m MATERIALS @ Cite This: Chem. Mater. 2019, 31, 6900-6907

pubs.acs.org/cm

Even—0Odd Alkyl Chain-Length Alternation Regulates

Oligothiophene Crystal Structure

Edmund K. Burnett,"* Qianxiang Ai" Benjamin P. Cherniawski,” Sean R. Parkin,” Chad Risko,***

and Alejandro L. Briseno™® !

TDepartment of Polymer Science and Engineering, University of Massachusetts Amherst, Amherst, Massachusetts 01003, United

States

*Department of Chemistry, University of Kentucky, Lexington, Kentucky 40506, United States
SCenter for Applied Energy Research, University of Kentucky, Lexington, Kentucky 40511, United States
IDepartment of Chemistry, The Pennsylvania State University, University Park, Pennsylvania 16802, United States

© Supporting Information

ABSTRACT: Alkyl chains of varied length and steric bulk are
generally appended to m-conjugated chromophores to increase
solubility. These alkyl chains also regulate many aspects of the
solid-state packing and, in turn, resultant electronic and optical
properties of organic semiconductors, yet there remains little
understanding as to how these moieties govern such character-
istics. Here, we report on a series of (2,5-bis(3-alkylthiophen-2-yl)
thieno[3,2-b]thiophenes) (BTTT) monomers where the single-
crystal packing configurations and melting points alternate as a
function of whether the alkyl side chains have an even or odd
number of carbon atoms. When the alkyl chains contain an even
number of carbon atoms, the molecules predominantly crystallize
with the BTTT units of the stacked lamellae aligned in the same
direction. In contrast, when the number of carbon atoms is odd,
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alternating lamellae are twisted with respect to their neighbors, i.e. the BTTT moieties in one layer are aligned in an orthogonal-
like fashion to those in its neighboring lamellae, and the crystal melting points tend to be higher than those with the even-
numbered alkyl chains. With density functional theory calculations and geometric analyses, the variations in crystal structure
and thus the differences in physical properties are rationalized by an oscillating interlayer interaction that is a function of alkyl

side chain atom count and length. This study characterizes an

extreme case of an organic semiconductor crystal packing

alternation to highlight the effect of even—odd assembly as an underutilized and under-reported handle for tuning the molecular

packing of organic semiconductor materials.

B INTRODUCTION

The field of organic electronics has made major breakthroughs
in performance over the past decade with charge-carrier
mobilities reaching 1—10 cm?/(V's) in organic transistors,
comparable to amorphous silicon,”” and single-junction
organic photovoltaic devices exhibiting power conversion
efficiencies >149%.”~" Advances in molecular and materials
design, processing, and device fabrication have each con-
tributed to this performance rise. For many years, the focus of
the synthetic community was geared toward the development
of novel z-conjugated backbones to control the semiconductor
electronic and optical properties, as it was believed that the
alkyl side chains had minimal effect on these characteristics
and that they merely enabled the material solubility that is
required for solution processing. Yet, due to the importance of
thin film microstructure in devices, it has been shown that the
alkyl side chains play a much larger role as they can serve as
key contributors to govern the solid-state molecular packing,
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making these insulating components important chemical
handles in design of functional organic semiconductors.®”"!
Many studies have methodically adjusted alkyl side chain
lengths and chemistries to better understand their impact for
polymer-based materials."*~"> There is significant drawback,
though, to this type of study, as polymer molecular weight
variations and dispersities can lead to batch-to-batch
variability, and packing frustration increases the difficulty of
investigating such semiconductors with molecular resolution.
In contrast to polymers, small molecules and oligomers
allow for the characterization of well-defined structures due to
controlled, monodisperse synthesis and lack of chain
entanglements that can frustrate packing and prevent single-
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crystal analyses.'®™'® Such synthetic control permits the

development of more detailed structure—processing—property
relationships and a deeper understanding of the nuances of
chemical modifications on molecular packing and micro-
structure that was previously inaccessible using polymer-based
materials.'”"*~** Our group has previously exploited oligomers
to vary backbone lengths, namely didodecylquaterthiophene
(DDQT), to understand the effects of z-conjugation length on
the transition of a material from small-molecule-like to
polymer.” In a separate study, we synthesized oligomers of
poly(2,5-bis(3-alkylthiophen-2-yl) thieno[3,2-b]thiophenes)
(pBTTT) to characterize the unique interaction with fullerenes
to form high-fidelity intercalated bimolecular crystals.**”
Here, BTTT dimers formed an intercalated system with the
fullerenes, akin to that shown for the full pBTTT
polymer,”* " with a much higher degree of crystallinity.
Though use of X-ray crystal structure analysis previously
inaccessible for pBTTT, the molecular arrangement and unit
cell of the oligomer—fullerene cocrystal was determined with
the fullerenes embedded between the side chains of the BTTT
dimer. Finally, we explored the addition of side chains to
BTTT oligomers, and through experimental and computa-
tional work, examined their effect on the backbone torsion
angle and propensity of anti vs syn thiophene arrangements.”'

In this study, we synthesized a series of BT TT monomers to
investigate the effect of side chain length, atom count (even vs
odd number of methyl groups), and terminal methyl
arrangement on interlayer molecular interactions and bulk
material physical properties. We found a melting point
alternation that coincides with large variations in crystal
packing for the even- and odd-numbered alkyl side chains: with
alkyl side chains that contain an even number of carbon atoms,
the molecules predominantly crystallize with the BTTT units
aligned in the same direction in all lamellae. In contrast, when
the number of carbon atoms in the alkyl chains are odd, each
layer is twisted such that BTTT moieties in one lamellae are
nearly orthogonal to those of its neighbors. Such variations are
associated with distinctive interlayer interactions, as high-
lighted by density functional theory (DFT) investigations of
the molecular packing patterns and interlayer interfaces.

Alternating solid-state packing and material behavior has
been observed in n-alkane and end-substituted n-alkanes,**~*’
n-alkane self-assembled monolayers,” > and n-alkane-sub-
stituted silver nanoparticles.” Since the 1800s, n-alkanes and
derivatives were known to have melting points that correlate
with even—odd chain alternation with a generic “packing
effect” rationalization normally given as explanation.”* This
phenomenon has received more recent attention, made
possible by advancements in instrumentation and character-
ization techniques. The melting point alternation of n-
alkanedithiols, for instance, stems from varied packing densities
that result from different interlayer interactions that arise from
the terminal methyl group orientations.”’ A melting point
study of layered silver alkanethiolate lamellae expanded on the
importance of interlayer interactions, using precise control
over layer thickness and nanocalorimetry measurements.
Melting point alternation was shown for bilayer crystals, yet
a stepwise increase was exhibited in single-layer studies,
highlighting the influence of interlayer interactions for property
alternation.”

Although crystal packing alternations have been shown for a
wide range of materials, little attention has been paid to this
effect in organic semiconductors. Few studies have synthesized
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odd-length side chain materials, and those that have often
overlooked the possibility of a property alternation. For
example, in the seminal work of Ebata et al,, the synthesis and
characterization of a series of Cx-BTBT molecules with x = 5—
14 (where x is the number of methyl units in the alkyl side
chains) stated that the “d-spacing of the other (BTBT)
derivatives depended on the length of the alkyl groups: with
longer alkyl groups, larger d-spacings were obtained, indicating
that all the derivatives take similar molecular packing
structures.”> This study grew a single crystal for the C12-
BTBT and extrapolated that molecular packing to all other
molecules. Yet, using their provided structural information, it
can be demonstrated that the out-of-plane spacing does not
increase linearly. As shown in Figure S1, a subtle yet distinct
crystal-packing alternation is observed. Our BTTT monomer
series, along with this previous work, presents an extreme case
of this crystal packing alternation, highlighting side chain
alternation as an underexplored handle to modify molecular

packing.

B RESULTS AND DISCUSSION

BTTT monomers were synthesized by Stille coupling of 2,5-
bis(trimethylstannyl)-theino[2,3-b]thiophene with 2-bromo-3-
alkylthiophene. Alkylated thiophenes were synthesized via
Kumada coupling as reported in the literature.”®*' The
chemical structures are shown in Figure 1. We note that
throughout the paper, each molecule is labeled as BTTT-Cx
with x denoting the number of carbon atoms in the alkyl side
chains.

R

A\
S

S
\

S

\\|

S

R=C7Hus, CgHip, CoHug, CaoHa, CuaHas, CiaMas

Figure 1. Structural formulas of BTTT monomers.

Optoelectronic properties as determined by UV—vis are
similar across the monomer set (Figure S2). The spectra show
minimal variation in absorption as a function of alkyl side chain
length with a broad, featureless peak centered at 345 nm (3.59
eV). The absorption spectra of thin films spin coated from
chloroform reveal a secondary peak at 425 nm (2.92 eV). An
optical gap of 2.58 eV was calculated using the absorption edge
with no variation seen with different side chain lengths.

Differential scanning calorimetry (DSC) was used to
investigate the BTTT-Cx thermal properties. Samples were
prepared from single crystals loaded into hermetically sealed
aluminum pans using heating/cooling ramps ranging from 0 to
150 °C at 10 °C/min. Melting and crystallization point
alternation are present with these parameters generally
increasing with increased alkyl side chain length, as shown in
Figure 2. Heating and cooling curves of the BTTT-Cx are
shown in Figure S3. Such even—odd melting point alternations
are well documented for n-alkanes*” with even-numbered
alkanes generally melting at higher temperatures than odd-
numbered alkanes. However, in the case of BTTT-Cx, this
alternation is reversed with the BTTT-Cx containing odd-
numbered alkyl chains tending to have higher melting points
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Figure 2. Onset of (squares) melting and (circles) crystallization in
the BTTT monomer series; heating rate, 10 °C/min.

than those even-numbered alkyl side chains with BTTT-C12
displaying multiple melting points (though it still follows the
general trend).

To investigate how chain length affects the solid-state
structures of the BTTT-Cx, single crystals were obtained from
a slow evaporation of a hexane solution and analyzed by X-ray
crystal structure determination. Crystals of BTTT-Cx form as
very thin, easily deformed plates/flakes. All structures consist
of stacked single layers of BTTT molecules. Within each layer,
the BTTT groups and the alkyl chains segregate such that
BTTT groups interact solely with BTTT on quasi-parallel
adjacent molecules, and the alkyl side chains interact solely
with adjacent parallel alkyl chains. The refined structures of all
monomer crystals exhibit two distinct conformations for the
central fused thienothiophene relative to the distal alkylated
thiophenes. The diffraction patterns of all crystals contain
discrete diffraction spots as well as extended diffuse streaks.
Depending on individual crystal quality, some streaks were
smooth and featureless, whereas others were less uniform. By
ignoring the diffuse streaks, all films could be indexed as
primitive monoclinic with two short (~5 A) axes and one long
(~46—59 A) cell axis, though the convention of defining the
monoclinic (i.e., non 90°) angle led to two distinct packing
types (vide infra), shown in Figure 3. Depending on crystal
quality, however, the occasional crystal (e.g, BTTT-C9 or
BTTT-C12) could be transformed to a larger C-centered
monoclinic unit cell that also accounted for nonuniformity
within the streaks, i.e., the additional reciprocal lattice points
coincided with maxima within the streaks. For the simpler
primitive setting, the refined crystal structure models each have
the two BTTT conformers superimposed (i.e. disordered),
whereas the centered model has the two BTTT orientations
alternating within each layer. It seems likely that on a
submicroscopic scale there exist domains in which the two
conformers alternate, but that for diffraction from macroscopic
crystals, this alternation is scrambled, leading to disorder.

The comparable layer structures of all BTTT-Cx crystals
notwithstanding, the underlying crystal packing falls into two
distinct types that vary in the relative orientation of adjacent
layers. We initially observed that the two distinct packing types
were characteristic of even—odd alkyl chain length. Crystals of
the BTTT-C7, BTTT-C9, and BTTT-C11 monomers
crystallize with the normal directions of the thienothiophenes
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Figure 3. Top: Crystal packing motifs of, from left to right, BTTT-
C7, BTTT-C8 (major), BTTT-C9, BTTT-C10, BTTT-C11, and
BTTT-C12. The red molecules demonstrate the type I stacking as
defined in the main text. Bottom: Along the layer stacking direction,
(black) the d-spacing of the BTTT monomer crystals as a function of
chain length, and (blue) the d-spacing difference with the addition of

one carbon.

in alternate BTTT layers having different orientations, a
packing configuration that we refer to as type I packing. In
contrast, in BTTT-C8, BTTT-C10, and BTTT-C12 crystals,
the BTTT in all layers share the same orientation, a situation
referred to as type II packing. One should note that such
classification is not based entirely on the symmetry operations
connecting the adjacent layers, as among crystals with type I
packing, two different interlayer arrangements (Ia and Ib) were
observed. In BTTT-C7 and BTTT-Cl11, the monoclinic
crystals have adjacent layers related by a 2, screw axis along
the stacking direction (Ia, space group P2,/c), while for
BTTT-C9, the operation is a c-glide (Ib, space group C2/c).
Regardless of this differentiation, the interlayer interfaces of
type I crystals are almost identical to each other.

We also note that we later found a few exceptions for crystals
of BTTT-C8 which showed a similar c-glide operation as in
type I packing; this observation was not found for any other
even chain length BTTT variant. Nevertheless, the even alkyl
side chain BTTT-Cx tend to show a preference for type II
packing over type I. In both layer stacking types, the interlayer
interactions consist solely of contacts between the end methyl
(even) or ethyl groups (odd) of the alkyl chains. It should be
noted that these crystals/diffraction patterns were all exceed-
ingly difficult to handle/measure, so the possibility exists that
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both polymorph types exist for all BTTT-Cx studied here. It is
also possible that some crystals are composites that include
domains with both types of layer stacking. Such a partial lack of
long-range order is consistent with the presence of diffraction
streaks observed in all crystals studied. Indeed, many crystals
with uninterpretable, presumably composite, diffraction
patterns were encountered during the crystallographic analyses.

Differences in the terminal ethyl group orientations of the
alkyl chains correlate with the crystal packing and material
property alternations. Here, we define V.4, as the vector
pointing from the penultimate carbon to the last carbon in the
side chain. Vg of BTTT-Cx tend to be perpendicular to the
stacking direction when x is odd, while the opposite is true
when «x is even. The crystal d-spacing of the plane defined by
the layer stacking direction, derived as a function of increasing
side chain length (Figure 3), shows an alternation pattern
similar to the Cx-BTBT case.” The relatively tighter interlayer
packings for the type I configurations, in turn, are reflected
with higher melting temperatures when compared to their type
II (even) counterparts.

To dig deeper into the underlying interlayer interactions of
the effects due to the even or odd alkyl side chains, cohesive
energies were calculated for both the 3D crystals and 2D
periodic monolayers (extracted from the crystals) via periodic
DFT. Here, we use the cohesive energy differences between
respective 3D and 2D structures as a descriptor to estimate the
strengths of interlayer interactions. The intralayer interactions
are much stronger than the interlayer interactions (Figure 4), a
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Figure 4. Cohesive energies in BTTT monomer crystals. Blue circles
denote the cohesive energies of BTTT-Cx crystals; red circles denote
that of monolayer BTTT-Cx, and green squares denote the difference
between them. For BTTT-C8 with the type I packing, such quantities
are represented by light blue, pink, and light green crosses,
respectively.

result expected due to the considerable intralayer overlap of
the z-conjugated backbones and alkyl chains. Interestingly,
while the 3D and 2D intralayer interactions increase almost
linearly with respect to the side chain lengths, there is a definite
even—odd oscillation in the interlayer interaction.

The difference in interlayer interactions can be, to some
extent, explained by a purely geometric analysis of the alkyl
chain topography at the interface. Here, we implement the
concept of the solvent excluded surface, which has been used
to describe the structures of macromolecules.”>”” Through
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construction of the solvent excluded surface for each
monolayer of BTTT-Cx, distinct undulating patterns deter-
mined by the orientation of terminal ethyl groups, thus by the
parity of x, are revealed (Figure S). To quantitatively describe
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Figure 5. Representative pictorial demonstrations and color maps of
the distinct, undulating alkyl-chain surface morphologies for odd
(top) and even (middle) BTTT-Cx alkyl side chains. (Bottom) Color
scheme for the color map of Z(P): the point with Z(P) = 1 is colored
red, while that with Z(P) = 0 is colored blue.

the surface undulation pertaining to the interlayer interactions,
the notion of normalized undulation magnitude is introduced
as

where Z; is the normalized undulation magnitude of point P
on the surface, Hp is the undulation magnitude at point P, and
H,, is the maximum value of Hj along a certain surface.
Following the scheme in Figure S, the surface topography can
be visualized as a color map of Z, (see the Supporting
Information for further details).”® Using the Zp color maps of
both packing types, we can illustrate the interface interactions
by the value of (Zp + Z3) within a unit cell, where the
superscripts denote individual surfaces. Such quantities
describe the overlap or contact of two monolayer surfaces. If
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hydrogen atoms far from the interface are removed and the third carbon (count from the end) is haloed to illustrate the orientation of alkyl chain.
The middle panel shows the color map of Zp and Z}, and the black parallelogram represents the corresponding unit cell. The bottom panel shows

the distribution of (Z) + Z2) within one unit cell.

the sum of Zy and Z} is 0 (2), the spatial gap (overlap)
between two molecular surfaces at point P is maximized. If the
sum is 1, two surfaces merely touch at P: in this case, such a
description is valid due to the existence of an inversion center
in the molecule, and the absolute value of (Z) + Z3) is not
related to any physical quantity.

Figure 6 shows the interfaces for four different crystals after
periodic DFT relaxations, BTTT-C8-I, BTTT-C8-1I, BTTT-
C9-1, and BTTT-C9-II, where I and II denote the packing
type. The experimentally determined crystal structures of
BTTT-C8-I, BTTT-C8-II, and BTTT-C9-I are used as the

6904

starting point for the relaxations. For BTTT-C9-1I, an in silico
polymorph is derived by first trimming the side chains in
BTTT-C10-II to C9 and then relaxing the unit-cell structure.
The results of the periodic DFT relaxations are used here, in
part, as it is well-known that hydrogen positions are not
accurately determined by ordinary X-ray diffraction. Examina-
tion of the interlayer topographies when x = 8 shows that while
the distributions of (Z} + Z3) within a unit cell do differ for the
two packing types, the differences in the standard deviations
and mean values are not significant, a result consistent with the
small difference in interlayer interaction (~17 meV). When x =
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9, however, the opposite situation is present: a wide
distribution of (Z} + Z}) is found for the type II structure,
and the interlayer interactions are much weaker, by ~149 meV
per molecule when compared to type I. This is consistent with
the results from BTTT-C7 (Figure S4), which shares the same
interlayer interface but, as mentioned, a different interlayer
arrangement with respect to BTTT-C9. For x = 7, the type II
packing configuration is determined to be ~127 meV per
molecule less stable than that for type I packing.

One plausible argument as to the variation in the surface
topologies as a function of the alkyl side chain length is that the
differences are strongly affected by the tilt angle of the side
chains, 6, defined as the angle between the (linear) direction of
alkyl chain and the layer stacking direction (usually ¢ axis), as
shown in Figure 7. It is interesting that while the even—odd

c

backbone

Figure 7. Definition of the alkyl side chain tilt angle, 8, where c is the
stacking direction of molecular layers.

effect is still present in crystals where € is small, such as n-
alkanes (6 = 15—18°),"* no oscillation in layer stacking is
observed. For BTTT-Cx, 6 ranges from 42° to 45°. Hence, it
seems plausible that there exists a critical value 6, beyond
which the even—odd effect is strong enough to guide layer
stacking during crystallization. Notably, in C12-BTBT, 0 =
30°; it would therefore be interesting to revisit the structures of
Cx-BTBT to determine if similar alternating orientations are
observed.>

We return to the absence of disorder in the crystal structures
of BTTT-Cx when x = 9 and 12, which is likely due to
individual crystal quality. For these compounds, the diffuse
diffraction streaks were not completely smooth and featureless:
the streaks could be indexed and at least partially deconvoluted
to yield usable (albeit noisy) diffraction data. This resulted in
unit cells that were large enough to incorporate four molecules
(two per asymmetric unit) without the need to model
overlapped BTTT disorder. In all other cases, the unit cells
(ignoring streaks) are smaller and only able to accommodate
two molecules, for which it was necessary to model disorder of
the BTTT cores (Figure 8). The two types of primitive cells
are related by a transformation matrix. These results led us to
verify the crystallographic data by computationally evaluating
the relative stabilities of two well-defined structures in 2D: the
“primitive” structure built from the larger unit cell, and the
“supercell” structure generated by applying the aforementioned
transformation to the smaller unit cell with only one disorder
group. As shown in Figure 8, the primitive structure is 28—43
meV more stable than the supercell structure, which suggests
that the disorder is likely a result of interlayer stacking.

B CONCLUSION

We synthesized and characterized a series of BTTT-Cx
materials and discovered a melting point alternation brought
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Figure 8. (Top) Pictorial representations of the disordered groups
present in BTTT-C7, BTTT-C8, BTTT-C10, and BTTT-CII.
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BTTT, relating the “primitive” two-molecule unit cell on the left and
four-molecule “supercell” on the right. Note that only one layer is
shown here, while there are two layers per unit cell (Bottom)
Cohesive energies and cohesive energy differences for the two unit
cells.

on by crystal packing differences in which the type I packing,
predominately adopted by BTTT-Cx with x being odd,
exhibits an interlayer twist that enables a smaller interlayer
spacing, and in turn a higher melting point. This phenomenon
was further characterized with DFT and geometric inves-
tigations that demonstrated that this interlayer interaction is
favorable for increasing the cohesive energy of the system and
is due to the x-dependent interactions between termini of the
alkyl chains. The pronounced twist, which has not been
demonstrated before in systems that exhibit alternation effects,
could be due to the different orientations of terminal ethyl
groups (Vethyl) caused by the side chain tilting angle (6). This
study characterizes an extreme case of crystal packing
alternation in an organic semiconductor material to highlight
the effect of even—odd assembly as an underutilized and
under-reported handle for tuning the molecular packing of
organic semiconducting materials.
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