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“Manipulation” of Crystal Structure by Methylthiolation
Enabling Ultrahigh Mobility in a Pyrene-Based Molecular

Semiconductor

Kazuo Takimiya,* Kirill Bulgarevich, Mamatimin Abbas, Shingo Horiuchi, Takuya Ogaki,

Kohsuke Kawabata, and Abduleziz Ablat

Control and prediction of crystal structures of molecular semiconductors are
considered challenging, yet they are crucial for rational design of superior
molecular semiconductors. It is here reported that through methylthiolation,
one can rationally control the crystal structure of pyrene derivatives as mole-
cular semiconductors; 1,6-bis(methylthio) pyrene keeps a similar sandwich her-
ringbone structure to that of parent pyrene, whereas 1,3,6,8-tetrakis(methylthio)
pyrene (MT-pyrene) takes a new type of brickwork structure. Such changes

in these crystal structures are explained by the alteration of intermolecular
interactions that are efficiently controlled by methylthiolation. Single crystals

of MT-pyrene are evaluated as the active semiconducting material in single-

theoretical calculations at the molecular level
are indeed indispensable tools in the design
of new molecular semiconductors. In sharp
contrast, prediction and control of the crystal
structure of a given molecular semicon-
ductor are difficult challenges to overcome.
For this reason, molecular semiconductors
have been developed by just considering
the predictable molecular properties and/
or by mimicking the molecular structures
of already-known superior semiconducting
molecules.

Historically, pentacenel! and one of

crystal field-effect transistors (SC-FETs), which show extremely high mobility
(32 cm? V' s7' on average) operating at the drain and gate voltages of —5 V.
Moreover, the band-like transport and very low trap density are experimentally
confirmed for the MT-pyrene SC-FETSs, testifying that the MT-pyrene is among

the best molecular semiconductors for the SC-FET devices.

1. Introduction

Carrier transport in molecular semiconductors is governed by
the electronic structure of the molecular solid, which is dictated
by both the molecular properties (the energy levels and geometry
of frontier molecular orbitals, molecular shapes, etc.) and crystal
structure of molecular semiconductors.! Thus, both of them must
be considered to develop superior molecular semiconductors.?
Prediction and simulation of molecular properties by theoretical
calculations, e.g., with Gaussian program packages,’] are now rou-
tinely carried out with considerable accuracy, and nowadays such

its derivatives, 6,13-bis((triisopropylsilyl)
ethynyl)pentacene (TIPS-pentacene)
(Figure 1),/%”) have been the most impor-
tant molecular semiconductors primarily
because of the high carrier mobilities
(>1 cm? V7! s7Y) of their field-effect tran-
sistors (FETs). Furthermore, their crystal
structures represent two prototypes of high-performance
molecular semiconductors; although both are said to afford 2D
electronic structures in the solid state,® their crystal structures
are significantly different from each other. Pentacene crystal-
lizes into the herringbone structure,”) whereas TIPS-pentacene
into the brickwork structure (often called a 2D mstack struc-
ture).l% In contrast to the herringbone structure, which is a very
common one for acenes!!'” and heteroacenes,™ the latter, brick-
work structure, has been observed only in well-designed mole-
cular semiconductors, where the mutual balance between the
sizes of the bulky (trialkylsilyl)ethynyl substituent and 7z-core is
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Figure 1. Structures of molecular semiconductors discussed in the present work.

tuned.'2 With this strategy, a number of TIPS-pentacene-like
acenes and heteroacenes have been synthesized,”'3 and some
of them have afforded high-performance FETs, which clearly
testifies that the brickwork structure is a promising crystal
structure for developing superior molecular semiconductors.

Despite such a successful example for the packing-structure
control, ie., the “TIPS-pentacene approach,” prediction, and/
or control of crystal structures of molecular semiconductors by
molecular design have still been limited.! This is due to the lack
of rational way to control intermolecular interaction in the mole-
cular solid. Recently, we have found that methylthiolation at the
PBposition of thiophene rings of benzo[1,2-b:4,5-b’|dithiophene
(BMT-BDT, Figure 1) selectively changes the crystal structure
from the herringbone in the parent compound to the rubrene-
like pitched 7-stack structure,™ that is, another promising crystal
structure for high carrier mobility.'! The subsequent research
on related molecular semiconductors, such as benzo[l,2-b:4,5-b’]
diselenophene and naphtho-/anthra-{2,3-b:6,7-b'|dithiophenes,
has demonstrated that the Bmethylthiolation always induces
structural change into the rubrene-like pitched 7-stack,”) and the
resulting molecular semiconductors afforded high-mobility FET.
All these structural changes in the solid state can be rationalized
by the alteration of intermolecular interaction caused by the meth-
ylthio groups. In other words, methylthiolation at particular posi-
tions in mconjugated systems could be a simple but potential way
to control crystal structures of molecular semiconductors.

With these results, we propose that the control of crystal
structures by methylthiolation will be a novel approach to
realize superior molecular semiconductors. To embody this, we
choose pyrene as the parent system, as its largely m-extended
molecular structure can have potential to bring effective orbital
overlap through face-to-face molecular aggregation in the solid
state,1® though only limited pyrene derivatives known to date
have shown decent carrier transport properties.'”] The target
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molecule in this study, 1,3,6,8-tetrakis(methylthio)pyrene
(MT-pyrene, Figure 1), first reported in 19912 has turned
out to crystallize into a new type of brickwork structure. We
describe here the characteristic crystal structure of MT-pyrene
caused by methylthiolation and the carrier transport properties
elucidated by single-crystal FETs (SC-FETs).

2. Results

2.1. Crystal Structure of MT-Pyrene

MT-pyrene synthesized according to the reported procedure
was carefully purified by multiple vacuum sublimation.l?l Long
and thin plates of MT-pyrene single crystals were obtained by
physical vapor transport.’l The crystal structure of MT-pyrene
shown in Figure 2 is strikingly different from that of parent
pyrene, which is known as the sandwich (or dimeric) herring-
bone structure,?” where a pair of pyrene molecules form a
m-stacking dimer that packs into a herringbone-like motif (vide
infra). In sharp contrast, MT-pyrene forms n-stacking struc-
tures both in the crystallographic [1 0 0] and [1 1 0] directions,
which makes the MT-pyrene packing a new kind of brickwork
structure (Figure 2a),1?’l reminiscent of the crystal structure of
TIPS-pentacene. MT-pyrene forms a lamella structure along the
crystallographic c-axis direction (Figure 2b), and, as a result, the
crystallographic ab plane parallel to the substrate can act as the
semiconducting channel in SC-FETs (vide infra).

The electronic structures of the semiconducting channel in
the MT-pyrene crystal were examined by the theoretical calcu-
lations of intermolecular electronic coupling (or transfer inte-
grals, ).24 The semiconducting channel in MT-pyrene con-
sists of three kinds of molecular aggregates, i.e., two face-to-
face aggregates ([1 0 0] and [1 1 0] directions, purple and cyan

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Crystal structure and simulated mobility of MT-pyrene single crystal. a) Crystal structure projected from the molecular short-axis direction
with calculated orbital overlap of highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO); t; ¢ o = 115.0 meV
(112.0) (purple), tn 10 =43.6 meV (33.9) (cyan), and £, ; o = 3.0 (0.78) meV (magenta), respectively; note that the purple, cyan, and magenta arrows
correspond to the crystallographic [100], [110], and [2 1 0] directions. b) Molecular arrangement of MT-pyrene viewed along the normal to the molecular
planes. c) Simulated anisotropic hole mobility calculated according to the hopping model.

arrows, respectively) and one end-to-end aggregate ([2 1 0] direc-
tion, magenta arrow) (Figure 2a). Calculated t values for hole
are 115.0 meV (19 op), 43.6 meV (41 1), and 3.0 meV (t2 1 )
respectively, and those for electron are 112.0 meV (t; ¢ q),
33.9meV (t11¢), and 0.78 meV (¢, ), respectively. The values of
ts in the m-stack are larger than those reported in TIPS-pentacene
and its related molecules (Figure S1, Supporting Information),
and, in particular, one of the face-to-face aggregates, the [1 0 0]
direction, affords ts for both hole and electron greater than
100 meV. As the ts are not equivalent in the two face-to-face
aggregates, MT-pyrene is not an ideal 2D electronic-structure
system (Figure 2c),?Y but the large absolute value of ts implies
that MT-pyrene is promising as the active material in FET
devices. In fact, the simulated hole mobility according to the
hopping model exceeds 4.5 cm? V! s7! along the crystallo-
graphic a-axis direction (Figure 2c), implying the potential of
MT-pyrene as a superior molecular semiconductor.

2.2. SC-FETs of MT-Pyrene

Free-standing long and thin plates of MT-pyrene grown by
physical vapor transport (about 50-150 nm thick; Figure S2,
Supporting Information) were laminated onto the Si/SiO,
substrate with a 200 nm thick SiO, dielectric layer passivated
with a CYTOP layer (CYTOP is a trademark of AGC Chemicals
Company). The amorphous nature of CYTOP layers is known
to prevent trap site formation at the active layer/gate dielectric
interface typical for self-assembled monolayers (SAMs) such as
octadecyltrichlorosilane (ODTS).*>2¢! This results in improved
operational stability and smaller hysteresis in field-effect tran-
sistors (FETs). The source and drain electrodes were defined by
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painting colloidal graphite (Figure 3a) or by sequential vapor
deposition of molybdenum oxide (MoOj3) and gold through a
shadow mask on top of the crystals (Figure S3a, Supporting
Information). The X-ray diffraction (XRD) pattern of the crys-
tals laminated on the substrates indicated that the crystallo-
graphic c-axis is along the normal to the substrate (Figure S4,
Supporting Information). The channel direction, i.e., the
longest direction of the plates, was determined to be the crystal-
lographic a-axis direction by orientation analysis in the single-
crystal XRD experiments, which corresponds to the direction of
the largest transfer integral for hole (Figure 2a; Figure S5, Sup-
porting Information).

The MT-pyrene-based SC-FETs showed clear p-channel
behaviors under ambient condition (Figure 3b,c), which is con-
sistent with the small ionization potential (5.2 eV) of the MT-
pyrene single crystals evaluated by photoemission spectroscopy
in air (Figure S6, Supporting Information). The devices showed
textbook-like transistor behaviors; clear saturation at Vj=-5V
in the output characteristics (Figure 3b) and steep turn on
with a small subthreshold slope (SS) of 120-150 mV dec™
(Figure 3c), the latter of which implies that the interface
between the substrate and crystals has very low trap density
(vide infra). Furthermore, the linear onset behaviors at the low
Vq region in the output characteristics indicate negligible con-
tact resistance of the device (Figure 3b). The mobility extracted
from the saturation regime (Vg = =5V, V, 2 =5 V) is higher
than 30 cm? V1 s7! (32 cm? V! 57! on average) with I/l
being greater than 107 (Figure 3d), and the device performances
are highly reproducible, which was confirmed by 26 devices
fabricated on different crystals (Figure 3e). We also fabricated
SC-FETs with different device architectures, e.g., top-contact
devices with colloidal-graphite electrodes fabricated on an

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Characteristics of single-crystal field-effect transistors of MT-pyrene. a) Schematic device structure and optical microscopy image. b) Output
characteristics. c) Transfer characteristics. d) Performance statistics from 26 devices. e) Transfer curves of 26 devices. L and W represent the channel
length and width, respectively, of each individual FET. The inset is the optical microscopy image of the 26 devices. f) Gate-voltage-dependent mobilities
from 330 to 230 K. The inset is the optical microscopy image of the SC-FET used in the low-temperature measurements. g) Temperature-dependent
mobility (filled squares) at a maximum |I¢"/? slope of 0.4 V V, interval of MT-pyrene SC-FET. The open circle indicates the mobility calculated from the
initial transfer characteristics of the FET measured under ambient conditions before mounting in the cryostat.

ODTS SAM-modified Si/SiO, (Figure S3b, Supporting Informa-  Supporting Information). These devices behaved similarly
tion) and bottom-contact devices with the gold source and drain  to those of the top-contact devices on the CYTOP passivation
electrodes modified with pentafluorobenzenethiol (Figure S3c,  layer with a slightly decreased mobility (18-24 cm? V! s7! on
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average; Table S1, Supporting Information). These mobilities
are among the highest for FETs with the active layer that con-
sists of the brickwork crystal structure. It is thus safe to say that
MT-pyrene is a promising high-mobility p-channel molecular
semiconductor.

The experimental mobilities are much higher than those
simulated according to the hopping model (Figure 2c), which
strongly implies that the carrier transport observed for the
MT-pyrene SC-FETs is band-like. To confirm this, tempera-
ture dependence of mobility was evaluated from 330 to 230 K.
As clearly seen in Figure 3f,g, the mobility increases with the
decease of the temperature, which strongly supports the band-
like transport in the MT-pyrene-based SC-FETs. At around 250 K,
a tiny but abrupt anomaly in the mobility—temperature relation-
ship was always observed in the measurements (Figure 3g).
Similar anomaly of mobility in the low-temperature meas-
urements was reported for the polymer-based FETs, which
could be caused by residual water in the channel.l”’] However,
we attribute the phenomenon to degradation of the graphite
source/drain contacts since the mobility was not fully recovered
in the heating process after the anomaly in the cooling pro-
cess (Figure S7, Supporting Information). Causes for the con-
tact degradation are not clear, but we speculate that the large
thermal expansion coefficient of MT-pyrene crystal, which is
estimated to be about 1.3 x 107 K™! from the low-temperature
single-crystal X-ray analyses (Table S3, Supporting Informa-
tion), may relate to the phenomenon. In fact, the top-contact

www.advmat.de

devices with the MoOs;/Au source-drain electrodes showed
slightly better temperature-dependence behavior, and the band-
like transport was maintained down to 220 K (Figure S7, Sup-
porting Information). When heating and cooling cycles were
run above 250 K, the FETs fully recover the mobilities at high
temperatures, confirming that the band-like transport that we
observed comes purely from temperature variation.

3. Discussion

As mentioned above, the introduction of two methylthio groups
on benzo[1,2-b:4,5-b’|dithiophene and its related compounds
reproducibly induces structural change from the herringbone
to the pitched mstack. In this structural change, the methylthio
groups play critical roles, that is, to disrupt the CH-7 intermo-
lecular interaction between the m-face and the peri-hydrogen
atoms at the edge of the molecule in the parent systems and
to bring about the CH-7 intermolecular interaction between
the m-face and the hydrogen atoms at thiophene o~position and
the methyl moiety, together with the face-to-face 7-stacking.['’?
Intriguingly, the crystal structure of 1,6-bis(methylthio)pyrene
recently reported by Wang et al. is classified into a sandwich
herringbone structure similar to that of parent pyrene.?!l We
thus analyze in detail the intermolecular interaction in the
crystal structures of parent pyrene, 1,6-bis(methylthio)pyrene
(Figure 4), and MT-pyrene (Figure 5; Table S2, Supporting

Figure 4. Crystal structures of parent pyrene and 1,6-bis (methylthio) pyrene. a) Sandwich herringbone structure of parent pyrene. b) Intermolecular inter-
action energies (kcal mol™) calculated by SAPT analysis for parent pyrene. c) Hirshfeld surface analysis mapped with d. (distance from the Hirshfeld
surface to the nearest nucleus outside of the surface) for the edge-to-face aggregates observed in the parent pyrene, in which the red depression spots
on the Hirshfeld surface represent the intermolecular CH—7 contacts. d) Hirshfeld surface analysis mapped with shape index, in which the pair of red
and blue triangles represent 77 interaction in the stacking dimer of parent pyrene. e) Sandwich herringbone structure of 1,6-bis(methylthio)pyrene.
f) Intermolecular interaction energies (kcal mol™) for 1,6-bis (methylthio) pyrene. g) Hirshfeld surface analysis mapped with d, for the edge-to-face aggre-
gates observed in 1,6-bis(methylthio)pyrene. h) Hirshfeld surface analysis mapped with shape index in the stacking dimer of 1,6-bis (methylthio) pyrene.
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Figure 5. Crystal structures of MT-pyrene. a) Intermolecular interaction energies (kcal mol™) calculated by the SAPT method. b) Hirshfeld surface
mapped with d, (distance from the Hirshfeld surface to the nearest nucleus outside of the surface) of MT-pyrene.

Information). The inspection revealed that the former two
have similar features in intermolecular interactions; there exist
two types of molecular aggregates, namely, the face-to-face
(m-stacking) and the edge-to-face (CH-7m) aggregates. These
aggregates contribute to the stabilization of the crystal structure
of pyrene (—16.78 and —6.80 kcal mol™) and 1,6-bis(methylthio)
pyrene (-23.68 and —0.27 kcal mol™), respectively, mainly by
dispersion force, according to the theoretical calculations of
intermolecular forces by symmetry-adapted perturbation theory
(SAPT) method with jun-cc-pvdz level using the PSI4 program
package (Table S2, Supporting Information).l?l In addition, the
Hirshfeld surface analysis shows that intermolecular contacts
between the large m-faces can be responsible for the stabiliza-
tion of the face-to-face aggregate, whereas the intermolecular
contacts between the hydrogen atoms and 7-face of the neigh-
boring molecule in the edge-to-face aggregate (Figure 4) also
contribute to the stabilization. The two methylthio groups in
1,6-bis(methylthio)pyrene do not disrupt the edge-to-face aggre-
gation completely, owing to remaining two sets of hydrogen
arrays (3-, 4-positions and 8-, 9-positions) that can serve to form
the intermolecular CH-7 contacts (Figure 4f,g).

In contrast, four methylthio groups at the 1-, 3-, 6-, and
8-positions in MT-pyrene make the hydrogen atoms for the
intermolecular CH-7 contacts observed in the parent and
1,6-bis(methylthio)pyrene unavailable, thus disabling the for-
mation of edge-to-face aggregate. On the other hand, the face-
to-face aggregates are maintained, where the molecules largely
slip along the molecular long axis, probably owing to the
intermolecular repulsion between the methylthio groups. As
a result, two types of face-to-face aggregates are observed. The
SAPT calculations demonstrate that these face-to-face aggre-
gates are largely stabilized energetically (—23.38 and —11.89 kcal
mol, respectively) (Figure 5a). Interestingly, the Hirshfeld sur-
face of MT-pyrene mapped with d. shows four red depression
parts beneath the methyl groups of neighboring molecules,
implying that the methylthio groups contribute to energeti-
cally stabilize the face-to-face aggregates through the dispersion
forces (Figure 5b).50

These analyses on the crystal structures of pyrene and its
methylthiolated derivatives highlight the critical roles of the
methylthio groups; first, four methylthio groups disrupt the
edge-to-face interaction in the parent system and then induce
the attractive interaction to stabilize two types of face-to-face
aggregates, resulting in a new kind of brickwork structure.
Second, two methylthio groups at the 1- and 6-positions are
not sufficient to induce such a drastic structural change in
the pyrene system, indicative of the importance of completely

Adv. Mater. 2021, 2102914 2102914 (6 of 9)

disrupting the existing intermolecular interaction in the parent
system to induce the structural change.

The MT-pyrene-based SC-FETs can be characterized by the
high mobility and low operational voltages. The band-like trans-
port confirmed by the temperature dependence of mobility
could rationalize the high mobility. Band calculations reveal
the electronic structure of MT-pyrene molecular solid, which
features large HOMO bandwidths in the =X (=481 meV) and
I~V (432 meV) directions, and small effective masses (m")
of =0.58 (I-X) and 1.05 (I-V), respectively (Figure S8, Sup-
porting Information). This also indicates that the anisotropy of
mobility should not be that large as the one estimated by the
hopping model (Figure 2c). To confirm this, the SC-FETs with
the channel direction almost perpendicular to the long crystal
axis (crystallographic a-axis) were fabricated, and the devices
showed a mobility of about 9 cm? V' s7! (Figure S9, Supporting
Information), which is almost the one third of the value evalu-
ated along the long crystal axis.

Furthermore, to understand the capability of low-voltage
operation, we estimate the trap density of interface between
the MT-pyrene crystal and substrate surface from subthreshold
slop, SS.BU A trap density of 1.3 x 10" cm™ calculated for the
SC-FETs fabricated on CYTOP-passivated Si/SiO, substrate is
comparable with those of the best pentacene-BU and rubrene-
SC-FETs.3% The very low trap density could be related to very
flat surface of the MT-pyrene crystals (Figure S2, Supporting
Information).

Overall, MT-pyrene can be regarded as an excellent, new class
of molecular semiconductors that compete against the best
molecular semiconductors for SC-FETs so far reported,B¥ e.g.,
rubrene,? Cg-BTBT,*>*% and C,(-DNBDT.*"] Tt is interesting to
point out that the methyl moieties exist in the MT-pyrene semi-
conducting layer; involvement of sp* carbon atoms that do not
contribute to intermolecular z-orbital overlap is quite unusual
for such superior molecular semiconductors. This implies that
more flexible molecular design than ever could be possible to
develop novel molecular semiconductors.

4, Conclusion

We have demonstrated the possibility of crystal-structure con-
trol by methylthiolation on pyrene from the sandwich herring-
bone in parent pyrene to the brickwork structure in MT-pyrene.
The theoretical calculations assist to understand the structural
change in the series of methylthiolated pyrene derivatives, i.e.,
the number and position of the group are the key to control

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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the crystal structure. The resulting brickwork structure of MT-
pyrene affords very large orbital overlap (>100 meV) and func-
tions as an excellent FET channel showing a very high hole
mobility of 32 cm? V! s7! in the SC-FET devices operated at
Vag = Vg = =5 V. The MT-pyrene SC-FETs are thus character-
ized by high mobility and low-voltage operation; the former is
explained by the band-like transport confirmed by temperature
dependence of mobility as well as the band calculations demon-
strating the large bandwidth and small effective mass. On the
other hand, the low trap density in the MT-pyrene SC-FETSs esti-
mated from the subthreshold properties rationalizes the latter.
All these excellent device characteristics compare well with
those of the best organic SC-FETS so far reported. This means
that MT-pyrene, which is easily synthesized in only two steps
from parent pyrene, is an excellent molecular semiconductor.
In addition, the bottom-up approach, i.e., the crystal-structure
control by the molecular design, is a promising way to develop
novel excellent molecular semiconductors, and further investi-
gation according to this is now underway in our group.

5. Experimental Section

Synthesis and Preparation of Single Crystals of MT-Pyrene: MT-pyrene
was  synthesized from 1,3,6,8-tetrabromopyrene and sodium
methanethiolate according to the reported procedure.?%) The crude
product including a trace amount of 1-bromo-3,6,8-tris(methylthio)
pyrene was treated with lithium aluminum hydride in tetrahydrofuran
(THF) to convert the impurity to 1,3,6-tris(methylthio)pyrene, which
was easily removed by sublimation, and the resulting product was
purified by multiple train sublimation under vacuum. With the purified
powder sample, single crystals were grown by the physical vapor
transport technique under a flow of nitrogen carrier gas. Based on the
thermogravimetric analysis (Figure S10, Supporting Information), the
temperatures of the source and crystallization zone were set to 240 and
130 °C, respectively, as measured using thermolabels (NiGK).

X-ray Structural Analysis: Single-crystal X-ray analysis of MT-pyrene
was carried out with relatively thick crystals (1-10 um) obtained by
the PVT technique on a Rigaku Oxford Diffraction XtaLAB Synergy
Custom DW system with a HyPix-6000HE detector (Cu Ker radiation,
wavelength: 1.5418 A, multilayer confocal optics). The structures
were solved by the SHELXT program.P¥l Non-hydrogen atoms were
refined anisotropically.?® All calculations were carried out by using the
crystallographic software package Olex2 (version 1.3.0).10 Crystal data:
orange plate, “triclinic,” P-1, a = 6.5536(7), b = 7.9935(14), ¢ = 9.3715(10)
A, a=111132(13), B = 101.623(10), ¥ = 98.940(11)°, V = 434.34(11) A3,
Z =2, T=293(2) K, R =0.0916, wR? = 0.2498, goodness of fit (GOF) =
1.083. The crystal structure of MT-pyrene was also solved under different
temperatures (Table S3, Supporting Information). X-ray diffractions of
laminated crystals of MT-pyrene on the substrates were recorded on a
Rigaku Ultima IV with a Cu Ke radiation (wavelength: 1.54184 A).

Fabrication of SC-FETs: Heavily doped n-type Si wafers with thermally
grown SiO; layers were used as substrates. The substrates were cleaned
by sonication in acetone for 10 min two times followed by ultraviolet—
ozone treatment for more than 30 min. The substrates were spin-
coated with 3 wt% CYTOP (AGC) solution at 3000 rpm for 1 min, and
then dried at 180 °C on a hot plate in air. The thickness of the CYTOP
film (=90 nm) was measured using atomic force microscopy (AFM,
NanoNavi Ils/NanoCute). For the bottom-contact FETs, the Au source
and drain electrodes (50 nm) were deposited directly on the CYTOP
film by physical vapor deposition under <5 x 10 Pa. The modification
of Au electrodes with pentafluorobenzenethiol (PFBT, purchased from
TCI Chemicals) was performed by immersion in 50 x 1073 m solution in
ethanol for more than 8 h under ambient conditions.*) The MT-pyrene
crystals grown by the physical vapor transport method were carefully
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transferred from the glass substrates to the top of the CYTOP film
using a tungsten needle or a nylon loop. The top-contact FETs were
completed by placing the droplets of colloidal graphite (source and drain
electrodes) on each side of the crystal and drying for more than 30 min
under ambient conditions. Alternatively, vapor deposition of MoO3/Au
top electrodes was performed as follows. A metal shadow mask was
carefully positioned on the laminated crystal to cover the middle part of
the crystal. MoOj layer (15 nm thick) was deposited at a rate of <0.3 A s
under <5 x 107 Pa. The vacuum chamber was opened, and the sample
position was adjusted to minimize the mismatch between the MoO;
and Au layers. Finally, the Au layer (30 nm thick) was deposited at a
rate of <0.5 A s™ under <5 x 107 Pa. All the FET measurements were
performed with a probe station and a semiconductor parameter analyzer
(Keithley 4200-SCS) in air. The carrier mobility, &, was determined from
the forward swing of the transfer characteristics using Equation (1)

w 2
g = 57 Citt(Vg = Ven) )

where L and W are channel length and width of the FETs, respectively, C;
is the gate capacitance per unit area, and Vj, is the threshold voltage. C;
was determined to be 8.6 nF cm™2 by using a 2.5 X 1.5 mm? Au electrode
deposited on the CYTOP surface (8.8 nF cm™ for the substrates used in
low-temperature measurements). Low-temperature measurements were
carried out in the liquid nitrogen cryostat system. Additional silver paste
was used to connect the graphite (or MoO;/Au) contacts to the copper
wires. Several transfer curves were taken at each temperature until a
stable curve was obtained.

Note that all the device characteristics were maintained during
more than 130 days under ambient conditions (Figure S11, Supporting
Information).

Theoretical Calculations: The geometries of isolated molecules in the
neutral and cationic states were optimized using the B3LYP/6-31g(d)
level with Gaussian 16 program package.®! The reorganization energy (1)
of the molecules was calculated by using the adiabatic potential energy
surface method in Equation (2)

A=Ag+ A, =(Eg—Eo)+(E; —E.) @)

where E§, Eo, E;, and E, represent the energies of a neutral molecule
in the cationic geometry, a neutral molecule in the optimized geometry,
a cationic molecule in the neutral geometry, and a cationic molecule
in the optimized geometry, respectively.?) Intermolecular electronic
coupling (transfer integral, t) in different molecular dimers extracted
from the single-crystal structures was calculated with the Amsterdam
Density Functional (ADF) program. With As and ts, anisotropic
theoretical mobilities were calculated according to the reported
procedure.?l Intermolecular interaction energies for dimers of pyrene,
1,6-bis (methylthio)pyrene and MT-pyrene extracted from the crystal
structures were calculated by SAPT calculations with jun-cc-pvdz level
using the PSI4 program package. Hirshfeld surfaces were computed on
CrystalExplore 17.5 program to visualize intermolecular contacts in the
crystalline state.’] Band structure calculations were carried out with
Quantum Espresso program®l employing a plane-wave basis set, the
Perdew—Burke—Ernzerhof (PBE) functional,*! and projector augmented
wave (PAW) pseudopotentials,*®l and using 12 x 12 X 1 k-point Pack—
Monkhorst net with the geometry determined by the single-crystal X-ray
analysis. The carrier effective masses were evaluated by parabolic fitting
at the band extrema (/=X and I~V directions).[*]

[CCDC 2076078-2076087 contains the crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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