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Controlling the crystal packing of perfluorophenyl-substituted aryl molecules (Ar-Ar"-type molecules) is
crucial for their properties. Herein, we investigated the crystal structures of perfluorophenyl-substituted
thiophene derivatives bearing three different trialkylsilyl groups: trimethylsilyl, tert-butyldimethylsilyl, and
triisopropylsilyl. Single-crystal X-ray diffraction analysis revealed that the compounds exhibited distinct
head-to-tail stacking patterns depending on the length and degree of branching of the alkyl chains on the
trialkylsilyl groups. Notably, the photophysical properties of the crystals differed, despite being similar in
solution. Specifically, the trimethylsilyl and tert-butyldimethylsilyl derivatives exhibited a larger red shift in

Received 15th September 2025,
Accepted 20th October 2025
their excitation and emission wavelengths, as well as higher photoluminescence quantum yields. These
results indicate that trialkylsilyl groups can effectively modulate molecular packing to enhance the solid-
state properties of these compounds.
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Introduction

Controlling the crystal structures of molecules and their solid-
state properties is a significant subject in crystal engineering.
Combinations of noncovalent interactions, including attractive
forces and steric hindrance, are essential for the design of crystal
structures."® Introducing trialkylsilyl groups into aryl molecules
is a simple and effective strategy for modifying crystal structures
and their solid-state properties.>*™” In this strategy, the
n-stacking interactions of aryl molecules are combined with the
repulsive steric hindrance and attractive dispersion forces of
trialkylsilyl groups, which enables the modulation of n-stacking
structures by varying the length or degree of branching of the
alkyl groups on the silicon atom. For example, trialkylsilyl-
substituted  diethynylindenofluorenediones exhibit distinct
n-stacking structures, allowing for the tuning of their electronic
and optical properties.’ Although this strategy is primarily used
for fused-ring compounds™'® and polymers'® in organic
electronic materials, there remain unexplored applications of this
strategy. To enhance its practicality, we have recently reported
several attempts of using trialkylsilyl groups for controlling crystal

“ Division of Applied Chemistry and Frontier Chemistry Center (FCC), Faculty of
Engineering, Hokkaido University, Sapporo, Hokkaido 060-8628, Japan.

E-mail: hajito@eng. hokudai.ac.jp

b Institute for Chemical Reaction Design and Discovery (WPI-ICReDD), Hokkaido
University, Sapporo, Hokkaido, 060-8628, Japan.

E-mail: mingoo@icredd. hokudai.ac.jp

+ “Dedicated to Professor Resnati, celebrating a career in fluorine and
noncovalent chemistry on the occasion of his 70th birthday.”

390 | CrystEngComm, 2026, 28, 390-395

structures, employing triaryltriazine or halogen-substituted
dipolar 2,3-difluorobenzene as the aryl molecule.'”*

Following those examples, we subsequently focused on the
perfluorophenyl group.>®”'** On the perfluorophenyl group,
the electron-withdrawing fluorine atoms generate an electron-
deficient region (m-hole), leading to aryl-perfluoroaryl
interactions with other aromatic or heteroaromatic rings owing
to the charge complementarity between the stacked rings. For
example, hexafluorobenzene forms a molecular complex with
benzene in the crystalline state.">** While both compounds are
liquid at 295 K, the cocrystal has a higher melting point,
indicating that aryl-perfluoroaryl interactions exhibit a strong
binding energy (ca. =30 k] mol™, experimental value for C¢F¢/
CeHe).?® Similarly, crystal structures of perfluorophenyl-
substituted aryl molecules (Ar-Ar*-type molecules) are strongly
influenced by aryl-perfluoroaryl interactions.>”*>*® While
phenyl groups typically exhibit edge-to-face or slipped face-to-
face interactions (8-12 kJ mol™), perfluorophenyl groups and
other aryl groups tend to adopt a face-to-face stacking
arrangement (23-29 kJ mol™), producing well-ordered head-to-
tail arrangements of Ar-Ar'-type molecules (Fig. 1a).*®
Furthermore, n-plane overlaps between the arylene and
perfluoroaryl moieties can influence their solid-state
photophysical properties.®>*® For example, the introduction of
linear alkyl groups with different chain lengths induces distinct
n-plane overlaps in Ar-Ar*-type molecules in the crystalline
state, accompanied by variations in photoluminescence
quantum yields and slight shifts in emission wavelengths.>>>®
However, the introduction of trialkylsilyl groups into Ar-Ar*-type
molecules has not been reported to date.

This journal is © The Royal Society of Chemistry 2026
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(a) Aryl-perfluoroaryl interactions: strong attractive interactions leading to well-ordered arrangements
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(b) This work: a systematic investigation of the crystal structures of Ar-ArF molecules bearing trialkylsilyl groups
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Fig. 1 (a) Aryl-perfluoroaryl interactions. (b) This work: investigation of the crystal structures of Ar-Ar" molecules bearing trialkylsilyl groups with

systematic variation in size and shape.

Herein, as a first systematic study of the silyl substituent
effect on  Ar-Ar'-type molecules, we synthesized
2-(perfluorophenyl)thiophene (1) and introduced three
different trialkylsilyl groups, namely, trimethylsilyl (TMS; 2),
tert-butyldimethylsilyl (TBS; 3), and triisopropylsilyl (TIPS; 4)
at the 5-position of thiophene.>’*® X-ray diffraction (XRD)
analysis demonstrated that although the crystals of 1-4 have
head-to-tail arrangements in common, their face-to-face
stacking arrangements varied depending on the sizes and
shapes of the trialkylsilyl groups. In addition, the excitation
and emission spectra of the four crystals differed, as well as
the photoluminescence quantum yields, as a result of the
differences in the aryl-perfluoroaryl interactions caused by
the various steric effects of the trialkylsilyl groups (Fig. 1b).

n-BuLi (1.0 equiv) R-OTf (1.1 equiv)

Br S Br - -
\@/ THF (0.50 M) -78°Ctort, 3 h

Results and discussion
Synthesis and crystal preparation

Ar-Ar*-type molecules 2, 3, and 4 were synthesized in two steps,
as shown in Scheme 1. The trialkylsilyl (TMS, TBS, and TIPS)
groups were introduced to the thiophene moiety in good yields
using the corresponding trialkylsilyl trifluoromethane
sulfonates (R-OTf) after the lithiation of the C-Br bond by
n-BuLi.*® In the second step, the palladium-catalyzed Suzuki-
Miyaura cross-coupling reaction of pentafluorophenyl boronic
acid pinacol ester with either 2-bromothiophene or 2a-4a was
conducted. Because the reaction of pentafluorophenyl boronic
acid pinacol ester often gives low yields, we adopted a
mechanochemical approach.® Using a Retsch MM400 mill

2a: R = TMS (88%)
3a: R = TBS (67%)
4a: R = TIPS (91%)

-78°C,1h
2a-4a (isolated yields)
Pd(OAc); (3.0 mol%)
E F SPhos (4.5 mol%) E F .
o CsF (3.0 equiv) R__s ; R=H (28%) .
R— "\ ~Br + B F — | ) F 3: R = T™S (140Az)
U o] ball milling (30 Hz) 4 ; - $ﬁ’§s(f’572§;3)
F F 120 °C, 30 min F F .
1.1-1.4 equiv 1-4 (isolated yields)

Scheme 1 Synthesis of Ar-Ar‘-type molecules 1-4.
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[stainless-steel milling jar (5 mL); 30 Hz; stainless-steel ball (10
mm)], the palladium-catalyzed solid-state perfluoroarylation of
aryl halides afforded the targeted compounds 1-4 in 28%, 14%,
57%, and 52% yields, respectively. 1-4 were dissolved in hexane,
and the crystals of 1-4 were obtained by slow evaporation at
room temperature in air.

Crystal structure analysis of 1-4

1-4 furnished single crystals that were suitable for single-crystal
XRD analysis. The stacking structures in the crystal structures,
along with the observed short contact distances, are shown in
Fig. 2. In the crystal structure of 1 (Fig. 2a), the perfluorophenyl
group and thiophene adopted a coplanar conformation with
angle @ of 6.78-7.05°, and molecules of 1 stacked vertically with
the distance d,; in the range of 3.509-3.536 A and 6 = 73.84-
76.67° in an antiparallel manner, driven by aryl-perfluoroaryl
interactions. As shown in Fig. 2b, the crystal structure of 2 was
similar to that of 1, with @ = 0.13-2.04°, d, in the range of
3.400-3.450 A, and 6 in the range of 71.44-72.44°, However, the
neighboring molecules were oriented in a crossed head-to-head
fashion because steric hindrance between the TMS and
perfluorophenyl groups prevented the antiparallel orientation of
the two molecules. In addition, the crossed head-to-head
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perfluorophenyl group into close proximity, resulting in
hydrogen bonds of 2.587-2.857 A between a hydrogen atom of
TMS and a fluorine atom of the perfluorophenyl group. In the
crystal of 3 (Fig. 2c), @ was 12.58°, and dimer structures with d,
= 3.545-3.573 A and @ = 76.21° stacked diagonally with inter-
dimer d,, and @ values of 3.534-3.562 A and 49.07°, respectively.
This is attributed to the fact that the two methyl groups in the
TBS group are small enough for the dimer structure to be
formed, while the bulky tert-butyl group separates the dimers
from each other. Fig. 2d shows the crystal structure of 4 with
angle @ = 4.51° and composed of slipped stacking dimer
structures with d, = 3.474 A and 6 = 51.77°. The bulky TIPS
groups completely separated dimers from other neighboring
dimers, suggesting that the TIPS group is too bulky to construct
antiparallel molecular stacks. Similar phenomena have also
been observed in the crystal structures of pentacene-based
semiconductors, in which intermolecular CH-n interactions
were hindered by bulky TIPS groups, thereby leading to
intermolecular n-n interactions.’ In all compounds 1-4, steric
hindrance from the silyl substituents influences the aryl-
perfluoroaryl interactions, causing the orientation of adjacent
aromatic rings to deviate from the optimal n-m stacking
arrangement. This phenomenon, where silyl groups introduce
steric hindrance that affects other dominant intermolecular
interactions, is commonly observed in other silyl-substituted
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(a-d) Crystal structures of 1-4, respectively. Definition of the parameters: @ refers to the torsion angle of the perfluorophenyl group and

thiophene calculated from the four points shown in the figure, d, refers to the distance between the center of thiophene ring and the plane of the
perfluorophenyl group, and @ refers to the angle of the three centers which represents the stacking directions.
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Fig. 3 (a-d) The intercolumnar or interdimer structure in the crystal structures of 1-4, respectively.

aromatic systems.”™” In addition to the stacking structures of

the molecules, there were apparent differences in the interface
structure of the stacking columns or dimer structures. The
intercolumnar structure of 1 showed a layered structure of
n-stacked domains (Fig. 3a). In the intercolumnar interface of 2,
half of the TMS groups formed layered domains, resulting in
the separation of the n-stacked columns (Fig. 3b). The
intercolumnar structure of 3 was alternating layered domains
consisting of n-stacked domains and TBS domains (Fig. 3c). In
the interdimer interface of 4, the bulky TIPS groups dominated
the packing structure, shielding the n-stacked dimers (Fig. 3d).

(a) Excitation and emission spectra in solution

Photophysical properties in solution

DFT calculations suggested that the HOMOs and LUMOs of
1-4 have similar values (Fig. S1). Dilute solutions of 1-4 were
prepared in chloroform, and their UV-vis excitation and
emission spectra recorded. Fig. 4a shows the obtained
excitation and emission spectra and Table 1 summarizes the
corresponding photophysical data. Solutions of 1-4 exhibited
similar excitation and emission wavelengths, with 1., = 312-
322 nm and Ay = 385-395 nm. Solutions of 1-4 also exhibit
a low @p, of 0.01-0.02 and a short 7 of 0.7-4.4 ns.

Excitation Emission 1:R=H
2 2:R=TMS
£ 3: R=TBS
3 4: R=TIPS
;
-
- 1
700
(b) Excitation and emission spectra in the crystal
Excitation Emission 1:R=H
> 2: R=TMS
g 3: R=TBS
z 4: R=TIPS
g
T
£
2
T T T T T 1
200 300 400 500 600 700
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Fig. 4 Excitation and emission spectra of 1-4 in (a) dilute chloroform solutions (concentration: 10> mol L™ for both spectra) and (b) the

crystalline state.
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Table 1 Photophysical data for dilute solutions and crystals of 1-4

In dilute solution In the crystal form

Jex [Nm] Jem [NM] Dpr, 7 [ns] Aex [NmM] Aem [DM)] Dpr, Tay [D1S]
1 312 385 0.01 1.84 351 421 0.05 0.67
2 318 395 0.01 1.77 394 434 0.21 1.06
3 322 393 0.02 0.73 371 451 0.18 1.19
4 320 393 0.02 4.40 359 414 0.06 0.90

Jext Maximum excitation wavelength, J.,,: maximum emission wavelength, @p;: photoluminescence quantum yield, z: emission lifetime, z,,:

average of emission lifetime.

Photophysical properties in the crystal form

Although the photophysical properties of 1-4 were similar
in solution, their photophysical properties in the crystal
form were expected to vary because their crystal structures
differed considerably. Therefore, we measured the excitation
and emission spectra (Fig. 4b), and the photophysical data
are summarized in Table 1. Compared to those in solution,
the excitation and emission wavelengths were red-shifted,
especially for 2 (ex = 394 nm and Aey, = 434 nm,) and 3 (Aex
= 371 nm and Aey = 451 nm). Moreover, the value of @py,
improved in all the crystals, especially for 2 (®p, = 0.21)
and 3 (@p = 0.18). In Fig. 5, the red-shifts (in eV) and ®py,
values for 1-4 are summarized along with the =n-plane
overlaps in their crystal structures. Larger red-shifts in e
for 2 (0.75 eV) and Ay for 3 (0.41 eV), as well as higher
®py, values for 2 (0.21) and 3 (0.18), are highlighted in red.
It is suggested that the disparities in m-plane overlaps, as
shown by the red areas in Fig. 5, led to the variation in the
photophysical properties in the crystal form. In aryl-
perfluoroaryl interactions, photophysical properties are
associated with charge transfer transitions between the
electron-rich aryl ring and the electron-deficient
perfluorophenyl group; therefore, the distances between the
thiophene and perfluorophenyl groups (d,) and the stacking
directions () directly influenced the values of ey, Aem, and

Not steric Small and round

Moderate and lopsided

@pp. Furthermore, 2 showed a pronounced vibrational
structure in its emission spectrum compared with 1, 3, and
4 (Fig. 4). The molecular arrangement in the crystal of 2
might favor emission from the locally excited state, whereas
the charge-transfer state would be more dominant in the
crystals of 1, 3, and 4.

Conclusions

We synthesized 2-(perfluorophenyl)thiophene (1) and
introduced TMS (2), TBS (3), and TIPS (4) groups at the
5-position of the thiophene to systematically investigate the
effect of the bulkiness of the silyl substituents on their
crystal structures. Single-crystal XRD analysis revealed that
the crystal structures of 1-4 exhibited distinct head-to-tail
stacking structures according to the difference in the length
or degree of branching of the alkyl groups on the
trialkylsilyl groups. Notably, the photophysical properties of
the crystals differed, despite being similar in solution.
Specifically, 2 and 3 showed large red shifts in the
excitation and emission wavelengths as well as a large
increase in photoluminescence quantum yields. Therefore,
it is suggested that trialkylsilyl groups can effectively modify
molecular arrangements to improve the solid-state
properties of materials.
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Fig. 5 A summary of the molecular structures and their arrangement within the crystal structure. n-plane overlaps are shown by red areas.
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