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ABSTRACT: Understanding the structure and configurations of small-molecule
organic semiconductor (OSC) materials is essential in modifying their material
properties. Here, we use density functional theory (DFT) to explore the impact of
intramolecular noncovalent interactions on the isomerization and structure of the
benzodithiophene (BDT) trimer. Fluorine substitutions modify the dihedral
coupling between BDTs on the same molecule, thereby significantly increases
charge mobility up to 13.2 cm® V™' s7". In the fluorinated isomers, the formation
of hydrogen bonds overcomes the repulsive S---S interaction in the syn-conformer,
leading to a more planar backbone structure. To validate the DFT simulations, we
simulated inelastic neutron scattering (INS) spectroscopy of different anti- and
syn-isomers in mixed configuration crystals and compared them to measured INS.
Two main messages emerge from this study. (1) Although the through space
interaction of fluorine with sulfur is the main contributor to dihedral planarization,
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H-bonding formed through selective fluorination plays a critical role. (2) A crystal structure that includes a mixture of several
configurations could have significant mobility, while the dihedral disorder is mitigated by configurations that are energetically very
similar. Our investigation reveals that both syn- and anti-conformers are common in the BDT-trimer crystal, demonstrating that

isomeric or configuration purity is not a prerequisite for high charge mobility over 10 cm® V"~

! s7'. This work provides a fundamental

understanding of the interplay between intramolecular interactions, isomerization, and side chain effects in OSC materials, guiding

the design of new generations of OSC materials.

Bl INTRODUCTION

Organic semiconductors (OSCs) show tremendous potential
for various applications such as photovoltaics, "> organic light-
emitting diode displays,” flexible transparent electronics,’°
and biocompatible medical devices.”® The unique properties
of OSCs have captured the attention of researchers in diverse
fields, ranging from exploring charge transport mechanisms to
synthesizing new OSCs using theory derived”™'' and
experimentally validated'>™'* design rules. Traditionally,
OSCs can be broken into two distinct categories, small
molecule materials with high crystalline order that, until
recently, were exclusively vacuum processed'> and polymers
with low crystalline order that are exclusively processed from a
solvent.'® To harness the best properties of both material
types, crystalline oligomers have recently been synthesized that
combine long-range intermolecular crystalline order with long-
range intramolecular delocalization along conjugated back-
bones."””™"? For these oligomers, rigid planar molecular
building blocks, consisting of multiring conjugated units such
as benzodithiophenes (BDTs), are connected through freely
rotating dihedral bonds. Just like in a polymer, the dihedral
angle between neighboring BDT units controls the delocaliza-
tion of ground states, polarons, and excitons. Like polymers,
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oligomeric crystals are more structurally complex because
neighboring BDT units in the same molecule can assume
either syn- or anti-configurations depending on the relative
position of sulfurs. Ideal molecular packing would combine
large multiring backbone structures into perfectly organized
and planar 3D structures with all anti- or syn-configurations.
However, as the conjugated backbone becomes larger, entropy
enables the incorporation of combined syn/anti configurations
to become frozen into the same crystal, which should
significantly increase the energetic disorder for charge
transport. The use of selective fluorination has been proposed
as a design motif that enhances backbone planarity and anti-
configuration packing.”’”*' The goals of this study are to
examine protonated and selectively fluorinated BDT trimers,
labeled BDT-H and BDT-F, respectively, and to determine
whether and how much selective fluorination enhances

[EMiics

March 4, 2024
April 19, 2024
Accepted: April 22, 2024
Published: May 5, 2024

Received:
Revised:

https://doi.org/10.1021/acs.chemmater.4c00640
Chem. Mater. 2024, 36, 4794—4805


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Farahnaz+Maleki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karl+J.+Thorley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hamna+F.+Iqbal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Vong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Toulik+Maitra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anthony+Petty"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luke+L.+Daemen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luke+L.+Daemen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sean+R.+Parkin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oana+D.+Jurchescu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+E.+Anthony"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adam+J.+Moule%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.4c00640&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00640?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00640?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00640?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00640?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00640?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/cmatex/36/9?ref=pdf
https://pubs.acs.org/toc/cmatex/36/9?ref=pdf
https://pubs.acs.org/toc/cmatex/36/9?ref=pdf
https://pubs.acs.org/toc/cmatex/36/9?ref=pdf
pubs.acs.org/cm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c00640?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/cm?ref=pdf
https://pubs.acs.org/cm?ref=pdf

Chemistry of Materials

pubs.acs.org/cm

Scheme 1. (a) BDT-H and (b) BDT-F Trimer Structures. (c) Showing the Dihedral Angles of the Anti (Blue) and Syn (Red)
Orientations among the Backbones of the BDT Trimer and (d) S-F and H--F Intramolecular Interactions in the Anti- and

Syn-Isomers of BDT-F Trimers, Respectively
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backbone planarity and the ratio between syn- and anti-
configurations. The results described here are generalizable to
a broad range of polymers and oligomers and should clarify
design rules for the future synthesis of improved OSCs.

The presence of heteroatoms in the highly symmetric
backbone of OSCs can lead to an isomeric mixture of products.
Recent efforts have been made to understand how isomeric
purity impacts material characteristics. Tykwinski and co-
workers synthesized isomerically pure bis-trimethylsilyl-syn-
difluoroanthradithiophene (syn diF-TES-ADT). The resulting
pure-syn thin-film transistors demonstrated comparable
performance to devices with a mixture of syn- and anti-
isomers.”” In a separate study, films of pure-anti diF-TES-ADT
were synthesized. In this case, the pure-anti film exhibited
about 2X higher field effect hole mobility (y;,) compared to a
mixed syn/anti film. While the lower mobility measured in the
mixed-isomer films was assigned to the higher trap density in
the domains of isomer coexistence,”>™>° from these studies, it
was not clear why the pure anti-configuration yielded improved
u, while a pure syn crystalline film did not.”® Similar results
demonstrating high 4, in mixed configuration films have been
observed in unfunctionalized ADTs.””** With the introduction
of a dihedral bond into the backbone structure, it is important
to consider that intramolecular interactions, specifically
hydrogen bonding, play an important role in favoring syn-
and anti-isomers. For instance, Wange and colleagues
demonstrated the role of hydrogen bonding in thienyldiketo-
pyrrolopyrrole (ThDPPTh) as a conformational constraint,
resulting in the stabilization of the N,S-syn conformation of
ThDPPTh.”

We were curious to explore the impact of combined
structural and dynamic disorder on the hole mobility of
crystalline OSCs. In particular, we hypothesized that breaking
the typical rigid, fused aromatic chromophore into a series of
smaller units linked by C—C single bonds might help diminish
the role of long-axis vibrations on charge transport.”” To that
end, we developed a universal crystal engineering core based
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on silylethyne-substituted BDT and optimized the crystal
packing of the BDT trimer, Scheme 1la, to yield the 2-D
“brickwork” molecular arrangement needed for high
transistor applications.”® After extensive optimization of
surface treatments and deposition conditions, we were able
to achieve a hole mobility (u,) slightly greater than 1 cm® V™
s7.*° This value was surprisingly low since the calculated
electronic coupling based on the expected crystal packing was
202 meV, which would suggest that a substantially higher p, is
possible. To improve the performance, we also explore the
effect of selective fluorination of this material, as shown in
Scheme 1b. Selective fluorination of conjugated organic
molecules is a strategy that is used to increase backbone
planarity between conjugated ring structures and thereby to
enhance p;, in OSCs.’'™® S..F and H--F noncovalent
interactions are attributed to the higher backbone planarity
and increased mobility in conjugated polymers and OSCs.>*~*’
The presence of the fluorine could stabilize a planar syn-
configuration via hydrogen bonding between the fluorine and
neighboring proton or it could stabilize the anti-configuration
through attractive S--F interactions.”®*” For both config-
urations, we hypothesize that the attractive interaction will
planarize the dihedral angle between neighboring rings and
thereby increase delocalization of the polaron through the
backbone and increase the py,. The measured py, of more than
>10 cm? V™' 57! seems to validate our hypothesis but does not
actually explain why the puy, increases because the fluorine
stabilizes both syn- and anti-configurations. Thus, a molecular
design rule that explains the role of fluorine substitutions in
increasing 4, in mixed configuration crystals is still lacking.
The detailed measurements and modeling in this article will
provide this general design rule.

Recently, the Moulé group studies on OSCs have revealed
that inelastic neutron scattering (INS) spectroscopy is a
valuable tool for validating all phonon modes crucial for
accurately calculating dynamic disorder and hole mobility in
0SCs.*>*' Compared to optical vibrational spectroscopy, INS
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offers several advantages. It has no selection rules, enables
measurement across a broader energy range, and accounts for
momentum transfer.*” Moreover, INS exhibits exceptional
sensitivity to proton-rich materials, enabling measurement of
the weighted density of proton motions, which is exceedingly
sensitive to intermolecular interactions.”” INS enables
unprecedented accuracy in the measurement of phonon
modes from 3 to 5000 meV. Coupled with density functional
theory (DFT) simulations, INS can quantitatively validate the
assignment of different molecular configurations and molecular
defects.*** In addition, the combination of INS, DFT, and a
dynamic delocalization transport model'”* has yielded a more
accurate prediction of y;, than any other method*' and even
enables visualization of dynamic disorder for improved
synthesis.*®

The BDT-H and BDT-F trimers studied here can assume
several different polymorphs because of the two dihedral bonds
and syn/syn, anti/anti, and anti/syn interactions with
neighboring molecules. In addition, while the conjugated
backbones form repeating crystals, the side chains assume a
wide variety of quasi-amorphous configurations, which
complicates the assignment of the INS spectrum and the use
of plane wave DFT to solve the structure. This study explores
both single molecule and plane wave crystalline simulations to
account for the effects that molecular packing has on both
structure and intermolecular electronic coupling. We show
how the validation of simulations to INS data is a critical
component for meaningful assignments.

B METHODOLOGY

Experimental Methods. Recently, Anthony and co-
workers reported a robust and straightforward approach to
induce 7z-stacking in aromatic chromophores.”® They achieved
this by utilizing a universal aromatic core molecule that
includes a trialkylsilylethynyl group to control the arrangement
of the crystals. This method allows for the attachment of a
wide range of z-conjugated pendants. For their study on
optimizing crystal packing for organic field-effect transistor
(OFET) applications, they focused on the BDT pendant and
made a simple adjustment to the trialkylsilyl group, resulting in
a champion material known as BDT trimer; see Scheme la.
This remarkable material exhibited a hole mobility of 1.6 cm*
V! s71.3° The fluorinated trimer, Scheme 1b, was conveniently
prepared following the methods developed for the preparation
of Scheme la. The requisite fluorinated cores for Scheme 1b
were synthesized in two steps from a BDT derivative reported
by Yu and co-workers,”” see Supporting Information for more
details.

The INS spectra of both BDT-H and BDT-F trimers were
measured using a VISION spectrometer located at Oak Ridge
National Lab. INS spectrometers can be categorized into two
types: indirect and direct geometries. Indirect geometry
spectrometers do not directly measure the phonon modes or
the currently active phonons. Instead, they provide the phonon
density of states averaged over momentum (Q). On the other
hand, direct geometry spectrometers measure the currently
active motions and their Q-dependence. The VISION
instrument used for these measurements is an indirect
geometry neutron spectrometer. To enhance the accuracy of
the measurements, the INS was measured at cryogenic
temperatures (S K). This reduced signal attenuation and
broadening caused by the Debye—Waller effect and minimized
the inherent noise from thermally activated phonons.
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Transistor Fabrication and Characterization. Bottom-
contact, top-gate OFETs were fabricated on substrates that
have been first cleaned by immersion in an acetone bath,
followed by an isopropyl alcohol bath (both for 10 min and
maintained at 85 °C). Next, the substrates were exposed to
UV—ozone for 10 min, rinsed with deionized water, and dried
under a nitrogen gas. The source and drain electrodes (3 nm
Ti and 40 nm Au) were deposited through a shadow mask and
then chemically modified with pentafluorobenzenethiol
(PFBT) self-assembled monolayer by submersion in a 30
mM solution of PFBT in ethanol for 30 min. Several different
procedures have been explored for the deposition of the OSC
film as well as for the OFET structure, and the results yielding
the best device performance are detailed below. The BDT-H
trimer films were spin-coated from a 1.5 wt % solution in
chlorobenzene and then placed in a vacuum desiccator for 2 h
to remove any residual solvents. A layer of parylene C (750
nm) was evaporated on top according to the procedure
reported elsewhere to serve as a gate dielectric,***® and a 50
nm Au film was then thermally evaporated through a shadow
mask to form the top gate electrode. The BDT-F trimer films
were spin-coated from a 1.5 wt % solution in 1,2,4-
trichlorobenzene and annealed on a hot plate at 100 °C for
15 min. To complete the top gate devices, a 1400 nm layer of
Cytop (CTL-809-M) was spin-coated over the films, annealed
on a hot plate at 100 °C for 20 min, and placed in a vacuum
desiccator overnight at room temperature. A 50 nm layer of Au
was thermally evaporated through a shadow mask as a top gate
electrode.

OFETs were electrically characterized using an Agilent
4155C Semiconductor Parameter Analyzer. All measurements
were performed in the dark, at room temperature, and in
ambient air. The charge-carrier mobility was determined from

the slope of the \/E vs Vg plot in the saturation regime.”” At

least 20 devices of each type have been measured, and the
results were consistent.

Computational Methods. In this work, we studied both
molecular systems and crystalline solids. Thus, we utilized two
different computational approaches and electronic structure
codes. For the investigation of frontier molecular orbitals, we
employed the Gaussian code,”” making use of a local Gaussian-
type atomic orbital basis set. For the study of isomers in the
periodic system as well as phonon calculations, we adopted the
periodic VASP code,” ™ based on plane wave and supercell
approaches. The details of the computational setup are
provided in the Supporting Information.

Supercell Calculations. For the calculation in the periodic
system, we used the crystallographic information file (CIF) of
BDT-F: CCDC 2346983. By replacing F atoms with H, we
found the BDT-H structure. The CIF was the initial structure
in obtaining the related isomers, as shown in Figure 3. We
optimized the unit cell parameters and the atomic geometry of
the crystalline structures for all isomers. The structural data of
the most stable isomers are detailed in Tables S3—S6. Based on
our previous studies, it has been shown that DFT calculations,
although requiring much greater computational time than
other methods, produce an excellent agreement between the
simulated results and experimental data of INS spectra.”
Based on this finding, the calculations of the periodic system
have been performed using the VASP $.4.4 package.”' ™ The
valence electrons (H (1s), C (2s, 2p), F (2s, 2p), Si (3s, 3p),
and S (3s, 3p)) are expanded on a set of plane waves with a
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Figure 1. UV—vis absorption spectra of BDT-H and BDT-F for (a) thin film and (b) solution, optical images for (¢) BDT-H and (d) BDT-F films
deposited over the OFET contacts, and transfer curves for (e) BDT-H and (f) BDT-F OFETs.

kinetic cutoff of 520 eV, whereas the core electrons are treated
with the projector augmented wave approach.’® The
generalized gradient approximation for the exchange—
correlation functional was applied, with the Perdew—Burke—
Ernzerhof (PBE)*® formulation to ensure the highest accuracy,
as we previously explored the impacts of various functionals on
the accuracy of dynamics in small molecule OSCs.*
Dispersion energy contributions have been included using
the Grimme D3 formalism.’”** Regarding electronic and ionic
loops, the threshold criteria were set at 107 eV and 1072 eV/
A, respectively. For Brillouin-zone integration, a 1 X 1 X 1
Monkhorst—Pack k-point grid was used during the relaxation
of all models. The same computational setup was used for the
phonon calculations.

Our group previously introduced DCS-Flow, a tool that
simulates the INS spectrum based on phonon mode
calculations.”® The phonons were calculated using the
supercell method implemented with phonopy.*>°' Continuing
further, DCS-Flow models the INS spectrum using the
energies and forces from DFT, employing the oCLIMAX
tool provided by Oak Ridge National Laboratory.”> The INS
spectra have been simulated for all considered possibilities of
syn- and anti-isomers of both BDT-H and BDT-F trimer
structures and compared to experimental data.

Molecular Calculations. The molecular geometries of all
the calculations have been performed using the Gaussian 16
package.”® The B3LYP®® functional with D3 dispersion®*
correction, combining the 6-31G(d)® basis set, is used for all
the calculations in the gas phase. To obtain a benchmark for
the dihedral angle distortion in the backbones of anti- and syn-
isomers of BDT-H and BDT-F trimers, as well as for the
structures in which sulfur atoms have been replaced with
selenium atoms, we employed the following methods: two
standard DFT functionals (PBE*® and MO06-L°°) and five
hybrid functionals (B3LYP,** HSE06,"” M06,°* M06-2X,°® and
MO06-HF®). The frontier molecular orbitals were calculated by
using dimers extracted from the molecular crystals.
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B RESULTS AND DISCUSSION

Optical and Electrical Properties. Figure la shows the
UV/vis spectra of the two BDT trimers dissolved in toluene.
Several differences in the spectra are of note and help to
understand the dissolved state structure. Both molecules show
a higher ratio of 0—0 to 0—1 vibronic coupling, indicating
negligible structural changes between the ground and excited
state. In other words, even in solution, the BDT end groups are
largely planar with the central BDT. The peak widths are
narrower for the BDT-H trimer, indicating greater similarity
for the molecular environments than for the BDT-F trimer. We
speculate that the side chains interact more strongly with the
BDT-F, causing greater constraints on the configurations of the
BDT chromophores. This assignment is validated by clear H-
bond interactions between the side chains and fluorine in
vacuum phase structural minimizations; see Figure S10. Also,
the BDT-F trimer is slightly red-shifted, possibly indicating
greater planarization of the backbone in the solution. Both film
spectra in Figure 1b show a significant red-shift of ~70—80 nm
that could indicate (1) that the film configuration is
significantly more planar in both samples than the dissolved
configuration and/or (2) intermolecular delocalization of the
ground state wave function across multiple molecules. The
BDT-F still shows a regular vibronic progression, which is a
sign that the backbone configuration is fairly uniform, but there
is also a broader peak centered at 430 nm indicative of
amorphous molecules or an amorphous phase. In contrast, the
BDT-H spectrum is very broadened with no vibronic
progression, indicating a wide variety of molecular config-
urations and/or a large percentage of disordered/amorphous
molecules.

Figure lc,d shows microscopy images of the BDT-H and
BDT-F trimer films, respectively, on the OFET bottom
contacts. The BDT-H trimer sample has very small domains
that are random in shape (edges not straight and uneven
corners), which is consistent with the film UV/vis spectrum
showing a variety of molecular structures. In comparison, the
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Figure 2. Dihedral angle between BDT units in the backbone of anti- and syn-isomers of (a,b) BDT-H and (c,d) BDT-F structures by considering
H atoms as a side chain. (e) DFT-calculated torsion potentials of BDT-H (blue) and BDT-F (red).

BDT-F trimer shows large (1 s to 10 s of ym) domains with
straight edges and angular corners, consistent with a highly
crystalline sample. Figure lef shows the transfer curves of
optimized OFET devices for BDT-H and BDT-F trimers,
respectively, while in Figures S6 and S7, we include the
corresponding output curves.

As in our original study,” the field-effect mobilities in the
BDT-H trimer were in the order of 1 cm®> V™' s™. The high
electrical performance is accompanied by exceptional opera-
tional stability under high, constant bias conditions. This is
evidenced by the minimal threshold voltage shift, which remain
below 1 V, even after extensive testing in an ambient
environment.”® Remarkably, the mobility values in the BDT-
F trimer exceeded 10 cm® V™! s7!, with the device included in
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Figure 1f displaying a value of 13 cm® V™' s™'. Additionally,
these OFETs are also characterized by high on/off ratios (10
to 10*) and sharp turn on, with subthreshold swings around 1
V dec™". The order of magnitude enhancement in the charge
carrier mobility in the fluorinated trimer is partially due to the
presence of the larger grains, but additional factors play a role,
as we describe below.

Based on detailed sulfur occupancy analysis in the
crystallographic data for the BDT-H trimer, we were surprised
to find substantial disorder around the single bonds that link
the BDT units together.”® In crystals of oligothiophene
systems, the anti-configuration is strongly preferred. However,
there have been instances in longer oligothiophenes where syn-
orientations were found, and the prevalence of syn-
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Figure 3. (a) Considered anti- and syn-isomers (I-VIIL, X = H, or F) and (b) their relative energies for BDT-H (X = H, left) and BDT-F (X = F,
right) in the unit cell of the periodic system. To simplify showing the isomers, the silylethyne side chain groups are removed.

contamination also appears to be related to the nature of the
solubilizing groups along the chromophore backbone.” In the
BDT trimers studied here, they showed as much as a 56%
incidence of syn-isomer in the crystal (e.g.,, Figure 3, isomers
VI and VII, or in some cases, both BDT linkages likely adopt
the syn-configuration, isomer II or V).

Taking all of the measured data together, we can clearly state
that the selective fluorination of the BDT backbone increases
the formation of crystals with long-range order, generates a
uniform film vibronic structure that is indicative of an ordered
backbone, and produces FETs with >10X higher y;, compared
to the BDT-H trimer. The measurement of y, = 13 cm* V™!
s™! in the best devices is one of the highest reported ;s ever
reported. This sample is, therefore, of high interest. It is of
paramount importance to understand exactly why selective
fluorine substitution makes the BDT-F trimer so much better
than the BDT-H trimer.

Backbone and Intramolecular Structure. Intramolecu-
lar noncovalent interactions, such as heteroatom interactions
and hydrogen bonds, play a significant role in the crystal
engineering of OSCs and their properties.”’”’> While electro-
static interactions between sulfur and neighboring heteroa-
toms, like fluorine atoms within the same molecule or polymer
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chain,”>”* are crucial, hydrogen bonding within conjugated

polymers can exhibit even greater strength.”>~’” For the BDT-
H trimer, there are no hydrogen bonds or F--S attractive
interactions, only S-S repulsion between neighboring BDT
rings (Scheme 1c). By comparison, in the anti-conformer of
the BDT-F trimer, we observe S---F attractive interactions,
while in the syn-configuration, we observe H-bond (H--F)
attraction and S-S repulsion between neighboring BDTs
(Scheme 1d).

To assess and better understand the intramolecular
interaction within the backbone without interference from
the side chains, we replaced the side chains with hydrogen
atoms. Two molecules with both syn- and anti-conformers in
the backbone of the BDT trimers were considered. Figure 2a—
d shows the optimized structures of both the BDT-H and
BDT-F trimer structures. Surprisingly, both two isomers of the
BDT-F trimer are almost planar, while in BDT-H, the anti-
conformer is planar, but the syn-orientation still exhibits a
dihedral angle of approximately 30°. These observations reveal
that the presence of S-S (3.390 A) noncovalent repulsion in
the syn-conformer of the BDT-H trimer is important and that
it prevents the molecule from assuming a planar and well
delocalized geometry. In the case of the BDT-F trimer, the
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hydrogen bond has a remarkable planarizing effect. It can
effectively overcome the dihedral angle distortion caused by
the S-S repulsion, causing the syn-conformer to become
nearly planar. To examine the strength of hydrogen bonds in
overcoming dihedral angle distortion, we examined both BDT-
H and BDT-F trimers in a syn- and anti-configurations,
wherein sulfur atoms were substituted with the heavier
isovalent element, selenium (Se). The results reveal that in
the BDT-H syn-structure, the dihedral angle exceeds 30°
whereas, with fluorination, the syn-dihedral angle reduces to
12°; see Supporting Information, Figure S11. In conclusion,
two potential strategies can be considered to overcome this
significant torsion angle: first, by minimizing the S-S repulsion
and going to an anti-orientation; second, by introducing a
stronger hydrogen bond on the opposite side through the
replacement of a H atom with a F atom (Scheme 1b).

To investigate the energetic cost associated with rotating the
terminal BDT wunits in both BDT-H and BDT-F trimer
structures, as well as to examine the impact of H bonding on
this process, the torsion potentials were calculated by varying
the dihedral angle and calculating the configuration energy.
The results are presented in Figure 2e. Upon comparing the
relative energies of BDT-H and BDT-F trimers, it becomes
evident that the presence of a H bond in the syn-configuration
of BDT-F enhances their stability within the range of 0—40
degrees of dihedral distortion, in contrast to BDT-H structures.
However, as dihedral distortion increases, leading to the
disappearance of the hydrogen bond, the relative energies of
the BDT-H trimer become lower than those of the BDT-F
trimer. It can be concluded that flipping terminal BDT units in
BDT-H is easier than in BDT-F and that planar syn-
configurations are relatively stable in BDT-F. Finally, for
both molecules, the difference between anti- and syn-
configurations is less than kT. So, while anti-configurations
should be more common, we expect ~40% syn-configurations
based on stability differences.

In order to assess the reliability of the method in predicting
intramolecular interactions and dihedral angle distortions in
the backbone of BDT trimers and in structures in which S
atoms are replaced with Se atoms, we conducted benchmark
tests using various pure and hybrid functional methods. The
results are presented in Table S2. Both pure and hybrid
functionals give the same result for all anti structures: the
dihedral angle is 180° without any distortion. Two hybrid
functionals with 22 and 100% of exact exchange (wB97X-D
and MO6-HF, respectively) show the maximum distortion,
with angles of 35 and 40°, while the pure DFT functional has
the minimum dihedral angle (13—22°) in the syn-isomer of
BDT-H. In the syn BDT-F cases, the ®B97X-D and M06-HF
functionals still exhibit distortion by 19 and 24°, respectively,
while the remaining functionals show the planar structures. By
replacing the S atom with Se and increasing Se---Se repulsion,
we observe the same trends, although some changes in
distortion can be observed.

We next explore the dihedral angle disorder as a feature of
intramolecular interactions within the backbone of BDT
trimers in the presence of the side chains. We considered
individual molecules in the gas phase compared with the
geometry of the molecule in the periodic system. The results
indicate that the distortion of both syn- and anti-orientations
for both the BDT-H and BDT-F molecules is significantly
larger, up to 28°, compared to the dihedral angle observed in
the crystalline structure, which was less than 8° (Supporting
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Information, Figure S10). In the free molecule, the interactions
between the side chain and backbone of the BDTs cause this
distortion, which is not expected in the crystal.

Crystalline Configurations. Most simulation research on
OSCs has focused on studying individual molecules, dimers, or
clusters of molecules in the gas phase.””® Researchers have
found that structures with the ability to isomerize, such as anti-
and syn-conformers, tend to favor the anti-isomer.”*”” This
type of simulation determines the minimized structure or
structure that is most likely to form. However, if the difference
between the minimized structure and other configurations has
energetic differences that are less than kT, then a variety of
isomers will form. To address this issue, we model all eight
isomers (Figure 3a) for unit cells of two BDT trimers. These
include two highly symmetric structures with all BDT units in
anti (I) or syn (II) positions, as well as configurations where
one BDT unit in one of the two molecules is rotated (III and
IV). Additionally, we examined structures with two syn- and
anti-conformers in the BDT trimer (V to VIII). Note that
isomers VII and VIII are identical when the unit cell is
repeated in the periodic system, as shown in Supporting
Information, Figure S9, thus VIII is not labeled in Figure 3b.

The results for the minimization of both BDT-H and BDT-F
structures are summarized graphically in Figure 3b, where the
relative energy of each isomer is referenced to the most stable
one. For the BDT-H trimer, the anti/anti (I) and syn/syn (1I)
isomers are the most and least stable, respectively, with a 0.23
eV difference. Flipping one BDT unit in I costs 0.1 eV to
obtain isomer III, while the same rotation in isomer II,
resulting in isomer IV, costs about 0.02 eV. In the remaining
anti/syn isomers (V—VII), their stabilities are almost
equivalent, less than 0.2 eV. In the case of fluorination,
compared to BDT-H, the variation range of relative energy is
smaller, and the relative energies are less than 0.07 eV, 3b.
Similar to BDT-H, isomer I is the most favorable, while isomer
II is only 0.02 eV less stable. Isomer IV is the least favorable,
and the remaining isomers are almost equivalent. The presence
of H-bonding in isomer II has decreased the relative energy
differences between the isomers compared to the non-
fluoridated one. Comparing the energetic differences between
BDT-F and BDT-H, we would predict much more isomer-
ization within the crystal structure for BDT-F because the
relative stability differences are smaller. Since greater isomer-
ization is usually associated with a higher trap density, BDT-F
has a significantly higher y, than BDT-H. This suggests that
the BDT-F can have high u;, even with significant isomer-
ization within the same crystal because each individual BDT-F
site is planar and has similar ground state energy.

The structural data for all isomers are summarized in Tables
§3—S6. Since the BDT-F trimer is planar in both anti- and syn-
configurations, it is worth asking whether the S---F in the anti-
configuration does a better job of planarizing the backbone
than the H---F bond in the syn-configuration. To simplify our
comparison, we consider the summation of both dihedral
angles in each molecule, Tables S4 and SS. The dihedral angles
for the planar syn- and anti-isomers are 0 and 180°,
respectively. To facilitate the summation, we assume the
dihedral angle of the anti-isomer to be 0° by reducing it from
180°. Upon comparing the relative energies of dimers of BDT-
F trimers, we can conclude that the F---H interaction has more
effect over the S---F contact. The bond lengths of the hydrogen
bonds fall within the range of 2.39 —2.46 A (see Table SS),
aligning with the reported intra- and intermolecular H bonding
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distances observed in crystal engineering studies (up to 2.9
A).”® In summary, the BDT-H isomers exhibit dihedral angles
for both anti- and syn-conformers in the range of 2—6°, while
for the BDT-F isomers, the dihedral angles are in the range of
1—4°, much reduced compared to the BDT-H isomers, see
Tables S4 and SS. The consequence on long-range ordering is
significant. As seen in Figure lc, the BDT-H trimer exhibits
very small crystallites and reduced p;, compared to BDT-F
trimers, with long-range ordering in crystallites of up to 10 py,
and >10X greater p,. The longer range ordering in BDT-F
trimers is clearly better for high j,; however, the large variety
of isomers in the crystal predicts a high energetic disorder
within the crystallites. We perform a more detailed analysis of
the intermolecular structure in the next section.

Model Validation to INS Data. In this section, we discuss
the INS results obtained for both the BDT-H and BDT-F
trimers. INS measures the motions of all of the nuclei with
equal scattering signals coming from atoms in crystalline and
amorphous domains. This means that the INS spectrum is a
weighted density of motion states. Since the atomic environ-
ment around an atom affects its dynamics, it is possible to
quantitatively divide an INS spectrum into populations that
represent molecules in differing geometries. The INS spectrum
from VISION covers phonon modes over three orders of
energy, corresponding to physical motions as fast as a C—H
stretch (~3500 cm™) down to collective intermolecular
phonons involving 100s of atoms over multiple nm in the
(10-100 cm™) range.

Figure 4 (black) shows the measured INS spectrum in
energy ranges corresponding to intermolecular phonons (5—
350 cm™') and the C—H wag and bend modes for sp*-
hybridized orbitals (600—1000 cm™). Below the measured
spectra are simulated INS spectra of each different
configuration, as shown in Figure 4. In the BDT-F simulation,
there is a near quantitative agreement over 3 orders of
magnitude in energy between the experimental and simulated
results, validating our computational methods.”**’ In several
regions of the spectrum, for example, the doublet at 250 cm™!
and the four small peaks between 725 and 810 cm™, the peak
position changes because the protons on the pendant BDT
experience shifts in their vibrational frequency due to
differences in the molecular environment in the different
isomers. At the bottom in gray, Figure 4, is a weighted sum of
spectra with the percentage weight of each spectrum
determined by the Boltzmann population from the energies
displayed in Figure 3b. At about 250 cm™, isomers II and IV
with mostly syn show a clear doublet, while isomers I, III, V,
and VII with at least 1/2 anti-configurations show a broadened
singlet. The measured and sum spectra depict a close doublet
representing a variety of configurations in the same crystal.
Also, at 725—810 cm™, all anti-isomer I shows two broad
peaks, but most of the isomers with syn-configurations show
two doublets. The sum spectrum shows two doublets, but the
measured spectrum has only two broad peaks. In this case, the
result is less clear because the measured large peak at 735 cm™!
red-shifted 20 to 715 cm™ in the simulated spectrum. It can be
safely concluded from these spectra that multiple different
isomers of syn/anti-configurations are incorporated into the
same crystal in BDT-F. The highly planar structure of both
syn- and anti-bonds enables significant structural variation
within the same crystal.

As discussed from the crystalite size and UV/vis spectrum,
the BDT-H trimer exhibits greater structural anisotropy than
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Figure 4. Experimental and simulated INS spectrum for I-VII
isomers of BDT-H and BDT-F structures are shown in Figure 3a. Left
and right show the INS of the entire energy range and a close-up of
the spectra.

BDT-F. This increased complexity is shown by a larger number
of peaks compared with the BDT-F trimer. The increased
complexity in the BDT-H trimer comes from the reduced
crystallinity, meaning that the protons in the BDT-H trimer
sample experience a greater variety of molecular environments.
The relatively poor quantitative fit to the simulated data is due
to the fact that a majority of the BDT-H molecules are not
incorporated into extended crystals. Instead, the large portions
of this sample have molecules with dihedral angles of ~30°
that cannot be included into organized crystals.

B CONCLUSIONS

Through the fluorination of BDT-H (Scheme 1b), a new OSC
has been reported, exhibiting hole mobility as high as 13.2 cm?
V™! s7!. We employed a comparative study using both vacuum
DFT, including two pure DFT functionals and seven different
hybrid functionals, as well as plane wave DFT + U, including
dispersion contributions, to gain a better understanding of the
role of fluorine atoms in guiding the design of new generations
of OSC materials. We find that single molecule simulations
reveal biased molecular forces but fail to capture the
planarization of dihedral bonds due to the nearest neighbors
in a crystal. The results can be summarized with the following
points:
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e Although the through space interaction of fluorine with
sulfur is the main contributor to dihedral planarization,
H-bonding formed through selective fluorination is
critical. Through space, S--F and H--F interactions
along the backbone stabilize planarization while S---S
interactions in syn-configurations rotate the dihedral
bond out-of-plane. Simulations of each dimer crystal
configuration revealed a direct and significant effect: the
dihedral bonds in BDT-F are either near 0° or 180° for
all isomers.

e A crystal structure containing a mixture of several
configurations could have significant mobility, while the
dihedral disorder is mitigated by configurations that are
energetically very similar. Also, different isomers of the
same crystal stack into the same crystal, and the relative
difference between isomers for BDT-F is significantly
lower than for BDT-H, meaning that a crystal of BDT-F
is composed of multiple different structures. This result
is directly opposed to the typical view that only a
perfectly repeating structure can have high charge
delocalization and high ;. The comparison between
BDT-F and BDT-H shows that multiple crystalline
isomers can support high g, if all of the isomers are
planar and have small relative energetic differences
between their ground state structures.

INS spectroscopy was used to measure the vibrational
spectra of the BDT-H and BDT-F samples. A near quantitative
match between the spectra and simulations was used to
validate the structural assignments from DFT. Several spectral
regions in the INS spectrum could be isolated that fingerprint
syn- and anti-BDT dihedral configurations. Notably, both the
data and simulations agree that it is essential to consider all
combinations of syn- and anti-conformers and that multiple
isomers can be accommodated into high gy, crystals. We
speculate that the oligomeric structure accommodates higher
structural disorder without losing delocalization based on long-
range order.
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