer chain–chain interactions in the LCP due to increasing
temperature, eventually resulting in the transition to an SCP
owing to the stability of the π -core arrangement.

F. The observed odd–even chain length effect

The odd–even alkyl-chain-length effect is a unique charac-
teristic of organic compounds that involve alkyl chains. This
effect originates from the fact that the direction of the terminal
C–C bond depends on the parity of the number of carbon

FIG. 7. (a), (b) Chain length (n) dependence of the phase
transition temperatures of mono-Cn-BTBTs from the LCP. (a)
Crystal–crystal transition temperatures at 8 ! n ! 11. (b) Melting
temperatures at 12 ! n ! 16. In both cases, the phase transition
temperature of n = 2m (m " 4) is higher than that of n = 2m +
1 despite the increase in the chain length. (c) Interlayer stack-
ing structures of alkyl side chains represented by a space-filling
model. Even (top) and odd (bottom) number of carbon atoms in the
alkyl chain. The stacking motifs are depicted based on the crystal
structures of the LCP of n = 8 and 9. The atomic arrangements
surrounded by the red frames are schematically illustrated in the
right panels.

atoms [5,69,70]. We found that the mono-Cn-BTBTs present
an odd–even chain length effect on the phase transition tem-
perature for both polymorphic transformations at n = 8–11
and melting transitions at n " 12, as shown in Figs. 7(a) and
7(b), respectively. Notably, both effects were clearly observed
in the transitions from LCP. In fact, the interlayer chain–chain
interaction clearly depends on the odd–even number of carbon
atoms in the alkyl chains, where the difference is as large as
∼2 kJ/mol, as shown in Fig. 6(b).

Figure 7(c) shows the molecular arrangements around
the contacts between the alkyl chain layers for both even
and odd chain lengths. In the case of an even number
(mono-C8-BTBT), the terminal C–C bond is largely inclined
from the layer normal, so that one of the end hydrogen atoms
can penetrate the counter alkyl-chain layer, causing relatively
strong interlayer interactions. In contrast, in the case of an
odd number (mono-C9-BTBT), the terminal C–C bond is al-
most parallel to the layer normal, so that the three hydrogen
atoms are equally arranged on the layer surface and do not
penetrate the counter alkyl-chain layer. Such a clear depen-
dence of the interlayer interactions on the odd–even number
explains the observed odd–even chain effect of the phase
transition temperature in mono-Cn-BTBTs. Notably, a similar
dependence on the packing geometry was observed in other
BTBT derivatives, such as Ph-BTBT-Cn and di-Cn-BTBTs
(see Fig. S10).

III. CONCLUSION

We demonstrated unique temperature-induced polymor-
phic transformations between distinct LHB polymorphs in
model layered-crystalline OSCs of mono-Cn-BTBTs. Four
types of LCP at n = 8–11 present mostly irreversible
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FIG. 4. (a) Typical DSC curves of mono-Cn-BTBTs (n = 8, 9,
10, and 11) during the heating process. A sharp endothermic peak
at around 110 ◦C in each curve corresponds to the melting point.
The broad peak before reaching the melting point corresponds to
the polymorphic phase transition. (b) The chain-length–temperature
phase diagram for the mono-Cn-BTBT (n = 4–16). The filled blue
circles and red squares indicate the melting and the polymorphic
transition points, respectively.

temperature depend sensitively on the heating rate, as shown
in Fig. S6(a). The heating rate dependence of peak tem-
perature indicates the gradual nature of the polymorphic
transformations. Additionally, a clear exothermic peak due to
polymorphic transformation back to the initial phase was not
observed in the cooling run, as shown in Fig. S6(b). This led
to the absence of small endothermic peaks at approximately
85–100 ◦C in the second heating run, as shown in Fig. S6(c).
These features are consistent with the POM observations.
Note that the exothermic peak due to solidification from the
liquid phase also depends considerably on the cooling rate,
as shown in Fig. S6(b). The observed features indicate that
crystallization in mono-Cn-BTBTs proceeds very slowly in the
supercooled state.

The phase transition temperatures were extracted from the
onset of the endothermic peaks in the first heating run of the
DSC curves. Figure 4(b) shows the chain-length–temperature
phase diagram for mono-Cn-BTBT (n = 4–16). Polymorphic
phase transformation is observed at the intermediate chain
length (n = 8–11) because of the competition between the
SCP and LCP. The transition temperature tends to increase
with chain length, but it also depends on the parity of the
number of carbon atoms in the alkyl chains, which will be
discussed in Sec. II F.

We analyzed the DSC curves during the first heating run
to evaluate the transition entropy from the crystalline state
at ambient conditions to the liquid state at high tempera-
tures. Figure 5(a) shows the transition entropy plotted as a
function of chain length (number of carbon atoms in the sub-
stituted alkyl chains). The transition entropy for the melting
transition increased considerably with increasing alkyl chain
length. In the figure, we also show the slope of NAkB ln
3 (≈9.13 J/mol K), where NA and kB are Avogadro’s number
and the Boltzmann constant, respectively. We found that the
transition entropy for mono-Cn-BTBTs at n ! 12 increases

FIG. 5. (a) Chain-length (n) dependence of entropy change at
the melting point (!Smelt ) and the polymorphic transition (!Scryst ).
The dashed line represents the slope of NAkB · ln 3 ≈ 9.13 J K−1

(mol of − CH2−)−1. (b) Schematics for the three conformations of
neighboring methylene groups. The top figure shows the confor-
mation of methylene groups observed from the direction along the
chemical bond, as indicated by the black arrow in the bottom figure.

almost linearly with chain length, with the slope roughly
proportional to NAkB ln 3. A similar alkyl-chain-length depen-
dence of transition entropy has been reported for the melting
transition of other liquid crystalline compounds [58–60]. The
factor 3 is ascribable to the conformational degrees of freedom
of the alkyl chains, as shown in Fig. 5(b). The alkyl chains are
linearly extended (i.e., all-trans) in the crystal phase; however,
when the compounds are melted, each methylene group can
take three available conformations involving one trans- and
two gauche- conformations. The observed results indicate that
the alkyl chains with large conformational degrees of freedom
work as an entropy reservoir and thus play fundamental roles
in the melting transition of mono-Cn-BTBTs.

In contrast, the slope of the entropy change in the melting
transition for mono-Cn-BTBTs at n = 8–11 is approximately
1/2–1/3 times smaller than that of NAkB ln 3. Interestingly,
the total transition entropy for both polymorphic and melting
transitions is linearly dependent on the chain length, whose
increasing rate is close to that of NAkB ln 3, and thus, the slope
is continuously connected with the compounds at n ! 12, as
seen in Fig. 5(a). This suggests that the LCP with n = 8–11
undergoes a structural transformation to the SCP to achieve a
partial entropy gain before complete melting. We propose that
the alkyl chain ordering should fluctuate more in the SCP than
in the LCP. This feature is observed by the thermal ellipsoids
at room temperature (see Fig. S7), even though the chain
order was confirmed by crystal structure analysis. This partial
melting of the alkyl chain leads to the rearrangement of the π
cores to the SCP.

E. Crystal structures and intermolecular interaction analysis

In this study, we successfully conducted additional full
crystal structure analyses for mono-Cn-BTBT single crystals
of n = 8, 10, and 11 at ambient conditions (see Supplemen-
tal Material [56] and Fig. S8). The obtained structures are
isomorphous with those of mono-C9-BTBT, which confirms
the validity of the analysis using optical absorption and p-
XRD measurements [28]. Using the crystal structure data and
that of mono-C4-BTBT and heated mono-C8-BTBT [38], we
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FIG. 6. (a), (b) Chain-length dependence of the sum of the (a)
intralayer and (b) interlayer interaction energies. The core–core
(square symbols) and chain–chain (triangle symbols) interactions in
the mono-Cn-BTBT crystals were calculated using the structures of
the fragments in the crystals. The red-open and blue-filled symbols
indicate the results calculated using the crystal structures of SCP and
LCP, respectively.

evaluated the lattice energy (Ulattice ) using dispersion-
corrected density functional theory (DFT) calculations under
periodic boundary conditions (see Supplemental Material [56]
and Refs. [61–65] for details). The results are shown in
Fig. S9(a). We found that the Ulattice increased almost linearly
as the alkyl chain length increased.

To investigate the origin of the change in Ulattice, we
decomposed the intermolecular interactions into four dif-
ferent types: Intralayer/interlayer core–core interactions and
intralayer/interlayer chain–chain interactions; the calculated
results are plotted in Fig. 6 (see Supplemental Material [56]
and Refs. [64–68] for details). The sum of the decomposed in-
teraction energies is approximately coincident with the lattice
energy, as shown in Fig. S9(b). We found that the intralayer
interactions are almost 10 times larger than the interlayer
interactions, and that the intralayer chain–chain interaction
primarily increases with increasing chain length. Notably,
the change from the LCP to the SCP causes a slight in-
crease (1.85 kJ/mol) of the intralayer core–core interaction
but a decrease (6.08 kJ/mol) of the intralayer chain–chain
interaction, as seen in Fig. 6(a). These results demonstrate
that the intralayer chain–chain interaction is more significant
in determining the intermolecular arrangements of the LCP
than that of the SCP. The intralayer interaction analyses also
suggest that the SCP is slightly more stable in terms of the
π -core arrangements, as evidenced by the crystal structure
of BTBT without alkyl chain substitution [27], which shows
an SCP crystal structure. We conclude that the polymorphic
transformation is triggered by a decrease in the effective in-
tralayer chain–chain interactions in the LCP due to increasing
temperature, eventually resulting in the transition to an SCP
owing to the stability of the π -core arrangement.

F. The observed odd–even chain length effect

The odd–even alkyl-chain-length effect is a unique charac-
teristic of organic compounds that involve alkyl chains. This
effect originates from the fact that the direction of the terminal
C–C bond depends on the parity of the number of carbon

FIG. 7. (a), (b) Chain length (n) dependence of the phase
transition temperatures of mono-Cn-BTBTs from the LCP. (a)
Crystal–crystal transition temperatures at 8 ! n ! 11. (b) Melting
temperatures at 12 ! n ! 16. In both cases, the phase transition
temperature of n = 2m (m " 4) is higher than that of n = 2m +
1 despite the increase in the chain length. (c) Interlayer stack-
ing structures of alkyl side chains represented by a space-filling
model. Even (top) and odd (bottom) number of carbon atoms in the
alkyl chain. The stacking motifs are depicted based on the crystal
structures of the LCP of n = 8 and 9. The atomic arrangements
surrounded by the red frames are schematically illustrated in the
right panels.

atoms [5,69,70]. We found that the mono-Cn-BTBTs present
an odd–even chain length effect on the phase transition tem-
perature for both polymorphic transformations at n = 8–11
and melting transitions at n " 12, as shown in Figs. 7(a) and
7(b), respectively. Notably, both effects were clearly observed
in the transitions from LCP. In fact, the interlayer chain–chain
interaction clearly depends on the odd–even number of carbon
atoms in the alkyl chains, where the difference is as large as
∼2 kJ/mol, as shown in Fig. 6(b).

Figure 7(c) shows the molecular arrangements around
the contacts between the alkyl chain layers for both even
and odd chain lengths. In the case of an even number
(mono-C8-BTBT), the terminal C–C bond is largely inclined
from the layer normal, so that one of the end hydrogen atoms
can penetrate the counter alkyl-chain layer, causing relatively
strong interlayer interactions. In contrast, in the case of an
odd number (mono-C9-BTBT), the terminal C–C bond is al-
most parallel to the layer normal, so that the three hydrogen
atoms are equally arranged on the layer surface and do not
penetrate the counter alkyl-chain layer. Such a clear depen-
dence of the interlayer interactions on the odd–even number
explains the observed odd–even chain effect of the phase
transition temperature in mono-Cn-BTBTs. Notably, a similar
dependence on the packing geometry was observed in other
BTBT derivatives, such as Ph-BTBT-Cn and di-Cn-BTBTs
(see Fig. S10).

III. CONCLUSION

We demonstrated unique temperature-induced polymor-
phic transformations between distinct LHB polymorphs in
model layered-crystalline OSCs of mono-Cn-BTBTs. Four
types of LCP at n = 8–11 present mostly irreversible
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3) Ph-BTBT-C10/Ph-BTBT-C14 (9:1 v/v)  monolayer on Au
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*基板の形状によるバックグラウンド
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In-plane
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1), 2) に⽐べてブロードなピーク: ⾯内の構造秩序の乱れ
経時変化の観測

約3ヶ⽉

前回測定時 (2022.07.02  15:00)
結晶性が悪く、Phi-scan で明確なピークが観測されなかった

R. Kondo基板の形状によるバックグラウンド

⾯内回折
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2qc-f scan f Scan (2qc = 18.11)

バルクの構造から予想されるピーク値は 2qc = 18.30
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(010)⾯と(110)⾯の法線間の⾓度 ~ 52 degree (バルクの構造から予想される値は 52.06)
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5Unitセル（10層）積層された薄膜の格⼦定数と空間群の決定を試みる
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有機強誘電体の分極起源の解明
(Hdabco)(ReO4):

Comment on ‘‘Ferroelectric Order of Parallel Bistable
Hydrogen Bonds’’

Second harmonic generation (SHG) is a very sensitive
probe to detect phase transitions between noncentrosym-
metric (NCS) and centrosymmetric (CS) structures, since it
exists only in NCS materials, unless a magnetic dipole or
an electric quadrupole contributes to it [1]. Therefore,
temperature dependence of second-order nonlinear optical

susceptibility !ð2Þ can be an indicator of CS-to-NCS phase
transition and useful for screening inorganic-organic hy-
brid ferroelectrics [2–4].

Szafrański et al. discovered a series of ferroelectrics
such as [(H-dabco)X] [X ¼ ClO4 (CO4), BF4 (BF4), ReO4

(RO4), and H-dabco¼1-azonia-4-azabicyclo-ð2:2:2Þoctane]
[5,6]. Both CO4 and BF4 crystallize in NCS at room tem-
perature and in CS above Tc [5]. Similarly, they pointed
out that RO4 crystallizes in NCS space group Cm in the
ferroelectric phase (FP) at room temperature and in CS
space group P4=mmm in the paraelectric phase (PP)
above Tc (374 K) [6]. Actually, we consider that this
assignment on space group in PP is not consistent with

our experimental result of !ð2Þ [Fig. 1(d)], since the !ð2Þ

above Tc is still nonzero. The electric configuration of
Re7þ is 4f145d06s0, whose 4f orbit is full and 5d and 6s
orbits are empty, which is a nonmagnetic cation.

Therefore, the nonzero !ð2Þ in RO4 can overwhelming
determine noncentrosymmetry structure, since there is
no magnetic dipole contributing to the SHG effect [1].

For comparison, we have measured !ð2Þ on CO4 and BF4.

As expected, above Tc their !ð2Þ value unambiguously
becomes zero [Fig. 1(b)], abiding by the symmetry break-
ing rule from FP to PP.

It must be NCS if a crystal is electric-dipole SHG
active. We can easily understand what happens about

the temperature dependence of !ð2Þ of RO4 [Fig. 1(d)]:
(a) Below 200.7 K (T1), its structure is NCS with point

group mm2, since !ð2Þ has a nonzero value. (b) Above T1,

!ð2Þ gradually increases with increasing temperature and
reaches a saturated value, corresponding to a ferroelectric
phase with space group Cm. The calculated spontaneous
polarization [2] from crystal structure is 12:96 "C % cm&2,
which is consistent with Ref. [6]. (c) When the tempera-

ture is higher than 377.1 K (T2),!
ð2Þ sharply decreases in a

temperature range of 10 K and then gradually decreases
to zero around 499.6 K (T3), indicating that RO4 is still
NCS. Single crystal x-ray diffraction also confirmed that
the space group is P4mm (Fig. 2) and not P4=mmm. The
calculated spontaneous polarization is 9:455 "C % cm&2

and not zero as mentioned in Ref. [6]. (d) Above T3, !
ð2Þ

becomes zero and the crystal begins to decompose as
shown in the thermogravimetric analysis (TGA) curve
[Fig. 1(d)]. Above 650 K, the decomposition is complete
with a weight loss of 30.8%, indicating that only per-
rhenic acid remains. These phase transitions revealed by

SHG effect are consistent with differential scanning calo-
rimeter (DSC) results [Figs. 1(a) and 1(c)].
In summary, RO4 undergoes two reversible FP-to-FP

transitions at T2 and T1, respectively, like BaTiO3. It is
notable that the correct phase transition near T2 is a FP-to-
FP transition with an Aizu notation of 4mmFm, not a
PP-to-FP transition.
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FIG. 1 (color online). Temperature dependence of DSC of
CO4 and BF4 (a), !ð2Þ of CO4 and BF4 (b), DSC of RO4 (c),
and !ð2Þ and TGA of RO4 (d). Crystal structural transition is also
given in (d), and the thin red arrows indicate the directions
of the polarization.

FIG. 2 (color online). Crystal structure of RO4 in the phase
with space group P4mm at 383 K.
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Bijvoet対の回折強度⽐ radiation damage による回折ピークの強度減少
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