CrysttngComm

CrystEngComm

Architecting layered molecular packing in substituted
benzobisbenzothiophene (BBBT) semiconductor crystals

Journal:

CrystEngComm

Manuscript ID

CE-ART-02-2020-000285.R1

Article Type:

Paper

Date Submitted by the
Author:

17-Apr-2020

Complete List of Authors:

Higashino, Toshiki; National Institute of Advanced Industrial Science and
Technology (AIST)

Arai, Shunto; The University of Tokyo

Inoue, Satoru; The University of Tokyo

Tsuzuki, Seiji; National Institute of Advanced Industrial Science and
Technology (AIST)

Shimoi, Yukihiro; National Institute of Advanced Industrial Science and
Technology (AIST)

Horiuchi, Sachio; National Institute of Advanced Industrial Science and
Technology (AIST)

Hasegawa, Tatsuo; The University of Tokyo

Azumi, Reiko; National Institute of Advanced Industrial Science and
Technology (AIST)

-

S \RONE™

y || Moo=
ah_ AL

Manuscripts




Page 1 of 10

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

CrystEngComm

Architecting layered molecular packing in substituted
benzobisbenzothiophene (BBBT) semiconductor crystals

Toshiki Higashino,*2 Shunto Arai,? Satoru Inoue,? Seiji Tsuzuki,¢ Yukihiro Shimoi,c Sachio Horiuchi,?
Tatsuo Hasegawa*? and Reiko Azumi?

Construction and control of 2D layered packing motifs with m-extended fused-ring molecules is of crucial importance for
developing organic electronic materials and devices. Herein, we demonstrate that, when adequately substituted, two kinds
of layered packing motifs are obtainable for benzo[1,2-b:4,5-b']bis[b]benzothiophene (BBBT), which itself does not show
layered crystallinity. We synthesized BBBT derivatives substituted with a combination of alkyl chains and a phenyl ring in a
symmetric/unsymmetric manner; 2,8-didecyl-BBBT (diC10-BBBT) and 2-decyl-8-phenyl-BBBT (Ph-BBBT-C10). We found that
diC10-BBBT forms a layered ni-stack (LitS) structure mainly composed of slipped parallel stacks, while Ph-BBBT-C10 forms a
typical layered herringbone (LHB) packing chiefly composed of T-shaped contacts. The feature is associated with the non-
layered packing motif in BBBT: typical m-stack and herringbone structures, both of whose polymorphs show a large slip along
the molecular long axis. Calculations of intermolecular interaction energies between neighbouring molecules in the crystals
reveal that the interchain interactions suppress the long-axis slip, leading to the formation of the LnS and the LHB,
respectively. Both diC10-BBBT and Ph-BBBT-C10 form uniform (ultra)thin films originating from the layered crystallinity, and
exhibit good transistor characteristics with hole mobility of about 1 cm? V-1 s71, We discuss how the substituent modifications

are useful as crystal engineering to explore the potential of m-extended molecules for electronic applications.

Introduction

n-Extended fused-ring compounds based on (thieno)acenes
are attracting considerable attentions as they constitute the
fundamental material base for organic electronic applications.
10The compounds feature extended nt-electronic states over the
backbones as well as relatively strong intermolecular m-mt
interactions, allowing efficient charge transport. A significant
and essential requirement for their use in organic thin-film
transistors (TFTs) is to achieve high layered crystallinity,
because the self-organizing architecture of a 2D molecular
packing geometry is most suitable for obtaining perfectly
aligned semiconductor-insulator interfaces.!*? In fact, high-
performance organic TFTs have been reported in pentacene,’3-
16 rubrene,'’-2° benzothieno([3,2-b][1]benzothiopene (BTBT),%*
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25 dinaphtho[2,3-b:2',3'-f]thieno[3,2-b]thiophene (DNTT),26-2°
and others39-39 that involve layered packing motifs.

However, it is also known that the layered packing geometry
is not usually seen in the m-extended fused-ring compounds
without substitution modification. The crystal structures of the
compounds are traditionally categorized into herringbone, m-
stack (y type), and several others, in terms of the shortest cell
length and the interplanar angle between adjacent
molecules.*%41 The molecular layer formation due to the side-
by-side intermolecular contacts is not seen in many
compounds,*?45 because pairs of some neighbouring molecules
are only partially overlapped with each other along the
molecular long axes, (or the molecules exhibit long-axis slip to
each other) within the crystals. The feature should be ascribed
to the relatively unfavourable nature of the intermolecular face-
to-edge (T-shaped) or face-to-face (parallel m-stack) contacts
over the whole length of the molecules.*®47 It means that most
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Chart 1 Molecular structures of diC10-BBBT and Ph-BBBT-C10.
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of the m-extended fused-ring compounds are not suitable for
fabricating organic TFTs as their parent molecules. Thus,
“crystal engineering” would be indispensable for exploring the
further potential of the m-extended fused-ring compounds.

Various substitution effects on the m-extended fused-ring
compounds have been studied, so far, for their use in organic
TFTs. For example, several reports show that silylethynyl
substitutions at the peri-position of (hetero)acenes are useful
to enhance the m-stack-type molecular packing.*850 The effect
of other substituents, such as methyl,>%52 butyl,>3-56 methoxy,*”
59 or halogen®9-62 groups was also investigated. It was also
suggested that long-alkyl-chain substitutions on m-conjugated
molecules work as “molecular fastener” (or zipper) effect to
enhance the intermolecular n-rtinteractions.?”.63-¢¢ Nonetheless,
the methodology of crystal engineering has not yet been
established.

Recently, it was demonstrated that relatively long alkyl-chain
substitution on the BTBT or benzothieno[3,2-b]naphtho[2,3-
b]thiophene (BTNT) backbones is effective and useful for
enhancing the layered crystallinity, on the basis of systematic
investigation on the effect of substituted chain length on the
compounds®7-7%; 1) The long alkyl-chain substitution allows the
formation of aligned alkyl-chain layers, which is effective for
achieving the layered-herringbone (LHB) packing, while the
relatively short alkyl-chain substitution destroys the layered
packing motif;67.68 2) Unsymmetrical substitution with an alkyl
chain seems to be more favourable for enhancing the layered
crystallinity compared to symmetrical substitution with a pair of
alkyl chains, as the former forms bilayer-type molecular packing
motifs;’176 3) The phenyl ring substitution also contributes to
enhancing the layered crystallinity by the herringbone-type
arrangement of benzene rings;’%’7 and 4) The crystalline
stability is enhanced due to the alkyl-chain layer formation, as
is confirmed by high-precision quantum chemical calculations
for the intermolecular interaction energies.’878 Despite these
findings, however, the effect of the substitutions on other kinds
of m-extended fused-ring backbones is unknown as the studies
are limited to the BTBT derivatives that originally involves the
layered packing motif when unsubstituted.

Here, we focus on an extended linear thienoacene
compound, benzo[1,2-b:4,5-b']bis[b]benzothiophene (BBBT,
Chart 1). The BBBT skeleton is categorized as a five-ring-fused
thienoacene family, in which a benzene ring is fused in the
middle of the BTBT skeleton. The BBBT skeleton forms a non-
layered structure due to a large molecular slip along the long-
axis direction and forms two types of polymorphs: a typical n-
stack and a herringbone packing motif.”8° As the large long-axis
slip eliminates the layered crystallinity, the thin films of BBBT
and its derivatives reported so far did not show sufficiently good
organic TFT characteristics (mobilities of ~10-2 cm? V-1 S1). We
developed two kinds of substituted BBBTs tailored by
introducing a combination of long alkyl chains and a phenyl ring
in a symmetrical/unsymmetrical manner: 2,8-didecyl-BBBT
(diC10-BBBT, chart 1) and 2-decyl-8-phenyl-BBBT (Ph-BBBT-
C10), and successfully achieved two different kinds of layered
packing motifs: layered m-stack (LnS) and layered herringbone
(LHB) packing motifs, respectively. We investigated the origin of
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the structural change based on calculations of intermolecular
interaction energies, and the thin-film and TFT characteristics of
diC10-BBBT and Ph-BBBT-C10. Based on the results, we discuss
how these substituent modifications are a useful crystal
engineering method for achieving high layered crystallinity and
thereby exploring the potential of these compounds for organic
electronic applications.

Results and discussion

Basic molecular characteristics. In the synthesis of Ph-BBBT-
C10, an unsymmetric precursor was first synthesized in the
presence of two kinds of coupling partners with a decyl chain
and a phenyl group. Then, the BBBT backbones were formed via
double intramolecular cyclization using two methylsulfinyl
groups within the precursor, as outlined in Scheme S1.8° The
materials were sufficiently soluble in chlorinated or aromatic
solvents. The solvent solubilities in chlorobenzene, o-xylene,
and chloroform at 25 °C were 71, 49, and 61 mmol/L for diC10-
BBBT and 1.9, 1.1, and 1.4 mmol/L for Ph-BBBT-C10,
respectively.

The TG-DTA and DSC curves for diC10-BBBT and Ph-BBBT-C10
are shown in Figure S1. Three endothermic peaks are observed
in both diC10-BBBT and Ph-BBBT-C10. The peaks observed at
the highest temperatures correspond to the melting points; 208
°C for diC10-BBBT and 347 °C for Ph-BBBT-C10. The other peaks
are due to liquid-crystal (LC) transitions, as is similar to other
alkylated thienoacenes.6”.687172 The transition temperature
from the crystal phase to the LC phase is much higher in Ph-
BBBT-C10 (at 211 °C) than in diC10-BBBT (at 98 °C).

The comparison of the solvent solubility and the crystal-phase
stability are clearly associated with each other in these
compounds; Ph-BBBT-C10 is much less soluble and more

(a) diC10-BBBT (c) Ph-BBBT-C10
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Fig. 1 Crystal shapes and molecular arrangements of (a)(b) diC10-BBBT
and (c)(d) Ph-BBBT-C10. (a)(c) Crossed-Nicols polarized micrographs of
single crystals obtained by recrystallization from anisole/ethanol mixed
solution and fixed on mesh-type LithoLoops. (b)(d) Molecular
arrangements in the two-dimensional layer and schematic crystal
shapes (black line) within the interior angles, that corresponds to
coloured circles in panels a and ¢ (C10 chains and phenyl groups are
omitted for clarity).

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 10



Page 3 of 10

(a) diC10-BBBT _» (d) Ph-BBBT-C10
et

i

geoesers

i
e
e

-
L

(IR
OO, |
8505050805084808
ugﬁqgﬁﬂgal

Y YO

Fig. 2 Crystal structures of (a-c) diC10-BBBT and (d-f) Ph-BBBT-C10.
(a)(d) Top and front views of one molecule. (b)(e) Projection along the
crystal b (molecular stacking) axis. (c)(f) Projection along the crystal a
(molecular long) axis (C10 chains and Ph groups are omitted for clarity;
gray broken lines show S---C short contacts: 3.57897(9) and 3.58520(9)
A for diC10-BBBT, 3.373(3), 3.394(3), 3.428(3), 3.434(3), 3.472(3) and
3.486(3) A for Ph-BBBT-C10.

thermally stable than diC10-BBBT. This is because an alkyl chain
should increase the entropy of dissolution more than a phenyl
group, originating from the appearance of various conformers
associated with the trans and gauche conformations of the alkyl
chain in liquid phase.8! We note that the comparison between
Ph-BBBT-C10 and Ph-BTBT-C10%77% is basically understood in
terms of the m-extension effect; the latter presents the higher
solubility (~ 5 mmol/L for chlorobenzene) and lower crystal-LC
transition temperature (143 °C) than the former, as shown in
Figure S2. In contrast, the comparison between diC10-BBBT and
diC10-BTBT?%%8 is not straightforward; the latter presents lower
solubility (~ 50 mmol/L for chloroform) and higher crystal-LC
transition temperature (112 °C) than the former. These results
imply that the crystal lattice energies of Ph-BBBT-C10 and
diC10-BBBT are quite distinct, taking into account the fact that
both Ph-BTBT-C10 and diC10-BTBT have almost the same
herringbone-type molecular packing in crystal.67.68

Crystal packing motifs. The diC10-BBBT single crystal tends
to grow as a hexagonal plate (Figure 1a), while the Ph-BBBT-C10
crystal is a rhomboid plate (Figure 1c), both with excellent
crystal quality. The crystallographic data are listed in Table S1.

This journal is © The Royal Society of Chemistry 20xx
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We successfully executed reliable crystal structure analyses as
shown in the Table S1. The diC10-BBBT belongs to the
monoclinic system, space group C2/c (#15), while Ph-BBBT-C10
belongs to P2,/c (#14). In the diC10-BBBT crystal, the BBBT
skeletons are almost planar, and the decyl chains stretch out,
having a typical antiperiplanar conformation without any
disorder, as shown in Figure 2a. In contrast in the Ph-BBBT-C10,
the BBBT core and the phenyl group are twisted with a torsion
angle of about 24°, as shown in Figure 2d.

The molecules form the characteristic layered structures
without any molecular long-axis slip in both diC10-BBBT and Ph-
BBBT-C10, as presented in Figures 2b and 2e. The layered
structures are classified according to the
symmetrical/unsymmetrical substitution: diC10-BBBT shows a
typical lamellar-type structure, whereas Ph-BBBT-C10 exhibits a
bilayer-type structure involving a head-to-head-type contact.

The molecular short-axis orientations within the 2D layer of
these compounds are also distinct with each other, as depicted
in Figures 2c and 2f. The dihedral angles formed by two
alternating BBBT planes are considerably different, about
double: 109° for diC10-BBBT and 50° for Ph-BBBT-C10.
According to the relationship between the dihedral angles and
the shortest cell axes (4.29828(11) A for diC10-BBBT and
6.13566(16) A for Ph-BBBT-C10), the BBBT arrangements are
classified into a m-stack packing for diC10-BBBT and a
herringbone packing for Ph-BBBT-C10.4142 This classification is
also supported by the Hirshfeld surface analysis and fingerprint
plots.82 As shown in Figures S3 and S4, the (C:--H)/(C---C) ratio is
estimated to be 3.4/1 for diC10-BBBT and 41/1 for Ph-BBBT-
C10, respectively. The result indicates that the face-to-face (m-
stack) contact dominates over the edge-to-edge (we call “L-
shape”) contact in the former, whereas the face-to-edge (7-
shape) contact dominates the latter. Note that the ratio under
or over 5/1 is a criterion to classify between the n-stack packing
and a herringbone packing, according to the literature.8?

We here comment that the appearance of the crystal shape,
shown in Figures 1b and 1d, is closely associated with the
molecular packing motifs in the compounds. For Ph-BBBT-C10,
all four sides of the rhomboid are originated in the direction
along the T-shaped contacts. In contrast, for diC10-BBBT, four
sides of the hexagon correspond to the L-shaped contacts and
the other two are due to the m-stack direction.

Substitution effect on packing motifs. Figures 3a and 3b
summarize the molecular arrangements in diC10-BBBT and Ph-
BBBT-C10, with those of the reported BBBT derivatives. As
reported by Takimiya and Millen, BBBT crystallizes into the two
types of polymorphs; phase A and B.7>80 The dihedral angle of
the BBBT plane is 57° in phase A, which is assigned as a
herringbone packing, whereas that is 125° in phase B, which is
assigned as a m-stack. A major feature common to both
polymorphs is the non-layered structure with a large molecular
slip along the long-axis direction between adjacent molecules.
This feature remains after the dibutyl (diC4-)substitution on the
BBBT core: the substitution results in the long-axis slip, although
the resultant interlayer contact is only formed between the
alkyl chains.® Instead, the BBBT cores form purely 1D mt-stack

J. Name., 2013, 00, 1-3 | 3
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panel b, calculated by using the empirical atomic coordinates of (c) the entire molecule, (d) the extracted BBBT core, (e) the extracted C10 chain, and (f)

the extracted Ph group.

without short-axis slip or the roll in the short-axis orientations
of the BBBT backbones. The conventional herringbone or
‘rolled’ mt-stack structure,®3 as seen in BBBT, are lost.

By contrast, diC10-BBBT and Ph-BBBT-C10 clearly present the
layered structures, as described above. It means that the
molecules are ‘forced’ to form layered structures by the
symmetric/unsymmetric introduction of a combination of long
alkyl chains and a phenyl ring, even for the BBBT backbone that
inherently forms non-layered structures. Meanwhile, in terms
of the backbone arrangements, the herringbone and the ‘rolled’
mi-stack structures, as seen in BBBT, are restored in Ph-BBBT-
C10 and diC10-BBBT, respectively. The effect of architecting

4| J. Name., 2012, 00, 1-3

layered molecular packing is apparent with the long-alkyl-chain
substitutions.

Classification by intermolecular interactions. Calculated
intermolecular interaction energies are summarized in Figure
3c; those between the central black-coloured molecule (in
Figures 3a and 3b) and the six nearest short-axis counterparts
in the translational (e; and e4) and diagonal (e,, e, es, and eg)
directions for all the compounds. All the results of the
calculations are presented in Figures S5-S9. Following
interesting features are seen in the plot: Interaction distribution
is close to a regular hexagon in the herringbone packing of

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Molecular arrangements focusing on (a) the C10 chains and (b) the
phenyl group in diC10-BBBT and Ph-BBBT-C10.

‘phase A’ of BBBT. In contrast, the size ratio between the
diagonal and translational contacts is around 3:2 in the LHB of
Ph-BBBT-C10, as is consistent with those in the LHB of other
materials.67.68 We also found that the ratio around 3:2 holds, in
consideration of the ‘interlayer’ contact by the long-axis slip, in
the ‘phase A’ of BBBT (see Figure S5). In contrast, in the m-stack
structures (i.e., ‘phase B’ of BBBT, diC4-BBBT, and diC10-BBBT),
the interaction energies at the translational contacts are
roughly two times larger than that at the diagonal contacts, or
the plots is like an elongated hexagon.

To gain further insight into the origin of the structure
formation, we investigated the contribution of respective parts
of molecules to the intermolecular interaction energies, the
results of which are shown in Figures 3d-3f. It is interesting to
find out that the shape of the plot for the interaction energies
between BBBT backbones (Figure 3d) are roughly identical to
that for the interaction energies between entire molecules in
any of diC4-BBBT, diC10-BBBT, and Ph-BBBT-C10. The shape of
the plot for the interaction energies between the decyl chains
in diC10-BBBT and Ph-BBBT-C10 are also nearly identical to that
for entire molecules (Figure 3e), respectively, which is ascribed
to the different dihedral angles between the all-trans zigzag
chain planes (143° for diC10-BBBT and 71° for Ph-BBBT-C10,
Figure 4a), indicating that the decyl-chain arrangements in
diC10-BBBT and Ph-BBBT-C10 should also be classified as a mn-
stack and a herringbone fashion, respectively. The phenyl group
in Ph-BBBT-C10 forms nearly orthogonal arrangement in a
herringbone-type manner (Figure 4b), and shows quasi-2D
interaction energies along the diagonal directions (Figure 3f).
These features should be the key to achieve the LHB packing
motif in Ph-BBBT-C10.

Intermolecular transfer integrals. Figure 5 shows calculated
intermolecular transfer integrals for diC10-BBBT and Ph-BBBT-
C10. As expected, relatively high anisotropy (or 1D nature)
along the m-stack is seen in the intermolecular transfer integrals
for diC10-BBBT, where both HOMO and HOMO-1 should
contribute almost equally to the carrier transport. In contrast,
roughly isotropic (or 2D) nature is seen in the intermolecular
transfer integrals within the layer of Ph-BBBT-C10. Additionally,

This journal is © The Royal Society of Chemistry 20xx

the contribution of HOMO-1 to the carrier transport should be
much smaller than that of HOMO in Ph-BBBT-C10. The feature
should be ascribed to the fact that the HOMO-1 in Ph-BBBT-
C10 has nodes on the sulphur atoms, which diminishes the
orbital overlap between neighbouring molecules.84-86

Film forming ability. Figure S10 summarizes the usual optical
micrographs, the crossed-Nicols polarized micrographs, and the
AFM height images of the blade-coated films for diC10-BBBT
and Ph-BBBT-C10. Crystalline thin films with multiple domains
are obtained for the both. Among them, diC10-BBBT forms
relatively thick films with thickness of about tens of nanometre.
A step height of about 3.5 nm that corresponds to the single-
layer thickness is observed in the films. In contrast, Ph-BBBT-
C10 forms highly uniform ultrathin films composed of only a
single bilayer thickness of about 5.6 nm. By optimizing the film-
forming conditions, it is possible to obtain a large-area single-
domain and single-bilayer film in Ph-BBBT-C10, as shown in
Figure S11. The results demonstrate that the layered
crystallinity is effectively enhanced by the formation of bilayer-
type LHB packing motif.

TFT characteristics. Typical p-type characteristics are
observed for the TFTs of both diC10-BBBT and Ph-BBBT-C10, as
seen in Figure 6 and S12. The saturation mobilities are
estimated as high as 1 cm? V-1 s7! for diC10-BBBT and 0.3 cm?
V-1 571 for Ph-BBBT-C10, respectively. These values are two
orders of magnitude higher than those of BBBT and diC4-
BBBT.”280 These results clearly demonstrate that the 2D layered
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Fig. 5 Schematic herringbone-like packing motif and (b) the
corresponding transfer integrals calculated by ADF program package at
PW91/TZP level using HOMO and HOMO-1, respectively, and (c) HOMO
and HOMO-1 energy levels and distribution maps of diC10-BBBT and
Ph-BBBT-10.
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Fig. 6 (a)(c) Transfer and (b)(d) output characteristics of the solution-
crystallized TFT devices: (a)(b) diC10-BBBT and (c)(d) Ph-BBBT-10.

structure is suitable to afford channel layers of organic TFTs
allowing efficient charge carrier transport. In both the transfer
and output characteristics, the hysteresis is negligibly small for
the diC10-BBBT TFTs, in contrast to the large observed
hysteresis for the Ph-BBBT-C10 TFTs. This is probably due to the
backgate effect on the channel layer, which becomes more
sensitive in case of thinner semiconducting layers.8”-7° In the
output characteristics, the thick diC10-BBBT film shows a fairly
nonlinear feature in the low-voltage region, whereas the
ultrathin film of Ph-BBBT-C10 shows a nearly ohmic behaviour.
This nonlinearity could be ascribed to the difference in the
thickness: the thicker film tends to give larger access resistance
between the channel and the source-drain electrodes, owing to
the existence of alkyl chain layers within the crystals.®

Conclusions

We have successfully synthesized two kinds of layered-
crystalline organic semiconductor compounds, diC10-BBBT and
Ph-BBBT-C10, in which a combination of decyl chains and a
phenyl group is substitute, in a
symmetric/unsymmetric manner, whereas the unsubstituted
parent BBBT backbone does not show layered-crystallinity. The
symmetrically-substituted diC10-BBBT forms the LmnS structure
mainly featured by the intralayer m-stacks of the BBBT cores.
The unsymmetrically-substituted Ph-BBBT-C10 forms the
bilayer-type LHB motif which is featured by the intralayer T-
shaped and slipped-parallel contacts. Appearance of these
layered packing motifs is closely associated with the two types

utilized to

6 | J. Name., 2012, 00, 1-3

of polymorphs of BBBT, exhibiting conventional m-stack and
herringbone structures although the both involve large long-
axis slip between adjacent molecules. DFT calculations for the
intermolecular interaction energies revealed that the
classification between the LnS and LHB packings are clearly
associated with the non-layered m-stack and herringbone
packings, respectively. The calculations also revealed that the
long-alkyl-chain substitution and phenyl substitution take
crucial roles in achieving the layered molecular packings. Both
diC10-BBBT and Ph-BBBT-C10 show high film-forming ability,
and particularly Ph-BBBT-C10 allows to form highly uniform
ultrathin films, due to the high layered crystallinity which is
characteristic of the bilayer-type LHB packing. Both diC10-BBBT
and Ph-BBBT-C10 exhibit good transistor characteristics with
hole mobilities of ~1 cm? V! sl The findings clearly
demonstrate the effect of substituent modifications on
architecting 2D layered molecular packing for BBBT skeleton,
although the methodology itself as crystal engineering might be
in a premature stage, when considering a vast variety of m-
extended fused-ring compounds and substitutions. We believe
that these findings are important for designing and developing
a new class of layered-crystalline materials for ultrathin
printed/flexible electronics.

Experimental

Materials synthesis. The procedure for synthesizing the title
compounds, diC10-BBBT and Ph-BBBT-C10, is summarized in
the Supporting Information.

Thermal properties. Thermal properties were investigated by
thermogravimetry—differential thermal analysis (TG-DTA;
STA7200RV, Hitachi High-Tech Science Co.) and differential
scanning calorimetry (DSC; DSC7000X, Hitachi High-Tech
Science Co.). TG-DTA measurements were performed in a range
between room temperature and 500 °C at a heating rate of 5
K/min under N,. For the DSC measurements, the sample was
heated and subsequently cooled at a rate of 10 K/min for the
first cycle and 5 K/min for the second cycle under N,. The
obtained TG-DTA and DSC curves are shown in Figure S1.

Crystal growth. Single crystals of diC10-BBBT and Ph-BBBT-
C10 were obtained by recrystallization from the concentrated
solutions. Recrystallization from an anisole/ethanol mixed
solution affords plate (flake)-like thin crystals as presented in
Figures 1a and 1c.

X-ray diffraction and structure analysis. The single-crystal X-
ray diffraction data were collected by using a Rigaku AFC10
four-circle diffractometer equipped with a Pilatus 200 K hybrid
pixel detector and a graphite monochromated MoKa radiation
source (A = 0.71073 A) for diC10-BBBT, and a Rigaku VariMax
Dual four-circle diffractometer with a monochromated CuKa
radiation source (A = 1.5418 A) for Ph-BBBT-C10. Data reduction
with empirical absorption correction was performed using the
CrysAlisPro software package.’! The structure was solved by the
direct method using the SIR2004 program®? and was refined by

This journal is © The Royal Society of Chemistry 20xx
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the full-matrix least squares method using SHELXL®3 by applying
anisotropic temperature factors for all non-hydrogen atoms. All
the hydrogen atoms were also determined from the
experimental data. The crystallographic data are listed in Table
S1.

Hirshfeld surface analysis. Hirshfeld surface analysis was
utilized to classify the intermolecular van der Waals contacts.
The Hirshfeld surfaces®*?> and the associated fingerprint plots®®
were calculated with use of CrystalExplorer®” for BBBT (phase A
and phase B), diC4-BBBT, diC10-BBBT, and Ph-BBBT-C10. The
results are summarized in Figures S3 and S4.

Density functional theory calculation. Density functional
theory (DFT) calculations for the intermolecular interaction
energies between neighboring molecules were performed using
the Gaussian16 program package,® based on the experimental
crystal geometries. The intermolecular interaction energies
were calculated at the B3LYP/6-311G** |level with Grimme’s D3
dispersion correction.”® The basis set superposition error
(BSSE)% was corrected by the counterpoise method.1°! The
interaction energies between the BBBT cores, between the C10
chains, and between the Ph groups were -calculated,
respectively, using the fragment structures in the crystals. The
dangling bonds of the fragments were capped by hydrogen
atoms in the calculations.

The transfer integrals between neighboring molecules were
calculated by the Amsterdam Density Functional (ADF) program
package®? at the PW91/TZP level using the respective HOMO
and HOMO-1 generated from the empirical atomic coordinates.

Thin-film processing. A 0.1 wt% chlorobenzene (Sigma-
Aldrich, 99.9%) solution of diC10-BBBT and a 0.05 wt% solution
of Ph-BBBT-C10 were used for thin-film fabrication employing a
blade-coating technique. A heavily p-doped Si wafer covered
with a 100 nm thermally grown SiO, dielectric layer was used as
a substrate after being cleaned by sequential sonication in
deionized water, acetone, 2-propyl alcohol, and deionized
water. A thin glass plate coated with Cytop (CTL-809M; AGC Inc.,
Japan) was used as the coating blade, and its motion was
controlled by a stepping motor (SHOT-302GS; Sigmakoki Co.,
Ltd., Japan). Blade-coating was performed at a sweep rate
ranging from 0.5 to 2.5 um/s, under ambient conditions.

Atomic force microscopy (AFM) images of the single-
crystalline thin films of diC10-BBBT and Ph-BBBT-C10 were
recorded on a Dimension 3000/Nanoscope llla system (Bruker
Co., Ltd., USA) in the tapping mode under ambient conditions.

Fabrication of TFTs. Source/drain electrodes were patterned
on the blade-coated thin films of diC10-BBBT and Ph-BBBT-C10
by thermal deposition of gold using a shadow mask; the channel
length and width were 200 and 500 um, respectively. For proper
mobility evaluation, parts of the thin films outside the channel
were trimmed away using a micromanipulator (Axis-Pro;
Systems Engineering Inc., Japan). Two-probe characteristics of
bottom-gate top-contact TFTs were measured under N, by

This journal is © The Royal Society of Chemistry 20xx
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using a Precision Source/Measure Unit (B2912A; Keysight
Technologies, USA).
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