ROYAL SOCIETY

Journal of

Materials Chemistry C

OF CHEMISTRY

View Article Online
View Journal | View Issue

The effect of hexyl side chains on molecular
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We report substituent effects on conformational preferences and hole mobilities of 2,5-bis-(thiophen-2-yl)-
thieno[3,2-b]thiophenes (BTTT) monomer and dimer, and hexyl derivatives. We employ single-crystal X-ray
diffraction, quantum mechanical calculations, and thin-film transistors to explore the difference between
monomer, dimer, and effect of hexyl substitution. The hexyl-substituted molecules show marked
differences in solid-state packing compared to the unsubstituted analogs. Most notably, the alkylated
monomer crystal structure exhibits terminal thiophenes in the syn conformation. In contrast, the
unsubstituted monomer adopts the more common anti conformation. The hexyl-substituted dimer,

Received 25th October 2016,
Accepted 22nd November 2016

however, features a mixture of syn and anti thiophenes. Gas phase conformations of oligomers
rationalize the intrinsic conformational preferences. We use a multimode simulation to compute hole
mobilities and find excellent agreement with experiment. Theoretical results support our hypothesis that
alkyl side chains cause these small molecules to adopt orientations that enhance hole mobilities by an
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Introduction

The polythiophene family (e.g. P3HT,' PBTTT,>® PQT") are
benchmark organic semiconductor polymers and provide a
powerful platform for exploration of structure-property rela-
tions. In functional devices these materials show that control
of microstructure is directly correlated to performance.’™*
Various additives (i.e., nucleating agents and co-solvents) and
processing techniques (i.e., solvent annealing and shear/dip
coating) have been explored to control critical morphologic
parameters. Still, the molecular structure is the most funda-
mental factor controlling morphology.'*'® In this vein, we have
performed a detailed study of structure-property relations in
the oligo-BTTT system to provide insight on the effects of a
major structural component to these systems, side chains.
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order of magnitude upon hexyl substitution of the monomer.

Oligomers provide monodisperse, crystalline model systems
that can aid in understanding of their parent polymers and
their charge transport properties.*>'*>” These studies often
leverage the crystal structures of the oligomers.*>1¢2328746 yye
have identified a recurring theme in reported crystal structures:
terminal thiophenes in many of these oligomer systems, oligo-QT*
and oligo-BTTT" for examples, adopt syn (adjacent thiophene
sulfurs on the same side) conformations. This is contrary to how
these systems are typically depicted in the literature.

The majority of oligothiophene publications report interior
alpha-coupled thiophenes as the expected anti (adjacent
sulfurs on opposing sides) conformation in the single
Crystal.4,16,17,19,20,22,23,28,29,31,33*37,39*43,47*52 Exceptions eXiSt,
but typically are substituted with multiple chains, bulky
groups, or flanked by relatively strongly interacting units.>"**>>
However, the terminal thiophene conformation is much less
consistent and is undoubtedly influenced by substitution pat-
terns and solid-state interactions. Many examples of terminal

4,16,17,19-22,28,29,33-35,37,30,41-43,47-52

thiophenes in both anti
syn®16:17,21723,31,35,36,39,4048,52  oonformations exist in the
literature.

In oligomer systems, the orientation preference in the crystal
packing can be determined from crystal structure analysis. In
order to better understand these conformational phenomena and
the macroscopic effects, we characterized a series of substituted

(CeH;3) and unsubstituted PBTTT oligomers. Crystal structures
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were compared to gas-phase DFT calculations, and we computed
torsional potentials to map conformational preferences. Finally,
we measured and simulated charge transport for these molecules
to understand the origin of the increased thin-film hole mobilities
for alkyl-substituted PBTTT monomers.

Results and discussion
Crystal packing

The unsubstituted monomer (1-H) crystallizes with the triclinic
P1 space group with two crystallographically distinct half
molecules in the asymmetric unit. It assumes the herringbone
packing motif characterized by slipped edge-to-face inter-
actions with an interplanar angle of 63° (Fig. 1a—c). Disorder
within the unit cell could also be identified. The 1-H has two
major disorders: first the whole molecule is disordered by
a ~180° rotation about the long molecular axis (still anti-anti,
but rotated relative to the neighboring monomers). Secondly, the
central thienothiophene unit can be flipped relative to one or both
of the end thiophenes (syn-anti or syn-syn). Predominantly, the
1-H molecule is anti-anti (adjacent sulfurs on opposing sides),
though with a small population of syn-syn and/or anti-syn
conformation. This indicates that anti-anti is the preferred
conformation for 1-H.
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Despite many attempts, a 2-H (structure in Fig. 2b) crystal
suitable for X-ray analysis could not be obtained. We expect 2-H
to have many of the same features observed for 1-H as well as a
variety of other linear unsubstituted thiophene small molecules;
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Fig. 2 Normalized UV-Vis spectra of the materials in chloroform [2-H in

hot TCBJ (dashed red) and thin film on glass (solid black): (a-d) 1-H, 2-H,

1-Ceg, 2-Cg, respectively. Thin film of 2-H was evaporated (~20 nm), all other

films were spin coated from chloroform solution.

'

Fig. 1 Chemical structure and crystal packing of 1-H (a—c), 1-Cg (d—f), and 2-Cg (g—i). (b) The 1-H unit cell along the a-axis. (e and f) show the 1-Cg unit
cell along the b-axis and a-axis respectively. (h) The 2-Cg unit cell along the a-axis. Hydrogens omitted for clarity. Crystals for X-ray analysis were grown
by physical vapor transport (1-H) and by evaporation of solvent (1-C¢ and 2-Cg).
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namely, a planar, all-anti conformation and herringbone packing
mOtif.ZOASAg

The alkylated monomer (1-C¢) has space group P24/n, with a
half molecule in the asymmetric unit and an end-to-face
herringbone packing motif (Fig. 1d-f). The intermolecular
backbone distance between adjacent molecules aligned along
the b-axis do not indicate any close n-7 interactions (> 3.4 A).
Interestingly, the alkyl chains prevent rotational disorder of the
terminal thiophene rings, but the central fused thienothio-
phene is disordered by a ~180° flip. The terminal thiophenes
are predominantly in the syn-syn conformation (the preferred
conformation), but with a large torsion angle of 38° with
respect to the thienothiophene core.

The alkylated dimer (2-Ce) crystallizes in space group P1 with
one whole molecule in the asymmetric unit (Fig. 1g-i). The n-n
distance in 2-C¢ is ~3.5 A which also does not indicate
significant m-interactions. This unusual packing has the hexyl
chains curving away from a surprisingly planar backbone. The
three hexyl groups on one side of the molecule interdigitate
with hexyls on inversion-related molecules. The structure is
severely disordered due to a complicated superposition of
conformers. In brief, the disorder manifests from a 180° flip
of one or both of the thienothiophenes. The thiophenes are
again prevented from rotating due to alkylation, but experience
small translational shifts depending on the adjacent thieno-
thiophene conformation. Half of the molecule is predomi-
nantly anti-anti and the other half is 50/50 anti-syn/syn-anti.
From what we observed in the hexyl-monomer preferences,
the anti conformation is unexpected; we address this in the
computational analysis section. The 50/50 occupancy of the
other thienothiophene occurs because both conformations are
essentially equivalent in energy (anti-syn = syn-anti).

Optical and electrochemical properties

The UV-Vis absorption spectra of the BTTT oligomers in chloro-
form solution (2-H in hot trichlorobenzene) and thin films are
shown in Fig. 2. The solution maximum absorption of 1-H
shows a red shift compared to 1-Ce; 373 and 350 nm respec-
tively. The solid state for both monomers show a blue shift
compared to their solution spectra, and the 1-H shift is much
larger than the 1-Cg (AAmax = 42 nm and 8 nm respectively). The
larger shift in the 1-H A,. is due to the H-aggregate arrange-
ment in the solid state, as this phenomena is previously
reported for this system.*® The smaller blue shift of 1-C, may
be due to weaker H-aggregation, the loss in backbone planarity
imposed by the molecular packing, or a combination of these
effects.

The dimers (b and d) show a red-shifted absorption com-
pared to the monomers due to the extended conjugation.>
Among the dimers, 2-H has a red shifted maximum absorption
compared to the 2-Cq due to its enhanced backbone planarity in
solution. The solid state of 2-H is also strongly blue shifted
(Admax = 68 nm) from its solution state spectra; likely due to
H-aggregation. The 2-C¢ spectra shows a broadening and red-
shift in the solid state. This lower energy absorption is evidence
of a J-aggregate.*®
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Computational analysis

Gas-phase optimized structures were computed with the B97D
density functional at the def2-TZV level of theory. Single-point
energies were obtained from the optimized geometries with the
B97D>* functional and the large def2-QZVP basis set.>*> Follow-
ing an experimental and theoretical approach previously used
to understand the origin of paracrystalline disorder in PBTTT,*®
the hexyl group of 1-C¢ was replaced by methyl (1-Me) or ethyl
(1-Et) groups to reduce computational expense.

In order to evaluate the steric effects, van der Waals radii®’
(Feaw) [STvaw: 1.8 A, Hryqw: 1.2 A] were used to identify critical
interactions where interaction distances for atomic pairs is
based on the sum of two r,qw. S-S, H-H, and S-H interactions
were evaluated for their influence on the final conformation
when rotating the terminal ring. For the 1-H system, only S-S
interaction lengths were within the critical van der Waals
distance. This suggests that H,1~H,, interactions are negligible
and S-S lone pair repulsion dominates the intrinsic preference
for the anti-anti conformer of 1-H.

Possible steric interactions were also evaluated for the 1-Me
and 1-Et systems based on the r,qw. The interaction distances
for S-Hajiyl, Haryi~Haiy1, and S-S interaction were within the
T'vaw sum. The Hgpy~Haiy interaction is shown by the dotted
lines in Table 1. For the alkylated systems, these additional
interactions cause increased torsion in the optimized syn-syn
conformation (~38°) vs. the 1-H syn-syn local minima (~ 32°),
and outweighs the S-S repulsion to prefer the syn conformer.
The relative free energies of syn and anti conformations for the
monomer systems are given in the ESL

We computed the torsional potential for 1-H and 1-Me to
better understand how the unfavorable steric and orbital effects
described above contribute to the overall torsional potentials
about ¢, and ¢, (Fig. 3).”® 0° indicates a planar syn conformation
and 180° indicates a planar anti conformation. The rotations all
exhibit maxima at £90° and 0°, which are the rotational barriers.
In the red line (circles), 1-H shows a global minimum in the
anti-anti conformation at approximately 180°. In the blue line
(squares) with the conformers of 1-Me, the lowest energy

Table 1 Optimized gas-phase geometries and dihedral angles for 1-H,
1-Me and 1-Et. The dotted lines highlight important Hynyi—Hayy inter-
actions unsubstituted 1-H monomer, 1-Me and 1-Et have global energy
minima in the syn-syn conformation with relatively large torsion angles,
38° and 39°, respectively. These structures agree with the 1-Cg crystal
structure (38° torsion angle observed in crystal packing)

1-R SCCS dihedral Structure
1-H 168° [anti-anti] S et o
1-Me 38° [syn-syn] _
S S 8.4
~ 249 ’
/—)\ 249 % A !
1-Et 39° [syn-syn]

.21

\!,,2
o oo

2i21
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Fig. 3 Torsional potentials (kcal mol™) for SCCS torsion (in degrees) for
1-H (red, circles) and 1-Me (blue, squares). Computed using B97d/def2-
QZVP//B97d/def2-TZV.

conformer is syn-syn, and S-S repulsion causes substantial
deviation from planarity.

With a better understanding of the relative energies of
intramolecular interactions we can now address the observed
conformational preferences in the solid state. 1-H prefers the
planar, all-anti conformation because of S-S repulsion and
planarizing contributions from m-electron delocalization. On
the other hand, 1-C¢ intramolecular alkyl interactions outweigh
the S-S repulsion and prompt this system to adopt the syn-syn
conformation. In 2-Cs, we can rationalize the presence of the
anti conformation. The 1-Me (open squares) in Fig. 3 best
represents this interaction in the alkylated dimer. Although
the global minimum is indeed a twisted syn conformation, the
system is constrained to a planar conformation in the crystal.

View Article Online
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Therefore, the thiophene-thienothiophene interactions can
only adopt 0° or £180°. Comparing these two energies, the anti
conformation is lower in energy and is thus favored.

It is important to note this single molecule, gas-phase
analysis does not represent the vast parameter space and
complexity of solid-state packing and intermolecular inter-
actions. It can only serve as a starting point for analysis. This
is especially evident in the 2-Cg crystal packing where inter-
molecular dominates intramolecular interactions to planarize
the repulsive S-S and S-H,yy interactions, and undoubtedly
impacts the conformation of the terminal thiophenes to maximize
backbone interactions and alkyl interdigitation.

Charge transport: experiment and simulation

We characterized charge transport in thin-film organic field-effect
transistors (OFETs). Electrical measurements were performed
under ambient conditions using a standard probe station.
Thin-film OFETs were fabricated in a bottom-gate, bottom-
contact geometry by spin coating 10 mg ml " solution of
oligothiophenes in chloroform at 3000 rpm for 60 s. The hole
mobilities calculated in the saturated regime, threshold voltages,
and current on/off ratios can be seen in Fig. 4. The measured
mobilities of 1-H, 1-Cg and 2-Cg are 3.2 x 10~ %, 5.2 x 10~3, and
2.5 x 1072 em® V™' s, respectively.

Both 1-C¢ and 2-Cg have comparable mobilities in the thin
film, however the 1-H film is an order of magnitude lower than
the alkylated oligomers. We performed charge transport simu-
lations to understand the lower mobility of 1-H compared to
1-C¢ and 2-Cg.

We simulated the morphologies using classical molecular
dynamics (MD) simulations (with AMBER®?) and charge-carrier
dynamics using kinetic Monte Carlo®® (kMC) simulations
(using VOTCA®), based on Marcus theory.®”> The multimode
methodology was developed by Yavuz et al., and has been used
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Fig. 4 The transfer characteristics of 1-H, 1-Cg, and 2-Cg (left to right) BG-BC thin-film transistors.
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to compute hole and electron mobilities.>*>® We calculated the
charge-transport properties, reorganization energies (1), energetic
disorder (o), electronic-coupling (J) distributions and the hole-
mobilities (gcqr) for these BTTT oligomers. The reorganization
energies are calculated by the four-point rule® using the B3LYP**
density functional using the 6-311G(d,p) basis set. The energetic
disorder is obtained from the distribution of site-energy differ-
ences calculated by the Thole®® model. The electronic-coupling
between molecular dimers are calculated using Zerner’s Inter-
mediate Neglect of Differential Overlap.®®

The initial configurations were constructed as multiple
copies of the unit cells in three crystallographic directions
(Fig. 5). We used 1560, 1536 and 1536 molecules for 1-H,
1-C6, and 2-Ce respectively. The initial crystal models are
equilibrated at 300 K in an NPT ensemble for 6 ns followed
by a production run lasting 10 ns. The predicted morphologies
are shown in Fig. 5 where the hexyl side chains are shown as
green sticks for clarity. kMC simulations are performed on
snapshots of the MD trajectories based on Marcus theory.

We sought to understand the origin of the mobilities by
employing molecular dynamics simulations. Fig. 5 shows the
initial configurations (left box) and the snapshots of represen-
tative disordered morphologies of 1-H, 1-Ce, and 2-C materials
(right box). Under each of these snapshots is the paracrystalline
disorder parameter Ag = 5/(d). Here, ¢ is the standard deviation
and (d) is average of intermolecular distance distributions
between oligomer centroids within the snapshot.

The 1-H morphology is relatively unchanged after MD equili-
bration. However, 1-C¢ and 2-C¢ morphologies are after MD
equilibration. These have paracrystallinity values of 1.4%, 1.8%
and 2.7% respectively. The structural disorder leads to fluctua-
tions in energetic landscapes during charge-transport, which
enhances energetic disorder in these thin films. The energetic
disorder parameter is predicted by computing the site energy
differences. The site-energy difference is defined as the difference
between HOMO energies of the system during charge-transfer.
The distributions of site energies of the equilibrated morpho-
logies are given in the ESL{ The energetic disorder is calculated
from the standard deviations of these data distributions.

Fig. 5 (top row) Crystal structures of 1-H, 1-C¢, and 2-Cg with principal
charge transport direction indicated in red. Hexyl side-chains are repre-
sented with green sicks for clarity. (bottom row) Snapshot crystal config-
urations before (left) and after (right) introducing thermal disorder with
AMBER molecular dynamics. 1-H (red), 1-C¢ (green), 2-Cg (blue) with the
simulated paracrystalline disorder parameter, Ag.
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Table 2 Reorganization energy (4), energetic disorder (o) ensemble-

averaged electronic coupling of n—n stacking (J) experimental (teyp). and
computed hole mobilities (gexp), for 1-H, 1-Cg, and 2-Cg

1-R 4 (meV) ¢ (meV) J(meV) peae (em® V' s™) pey, (cm> vis™)

1-H 420 80 6 2.3 x107* 3.2 x10°*
1-C¢ 618 56 170 1.0 x 1073 5.2 x 1073
2-C¢ 638 54 104 6.3 x 1073 2.5 x 1077

The simulated mobilities (summarized in Table 2) are in
good agreement of p..,; these results predict the increased
mobility for substituted BTTT systems (1-Cg and 2-Cg). This is in
line with our previous study where we established a methodo-
logy by which hole mobilities can be computed within an order
of magnitude of the experimental mobility.>* 1-H features
molecules arranged in a herringbone packing, while 1-C¢ and
2-C¢ monomers are slip-stacked. The herringbone packing
minimizes orbital overlap (J); it is nearly two orders of magni-
tude lower than those of 1-C¢ and 2-Cg (6 vs. 170 and 104 meV,
respectively).

The alkyl chains stabilize the crystal packing due to favour-
able intermolecular dispersive interactions that result in slip-
stacked arrangements for 1-C¢ and 2-Ce. According to Marcus
theory, hopping rate is proportional to j?, and the lowJ in 1-H is
responsible for the low mobility relative to 1-C¢ and 2-Cg,
despite the more favorable reorganization energy (420 vs. 618
and 638 meV, respectively).

Conclusions

We synthesized unsubstituted and hexyl-substituted monomers
and dimers of the PBTTT system. These materials were char-
acterized as single crystals and further evaluated with compu-
tational chemistry for insight into observed crystal-packing
conformations and charge transport. 1-H adopts the anti-anti
confirmation, while 1-C adopts a syn-syn conformation. Com-
putations reveal that destabilizing S-S closed-shell repulsions
and alkyl chain steric repulsions are responsible for the anti
conformational preference. The syn-syn conformation is pre-
ferred for 1-C¢ because repulsions between Hgyy and S out-
weigh S-S or Huyyi~Hani repulsions. However, both of these
factors contribute to the substantial backbone distortion (SCCS
dihedral angle = 38°). The 2-C¢ single-crystal structure shows a
nearly planar backbone with both anti and syn terminal thio-
phenes. While the anti conformation is preferred in a planar
alkylated system, we attribute the presence syn terminal thio-
phene in the 2-Cq to enhanced backbone interaction between
adjacent molecules.

Charge-transport characteristics were determined by BGBC
thin-film OFETs. We determined the hole mobilities for the
1-H, 1-C¢ and 2-C¢ to be 3.4 x 10™%, 5.2 x 1073, and 2.5 x 10>
respectively. Computations of hole-mobilities for 1-H, 1-C¢ and
2-Cg reproduce the observed values within an order of magnitude.*
They confirm that the alkyl chains result in enhanced charge-
transport properties because of the slip-stacked arrangement

This journal is © The Royal Society of Chemistry 2017
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of 1-C¢ and 2-C. The hole mobility of 1-H is an order of
magnitude lower because of substantially reduced electronic
coupling in the herringbone arrangement.
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