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ABSTRACT: High-performance organic semiconduct-
ing materials are reliant upon subtle changes in structure
across different length scales. These morphological fea-
tures control relevant physical properties and ultimately
device performance. By combining in situ NMR spectros-
copy and theoretical calculations, the conjugated small
molecule TT is shown to exhibit distinct temperature-de-
pendent local structural features that are related to macro-
scopic properties. Specifically, lamellar and melt states
are shown to exhibit different molecular topologies asso-
ciated with planar and twisted conformations of TT, re-
spectively. This topological transformation offers a novel
avenue for molecular design and control of solid-state or-
ganization.

That form follows function is a central principle for the
design of organic semiconductors (OSCs). Molecular
shape'-? directly impacts solid-state organization and the
kinetic profiles for achieving organized structures from
solution.>* The distances and orientations between subu-
nits within thin films dictate electronic and optical prop-
erties>® and thereby the applicability of a given material
in emerging optoelectronic applications.”® These consid-
erations are relevant within the context of potential OSC
implementation in new classes of lightweight, low-cost
and solution-processable technologies such as photovol-
taics,®!? thermoelectrics,'*!® thin-film transistors,'¢"°
light-emitting devices,?®?? photodetectors?® and various
types of sensors.?+2

In OSC systems with internal modes of reconfiguration,
insight into molecular shape is typically attained through
single crystal X-ray analysis.?* Information related to
the shape and solid-state organization of amorphous sys-
tems, which represent an important fraction of materials
used in the fabrication organic light-emitting diodes,* is
currently out of reach. Molecular topology is important as
it relates to crystallization of OSCs, especially those

which are described by an awkward shape resistant to
crystallization.

Understanding both intra- and supramolecular organi-
zations, such as those related to the transformations ex-
hibited by TT, and how they relate to each other would be
useful for further refinement of molecular designs as they
relate to maximizing solubility and solid-state organiza-
tion. While experiments such as transmission electron mi-
croscopy (TEM) or X-ray scattering provide important in-
formation about organization in the bulk, they may be
limited by the degree of disorder often present in OSCs.
TEM can be used to identify various textures within the
solid, but resolution at the molecular scale is typically un-
attainable due to the inherent disorder of solution-pro-
cessable OSC materials.>'* X-ray scattering techniques
provide information on molecular order, but are predom-
inantly limited to probing the ordered regions of a
solid.**3 Aside from certain exceptional cases,>® in situ
determination of molecular shape in the solid-state re-
mains elusive.

The molecular OSC TT (Scheme 1 and Figure 2) is a
relevant system to study. TT displays unusual behavior
during its transition from solution to the solid-state.*’” Fol-
lowing film formation, the bulk initially forms an amor-
phous glass, which slowly transitions into a crystalline
film, of which there are two polymorphs. This behavior
of TT has been attributed to features of its molecular
structure, specifically the central tail-to-tail coupled 3,3’-
hexylbithiophene donor core. The extra degrees of con-
formational freedom, compared to traditional covalently
rigidified electron-donating units, such as cyclopentadi-
thiophene, give rise to better solubility. It has been pro-
posed that the slow crystallization of TT involves planar-
ization of the internal 3,3’-hexylbithiophene donor core,
which involves a ~7 kcal/mol energetic barrier according
to theoretical calculations. Characterization of TT thin
films via grazing incidence wide-angle X-ray scattering
(GIWAXS) confirms that TT is amorphous in the melt and
ordered in the solid. GIWAXS diffraction patterns of TT



in the melt do not present any peaks, indicating a lack of
long-range order. The diffraction pattern of TT in the or-
dered high-temperature state has a variety of scattering
peaks, characteristic of lamellar and n-m stacking. The
relatively large number of diffraction peaks also indicates
good intermolecular order. However, due to the superpo-
sition of two dimensions in GIWAXS experiments, direct
determination of the arrangement of molecules within the
unit cell is impossible.

Crystallization

Twisted Planar

0
NS

Scheme 1. TT has been proposed to twist and adopt a
trans-planar conformation upon crystallization. Struc-
tures are the optimized ground-state equilibrium geome-
tries from density functional theory (DFT) calculations.
Hydrogen atoms were removed for clarity.

In this contribution, we illustrate how to address this
challenge through the use of solid-state magic-angle spin-
ning (MAS) nuclear magnetic resonance spectroscopy
(ssNMR) measurements. These techniques have been
used to characterize the shapes of proteins, lipids and
other biological structures,*®* as well as to understand
molecular assembly and disassembly pathways during
transitions between solution and solid-state.*’ Their ap-
plication to OSCs has been relatively limited, such as to
distinguish between ordered and disordered regions, and
to characterize interfacial structures.*'~* Here we exam-
ine topological differences at the molecular scale that ex-
ist in the melt and ordered states of TT. This characteri-
zation is accomplished by tracking changes in '*C chem-
ical shifts and the relative displacements of signals be-
tween the amorphous and ordered phases. 3C MAS NMR
spectra are analyzed in conjunction with DFT calcula-
tions to unravel that crystallization of TT requires twist-
ing of the dihedral between the central thiophene rings
from ~112° to a trans-planar conformation.
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Figure 1. In its ordered state, the optical absorbance of TT
is noticeably red-shifted relative to those of the amorphous
and solution states. The optical absorbances of the solution

and amorphous state are very similar, suggesting a similar
degree of electronic delocalization along the conjugated
backbone.

The absorbance of TT changes between the solution
and thin film states, as reproduced in Figure 1.3 Immedi-
ately following spin-coating, the absorbance of the film is
similar to that of the solution. The absorbance then shows
a significant red-shift, which is fully reversible by heating
and cooling the film past its melting point.>” The resem-
blance of TT absorbance spectra in solution and the melt
together with the observed red-shift in ordered lattices
have been invoked to suggest planarization of the TT mol-
ecule.

Planarization of TT is expected to result in the greatest
change in the chemical shifts from the two central-most
BC nuclei (Figure 2, purple and yellow dots). Assign-
ments of the signals observed in solution were first per-
formed by analyzing 1D 'H and '3C NMR spectra (Figure
S1), 2D 'H{'H} correlation (Figure S2) and 'H{'3C} het-
eronuclear multiple-bond correlation (HMBC) NMR
spectra (Figures 2 and S2). Complete details can be found
in the Supporting Information.
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Figure 2. Solution-state 2D "H{!*C} HMBC spectra of the
aromatic region of TT, acquired using contact times of (a)
3.4 ms and (b) 250 ms, enable isotropic 'H and '3C chemical
shifts to be correlated for pairs of J-coupled nuclei. The
schematic diagram of TT shows '3C moieties assigned ac-
cording to the colored labels in the left vertical spectrum, and
"H moieties A-D as labelled in the top horizontal spectrum.
Dashed grey lines serve as guides to the eye for correlations
determined from (a) (dark grey) and (b) (light grey).

The NMR spectroscopic features of TT in the melt are
narrow and well resolved (Figure 3a). The amorphous
state was achieved by heating the sample to 135 °C (above
the melting point, 124 °C) under a stream of N> gas. Sig-
nal assignments are straightforward due to the similarity
to what is observed in solution (Figure S3). As seen in
Figure 3a, signals of greatest interest are located at 132.3
ppm (7, purple dot) and 141.7 ppm (5, yellow dot).

At 118 °C a single lamellar phase is observed,”’ in
which the alkyl sidechains are highly mobile and liquid-
like***” on the NMR timescale (ca. 107 s). This feature is



supported by comparison of the '*C CP-MAS NMR spec-
trum in Figure 3b with a static single-pulse '*C NMR
spectrum acquired under otherwise identical conditions
(Figure S4); the latter exhibits broad spectral features in
the aromatic region (120-165 ppm) that manifest rela-
tively immobile n—n stacked backbones and much nar-
rower signals in the alkyl region (10-30 ppm) from mo-
bile alkyl sidechains. Analogous molecular- and meso-
scale characteristics have been observed in lamellar sili-
cate-surfactant phases with stiff covalently cross-linked
silicate nanosheets separated by mobile alkyl surfactant
chains.*® Comparison of the 1D '*C spectra (Figure 3) of
the melt and lamellar phases reveals differences in the iso-
tropic '3C chemical shifts of the TT backbones,
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depending on whether they are amorphous versus aggre-
gated into m—m stacks. In particular, '*C signals 5 and 7
are displaced in different directions from 141.7 ppm to
139.8 ppm (yellow arrow) and from 132.3 ppm to 139.8
ppm (purple arrow), respectively. Though these two sig-
nals overlap at 118 °C, a quantitative 1D 3C MAS spec-
trum of TT (Figure S5) and separate DFT calculations
(discussed below) corroborate their assignments. This is
further supported by 2D '3C{'H} heteronuclear correla-
tion (HETCOR) spectra acquired with different CP con-
tact times (Figure S6), in which the intramolecular '3C-
'H proximities of carbon atoms 5 and 7 are distinguished
from their peripheral counterparts (6 and 72).
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Figure 3. Aromatic regions of (a) the static single-pulse '*C NMR spectrum of the melt state at 135 °C and (b) the *C{'H}
CP-MAS NMR spectrum of the lamellar phase at 118 °C. Displacements of the respective '3C isotropic chemical shifts between

(a) and (b) suggest different topologies of TT in the two states associated with different conformations or extents of m—n
stacking of the conjugated backbones. The color-coded '3C signal assignments are the same as shown in Figure 2.

The NMR analysis to this point yields little direct in-
formation regarding molecular topology. However, in
combination with DFT modeling, the experimental iso-
tropic 13C chemical shifts associated with the melt and la-
mellar TT structures can be compared with DFT-
calculated '*C shieldings for twisted and planar TT back-
bone conformations (Scheme 1). The gauge-independent
atomic orbital method of DFT was used with the semi-
empirically tuned ®B97XD functional and 6-
311+G(2d,p) basis set.*” The dielectric environment of an
OSC is modeled with the conductor-like polarizable con-
tinuum model with the static dielectric constant as € = 3.5
and the dynamic dielectric constant as ginr = 2.°%3! Full
details of the methods are given in the Supporting Infor-
mation. Regression analyses were carried out by compar-
ing experimental '*C chemical shifts against the DFT-

calculated 13C shieldings for the twisted and planar con-
formers of TT (Figure S7).3273° Comparison of the exper-
imental '*C chemical shifts in the melt and '3C shieldings
of the twisted conformer of TT resulted in a regression
coefficient of R?= 0.98. A similar analysis and compari-
son for the lamellar phase and '*C shieldings of the planar
conformer of TT resulted in R2= 0.99. Within the resolu-
tion limits of the NMR data and the validities of model
assumptions, the level of agreement is noteworthy. Fur-
ther accuracy in the calculation of chemical shieldings re-
quires taking into account intermolecular contacts® that
are not possible to model for an isolated molecule. This
approach is also restricted to materials whose NMR spec-
tra do not contain an excessive number of overlapping
signals, which may be difficult to clearly resolve.



Differences in the experimental isotropic '*C chemical
shifts of the TT backbone between the melt and lamellar
phases (Adiso Expt., Figure 4) are also correlated to differ-
ences in molecular conformation and shape. We focus on
the differences in DFT-calculated '*C chemical shifts
(Adiso DFT) between the twisted and planar conformers.
While most Ad;s, values are within +2 ppm (Figure 4, grey
region), the 1*C atoms of most interest (signals 5 and 7,
highlighted in green) are predicted to be displaced by -3.2
ppm and +6.3 ppm, respectively, compared to experi-
mental values of -1.9 ppm and +7.5 ppm. These results
are consistent with changes of the TT backbone geometry
involving a transition from twisted to frans-planar con-
formations. The ssNMR results and DFT calculations are
also consistent with the observed differences in the opti-
cal properties of TT (Figure 1). As TT adopts a planar
molecular topology, the degree of electronic delocaliza-
tion increases.
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Figure 4. Relative differences in isotropic '3C chemical
shifts (Adiso) of the TT backbone nuclei between the melt and
lamellar phases, as determined by high temperature !3C
NMR and from DFT. Most signals differ by < 2 ppm (grey
band), while those from carbon atoms 5 and 7 (green bands)
show more pronounced differences. The discrepancies asso-
ciated with signals 8, 9 and /2 likely arise from differences
in the orientations of the alkyl chains relative to the struc-
tures used for DFT calculations.

The combination of in situ NMR with DFT-based mod-
eling provides new molecular-level insights that manifest
important topological changes that were previously only
hypothesized based on differences in macroscopic optical
properties. Specifically, the combined NMR+DFT ap-
proach identifies a twisted molecular topology of TT in
the melt state, while the molecule is found to adopt a pla-
nar topology in the lamellar phase. Refinement of these
methods as they relate to solid-state structures of OSCs is
likely to reveal further information regarding the impact
of intramolecular features and long-range organization on
processes, such as charge carrier generation or transport,
which ultimately determine technological feasibility. For
example, we envision that the techniques described in this
work may be extended to probe the effects of polymer ar-
chitecture on charge carrier mobility. In the case of TT,
the energy cost for planarization is compensated by lattice
interactions that decrease the free energy relative to the
amorphous state. From a practical perspective, such

considerations are expected to enable control of solid-
state structural features at the level of molecular design,
enabling device performance to be decoupled from pro-
cessing conditions. Potential advantages of such materi-
als include development of device active layers that can
be processed through deposition methods that are not sol-
vent-dependent.
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