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Heteroalkyl-Substitution in Molecular Organic
Semiconductors: Chalcogen Effect on Crystallography,
Conformational Lock, and Charge Transport

Shakil N. Afraj, Chia-Chi Lin, Arulmozhi Velusamy, Chang-Hui Cho, Hsin-Yi Liu,
Jianhua Chen, Gene-Hsiang Lee, Jui-Chen Fu, Jen-Shyang Ni, Shih-Huang Tung,

Shuehlin Yau, Cheng-Liang Liu,* Ming-Chou Chen,* and Antonio Facchetti*

1. Introduction

The effect of heteroalkyl (-XR, X = Se, S, O) substitution on a series of

molecular semiconductors having a 3,3’-diheteroalkyl-2,2’-bithiophene
(XBT) central core is studied. Thus, the selenotetradecyl (-SeCy4H) SeBT
core is investigated by end-functionalization with two dithienothiophene
(DTT), thienothiophene (TT), and thiophene (T) units to give SeBTs 1-3,
respectively, for molecular 7-conjugation effect examination. Further-
more, the selenodecyl (-SeC;yH,;) and selenohexyl (-SeC¢H;3) SeBT cores
end-capped with DTTs to give SeBTs 1B and 1C, respectively, are synthe-
sized for understanding -SeR length effects. To address systematically

the impact of the chalcogen heteroatom, the newly developed selenoalkyl
SeBTs are compared with the previously reported thiotetradecyl (-SC;4Hy5)
DDTT-SBT (4) and the new tetradecyloxy (-OCy4H,) DDTT-OBT (5). When
fabricating organic field effect transistors by the solution-shearing method,
the devices based on the tetradecylated DDTT-SeBT (1) exhibit the highest
mobility up to 4.01 cm? V' s7, which is larger than those of the other SeBT
compounds and both DDTT-SBT (4) (1.70 cm? V' s') and DDTT-OBT (5)
(9.32 X 10~# cm? V' s7"). These results are rationalized by a combination of
crystallographic, morphological, and microstructural analysis.

Organic  semiconductors  comprising
n-conjugated units have been the subject
of considerable scientific and industrial
research because of their potential applica-
tions in various optoelectronic and energy
devices such as flexible displays, sensors,
solar cells, and batteries as well as in bio-
medical  applications.'28]  Particularly,
several studies have addressed the devel-
opment of organic small molecules for
organic field effect transistors (OFETS),
enabling electronic circuit fabrication
via inexpensive and potentially high-
throughput solution processes compared
with vacuum deposition typical of silicon
devices.?"  Organic small molecules
are interesting because of well-defined
molecular structure, simple purification,
and good batch to batch reproducibility as
compared to many organic polymers.[33-*!
To design novel solution processable small
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molecules several factors need to be considered to enhance
charge transport, particularly, they must contain a planar con-
jugated core to promote 77 stacking through intermolecular
orbital overlap, proper orbital energetic for stable charge trans-
port, and have substituents for solution processability.34374243]
Based on these requirements, considerable progress has been
made in advancing 7-conjugated small molecules.*! Among
them, fused-thiophene-based small molecules have been widely
explored due to the highly planar structures, strong intermo-
lecular S---S interactions and extensive 7-conjugation.->1
Alkyl chain functionalization of semiconductor cores and
modification of the chain pattern by changing the length,
installing branching points, and altering the branching posi-
tion has been instrumental to optimize device performance of
solution processed semiconductors. Chemical modifications
of alkyl substituents can strongly affect molecular core confor-
mation, molecular properties, as well as packing and intermo-
lecular interactions of the corresponding organic semiconduc-
tors.[¥52-54 Heteroatoms have also been utilized to bridge a
thiophene/molecular unit with an alkyl chain as well as intro-
duced at different position of the alkyl substituent.’->055 The
use of a heteroatom (X) and its location in the chain strongly
affect energetic states, molecular conformation, solubility, and
film wettability.*>>>% For instance, when replacing a —CH,—
group in 3,3’-dialkyl-2,2"-dithiophene with an —S— linker in
3,3’-dithioalkyl-2,2"-dithiophene the latter structure is completely
planar and, when integrated into larger molecular motifs, it
retains substantial solubility in several organic solvents. This
is the result of strong intramolecular S(alkyl)- - -S(thio) inter-
actions, also known as intramolecular lock, favoring solid state
planarization of several small molecular and polymeric sys-
tems.[”#9% This successful strategy has been expanded to other
heteroatoms (e.g., X = O, F; Figure 1a) and evidence of planariza-
tion by crystal structure analysis reported in a few studies.[-63]
Furthermore, heteroatom-promoted molecular orbital delo-
calization has been shown to improve device performances.”>’!
However, to the best of our knowledge, extension to selenium
(Se) in this intramolecular lock series has never been accom-
plished. Selenium-containing organic semiconductors have
paved the way to new high-performance OFETSs typically using
selenophene as the key building block.[*%8 Particularly, several
studies have demonstrated p-type OFETs with excellent perfor-
mance.l®®7’] For instance, Takimiya and co-workers reported
[1]benzoselenopheno(3,2-b][1]benzoselenophene (BSBS) small
molecule-based single crystals OFET with hole mobility of
0.70 cm? V7! 5713 To the best of our knowledge, the same
group also investigated the only known -SeMe substituted small-
molecular semiconductors, 3,7-bis(methylthio)benzo[1,2-b:4,5-
b’|dithiophene (MT-DBT) and 3,7-bis(methylseleno)
benzo[1,2-b:4,5-b"|dithiophene (BS-BDT) for OFETs.”¥] Devices
based on single crystals of these semiconductors exhibited field
effect hole mobilities of 0.87 and 0.32 cm? V! 57, respectively.
Furthermore, Okamoto et al. reported alkyl substituted sele-
nium bridged V-shaped organic semiconductor exhibit impres-
sive carrier mobility up to 11 cm? V™! s7! (Figure 1b). Equally
impressive, Heeney and co-workers reported selenophene-
based polymeric OFETs, such as poly(3-dodecyl sele-
nophene-vinylene) (P3SV),/”l 2,5-di(2-octyldodecyl)-3,6-bis-(5-
bromoselenyl)-1,4-diketopyrrolo[3,4-c]pyrrole-benzothiadiazole
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(PSeDPPBT),B% indacenodiselenophene-2,1,3-benzothiadiazole
(PIDSeBT)*with hole mobilities 0£0.05, 0.46, and 6.4cm? Vs,
respectively. Shim and co-workers prepared poly(5,5-bis(3-
dodecylthiophen-2-yl)-2,2"-biselenophene)  (PDT2Se2)®!l and
demonstrated FETs with a hole mobility of 0.02 cm? V! g7
(Figure 1c), while Jang and co-workers reported that the
small molecule selenophene-vinylene-selenophene linker
donor unit (N-SVS-N)®2 exhibited an electron mobility up to
0.016 cm? V' s7. On the polymer front, Jenekhe and co-
workers reported poly(naphthalene diimide-alt-biselenophene
(PNDIBS),83 which exhibits a high field effect electron mobility
of 0.07 cm? V! 57! (Figure 1d). Despite these instrumental suc-
cesses, selenophene is an expensive heterocycle, which costs
ranges =10x that of thiophene, and thus a cheaper Se incorpora-
tion strategy to new Se-containing materials would be preferred.

In this study we envisioned Se incorporation as a linker of
alkyl substituent while retaining the bithiophene (BT)-based
core with the hope to preserve Se(alkyl)---S(thio) intramo-
lecular lock (to ensure a planar BT central unit) in SeBT semi-
conductors as well as enable a more cost-effective synthesis of
Se-containing molecules.

Our design also took into account our recent study involving
the thioalkyl-substituted BT (SBT) unit end-capped with two dith-
ienothiophene (DTT) units afforded molecules with OFET hole
mobilities as high as 1.70 cm? V! s7*1 and DSSCs (SBT-6) with
power conversion efficiencies up to 9.47%.84%! Thus, herein we
report a strategy for incorporating Se by end-capping the SeBT unit
with different heteroarenes including DTT, thienothiophene (TT),
and thiophene (T) for studying -SeR and 7-core variations in this
series (compounds 1-3, Figure 2). Furthermore, to address how
heteroalkyl functionalization along the chalcogen (O, S, Se) series
affects molecular structure and charge transport, we investigated
and contrasted the properties of the selenoalkyl DDTT-SeBT (1)
with the corresponding thioalkyl DDTT-SBT (4) and alkoxy
DDTT-OBT (5) (Figure 2). Analysis of thermal, optical, electro-
chemical and charge transport properties of 1-3 underscore the
effect of 7-conjugation in selenoalkyl-substituted derivatives while
contrasting the properties of 1, 4, and 5, coupled with molecular
orbital computations and crystal structure analysis, points to chal-
cogen effect as a substituent. Importantly, the crystal structures
of 1, 4, and 5 demonstrate that intramolecular locks are equally
effective in planarizing the XBT units even when using the large
selenium atom, thus, independently of the chalcogen type. Thin-
films of 1-5 were fabricated by solution-shearing and film mor-
phology, microstructure, and charge transport investigated by
atomic force microscope (AFM), grazing-incidence X-ray diffrac-
tion (GIXRD), and in OFETs. Among these series, devices based
on the selenotetradecyl-substituted molecule DDTT-SeBT (1)
exhibit the best performance with the highest hole mobility sur-
passing 4.0 cm? V! 571, which is the greatest value reported to
date for all/fused-thiophene semiconductors.

2. Results and Discussion

In this section we first report the synthesis of the new SeBT- and
OBT-based small molecules followed by evaluation of their phys-
ical properties using several characterization techniques. Next,
we compare and contrast the molecular structure and packing
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Figure 1. a) Building blocks containing S--X interactions (X=S, O, F). b—d) Selected selenium containing small molecular, and polymeric semiconduc-

tors for OFETs. u, and i, denote hole and electron mobilities in cm? V-

s7!, respectively. (S), (SC), and (SPC) denote semiconductor films obtained

from solution-shearing deposition, single crystal process, and spin-coating deposition, respectively.

characteristics of heteroalkyl-functionalized XBT compounds
using single crystal analysis. Then, thin films of all organic
semiconductors were fabricated by using solution-shearing pro-
cessing and their charge transport properties evaluated in FET
devices. Finally, we characterize the organic semiconductor film
morphology and microstructure to rationalize, in combination
with the molecular computations, physical and single crystal
data as well as trends in charge transport characteristics.

2.1. Synthesis

The synthetic route to all new SeBTs is reported in Scheme 1
(see also Schemes S1 and S2 of the Supporting Information
for synthetic details). The new selenoalkyl-functionalized SeBT
cores were prepared from lithiation of 3-bromothiophene (6)
and treatment with elemental selenium, followed by alkyla-
tion to afford selenoalkylated thiophenes 7A-7C. The latter
then undergo homocoupling reaction in the presence of
ZnCl,/CuCL® to produce selenoalkyl bithiophenes 8A-8C.
The selenotetradecyl SeBT core (8A) was stannylated to afford
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compound 9A, then it was end-capped with mono-brominated
DTT, TT, and T, via Stille cross coupling reactions, to give SeBTs
1-3, respectively. Then shorter selenoalkyl SeBT cores (8B and
8C) were stannylated to afford compound 9B and 9C. Reaction
of the stannylated selenodecyl and selenohexyl SeBT cores with
mono-brominated dithienothiophene (10)"¥88] afforded SeBTs
1B and 1C, respectively, with central SeBT core bearing shorter
alkyl chains. Therefore, the effect of 7-conjugated end-capping
units and side chains length can be systematically studied. To
systematically compare the new selenoalkylated SeBT derivatives
and the previously reported thioalkylated DDTT-SBT (4),*] the
new alkoxylated DDTT-OBT (5) was prepared and the synthetic
route is depicted in Scheme S3 of the Supporting Information.
Synthetic details can be found in the Supporting Information.

2.2. Physical Characterization
The thermal properties of compounds 1-5 were evaluated
using differential scanning calorimetry (DSC, Figure S1, Sup-

porting Information) and thermogravimetric analysis (TGA,
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Figure 2. Strategies to XBT-based semiconductors (1-5) investigated in thi

Figure S2, Supporting Information). As reported in Table 1,
DSC data show that the melting temperature (T;,) of SeBT-
based compounds varies when using different end-capping
units and different selenoalkyl chain length. For the DDTT-
SeBTs, when the side chain length decreases from —Cy,Hyq (1)
to —CyoH,; (1B) and —C¢Hy; (1C), the T, increases from 127 to
135 and 154 °C, respectively. By contrast, decreasing the end-
capping conjugation length from DTT (1) to TT (2) to T (3),
the T,, of 1 is strongly decreased by =60 °C, suggesting that
intermolecular interactions are promoted when the largest end-
capping groups are introduced. Furthermore, comparing the
effect of the chalcogen in the DDTT-XBT series, the melting
temperature slightly decreases in the order of 4 (140 °C) >
5 (137 °C) > 1 (127 °C). This trend is similar to that observed

s study.

going from fused thiophenes to fused selenophenes (e.g., BTBT
(mp = 220 °C) to BSBS (mp = 210 °C))"3] but, interestingly, dif-
fers to that seen going from oligothiophenes to oligofuranes to
oligoselenophenes (e.g., 6T (mp = 310 °C), 6F (mp = 261 °C),
6Se (mp = 307 °C)).B%U TGA analysis reveals that all three
DDTT-SeBT compounds (1, 1B, and 1C) exhibit good thermal
stability with =5% weigh loss occurring at a temperature (Tj)
greater than 280 °C. When the side chain length decreases
from —CyHyy to —CjyHy;, and —C¢Hy;, the Ty of compounds
1, 1B, and 1C slightly increases from 282 to 298 and 299 °C,
respectively. Interestingly to note that Ty correlates well with
the conjugation dimension of the end-capping unit, with Ty
increasing from DT-SeBT (3; =260 °C) to DTT-SeBT (2; =270 °C)
to DDTT-SeBT (1-1C; =280-300 °C). However, among the three

1. n-BuLi 1. n-Buli RSe
Br 2. Se SeR 2.ZnCl, A, R = C14H29
3.R-Br 3. CuCl, S I\ T
7y ==y [I\ — S B; R = CqgHa1
S ether S THF C; R =CgHi3
SeR
6 7A-7C SeBT (8A-8C)
1. n-BuLi —Br
2. SnBusCl w _(10-12) ® Z ) @
—> Bu3Sn SnBuj
TH Pd(PPh3)4
SeR Toluene SeR
9A-9C SeBT (1, 1B, 1C, 2, 3)
S S S 1: DDTT-SeBT (R = C14H29)
@: { S\ /Z W\ (\_Z/_\) Wi 1B: DDTT-SeBT-10 (R = C4oHy¢)
S S S 1C: DDTT-SeBT-6 (R = CgH13)
T 2: DTT-SeBT (R = C14H29)

Scheme 1. Synthetic route to the SeBT-based final compounds.
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3: DT-SeBT (R = C14H29)
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Table 1. Thermal, optical, and electrochemical properties of the indicated compounds.

Cpd T, [°C] TOPC Amad sol [im] - App,d film [nm]  E9 sol [eV]  E) fiim[eV]  E,@ [V] Eed® V] Enomo™ [€V] Ewmo’ [eV]  EJ [eV]
1 127 282 406 504 2.39 1.88 0.92 -1.69 -5.12 -2.50 2.62
1B 135 298 403 504 2.39 1.99 0.92 -1.69 -5.12 -2.50 2.62
1c 154 299 403 466 2.39 2.07 0.92 -1.69 -5.12 -2.50 2.62
2 57 270 385 396 2.51 2.35 0.98 -1.75 -5.18 —2.45 2.73
3 63 261 358 373 2.66 2.53 1.02 -1.88 -5.22 -2.32 2.89
4 140 352 438 504 2.35 1.91 0.87 -1.62 -5.07 -2.58 2.49
5 137 321 479 434 2.26 2.06 0.59 n.dX —4.79 -2.53) n.dX

2By DSC; By TGA; 9Absorption spectra were measured in 0-CgH,Cly; 9Thin films were solution-sheared onto quartz glass; ©Optical energy bandgap was calculated by
1240/ Agnser; " Thin-film optical energy bandgap was calculated by 1240/ A, ,er; @By DPV in 0-CgH,Cly, Eo, = oxidative potential; E,.q = reductive potential; " Eopo = — (4.2 + Eoy);
DELumo = —(4.2 + E,eq); "Energy gap obtained by DPV; ¥Not determined; "Estimated from Eyomo + Eg.

heteroalkyl-BT organic semiconductors, DDTT-SBT (4) and
DDTT-OBT (5) exhibit a higher thermal stability, with a Tj at
352 and 321 °C, respectively.

The optical absorption properties of 1-5 were studied by
UV-vis measurements. The normalized absorption spectra of
diluted solutions and thin films were measured at room tem-
perature and are plotted in Figure 3a—d, with the corresponding
data summarized in Table 1. When going from solution to film
state, there is a significant bathochromic shift of the absorp-
tion onset (4,,) and, except for compound 5 (vide infra), the
absorption maximum (A, of all the compounds. Further-
more, for those having larger cores, formation of a multiband
profile absorption is evident, suggesting core planarization,
promoted by intramolecular lock, and molecular aggregation in
the solid state. Specifically, as seen in Figure 3a, the solution
state absorption spectra of compounds 1, 1B, and 1C are fea-
tureless and almost identical (4,,, = 403—406 nm) suggesting
that side chain length variations do not have strong influences
on the DDTT-SeBT molecular core absorption. However, in
the solid-state, the absorption of 1C broadens considerably but
remains featureless versus those of 1 and 1B (Figure 3b), which
feature well-defined 0-0 transitions, likely because the shorter

a) —1 (DDTT-SeBT)
£1.2 1 —1B (DDTT-SeBT-10)
2 —1C (DDTT-SeBT-6)
8 1.0 4 —2 (DTT-SeBT)

6 038 —3 (DT-SeBT)

Q0.

< 0.6 1

2044

S02

200 —N
340 390 440 490 540 590 640

) Wavelength (nm)

& —1 (DDTT-SeBT)
5 1.2 A —4 (DDTT-SBT)
E1.0 1 —5 (DDTT-OBT)
2 0.8 A

< 056 |

204

302

200

340 390 440 490 540 590 640
Wavelength (nm)

chain has less tendency to form order lamellar structures, thus
reducing overall order.®? The absorption peaks of both solution
and solid states gradually red-shift moving from 3 to 2 to 1, in
agreement with the enhanced 7-conjugation of the molecular
core by incorporation of more mextended end-capping units
to the central SeBT units. The calculated optical bandgap (E,,
determined from onset of absorption) of DDTT-SeBT com-
pounds 1, 1B, and 1C in solution and in the solid state are
almost identical and found to be =2.4 and =2.0 eV, respectively.
Unsurprisingly, when looking at the E, in solution/film going
from 3 (2.66/2.53 eV) to 2 (2.51/2.35 eV) and particularly to 1
(2.39/1.88 eV), it is clear that mextension promotes intramo-
lecular electron delocalization. When analyzing the chalcogen
effect, the solution absorption peak maximum of DDTT-OBT
(5) (479 nm) is considerably red-shifted as compared to those
of DDTT-SBT (4) (438 nm) and DDTT-SeBT (1) (406 nm)
(Figure 3c), due to the strong electron donating effect on central
bithiophene of the alkoxy versus thio/selenoalkyl side chains
as well as lower steric demand of the small oxygen versus
larger S and Se atoms, resulting in a statistically more planar
core conformation in solution (vide infra).”® However, when
moving from the solution to the solid state, the optical profile

b) —1 (DDTT-SeBT)

c1.2 —1B (DDTT-SeBT-10)

0 —1C (DDTT-SeBT-6)

510 —2 (DTT-SeBT)

S —

S 0.8 3 (DT-SeBT)

K06

Qo4

302

00 ——

330 380 430 480 530 580 630 680

d Wavelength (nm)

) —1 (DDTT-SeBT)

c 1.2 - —4 (DDTT-SBT)

2 1.0 —5 (DDTT-OBT)

330 380 430 480 530 580 630 680
Wavelength (nm)

Figure 3. Normalized UV-vis absorption spectra of 1-5 (with the exception of 1B and 1C to enhance clarity) in a,c) diluted solution and b,d) thin film.
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and transition band maxima of the DDTT-OBT (5) are consider-
ably different than those of DDTT-SBT (4) and DDTT-SeBT (1)
derivatives, with the former evidencing a blue-shifted 4., by
~50 nm versus a red-shifted absorption by =60 and =90 nm for
the latter two compounds, respectively (Figure 3d).

The solid-state absorption profile also differs and is con-
sistent with formation of H-aggregates for DDTT-OBT (5)
versus J-aggregates for both DDTT-SBT (4) and DDTT-SeBT
(1,3 a phenomena supported by the molecular packing
accessed by single crystal analysis (vide infra) and characterized
by a large slipping angle (in the direction of the long molecular
axis) of 66.1° for DDTT-OBT (5) versus only 470° and 41.3° for
DDTT-SBT (4) and DDTT-SeBT (1), respectively. The corre-
sponding E, trends in solution (2.39 eV for 1, 2.35 eV for 4,
2.26 eV for 5) and in the solid state (1.88 eV for 1, 1.91 eV for 4,
2.06 eV for 5) diverge, tracking the trends in the absolute max-
imum absorption. Thus, the data indicates that using the large
Se chalcogen in the side chain substituent promotes bandgap
contraction in the solid state similarly when using it as part of
the heteroaromatic ring, as seen when comparing the bandgap
of thiophene derivative BTBT (=3.6 eV) and selenophene deriva-
tive BSBS (=3.5 eV).”3)

The electrochemical properties of the SeBT, SBT, and OBT-
based compounds were investigated using differential pulse
voltammetry (DPV) in 0-C¢H,Cl, with a 0.1 m Bu,NPF; solution
at 25 °C and using Fc/Fc" as the internal standard. All redox
data are shown in Figures S3 and S4 (Supporting Informa-
tion) and are summarized in Table 1. As expected, the oxidation
(Eox) and reduction (E,q) potentials (Figures S3a and S4a, Sup-
porting Information) of the SeBT-based compounds vary with
the conjugation length of the end capping unit (+0.92/-1.69 V
(1), 40.98/-1.75 V (2), +1.02/-1.88 V (3)), while are completely
insensitive on the selenoalkyl chain length (+0.92/-1.69 V
for 1, 1B, and 1C). From the redox potentials of the XBTs the
HOMO and LUMO energies (Egomo/Erumo) were estimated
using known equations (see footnotes in Table 1 for calcula-
tion details).*®! Thus, going from the T to the DTT end-func-
tionalization of SeBT molecules, the HOMO and LUMO ener-
gies [Enomo/Erumo = —5.22/-2.32 €V (3), —5.18/-2.45 eV (2),
—5.12/-2.50 eV (1) (Figure S3b, Supporting Information)] are
up-/downshifted by =0.1/=0.18 eV, respectively, due to energy
gap contraction. These results are in line with increased
m-conjugation of the organic semiconductors. Notably, the
Eyomo (—5.12 eV) of DDTT-SeBT (1) should provide a low
energy offset for facile hole injection in OFETs devices when
using Au as electrode material.*)! For comparison, the oxida-
tion/reduction potentials of thioalkyl-substituted DDTT-SBT
(4)#! are +0.87/-1.62 V and thus the derived Eyomo/Eiumo
are found to be —5.07/-2.58 eV. The alkoxy-substituted DDTT-
OBT (5) exhibits the lowest oxidation potential around +0.59 V
and cannot be reduced, in agreement with the great electron-
donating capacity of alkoxy substituents. Note, E,, of 5 is even
slightly lower than that of the ferrocene internal standard, and
this result was further confirmed by control experiments carried
out without ferrocene (Figure S4b, Supporting Information)
and by mixing molecules 1 and 5 (Figure S4c, Supporting Infor-
mation). Thus, the derived Eyoyo of 5 is estimated at —4.79 eV,
which should result in an easily p-dopable semiconductor.®!
Thus this data, which are recorded in solution, suggests that
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-SR and -SeR minimally affects the HOMO energies while the
LUMO energies are more affected; on the contrary -OR strongly
affects both molecular orbital energetics. Note, to access the sta-
bility of the redox processes and oxidized species, we carried
out cyclic voltammetry experiments for the compounds DDTT-
SeBT (1), DDTT-SBT (4), and DDTT-OBT (5) (Figure S5, Sup-
porting Information). The data demonstrate (quasi)reversible
oxidations and that compounds 1 and 4 are comparatively more
stable than 5.

Finally, the backbone geometries, energy levels, and frontier
molecular orbital topologies of molecules 1-5 were studied by
density functional theory (DFT) calculations at B3LYP/6-31*
level (Figure 4a,b; Figure S6a,b, Supporting Information). The
selenoalkyl, thioalkyl, and alkoxy side chains were replaced with
selenomethyl, thiomethyl, and ethoxy groups to simplify the
calculations.

DFT computations indicate that the frontier molecular orbital
topologies are typical of that of catenated-fused thiophenes with
an aromatic HOMO and a quinoid LUMO topologies. The
gas-phase computed energy levels also track that found experi-
mentally from solution electrochemistry. More importantly we
found that the computed skeletal torsion of the SeBT unit in
1-3 (Figure S6, Supporting Information) was found to be 0.14°—
0.18° with short Se- - - S intramolecular distance of =3.15 A. The
computed torsions of 1-3 are smaller/close to those of DDTT-
SBT (4) (4.7°) and DDTT-OBT (5) (0.17°) compounds, data con-
firmed from single crystal structure analysis (vide infra). This
result is remarkable since gas-phase computations typically
overestimate torsions found in the solid state when intermolec-
ular forces tend to planarize 7-conjugated molecules.’ Thus,
these computations strongly suggest that intramolecular lock is
very effective within the whole chalcogen series. Furthermore,
the data indicates that backbone distortions from planarity in
these molecules occurs only between the central XBT core and
the end-capping DTT, DT, and T units, with torsions varying
from 13.5° to 15.9°. Thus, overall substantial core planarity and
widely delocalized FMO topologies indicate that all semicon-
ductors have a suitable electronic structure for efficient charge
transport.l>-]

2.3. Single Crystal Structure

Single crystals of 1, 1B, 4, and 5 molecules were obtained by slow
solvent evaporation from hexanes and dichloromethane solvent
mixture. The relevant crystallographic data of SeBT compounds
1 and 1B are summarized in Tables S1 and S2, respectively.
Molecules 1 (Figure 5a; Figure S7, Supporting Information)
and 1B (Figure S8, Supporting Information) crystallize in a tri-
clinic P-1 space group with both selenoalkyl chains are located
on the opposite core face. The intramolecular distances between
Se(alkyl) - - - S(thio) are only =3.15 A for both molecules. These
distances are well below the sum of the van der Waals radii of
Se and S atoms (=3.70 A), which suggests that the Se(R) and
S(Thio) atoms are locked through strong intramolecular inter-
actions. Importantly, the torsion between the two thiophenes in
the central SeBT core for both is 0.0° resulting in a completely
planar structure. The two end-capped DTT units are also almost
coplanar to the central SeBT core with small torsional angles of
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Figure 4. a) DFT/B3LYP geometry and b) HOMO/LUMO molecular orbital contours and energy levels of compounds 1, 4, and 5. Note, B3LYP is known

to overestimate conjugation and torsional barriers.

79° (1) and 8.0° (1B). This result is in complete agreement with
gas-phase DFT computations. The shortest face-to-face inter-
molecular planar distance between two molecules is 3.50 A for
both compounds. The two C14 and C10 alkyl chains on 1 and
1B, respectively, are located on the opposite core face (Figure 5a;
Figures S7b and S8a—c, Supporting Information). Compounds 1
and 1B stack in a brick type molecular packing with a slipping
angle of 41.3° and 41.4°, respectively, in the direction of the long
molecular axis (Figures S7c and S8d, Supporting Information)
and 74.1° and 74.0°, respectively, in the direction of the short
molecular axis (Figures S7f and S8g, Supporting Information).
Further, front view and top view stacked molecular arrange-
ments are given in Figures S7d,e and S8e,f of the Supporting

Information. These data indicate that chain length variations
have minimal effect of major core and stacking structural param-
eters and the presence of very planar molecular cores at short
packing distances in both compounds suggests favorable intra-
and intermolecular 77 orbital interactions which, in absence of
major morphological defects, should promote charge transport.
To understand the structural effect of chalcogen in the sub-
stituent the crystal structures of both DDTT-SBT (4) and DDTT-
OBT (5) were accessed. Note, although we reported the syn-
thesis of DDTT-SBT (4) previously, we were unable to obtain
single crystals. Molecule DDTT-SBT (4) (Figure 5b; Figure S9
and Table S3, Supporting Information) crystallizes in a triclinic
P1 space group and exhibits a short intramolecular distance

Figure 5. Single crystal structures of a) DDTT-SeBT (1), b) DDTT-SBT (4), and c) DDTT-OBT (5). The selenium, sulfur, and oxygen atoms are specified
in purple, red, and blue color, respectively. The alkyl chains are omitted for clarity.
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between S(alkyl)- - - S(thio) of only =3.08 A, corroborating the
existence of an intramolecular nonbonded interaction between
two sulfur atoms. These distances are well below the sum of
the van der Waals radii of two S atoms (=3.60 A). Similar to
the SeBT unit, the torsion between the two thiophenes in the
central SBT core is 0.0°, resulting in a completely planar core
structure. The two end-capped DTT units are attached to the
central SBT core with small torsional angles of 8.1°, which is
slightly larger than in DDTT-SeBT (1) (Figure 5b). The shortest
face-to-face intermolecular planar distance for molecule 4 is
3.50 A, which is identical to that in DDTT-SeBT (1) (Figure 5b;
Figure S9a, Supporting Information). Like the alkyl chains in
DDTT-SeBT (1), the two C14 alkyl chains of 4 are located on
the opposite core plane. Compound 4 stacks in a brick type
molecular packing with a slipping angle of 470° in the direc-
tion of the long molecular axis (Figure S9b, Supporting Infor-
mation) and 73.1° in the direction of the short molecular axis
(Figure S9e, Supporting Information). Further, molecular
arrangements are given in Figure S9c,d of the Supporting
Information. The structure and intramolecular parameters are
consistent with the large carrier mobility previously measured
for this compound,”’! and now better rationalized.

The single crystals of the new compound DDTT-OBT (5),
which were also obtained by slow solvent evaporation from
a dichloromethane and hexanes solvent mixture (Figure 5c;
Figure S10 and Table S4, Supporting Information) exhibit a
triclinic P-1 space group. Note, unlike in DDTT-SeBT (1) and
DDTT-SBT (4), the thiophenes connecting the central OBT and
the end-capping DTT units are in a syn-conformation in DDTT-
OBT (5) and the two -OC14 chains on DDTT-OBT (5) are located
in the same plane of the central OBT core (Figure S10e,f, Sup-
porting Information). As shown in Figure 5c¢, the intramo-
lecular O(alkyl)- - -S(thio) distances in the central OBT core
are ~2.84 A, again shorter than the sum of the van der Waals
radii of O and S atoms (=3.32 A) and demonstrating intramo-
lecular lock. The torsion between the two thiophenes in the
central OBT core is also 0.0°. Note, among the same packing
layer, two adjacent end-capped DTTs in two neighboring OBT
molecules exhibit short intermolecular S- - - S distances of only
3.21 A and 3.44 A (Figure S10g, Supporting Information). Thus,
OBT molecules are connected in a zig-zag arrangement via
the assistance of S---S interactions between the end-capping
DTTs (Figure S10a,b, Supporting Information). As depicted in
Figure 5S¢, the interplanar distances of two OBT molecules are
=3.52 A and the dihedral angles between OBT central core and
the DTT units are 9.2°, which is larger than those of in SeBT
(79°), evidencing OBT molecule is more twisted than SeBT. Fur-
thermore, the connecting angle of the end-capped DTTs to the
central OBT core is quite large around 33.9° (Figure S10c, Sup-
porting Information). By contrast, end-capped DTTs in DDTT-
SeBT (1) are connecting in a more linear arrangement to the
central SeBT core, with connecting angle of 10.4° (Figure S10d,
Supporting Information). Among the same columnar stack, the
distances of S(upper layer)- - - S(bottom layer) in two vertical
DTTs are 3.64 and 3.72 A (Figure 5c), indicating no obvious
interlayer S---S interactions among the OBT columnar piles.
Finally, OBT molecules stack in a brick-type molecular packing
with a slipping angle of 66.1° in the direction of the long
molecular axis (Figure S10h, Supporting Information) and a
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slipping angle of 34.9° in the direction of the short molecular
axis (Figure S10i, Supporting Information). Thus, the more
twisted and bended molecular structure and the poorer cofacial
molecular stacking arrangement in DDTT-OBT (5) result in a
packing less favorable for efficient for charge transport (vide
infra).

A summary of key intramolecular lock parameters for 1, 4,
and 5 are collected in Figure 5a—c. From the crystal data it is
clear that chalcogen atom variation does not affect molecular
core conformation. Importantly, intramolecular chalcogen
(X)---S(thiophene) distance were found to be 3.15 A for Se---S
in 1, 3.08 A for S-S in 4, and 2.84 A for O---S in 5. These
values are well-below those of the sum of the van der Waals
radii of the corresponding atoms (O and S (3.32 A), S and S
(3.60 A) and, Se and S (3.70 A)), thus intramolecular lock is
very effective along the whole series. Interestingly, the calcu-
lated X---S distance compression achieved in this series due to
intramolecular locks are found to increase in the order of O---S
(14.2%) < S---S (14.8%) < Se---S (14.9%), thus the lock appears
to even strengthen with the larger chalcogen. This result trans-
lates in SeBT, SBT, and OBT units that are completely planar
with an inter-ring torsion of 0.0° in all cases. These data are
in good agreement with the computations and demonstrate
the efficacy of Se---S intramolecular lock in rigidifying and pla-
narizing the BT unit, thus the SeBT can be used as a building
block for constructing well-conjugated organic semiconductors.

2.4. Charge Transport in FETs

The charge transport properties of all new semiconductors
were investigated by fabricating and characterizing OFETs
with a bottom-gate top-contact configuration (details in the
Supporting Information). OFETs were fabricated by solution-
shearing organic semiconductor solutions (4-6 mg mL™) in
chlorobenzene on PETS-modified Si/(300 nm)SiO, (gate con-
tact/gate dielectric) substrates (see details in the Experimental
Section of the Supporting Information).

Semiconductor thicknesses are 70-90 nm as accessed by
surface profiler. Next, the as-prepared films were dried at 70 °C
(except for 2 and 3, at room temperature, considering the very
low T,,) for 2 h under vacuum and device fabrication was com-
pleted by thermal evaporation of Au source/drain electrodes.
Measurements, carried out in N,, indicate that compounds 1,
1B, 1C, and 5 are FET-active while both 2 and 3 are inactive. The
inactive OFETs are due to the very poor film morphologies of
2 and 3, as discussed in the next section, since their molecular
orbital energetic (Eyomo = 5.2 €V) are reasonable for hole trans-
port. All functioning devices exhibit clear current saturation and
pinch-off behavior by an applied negative V,, implying that all
these compounds are p-type semiconductors. Representative
gate voltage (V,)—drain current (I4) transfer (recorded in satura-
tion; drain voltage (Vg) = —100V) and Vg—I; output characteris-
tics for these OFETs are showed in Figure 6. OFETs mobilities
were extracted in the saturation region using conventional fit-
ting models® and Table 2 summarizes the transistor perfor-
mance parameters including maximum and average mobility
(Umax and fh,), threshold voltage (Vi) and current ON/OFF
ratio (Ion/Iorr). The fy,y of SeBT (1, 1B, and 1C) based devices
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Figure 6. a) Representative OFET transfer characteristics and b—f) output characteristics of shear-coated films of: 1 (red), 1B (blue), 1C (green), 4

(purple), and 5 (cyan).

is 4.01, 0.60, and 0.09 cm? V™! s7! while the 1, are 1.94 + 0.90,
0.24+0.18, and 0.03 £ 0.02 cm? V! 57, respectively. The Ioy/Iopr
of these devices are moderate to high, 10-10°, noting that the
semiconductor channel is unpatterned. Device performance can
be enhanced further by reducing the contact resistance, which
is considerable in these devices, as evidenced by the output
characteristics at low V3 and by patterning the semiconductor
layer.”l The output characteristics do not show clear saturation
at large gate biases because our channel length is quite small
(25 um) versus the bias we apply, resulting in short channel
effects.'%) Note, for lower biases clear saturation is seen. This
effect has been reported in the previous literatures.°192l How-
ever, this effect can be suppressed by tuning the Schottky bar-
riers, active layer thickness,'™ dielectric thickness,'%!
and enlarged channel length.' Thus, from these data, varia-
tion of alkyl chain length tunes charge transport primarily by
affecting the sheared film morphology and microstructure (see
also GIXRD discussion later), considering that the molecular
packing and energetic are very similar in this series.

The mobility data discussed above were obtained from charge
transport parallel (1) to the semiconductor shearing direction
(0°), thus in the direction of charge transport between the
source and drain electrodes. Since a shearing force can induce
crystal alignment and charge transport anisotropy in OFETs,!1”]
the average mobility (i, .yg) of the best semiconductor of 1 was
also evaluated along the direction perpendicular to the shearing
direction (90°) as well as, for comparison, in devices fabricated
with isotropic spin-coated films. Thus, 1 OFETs tested in the
direction perpendicular to the shearing direction exhibit a g, 4,
0.75 £ 0.20 cm? V! s71. The =60% mobility reduction confirms
the anisotropic charge transport behavior of these devices, in
agreement with the aligned semiconductor film morphology
achieved by solution-shearing. As expected, OFET data of the
spin coated 1 film in Figure S1la,b of the Supporting Informa-
tion demonstrated a mobility of only 0.01 cm? V! s7, in line
with previous results when comparing the transport data of
solution-sheared versus spin-coated semiconductor films.l*%!
Fast solvent evaporation results in isotropic and poorly

Table 2. OFETs performances of the indicated semiconductors and crystallographic parameters of 1-1C, 4, and 5 films.

Cpd?) Hmax (Hagg)® [em? V7' s7] lon/los Vi) [V] dr[A] doseic [A] diam [A]  FWHM [nm™] L9 [nm]  Face on ratio [%]
1 4.01 (1.94 +0.90) 10%-108 -26.1+17.6 3.78 133 19.2 0.07 80.8 4
1B 0.60 (0.24 £0.18) 10°-10° -19.2+10.7 3.80 13.3 15.7 0.12 47.1 7
1c 0.09 (0.03 £0.02) 10%-10° -18.6+6.8 3.86 13.3 13.7 0.19 29.8 13
4 1.70 (1.00 + 0.30) 10%-10° -38.0+13.0 4.90 13.4 18.4 0.28 20.2 8
5 9.32x107* ((3.31£2.38) x107%)  10>-10* 243+53 - - 21.6 0.4 12.9 21

2For 4 from ref. [47]; ®Average of at least 10 devices parallel to the shearing direction (u1,)); 9Obtained from the (001) reflection.
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organized films (see morphological imaging in Figure S1lc,d,
Supporting Information). Thus, solution-shearing substantially
improves the crystallinity of 1 film, as compared with those
in the spin-coated films, enhancing mobility and generating
charge transport anisotropy. When moving from DDTT-SeBT
(1) devices to those based on the corresponding DDTT-SBT (4)
and DDTT-OBT (5) semiconductors, the effect of the chal-
cogen in the substituent on charge transport can be quantified.
As seen from Table 2, fi.,/ty, reduces going from 1
(4.01/1.94 cm? V1 s7Y) to 4 (1.70/1.00 cm? V! s7Y), but more dra-
matically to 5 (=0.001/3 x 10~* cm? V! s7}), demonstrating that
selenium incorporation in the substituent is the most effective
in the chalcogen series to enhance carrier mobility. The mobility
depression seen here (=2-3x lower for -SR vs -SeR, =1000x
lower for -OR vs -SR) are in line with those measured when
comparing vis-a-vis selenophene-based versus thiophene-based
versus furane-based OFET semiconductors.’38%90 Therefore,
selenoalkyl functionalization of thiophene-based structures
is equally benign, but with lower cost impact, as replacing
thiophene with selenophene for designing high performance
organic semiconductors.

2.5. Film Morphological Analysis

We have accessed the film morphology of 1-5 films fabri-
cated in the same conditions, and using the same substrates,
employed for FET measurements. Thus, films were deposited
by the solution-shearing method on PETS-treated Si/SiO, sub-
strates (see details later and in the Supporting Information) and
the samples were characterized by polarized optical microscope
(POM) and AFM. POM images in Figure 7a,b demonstrate that
SeBT-based 1 and 1B films are highly textured, continuous, and
unidirectionally aligned along the shearing direction. The sim-
ilar color between the neighboring crystalline domains in 1 and
1B demonstrate good film uniformity and molecular alignment
across grain boundaries.[1981%] By contrast, significant color var-
iations between the crystalline domains are observed for 1C film
(Figure 7c), which implies nonuniformity in both molecular
orientation and thickness of the grains. We mainly attribute
this result to fast crystallization of compound 1C due to its poor
solubility as the consequence of the short side chain, thus, the
limited time for 1C molecules to migrate to crystal seeds and
form large domains during the shearing process. Figure S12
of the Supporting Information shows the AFM topographical
images of 1, 1B, and 1C films obtained by solution-shearing
process. For all selenoalkyl-based films long and rod-shaped
grains are observed evidencing a layer-by-layer stacked crystal
morphology. Densely packed microcrystals can be found for 1
and 1B films, which can thus create continuous charge trans-
port pathways, however, 1C films exhibit large gaps between
microsized domains and the step height (or thickness) of the
crystal is as high as 75 nm (see inset of Figure S12¢, Supporting
Information), which may act as charge trap as seen for other
highly textured, but disconnected, semiconductor films inte-
grated in OFETs.Mo1 [nterestingly, the film morphologies of
both compounds 2 and 3 are also nonoptimal and unfavorable
for high-performance OFETs. Thus, the solution-sheared 2 film
appears amorphous and smooth in the continuous areas with
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Figure 7. POM images of solution-sheared a) 1, b) 1B, ¢) 1C, d) 2, e) 3,
and f) 5 films along the direction indicated by the arrow on the right of
the figure.

scattered isotropic holes (Figure 7d). Similarly, compound 3
film has an amorphous morphology exhibiting completely dis-
continuous island-like rounded features (Figure 7e). The poor
morphologies of 2 and 3 films are likely the result of the very
low T, of these two compounds even though, note, their films
were solution-sheared at room temperature.

The effect of chalcogen atom on the thin film morphology
was also investigated. POM images of DDTT-SBT (4)*/] as well
as for DDTT-OBT (5) (Figure 7f) films reveals formation of large
and macroscopically aligned crystals when processed under the
same shearing process conditions. However, AFM images reveal
subtle differences. Thus, =5 um wide rod-like flat crystallites are
observed for both compounds 1 (Figure S12a, Supporting Infor-
mation) and 4 films, implying strong molecular aggregation
imparting considerable crystallinity. However, compound 5 film
consists of similar rod-like features but having irregular con-
tours and overlayed with much smaller and randomly oriented
aggregates (Figure S12d, Supporting Information). This type
of mixed morphological features may not favor device perfor-
mance."?l These morphological variations imply that S and Se
substitution in the SBT and SeBT central core can significantly
improve formation of ordered and oriented aggregates, which
can originate from the more diffuse electron density and larger
polarizabilities of S and Se compared to the lighter O atom.”!

2.6. Thin Film Microstructural Analysis
The microstructure and molecular ordering of all new DTT

end-capped compounds films were investigated by 2D GIXRD
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Figure 8. 2D GIXRD patterns of solution-sheared thin films: a,b) 1, ¢,d) 1B, e,f) 1C, g,h) 4, and i,j) 5. The patterns were recorded for the incident X-ray
beam oriented (a,c,e,g,i) parallel and (b,d,f,h,j) perpendicular to the shearing direction.

using a high-resolution synchrotron X-ray source. Sample films
were prepared under conditions identical to those of OFET fab-
rication. The 2D patterns with the grazing incident X-ray beam
parallel and perpendicular to the shearing direction are shown
in Figure 8 and the resulting crystallographic spacings (d’s) are
summarized in Table 2, where d,, dy,q, and dj,,, are the perio-
dicities along the 7-stacking, molecular backbone, and lamellar
directions, respectively. The orientation of the molecular
packing under the shearing process can be determined by com-
paring the diffraction patterns along and across the shearing
direction. It is known that the shearing process can efficiently
orient organic semiconductor molecules in thin films.[30:324-—#]
First, Figure 8 points that all 1, 1B, and 1C films exhibit (00])
reflections in the out-of-plane direction, which results from the
periodic stacking of the selenotetradecyl side chains and mole-
cular backbone along the film thickness. Sharp Bragg spots
progressing up to (002) are seen for 1, corresponding to a d,,
of 19.2 A (determined from (001) at g, = 0.33 A™'). 1B and 1C
films show only one arc in the out-of-plane direction centered at
g, = 0.40 and 0.46 A~, corresponding to dj,,, of 15.7 and 13.7 A,
respectively, indicating a less order lamellar stacking than that
of 1 film. The (00]) spacings of DDTT-SeBTs follow the lengths
of the side chains, but they are shorter than the full extended
selenoalkyl side chains, suggesting that the side chains pack in
an interdigitated and tilted fashion (Figure 9).

The (10]) reflections associated with the molecular core
m-stacking (indicated by the red arrows in the perpendicular
patterns) are located at q,, = 1.66, 1.65, and 1.63 A7 for 1,
1B, and 1C, respectively, evidencing the smallest d, of 3.78 A
for compound 1, followed by 1B (3.80 A) and 1C (3.86 A). In
addition, strong diffraction patterns assignable to the (01)),
(02]), and (03I) reflections, associated to backbone periodicities
(dack = 1 (13.3 A), 1B (13.3 A), and 1C (13.3 A)), are observed
for beam scan in the direction parallel to the shearing coating
while the (10]) reflection is detected when the beam is pointed
perpendicular to the shearing direction. The different patterns
indicate that solution-shearing can align these molecules as
the optical images of the crystal suggested (vide supra). When
comparing the three chalcogenalkyl-substituted 1, 4, and 5
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compounds, all compounds exhibit at least one (00l) lamellar
diffraction and the corresponding dy,,, of 5 is found to be con-
siderably lengthened to 21.6 A as compared to 18.4 and 19.2 A
for 4 and 1, respectively. This is the result of the more stretched
alkoxyl side chains of compound 5, in agreement with single
crystal analysis (Figure S10, Supporting Information). In addi-
tion, compound 5 exhibits only weak diffractions and lacks
scattering from the 77 stacking, indicative of the significantly
reduced crystallinity of this compound, corroborating poor
charge transport characteristics. Unlike 5, the larger -SR and
-SeR containing molecules 4 and 1 exhibit strong (00]) lamellar
diffractions both in the parallel/perpendicular directions as well
as (10l) 77 stacking diffractions (d,= 4 (4.90 A), and 1 (3.78 A))
and (01)/(021)/(03) diffractions in the parallel and perpendic-
ular directions (dpaq = 4 (13.4 A), and 1 (13.3 A)), respectively,
signifying that both compounds adopt identical stacking char-
acteristics. Overall, the crystal phase of 1 film measured by
GIXRD is identical to that identified by single crystal analysis,
thus the brick-stacked intermolecular arrangement is preserved
going from single crystal to the polycrystalline thin film, which
thus retains a supramolecular arrangement for strong elec-
tronic coupling.M> Furthermore, d, seen in 1 versus 4, maxi-
mizes intermolecular interactions, favoring transfer of charge
carriers,"™> again in agreement with the greatest OFET

(@)

Shearing direction
—
Shearing direction

Figure 9. Schematic diagram of the molecular packing of a solution-
sheared 1 film in the a) g-axis and b) in the b-axis projections.
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response. The considerable alignment of 1 film upon solution-
shearing is further supported by polarized absorption spectra
measurements (Figure S13a, Supporting Information). The
dichroic ratio (DR = A, /A;)) of 1 film under shearing is esti-
mated to be 2.04, where A; and A/, are the absorbance bands at
505 nm recorded for the incident polarized light perpendicular
and parallel to the shearing direction, respectively. By contrast, a
DR is =1 was measured for the spin-coated 1 film (Figure S13b,
Supporting Information), indicating that the structure is
isotropic in the absent of shearing. Note, a similar result was
obtained for solution-sheared/spin-coated films of 4.

The 1D diffraction data extracted from the 2D GIXRD pat-
terns can also be used to quantify the crystallographic coherence
lengths (L.) and the crystallite orientation distributions of com-
pounds with different selenoalkyl side chain lengths (1 vs 1B vs
1C) and chalcogen atoms in the substituent (1 vs 4 vs 5). These
data are also collected in Table 2. The full width at half-max-
imum (FWHM) of the diffraction peaks shown in Figure S14
of the Supporting Information provides the information
on L that relates to the crystallite size.""”l The FWHM of the
(001) reflection is 0.07, 0.12, 0.19, 0.28, and 0.44 nm™! for 1, 1B,
1C, 4, and 5, respectively. Through the Scherrer equation, L.
for 1, 1B, 1C, 4, and 5 are calculated to be 80.8, 471, 29.8, 20.2,
and 12.9 nm, respectively. These results demonstrate that the
order along the selenoalkyl direction noticeably decreases with
decreasing the side chain length. Similarly, when moving from
-SeR to -SR to -OR in 1 to 4 to 5, respectively, L. dramatically
decreases, in line with the greater molecular packing character-
istics of the heavy chalcogen functionalized molecule and the
highest mobility obtained in compound 1. The crystallite ori-
entation was quantitatively determined by the intensity distri-
bution over the azimuthal angle (y) of the (001) diffraction, as
shown in Figure S15 of the Supporting Information. The area
between y = 45° and 135° represents the edge-on oriented mol-
ecule population while those between y = 0° to 45° and 135° to
180° are the face-on oriented molecular population. Thus, the
face-on fraction increases from 4% for 1 to 7% for 1B and to
13% for 1C as the selenoalkyl side chain length decreases and,
similarly, when moving from the larger to the smaller chal-
cogen (4% for 1 to 8% for 4 and to 21% for 5).

Based on the GIXRD data, and further supported by polar-
ized absorption spectra, the molecular arrangement in the
solution-sheared thin films of 1-5 versus both the shearing
direction the dielectric surface can be accessed and is pictorially
reported in Figure 10.

The appearance of the (00]) and the (10]) peaks in the out-
of-plane and in-plane directions, respectively, suggests a pref-
erential edge-on arrangement of 1’s molecules. Furthermore,
the fact that the (10l) peaks appear only in the perpendicular
GIXRD pattern indicates the 7-stacking is along the shearing
direction. Since the transition dipole lies perpendicular to
the conjugated backbone, the high DR of the sheared 1 film
shown in Figure S13a of the Supporting Information implies
that the long axis of the backbones are aligned perpendicular
to the shearing direction,'® a data consistent with the GIXRD
results. Similar morphological evolutions can be drawn for the
other semiconductors, however, with the crystals less aligned
and with a progressively increased face-on population upon
shortening the substitient and reducing the chalcogen size. The

Adv. Funct. Mater. 2022, 32, 2200880 2200880 (12 of 15)
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Figure 10. lllustration of the molecular orientation of the indicated films
pointing to a transition from an exclusively edge-on molecular orientation
in 1 to mixed edge-on/face-on orientations.

combined analyses demonstrate not only that solution-sheared
films of 1 are the most textured but exhibits the most favorable
m-staking oriented crystallites at the shortest distance thus cor-
roborating, in combination with the microscopic film mor-
phology, the superior charge transport of the corresponding
OFETs versus those of the other compounds.

3. Conclusions

In conclusion, six new organic semiconductors were devel-
oped, and charge transport assessed in solution-sheared
OFETs. Single crystal structures of SeBT (1 and 1B), SBT (4),
and OBT (5) based compounds were solved demonstrating
that intramolecular lock is not only preserved along the whole
chalcogenated molecular series, but it even intensifies for
the larger Se atom, affording highly planar and mconjugated
XBT-based molecular structures. While structure and ener-
getic of all compounds synthesized here are reasonable for
hole conduction, the morphology of the solution-sheared films
strongly dominates OFET performance as rationalized by a
combination of macro/microscopic film morphology, film
texturing, and orientation phase purity of the corresponding
films. Among these, compound 1 exhibits a maximum car-
rier mobility of 4.01 cm? V™! s71, which is the greatest in this
series and the largest hole transporting value reported to date
for all fused-thiophene-based organic small molecular semi-
conductors. When comparing vis-a-vis the chalcogen effect,
the carrier mobility decreases steadily when moving to sulfur
(1.70 cm? V7! s71 for 4) and to oxygen (9.32 x 10~ cm? V1 s7!

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

for 5) containing substituents. Our data demonstrate for the
first time that, from a charge transport perspective, employing
a chalcogen as part of a substituent of a 7-conjugated core is
equivalent of using it as internal part of a heteroaromatic ring.
Thus, our findings provide a new viewpoint to investigate the
structure—property relationship of organic semiconductors and
suggest a new route toward rationally designed solution pro-
cessable high performance semiconducting materials.

Supporting Information

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