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ABSTRACT

Understanding Temperature-Dependent Behavior of Organic Semiconductors

by

Martin Thomas Seifrid

Many properties of organic semiconductors, such as charge transport or optical
absorbance, are governed by the solid-state organization of the material, which is in turn
determined by its chemical structure. Developing a fundamental understanding of molecular
features that can be used to control the solid-state properties of organic semiconductors is
key to designing materials with improved performance or unique new properties. In my
research, | have employed a diverse set of techniques, such as theory, experiment and device
characterization, to better understand the relationship between molecular structure and solid-
state properties of molecular organic semiconductors. Herein, the relationship between the
chemical structure of molecular and oligomeric organic semiconductors and their response
to thermal stresses and changes in temperature are described. First, I will describe the
tolerance of an organic field-effect transistor to operation at temperatures up to 200 °C and
over multiple high-temperature cycles, with only slight changes in charge carrier mobility
and properties. The active layer of this device is composed of an oligomeric organic
semiconductor whose structure is very similar to that of two well-known ambipolar

conjugated polymers. Heating to 200 °C or above results in appearance ambipolar charge



transport in the oligomeric active layer as well. Then, the solid-state organization of a nearly
isostructural series of oligomeric organic semiconductors—including the material discussed
above—is characterized. As-cast, the first half of the series orients edge-on relative to the
substrate while the second half is oriented face-on. This difference is likely due to kinetic
trapping during the spin-coating process because melt-annealing of thin films of the four
different materials results in edge-on orientation of crystallites for all four molecules.
Finally, I describe a combined theoretical and experimental approach to probing aspects of
molecular organization and topology based on solid-state NMR. Using this approach, a
previously hypothesized change in molecular shape upon crystallization of a molecular
organic semiconductor is confirmed. The novel molecular design element of a tail-to-tail
couple hexyl-bithiophene core removes the trade-off between solubility and solid-state order

in molecular semiconductors.
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I. Testing the Limits of Device Operation at Elevated Temperature

A. Thermal stability in organic semiconductor devices

Organic semiconductors (OSCs) are held together by weaker forces relative to their
inorganic counterparts.! While typical inorganic semiconductors are bound by covalent
bonds that provide rigid lattices, the stability of organic semiconducting materials is
determined by intermolecular interactions, such as van der Waals forces, electrostatic forces
and hydrogen bonding. OSCs therefore tend to have lower melting points and less stable thin
films.2 Furthermore, typical morphological characteristics of the two main types of OSCs —
polymers and small molecules — may exhibit different relative advantages and drawbacks
when considering function under thermal stress. Whereas molecular systems can be highly
crystalline,®® conjugated polymer solid contain a significant portion of amorphous
domains,”® which may be locations where heat-induced structural instability begins.®
However, due to their comparatively smaller size, molecular systems with similar units often
have lower melting points.’%! These differences in melting temperatures, purity, and the
content of ordered and disordered domains impact electrical performance at high
temperatures.

How temperature impacts OSC devices is of growing interest as the importance of a
compact form factor becomes more significant in technological applications and as heat
dissipation becomes increasingly relevant.'>*> The integration of organic electronics into
more diverse applications, such as in automotive technology and biomedical devices, creates

a demand for materials that exhibit functional stability across a broad temperature range.



However, only a limited number of studies have been carried out on the influence of
temperature on the stability of organic field-effect transistors (OFETS). Early efforts focused
on polythiophene-1¢ and pentacene-based'’ devices and showed that these systems
experienced a decrease in hole mobilities of up to multiple orders of magnitude when
operating the OFETSs at elevated temperatures. More recent investigations with pentacene-18
and perylenediimide-based*® devices have focused more on device stability. To what extent
thermal stress cycles, such as those encountered in commercial device applications, impact
OFET stability remains under-explored. These studies are also fundamentally different from
previous reports on temperature-dependent mobilities that have been predominantly carried
out to extrapolate the activation energy of hopping transport in organic semiconductors.?0-26
The compound X2 (Figure 1-1) was selected for study due to its molecular structure and
desirable thermal properties. Its conjugated backbone, composed of alternating electron-rich
and electron-deficient fused heterocycles is consistent with the traditional model of
molecular design for organic semiconductors, where the backbone is designed to be as
planar and rigid as possible, with alkyl sidechains to make it solution-processable. The
melting temperature of X2 is comparatively high (269 °C),%36 which makes it possible to
study charge carrier transport under conditions of thermal and electrical stress, and its
organizational preferences lead to a predominantly edge-on orientation,®” which is well-
suited to OFET applications. It is worth noting, however, despite extensive morphological
studies there is no complete understanding of how bulk thermal stability, obtained from
differential scanning calorimetry, correlates to the stability of OFETSs. Therefore, in this

chapter, I will examine the charge transport of X2 at high temperature.



\,\M\H% \,Mﬁ

Figure 1-1. Molecular structure of X2.

B. Results and discussion

Bottom gate, bottom contact OFETs were fabricated with a simple general structure of
Si/SiO2/Au contacts/X2. Prior to deposition of X2, the substrates were treated with a
decyltrichlorosilane monolayer to passivate the semiconductor-dielectric interface.
Following monolayer treatment, the semiconductor was deposited from a chloroform
solution by spin-coating onto the substrate.

As described in more detail below, thermal stress (i.e. subjecting the OFET device to
elevated temperatures) can lead to changes in the current/voltage characteristics. One
manifestation of thermal stressing effects is hysteresis in the forward and backward sweep of
the transfer measurements, where the gate voltage is swept from positive to negative for the
forward scan and subsequently swept negative to positive for the backward scan. This
hysteresis was quantified by the difference in the calculated threshold voltage for the
forward and back scans, namely AV+™. Values for the threshold voltage for the forward and
back scans were obtained by fitting to the square root of the absolute value of the source-
drain current (Isp) in each direction. | applied the fit to the broadest Iso/Ve range while
avoiding device artifacts, such as contact resistance or a double slope, that do not necessarily

reflect carrier mobility (see Figure 1-S1).38-40



I will first discuss the impact of thermal annealing on the electrical properties measured
at room temperature (RT). These studies involved annealing the devices for 10 minutes at
temperatures ranging from 50 °C to 250 °C. Devices that were measured as-cast (Figure 1-
2a), as well as those annealed at 50 °C (Figure 1-S2), show negligible hysteretic behavior:
AVT™®=-1+0.3 V for the as-cast film. Thermal annealing above 100 °C leads to more
pronounced differences in the forward and back scans; the device annealed at 200 °C
exhibits AVr™ =-6 +0.2 V (Figure 1-2a). Hole mobilities (zn) were calculated from plots
of the square root of the absolute value of Isp (|Iso|*?) vs. gate voltage (Ve) (Figure 1-S1),
and the results are incorporated in Figure 1-2c. Regardless of the thin film annealing
temperature, even up to 250 °C, all OFET mobilities are in the range between 0.009 +
0.0002 cm?/Vs to 0.02 + 0.001 cm?/Vs, thereby demonstrating a remarkable resilience

toward heat treatments.
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Figure 1-2. Effects of annealing on the properties of X2 OFETSs. a) Transfer characteristics of typical as-cast
devices and devices annealed at 200 °C for 10 minutes. b) Comparison of transfer characteristics of as-cast
devices and those annealed for 60 minutes at 200 °C. ¢) Devices annealed for 10 min at up to 250 °C show
negligible changes in mobility and AV+™ variations of -6 V to -9 V. d) Annealing at 200 °C for up to 1 hour
does not significantly affect hole mobility or hysteretic behavior in X2 OFETSs.

OFETs were heated at 200 °C for different time intervals (Figure 1-S3) up to one hour in
order to investigate how the duration of heating impacts performance. As shown in Figure 1-
2d, «n does not vary significantly with annealing time. Mobilities for both forward and back
scans remained relatively unchanged (between 0.008 + 0.0001 cm?/Vs and 0.015 + 0.0005
cm?/Vs). There is also essentially no change in hysteresis between devices that were
annealed for only 10 minutes (4Vr™ = -6 + 0.1 V) and those annealed for an hour (4V1™ = -
6 £ 0.4 V). Examination of the transfer curves of representative devices in Figures 1-2a and

1-2b reveals that while the as-cast devices behave as a unipolar p-type semiconductor,



annealing creates emergent ambipolar behavior (Figure 1-S4). In Figure 1-2b, unipolar
characteristics are assigned based on the low current (|Iso| < 10° A) measured in the voltage
range for electron doping, Ve > 0. Ambipolar characteristics are revealed by the higher
current (Jlsp| ~ 107 — 10 A) in the same voltage range. This increase in current leads to
changes in the on-off ratios of the forward and backward scans (On/Offrs). For as-cast
devices, these ratios are On/Offr and On/Offs ~ 104, while the on-off ratios of the devices
heated to 200 °C for 60 min are On/Offr ~ 102 - 102 and On/Offs ~ 30. The similarity in
molecular structure between X2 and ambipolar polymers such as PCPDTBT and PCDTPT
suggests electron transport in X2 should be accessible.?”:2°31.32 Given that the hole mobility
changes are not significant and show little variation, it seems reasonable that annealing at
200 °C modifies interfacial properties at the source and drain contacts in such a way that
they reduce barriers to electron injection.** This hypothesis is supported by variable

temperature grazing incidence wide-angle X-ray spectroscopy (GIWAXS), as discussed

below.
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Figure 1-3. Representative transfer (a) and output (b) curves of annealed devices operated at 200 °C following
a 10 minute pre-annealing step.



Next, | studied the charge transport characteristics of X2 OFETs during operation at high
temperature. Devices remained functional when operated at 200 °C, albeit with more
noticeable hysteretic behavior (4Vr ™= -20 + 4 V), as shown by the transfer and output
curves in Figure 1-3. It is noteworthy that even at 200 °C the output curves still reflect
excellent device characteristics, including good saturation behavior (Figure 1-S5). Like the
annealed devices, those operated at high temperature show lower currents on the back scans.
However, the maximum current is larger, which may be reasonably explained by the
thermally-activated hopping nature of charge transport through OSCs.#>%> To examine if
hysteretic behavior is irreversible, X2 OFETs were subjected to three cycles, during which
the devices were measured at 200 °C and subsequently at RT after being allowed to cool
down (Figure 1-4). The AV1 ™ value of ~ -1 V for as-cast devices was used to provide a
baseline measure for the change in hysteresis due to high temperature operation. Upon initial
device measurement at 200 °C, devices displayed hysteretic behavior, with AVr™®=-30 + 7
V. Pre-annealed devices, on the other hand, were significantly less hysteretic (AVT=-20 +
4 V). Retesting the devices at RT showed a change in behavior from the initial conditions of
the devices (4Vr™= -5+ 0.2 V). During the second cycle of high temperature operation,
there is significantly less hysteresis, which does not change with the third cycle. Similar
behavior was observed upon retesting of the OFETS after the second and third cycles (AVr®
=-4 + 0.2 V). The effect of voltage scan rate on current-voltage hysteresis in devices
subjected to the cycle described above was also explored (Figure 1-S6). It was found that
scan rate does not significantly affect hysteresis or charge carrier mobility measured at room

temperature. However, measurements during operation at high temperature show that



hysteresis decreases with increasing scan speed. The similarity in AVt ™ between OFETSs
measured in cycles 2 and 3 and the annealed devices operated at 200 °C indicates that the
larger hysteresis of devices measured in the first heating cycle is likely due to the additive
effects of high temperature operation and annealing. A thermal pre-annealing step therefore
can be used to provide devices with predictable properties. Semiconducting thin films of X2

are therefore stable to the application of a large electric field while under significant thermal

stress.
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Figure 1-4. X2 OFETs are stable to multiple cycles of high temperature operation. a) Hole mobility and AV ™
characteristics of OFETSs through the course of three cycles of operation at 200 °C and after return to room
temperature. b) Representative transfer curves of OFETs before application of any thermal stress and after the

third high temperature (200 °C) operation cycle.

In-situ GIWAXS measurements were performed on the X2 films with the intent to probe
morphological rearrangements that may occur within crystallites through heating.*
Measurements at RT and 200 °C (Figures 1-S8 — 1-S10) show little change in the position of
the in-plane n-x stacking peak. At RT and 50 °C, the peak maximum is 1.76 AL, while at
200 °C, the peak maximum is 1.72 AL, This corresponds to an increase in n-m stacking

distance of only 0.1 A, attributable to thermal expansion of the lattice. At RT, the out-of-



plane lamellar stacking peak maximum is 0.4 AL, Upon heating to 50 °C and 200 °C it
decreases to 0.38 AL, and 0.34 A, respectively. Cooling back to 50 °C results in the peak
shifting to 0.36 AL, These changes, which represent a real-space range of ~2.8 A, are
consistent with an expanded lattice, which is unlikely to yield higher mobilities on the basis
of weaker intermolecular electronic coupling. The larger mobilities at elevated temperatures
can therefore be attributed to the conventional picture of hopping transport. The GIWAXS
characterization examines only the fraction of the film that is crystalline; as such, it is
possible that changes within the disordered domains or grain boundaries are responsible for

the observed changes in charge transport behavior.

C. Conclusion

The molecular organic semiconductor X2 was chosen on the basis of its high melting
point and tendency to form ordered thin films. Hole mobility is relatively constant
throughout all the conditions that were examined. This stability is especially important, as
significant changes due to variations in temperature under real-world conditions would
result in difficult to manage device characteristics. The greater stability of charge transport
in X2 compared to those of polythiophene- and pentacene-based OFETs may be attributed to
its intermediate dimensions. Specifically, the decrease in performance of polythiophene
OFETs at high temperature has been attributed to backbone distortions that limit the
conjugation length in amorphous regions between crystallites,*6 while the decrease in
performance of the pentacene has been explained in terms of partial sublimation, resulting in
coarsening of the crystal grains.'” A relatively high degree of order in the solid state may

prevent such conformational and morphological changes in X2 thin films. The larger



molecular weight, in comparison to pentacene, prevents sublimation from causing thin film
degradation. Device operation at elevated temperature leads to increased hysteretic behavior
between the forward and back scans, although the values measured at 200 °C are not unlike
those of other OFETSs reported at room temperature.*%47-52 These studies have also revealed
unexpected features, for example exposure to high temperature, followed by measurement at
ambient temperature, turns on electron current in the device. The device characteristics at
RT measured after operation at 200 °C are similar to those of devices annealed at 200 °C.
Furthermore, their transfer curves display similar characteristics. These observations suggest
that the appearance of ambipolar charge transport, characterized by increased off current and
decreased on/off ratios, is due to the effects of thermal annealing alone. The similarity
between X2 OFETSs submitted to these two different conditions also suggests that there is
little, if any, effect of the application of an electric field or current at high temperature. It is
also important to note that no such ambipolar behavior is seen during operation of the
OFETs at high temperature. The current thinking is that electron injection is most
reasonably related to structural or chemical changes at the semiconductor/contact interface.
Why this electron injection is temperature-dependent and depends in a counterintuitive way
relative to temperature is not yet understood. Despite these uncertainties, the accumulated
set of observations provides an encouraging perspective for the use of OSCs in applications
that experience a wide temperature range. They also point to the need to further understand
how molecular structure is related to specific bulk or thin-film properties upon changes in

temperature in organic semiconducting materials.
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D. Experimental and Supplementary Information

Device fabrication: Source and drain contacts (5 nm Ni/50 nm Au) were deposited using
a standard two-step photolithography process onto Si/SiO2 (300 nm) substrates. Before
deposition, the pre-patterned substrates were cleaned by sonication in acetone and
isopropanol for 3 minutes each, and were then dried in an oven under ambient atmosphere at
120 °C for 30 minutes. The substrates were treated with UV-Os3 for 30 minutes.
Subsequently, the substrates were passivated by refluxing in a 1 vol% solution of
decyltrichlorosilane (Gelest Chemicals) in toluene at 80 °C for 30 minutes. Afterward, the
substrates were rinsed and sonicated in fresh toluene.>* Films were deposited immediately
after by spin-coating chloroform solutions of X2 (5 mg/mL) at 2500 rpm for 60 s.

Device characterization: The mobility of blend devices was obtained by fitting the
following equation to the saturation regime transfer characteristics: Iso = (W/2L)Cig(Vo—
Vin)?, where W is the channel width (1000 pum), L is the channel length (160 um), Ci is the
gate dielectric layer capacitance per unit area (11.5 nF/cm?), Ve is the gate voltage, Vi is the
threshold voltage, and Isp is the source-drain voltage. Devices were measured under
nitrogen in a glovebox using a Signatone 1160 probe station and Keithley 4200
semiconductor parametric analyzer. The voltage scan rate of devices was ~15 V/s. Average
values were taken from the measurement of at least 4 devices, and error bars were calculated
from the standard error of the data set.

High temperature operation: Devices were operated at high temperature on a Heidolph
hotplate. Substrates were placed on a machined block of steel with a hole for the

temperature probe of the hotplate. The temperature was allowed to equilibrate, and then
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devices were placed on the block and allowed to heat up to the temperature of the hotplate.
Devices were then measured as stated above under O2-free conditions. Total measurement
time at high temperature was between 30 minutes to an hour.

Details of method used to calculate AV ™: Following device measurement, the device’s
transfer curve was plotted as a function of |Isp|*2 vs Ve. A voltage range was selected for the
forward and reverse scans in such a way as to avoid artifacts that do not represent the
semiconductor’s intrinsic mobility. Subsequently, the forward and back scan threshold
voltages (V7 fand VP, respectively) were determined by extracting the x-axis intercept of
both ranges. Finally, the threshold voltage shift, AVt ™, was calculated from the equation
AVT = Vrf-vrb,

0.0025

0.0005

-65 -55 -45 -35 -25 -15

Ve (V)

Figure 1-S1. Determination of AV+ ™ by fitting to the transfer curve.

Device characteristics for varying annealing temperatures: Below are the transfer
curves of X2 devices that were annealed at temperatures from 50 °C to 250 °C for 10

minutes.
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Figure 1-S2. Device characteristics as a function of annealing temperature.

Device characteristics for varying annealing times at 200 °C: Below are transfer curves

of X2 devices that were annealed at 200 °C for up to one hour.
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Figure 1-S3. Device characteristics as a function of annealing time at 200 °C.

Confirmation of ambipolarity
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Figure 1-S4. Upon annealing, X2 OFETSs show emergent ambipolar charge transport. a) As-cast OFETs
remain unipolar p-type devices across multiple measurements and as a function of time. b) Transfer
measurement shows the appearance of current at positive V. ¢) Output measurements confirm the
appearance of electron injection in annealed X2 OFETS.

Stability of X2 OFETSs to multiple high temperature operation cycles
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Figure 1-S5. Output measurements confirm the stability of X2 OFETSs through three cycles between high
(a) and ambient (b) temperature operation. While there are certain changes in the output curves, overall
device characteristics are reasonably similar.
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Effect of voltage scan rate on device hysteresis: Devices were subjected to the same
thermal cycle as those in Figure 1-4 of the main text. Scans were performed at the following
rates: slow (~ 1 V/s), normal (~ 15 V/s) and fast (~ 25 V/s). The effective scan rates were
achieved by modifying the timing setting of the Keithley 4200 semiconductor parametric
analyzer. For “normal” scan rate, settings were untouched. For the “slow” scan rate, a sweep
delay time of 1 s was added. For the “fast” scan rate, the settings of the normal scan were

modified so that the delay factor was 0.01.
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Figure 1-S6. Scan rate dependence of device hysteresis. a-c) Hole mobility and AV ™ characteristics of
OFETSs through the course of one cycle of operation measured at slow, normal and fast scan rates,
respectively. d-f) Representative transfer curves of OFETs measured at three different scan rates in the
three parts of the high temperature operation cycle described in the main text. The y axis range is the
same for a-c and d-f.

Dependence of hysteresis on scan direction: In order to determine if scan direction has
an influence on the transfer characteristics of X2 OFETS, devices were scanned in the

normal direction (5V — -60 V — 5 V) and in the reverse direction (-60 V — 5V — -60 V).
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Despite slight variations, scan direction does not appear to have an influence on the transfer

characteristics of the devices.
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Figure 1-S7. Dependence of hysteresis on scan direction of (a) as-cast devices, (b) devices operated at
250 °C and (c) devices retested at ambient temperature following operation at 250 °C. The y axis range is
the same for a-c.

Temperature-dependent GIWAXS data: For the high temperature GIWAXS
experiments, films were deposited onto bare SiO2 substrates by the same method as that
used for device fabrication. The samples were then put through a heating and cooling cycle,
as follows: RT — 50 °C — 100 °C — 150 °C — 200 °C (and then held for 30 minutes) —

150 °C — 100 °C — 50 °C (end 1% cycle) — 100 °C — 150 °C — 200 °C — RT.
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Figure 1-S8. In-plane (a) and out-of-plane (b) line cuts during 1% heating.
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I1. Orientational Preferences are the Result of a Kinetic Trap

A. Molecular orientation with respect to the substrate

The orientation of molecular organic semiconducting materials is important due to the
anisotropic nature of charge transport through n-x stacking, which can impact device
performance. For applications such as organic field-effect transistors (OFETSs), edge-on
orientation relative to the substrate may be preferable.>? However, for applications in which
charges move in the direction normal to the substrate surface (e.g. diodes, OLEDs, OPV) it
is beneficial for the materials to orient face-on, as the n-x stacking is in the direction of
charge transport.3® However, orientation with respect to the substrate is not the single
determining factor of charge carrier mobility in a given direction.®% Factors such as crystal
structure, formation of connected networks, grain boundaries and intermolecular electronic
coupling play a role, as well.** Even though the degree by which orientation impacts charge
carrier mobility is under examination, the forces and molecular features that impact the

preferred orientation have not been fully elucidated.

Previous reports*? demonstrated that material orientation relative to the substrate can be
controlled by processing conditions. For the small molecule donor p-SIDT(FBTThz)2, spin
coating the material with or without the solvent additive diiodooctane results in face-on or
edge-on crystallites of the donor, respectively. In bilayer devices, improved performance is
due to an increase in open circuit voltage from 0.69 V to 0.84 V, attributed to improved ©
orbital overlap with the acceptor, PCBM. The widely studied polymer N2200 has also been

shown to change orientation following annealing above its melting point.*® In the as-cast
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film, N2200 crystallites orient face-on and flip to edge-on when melt-annealed. There have
been several examples of this behavior in the literature,'-6 but no unifying mechanism
exists so far. Other reports'”8 in which poly(3-alkylthiophene) polymers were studied
suggest that higher crystallinity and pre-aggregation in solution favor the edge-on

orientation; however, no chemical explanation for this phenomenon is given.

In summary, it is understood that orientation of a material can be controlled by
processing conditions, yet there is no explanation for the relationship between chemical
structure and the final organization obtained from solution. Given the absence of modelling
tools, a priori knowledge or other approaches that allow one to predict molecular

orientation, this question remains open to investigation.

NO —o— 00 10
N2a <—@——@—1—0—11—0—
N2b <—@— 11— @—1II—@—11'—0—
N4 —@— Q._ —@— —S.—
S o - (? BT
= DD~ o - N{§ PT

Scheme 2-1. Chemical structures of the N series molecules. From top to bottom: NO, N2a, N2b, N4.

It has been previously reported® that four isomorphic organic semi-conductors, Scheme
2-1 (full chemical structures in Scheme 2-S1), whose crystallite orientation in the as-cast
film depends on the position of the pyridylthiadiazole (PT) acceptor fragment within the

conjugated backbone. It was found that the molecules with benzothiadiazole (BT) acceptors
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in the inner positions assume an edge-on orientation, while those with PT units at the same
positions show face-on orientation. The difference in crystallite orientation, especially in the

isomers N2a and N2b, raises the question of the origin of this phenomenon.

It is important to consider that the differences in orientation arise from very small (single
atom) changes in chemical structure. Are the face-on crystallites the thermodynamically
preferred orientation, or is it a case of kinetic trapping?2°-23 This question is relevant due to
the impact of crystallite orientation on the preferred direction of charge transport in the solid
state, especially since a molecule in this group has been shown to be able to withstand
significant thermal stress in an organic field effect transistor (OFET) device architecture.?
While previous studies relied on processing conditions to modify crystallite orientation, |
present in this chapter a system in which this determination is made based on chemical

structure.

Using grazing incidence wide-angle X-ray scattering (GIWAXS), and by in-situ melt
annealing of films of these four isomorphic organic semiconductors, | sought to obtain

insight into the kinetic and thermodynamic crystallite orientations of these materials.

a)2.0 b) 2.0 C)
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Figure 2-1. GIWAXS diffraction patterns of NO as-cast (a), in the melt (b) at 250 °C and melt-cooled (c).
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B. Results and discussion

Figure 2-1 illustrates the diffraction patterns obtained for a film of NO. Figure 2-1a is the
diffraction pattern of the as-cast NO film. The two most distinct peaks are the lamellar
stacking peak (~ 0.4 A along the q; axis) and the n-w stacking peak (~ 1.8 A along the gxy
axis), while the off-axis area of the image contains diffuse scattering. Overtones of the
lamellar stacking peak are visible along the q; axis. As is typical of a spin-coated film, the
diffraction peaks show some dependence of intensity with respect to the azimuthal angle, ,
indicating that the crystallite orientation is not perfectly uniform.?® Film heating was
achieved via a temperature-controlled stage. Steps of 50 °C to 25 °C were taken below 200
°C. Smaller increases in temperature of ~ 10 °C were effected as the films neared the melting
point, as determined by differential scanning calorimetry (DSC).%26 The temperatures at
which scattering peaks disappear roughly matches the melting points from DSC (258 °C,
269 °C, 259 °C and 265 °C for NO, N2a, N2b and N4, respectively), as seen in Figure 2-S1.
Diffraction from the fully amorphous melt is characterized by the lack of any discernable
peaks (Figure 2-1b). The broad peak at [1.7,1.2], seen in other images as well, is due to
diffraction from the underlying Si substrate. Finally, Figure 2-1c is the diffraction pattern of
the NO film following cooling from the melt (melt annealing). The stacking distances
corresponding to the peaks discussed earlier have not changed significantly. The n-n
stacking distance remains at 3.6 A, and the lamellar stacking distance changes from 15.5 A

to 16.0 A, possibly due to unfolding of the alkyl chains or a change of inclination of the
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molecules relative to the substrate normal.?” Compared to Figure 2-1a, the diffraction pattern
of Figure 2-1c indicates a higher degree of order within the crystallites or throughout the
film. For instance, the full width half-maximum (FWHM) of the lamellar and n-7 stacking
peaks change from 0.06 A t0 0.03 At and 0.12 A to 0.07 A, respectively. This
corresponds to a change in the crystalline correlation length (Lc)?8 from 95 A to 171 A for
the lamellar stacking peak and 47 A to 82 A for the n-n stacking peak. It is unclear whether
this increase in the Lc is due purely to improved order within the crystallites, or to larger
crystallites as well. There is also less intensity dependence with respect to y, indicating that
the orientation of the crystallites has become more uniformly edge-on. After melt-annealing,
the off-axis area displays distinct peaks, attributed to improved order within the crystallites,
likely due to the extra thermal energy and crystallization time afforded by melt-annealing the
film. There is also a new peak at 0.5 A along the g axis, which is indicative of a secondary
lamellar stacking distance of 13.7 A. The new off-axis n-n stacking peak at [1.7,0.4] (q=1.8
AL, corresponding to ~ 3.5 A) suggests that there may be two coexisting polymorphs,
supported by the presence of multiple endotherms in the DSC heating traces®® and a second
lamellar stacking peak. However, without the crystal structure, it is difficult to attribute these

new peaks to any specific interactions or changes in local packing.
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Figure 2-2. GIWAXS diffraction patterns of N2a as-cast (a) and melt-cooled (b).

Similar observations can be made for films of N2a. Figure 2-2a shows the diffraction
pattern of the as-cast N2a film. The lamellar stacking peak is at 0.4 A along the g axis,
along with its overtones, and the m-x stacking peak is located at 1.8 A" along the gxy axis.
Some diffuse scattering is also visible in the off-axis area. The melt diffraction pattern of the
NZ2a film is not shown as it is the same as that of the NO film (i.e. no visible scattering
peaks). The lamellar stacking distance in the melt-cooled film (Figure 2-2b) increases from
14.6 A to 16.3 A, and the n—n stacking distance does not change from 3.4 A. As with the
melt-annealed NO films, the Lc increases from 97 A to 182 A for the lamellar stacking and
67 A to 109 A for the n-n stacking. There is also less disorder along y, indicating more
uniform orientation of the crystallites relative to the substrate. The diffraction pattern of the
melt-annealed N2a film also shows the appearance of two groups of off-axis peaks. The first
group of peaks (gxy < 0.5 A1) is well-defined along the gz and gxy axes and has multiple
overtones. This indicates that the reflections of the unit cell responsible for this diffraction

have a low degree of disorder. The second group of off-axis peaks (0.5 At < qxy < 1.5 A1) is
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well-defined in the gxy plane, but appears poorly defined in the gz direction, indicating a

higher degree of stacking disorder in the out-of-plane direction.
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Figure 2-3. GIWAXS diffraction patterns of N2b as-cast (a) and melt-cooled (b). Plots show in-plane (c)
and out-of-plane (d) line cuts of N2b as-cast and melt-cooled. The inset in (d) highlights the two lamellar
stacking peaks of the melt-annealed film.

As previously discussed in the introduction, the as-cast diffraction pattern of the N2b
film (Figure 2-3a) is noticeably different from those of the previously discussed materials,
NO and N2a. The face-on orientation of as-cast N2b crystallites is consistent with previously
reported data.'® The line cuts in Figure 2-3 show that, following melt-annealing, the lamellar
and -7 stacking peaks have shifted by 90° so that the n-r stacking peak is located along the

gz axis, while the lamellar stacking peak is located on the qxy axis. Although the axes along
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which the stacking peaks appear have changed, their q values have not. The n-n stacking
peak is at 1.8 A and the lamellar stacking peak is at 0.4 A1, The diffraction peaks from the
as-cast N2b film are relatively broad and show some dependence of intensity with respect to
x. Following melt-annealing, the new edge-on crystallite peaks are located at 1.7 A along
the gxy axis (n-7 stacking) and 0.4 A along the g axis (lamellar stacking). As with NO
(Figure 2-S2), there is also a new lamellar stacking peak that appears at 0.5 A along the g
axis. Similarly to the previous materials, the n-n stacking distances do not change
significantly, increasing from 3.6 A to 3.7 A, while the lamellar stacking distance decreases
slightly from 17.6 A to 15.7 A. The new lamellar stacking distance (13.8 A) is also
consistent with that of NO (13.7 A). As observed with the other melt-annealed samples, the
degree of disorder decreases compared to the as-cast films. The Lc for the n-n and lamellar
stacking peaks increase from 24 A to 94 A and from 36 A to 175 A, respectively. Off-axis
peaks also appear following melt-annealing, indicating improved intra-crystalline order.
Melt-annealing of the molecule N2b, which has interior PT acceptor fragments, therefore
produces a drastic change in the diffraction pattern of the film. The main diffraction peaks

reorient and resemble the melt-annealed diffraction patterns of NO and N2a.
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Figure 2-4. GIWAXS diffraction patterns of N4, as-cast (a) and melt-cooled (b).

N4 exhibits the same behavior as N2b, both in the as-cast film and following melt-
annealing. In the as-cast diffraction pattern (Figure 2-4a), the n-n stacking peak is located at
1.8 At along the g axis and the lamellar stacking peak is located at 0.4 A along the gxy
axis. Both peaks appear broad and show intensity dependence with y, indicating some
disorder in the crystallite orientation. Following melt-annealing (Figure 2-4b), the crystallite
orientation flips from face-on to edge-on. The n-n stacking diffraction peak is now located at
1.7 At along the gxy axis and the lamellar stacking peak is located at 0.4 A along the g
axis. Stacking distances do not change significantly. There is no change in the n-n stacking
distance, and the lamellar stacking distance decreases from 17.9 A to 17.7 A. The Lc
increase from 26 A to 122 A for n-n stacking and from 34 A to 131 A for lamellar stacking.
A secondary, much less intense, lamellar stacking peak is observed at 0.40 A1 along the g.
axis, corresponding to a stacking distance of 15.8 A. As observed in the previous examples,
the azimuthal dependence of the peaks decreases significantly, indicating more uniform
crystallite orientation with respect to the substrate. Off-axis peaks also start to appear,
though they are not sharp or intense enough to characterize. This suggests that the degree of
ordering is improved as compared to the as-cast film, but not to the same extent as in the

other materials.

The reorientation of N2b and N4 crystallites following melt-annealing of the films
indicates that the initial (as-cast) face-on crystallite orientation is kinetically trapped. In the

as-cast films, the relative population of edge-on to face-on crystallites of N2a and N2b is
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very high, while the relative population of face-on to edge-on crystallites is significantly
smaller (Figure 2-S3 and Table 2-S1). The lower relative population of face-on crystallites in
the as-cast N2b and N4 films suggests that the face-on orientation is not as favorable as the
edge-on crystallites in the as-cast NO and N2a films. Following melt-annealing, the relative
population of edge-on to face-on crystallites is at least 8:1 in all four films, indicating that
crystallites of all four materials significantly prefer the edge-on orientation. While the
mechanism for Kinetic trapping into face-on orientation of crystallites is not yet completely
understood (see relevant system in N2200)%3-16, the possibility of there being a kinetic trap
during spin coating is not out of the question. When comparing the lattice parameters of the
sets of materials (kinetically trapped and edge-on) in Table 2-1, it is important to note that
there are some consistent trends which could correlate to the observed behavior. Following
melt-annealing, the (primary) lamellar stacking distances of all the materials converge to
approximately 16 A. This suggests that the thermodynamically preferred lamellar stacking
distance of all four materials does not vary significantly. However, the as-cast lamellar
stacking distances are different. The lamellar stacking distances of as-cast NO and N2a
lattices are slightly shorter than the equilibrium distance: 15.5 A and 14.6 A, respectively.
On the other hand, the lamellar stacking distances of the lattices of as-cast N2b and N4 films
are almost 2 A longer: 17.6 A and 17.9 A, respectively. The Lc of the as-cast NO and N2a
crystallites are also approximately twice as large as those of the as-cast N2b and N4
crystallites, which suggests that there is a larger degree of disorder in the latter. These
differences indicate that face-on orientation may be a quenched metastable state. The degree

of variation in the n-7 stacking distance is very small: a range of only 0.3 A (approximately
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2%). This is likely due to the relatively stronger m-n interactions and the structural similarity

of the four conjugated backbones.
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As-cast Melt-annealed % Change
Diffraction peak

dspacing (&)  Lc (A) dspacing (A)  Lc(A)  dspacing Lc

Lamellar 15.5 95.0 16.0 171.3 3.7 80.4
Lamellar 2 13.7 336.2
NO
-7 3.6 46.5 3.6 81.7 1.8 75.8
-1 2 3.5 48.2
Lamellar 14.6 96.7 16.3 182.0 11.6 88.2

N2a  Lamellar 2

-7 34 67.6 34 109.4 0.3 61.9
Lamellar 17.6 36.4 15.7 174.8 -11.1 380.2

N2b  Lamellar 2 13.8 95.0
-7 3.6 24.0 3.7 93.5 1.8 288.9
Lamellar 17.9 34.6 17.7 130.8 -1.2 278.2

N4 Lamellar 2 15.8 77.6
-7 3.6 26.1 3.6 122.1 1.6 367.8

Table 2-1. Spacing distances and Lc derived from GIWAXS diffraction peaks.

C. Conclusions

In conclusion, | have shown that even though the four N series molecules have different
orientational preferences relative to the substrate when kinetically trapped during spin
coating, their thermodynamically preferred orientation is the same. As demonstrated by in-
situ GIWAXS measurements, the molecules with inner BT units (NO and N2a) are able to
achieve the thermodynamically preferred orientation during spin coating. However, the

molecules with inner PT acceptor units (N2b and N4) are kinetically trapped in the face-on
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orientation during spin coating. After annealing these films to the melt and then cooling, the
resulting crystallites are oriented edge-on relative to the substrate. While there is not yet a
mechanistic explanation for the kinetically determined orientational preferences observed in
these organic semiconductors, it is worth noting that crystallite orientation has been shown
to depend on processing conditions. This chapter shows such changes within a series of
closely chemically related materials, especially for two isomers: N2a and N2b. Furthermore,
the N series of molecular semiconductors presents a well-defined, monodisperse system to
study crystallite reorientation that has previously been observed in polydisperse systems. An
understanding of the degree to which organizational preferences under kinetic control can be
pre-programmed through the chemical structure of molecular semiconductors remains a
formidable challenge. However, it is worth re-emphasizing that such control would open
opportunities to optimize the charge carrier transport in the bulk and thereby relevant

electronic device properties.

The dynamic behavior presented in this study, as well as in previous reports for both
molecular and polymeric organic semiconductors has the potential to be both a way to
control for the solid-state organization of organic semiconductors, as well as a source of
significant instability. Further understanding of the mechanism of kinetic trapping during
film formation is necessary. It is also important to highlight that most studies of thin-film
morphology at the molecular level, including this one, rely upon diffraction methods such as
GIWAXS or transmission electron microscopy to probe the material. However, it is well
understood that a significant portion of OSC thin films and solids is composed of amorphous

regions which are inaccessible by diffraction techniques. For this reason, a method that can
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probe the entirety of the solid is necessary. | will discuss such a method in the following

chapter.
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D. Experimental and Supplementary Information

Silicon substrates (with native oxide) were cleaned by sonication in piranha solution (3:1
H2S04:H202), acetone and isopropanol for approximately 5 minutes each. The substrates
were subsequently dried in an oven at 130 °C and cleaned via UV-ozone treatment for 30
minutes each. The substrates were then brought into a glovebox under N2 atmosphere, where

the films were deposited via spin coating at 1500 rpm for 60 s from chloroform solutions (10

mg/mL) of each material.

GIWAXS measurements were taken at beamline 11-3 of the Stanford Synchrotron

Radiation Lightsource (SSRL) using a CCD detector with a beam energy of 12.4 keV. The

films were melt annealed by heating the stage above the melting point of the material

(confirmed by no X-ray diffraction) and then allowing it to cool back down to ambient

O

temperature.
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Scheme 2-S1. Full chemical structures of (from top to bottom) NO, N2a, N2b, N .
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Figure 2-S1. DSC traces of NO, N2a, N2b and N4, taken from references 19 and 26 in the main text.
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Figure 2-S2. In-plane (a,c,e) and out-of-plane (b,d,f) line cuts of NO, N2a and N4, respectively. As noted
in the main text and confirmed by the line cuts, only the N4 crystallites flip from face-on to edge-on
following melt-annealing. Insets highlight the two lamellar stacking peaks of the melt-annealed films.
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Figure 2-S3. Distribution of the n-n stacking peak intensity in the as-cast (a) and melt-cooled (b) film
diffraction spectra.

Material As-cast Melt-cooled
NO 40:1 12:1
N2a 32:1 54:1
N2b 1:2.5 12:1
N4 1:1.5 8:1

Table 2-S1. Ratio of edge-on:face-on crystallites in the as-cast and melt-cooled films.
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III. Characterizing Dynamic Reorganization by an Unusual Method

A. The challenge of solid-state characterization of organic semiconductors

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 subunits within thin films dictate electronic and optical properties®®
and thereby the applicability of a given material in emerging optoelectronic applications.”®
These considerations are relevant within the context of potential OSC implementation in
new classes of lightweight, low-cost and solution-processable technologies such as
photovoltaics,® 3 thermoelectrics,41° thin-film transistors,*6-1° light-emitting devices,?*-2?

photodetectors?® and various types of sensors.?+27

In OSC systems with internal modes of reconfiguration, insight into molecular shape is
typically attained through single crystal X-ray analysis.?®2° Information related to the shape
and solid-state organization of amorphous systems, 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 organizations, such as those related to the
transformations exhibited 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 organization. While experiments such as transmission electron microscopy (TEM) or
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X-ray scattering provide important information 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
unattainable due to the inherent disorder of solution-processable OSC materials.3-33 X-ray
scattering techniques provide information on molecular order, but are predominantly limited
to probing the ordered regions of a solid.3*2® Aside from certain exceptional cases,® in situ

determination of molecular shape in the solid-state remains elusive.

The molecular OSC TT (Scheme 3-1 and Figure 3-2) is a relevant system to study. TT
displays unusual behavior during its transition from solution to the solid-state.3” Following
film formation, the bulk initially forms an amorphous 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 conformational freedom, compared to
traditional covalently rigidified electron-donating units, such as cyclopentadithiophene, give
rise to better solubility. It has been proposed that the slow crystallization of TT involves
planarization 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
ordered high-temperature state has a variety of scattering peaks, characteristic of lamellar

and n—r stacking. The relatively large number of diffraction peaks also indicates good
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intermolecular order. However, due to the superposition of two dimensions in GIWAXS

experiments, direct determination of the arrangement of molecules within the unit cell is

Crystall|zat|on
\/\/~/\

Twisted Planar

impossible.

Scheme 3-1. TT has been proposed to twist and adopt a trans-planar conformation upon
crystallization. Structures are the optimized ground-state equilibrium geometries from density
functional theory (DFT) calculations. Hydrogen atoms were removed for clarity.

B. Results and discussion

In this chapter, I will discuss how to address this challenge through the use of solid-state
magic-angle spinning (MAS) nuclear magnetic resonance spectroscopy (SSNMR)
measurements. These techniques have been used to characterize the shapes of proteins,
lipids and other biological structures,3° as well as to understand molecular assembly and
disassembly pathways during transitions between solution and solid-state.*® Their
application to OSCs has been relatively limited, such as to distinguish between ordered and
disordered regions, and to characterize interfacial structures.**-4° | examine topological
differences at the molecular scale that exist in the melt and ordered states of TT. This
characterization is accomplished by tracking changes in *C chemical shifts and the relative
displacements of signals between the amorphous and ordered phases. 3C MAS NMR

spectra are analyzed in conjunction with DFT calculations to unravel that crystallization of
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TT requires twisting of the dihedral between the central thiophene rings from ~112°to a

trans-planar conformation.

—-—-- Solution
Amorphous
Ordered

Normalized Absorbance (a.u.)

300 400 500 600 700 800
Wavelength (nm)

Figure 3-1. 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 3-1.3" Immediately 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.3” The resemblance 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 molecule.

Planarization of TT is expected to result in the greatest change in the chemical shifts
from the two central-most *3C nuclei (Figure 3-2, purple and yellow dots). Assignments of
the signals observed in solution were first performed by analyzing 1D *H and *C NMR
spectra (Figure 3-S1), 2D *H{*H} correlation (Figure 3-S2) and *H{*3C} heteronuclear

multiple-bond correlation (HMBC) NMR spectra (Figures 3-2 and 3-S2).
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Figure 3-2. 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 according 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
3-3a). The amorphous state was achieved by heating the sample to 135 °C (above the
melting point, 124 °C) under a stream of N2 gas. Signal assignments are straightforward due
to the similarity to what is observed in solution (Figure 3-S3). As seen in Figure 3-3a,
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. 10° s). This feature is supported by

comparison of the 3C CP-MAS NMR spectrum in Figure 3-3b with a static single-pulse 3C
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NMR spectrum acquired under otherwise identical conditions (Figure 3-S4); the latter
exhibits broad spectral features in the aromatic region (120-165 ppm) that manifest
relatively immobile n—r stacked backbones and much narrower signals in the alkyl region
(10-30 ppm) from mobile alkyl sidechains. Analogous molecular- and meso-scale
characteristics have been observed in lamellar silicate-surfactant phases with stiff covalently
cross-linked silicate nanosheets separated by mobile alkyl surfactant chains.*® Comparison
of the 1D 3C spectra (Figure 3-3) of the melt and lamellar phases reveals differences in the
isotropic 3C chemical shifts of the TT backbones, depending on whether they are
amorphous versus aggregated into n—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 signals overlap at 118 °C, a
quantitative 1D 13C MAS spectrum of TT (Figure 3-S5) and separate DFT calculations
(discussed below) corroborate their assignments. This is further supported by 2D *C{*H}
heteronuclear correlation (HETCOR) spectra acquired with different CP contact times
(Figure 3-S6), in which the intramolecular **C-H proximities of carbon atoms 5 and 7 are

distinguished from their peripheral counterparts (6 and 12).
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Figure 3-3. Aromatic regions of (a) the static single-pulse '3C 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 '*C signal assignments are the same as shown in Figure 3-2.

The NMR analysis to this point yields little direct information regarding molecular
topology. However, in combination with DFT modeling, the experimental isotropic '3C
chemical shifts associated with the melt and lamellar TT structures can be compared with
DFT-calculated '3C shieldings for twisted and planar TT backbone conformations (Scheme
3-1). 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 continuum model
with the static dielectric constant as € = 3.5 and the dynamic dielectric constant as € inf =
25031 Regression analyses were carried out by comparing experimental '3C chemical shifts

against the DFT-calculated '3C shieldings for the twisted and planar conformers of TT
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(Figure 3-S7).%2755 Comparison of the experimental '3C 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 comparison for the lamellar phase and '3C shieldings of the planar
conformer of TT resulted in R?>= 0.99. Within the resolution limits of the NMR data and the
validities of model assumptions, the level of agreement is noteworthy. Further accuracy in
the calculation of chemical shieldings requires taking into account intermolecular contacts>®
that are not possible to model for an isolated molecule. This approach is also restricted to
materials whose NMR spectra 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 3-4) are also correlated to
differences in molecular conformation and shape. While most Adiso Values are within £2
ppm (Figure 3-4, grey region), the 3C 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
experimental 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 trans-planar
conformations. The sSNMR results and DFT calculations are also consistent with the
observed differences in the optical properties of TT (Figure 3-1). As TT adopts a planar

molecular topology, the degree of electronic delocalization increases.
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Figure 3-4. Relative differences in isotropic '3C chemical shifts (Adiso) of the TT backbone nuclei
between the melt and lamellar phases, as determined by high temperature '*C 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 associated with signals &, 9 and /2 likely arise from
differences in the orientations of the alkyl chains relative to the structures used for DFT calculations.

C. Conclusion

The combination of in situ NMR with DFT-based modeling 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 approach identifies a twisted molecular topology of TT in the melt
state, while the molecule is found to adopt a planar 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, the techniques described in this chapter

may be extended to probe the effects of polymer architecture on charge carrier mobility. In
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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 processing conditions.
Potential advantages of such materials include development of device active layers that can
be processed through deposition methods that are not solvent-dependent. Processing
methods that are solvent-independent are also likely to avoid pitfalls of kinetic trapping
during film formation such as those discussed in the previous chapter. Furthermore, solid-
state organization that is driven by intermolecular interactions is also likely to results in
materials that are more thermally stable, for example in contexts such as those described in

the first chapter.
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D. Experimental and Supplementary Information

UV-visible absorption spectroscopy: UV-vis absorption spectra were recorded on a
Perkin ElImer Lambda 750 UV-Vis spectrometer. The solution spectrum was determined by
dissolving TT in chloroform at 0.01 mg/mL. Thin film absorbance measurements were
performed using glass as the substrate, and the material was spin coated for 60 s at 1500 rpm
at 10 mg/mL in chloroform. Absorbance measurements of the ordered solid and amorphous
state were performed at ~ 115 °C and after quickly cooling to room temperature from ~ 135
°C. Thin film heating was accomplished by using a heated sample mount. The temperature

was measured with an external thermocouple probe.

Solution-state NMR spectroscopy: Solution-state *H and 1*C NMR were used to
characterize TT. Approximately 10 mg of TT dissolved in 1,1,2,2-tetrachloroethane-dz and
transferred into a4 mm NMR tube. All NMR experiments were carried out at room
temperature on a Bruker 18.8 T AVANCE-11 NMR spectrometer (*H and **C Larmor
frequencies were 800.24 MHz and 200 MHz, respectively) equipped with 4 mm B-B-O
probe. The *H and 3C 90° pulse lengths were of 11 ps and 9 ps, respectively. One-
dimensional (1D) *H NMR spectrum was acquired by co-adding 8 transients using a
relaxation delay of 2 s. 1D *3C NMR spectrum was acquired by co-adding1024 transients
using a relaxation delay of 2 s corresponding to an experimental time of 1h. WALTZ-16
heteronuclear decoupling® was used during the acquisition of 13C spectrum with *H 180°
pulse duration of 60 ps. To identify and distinguish J-mediated through-bond *H-H and ‘H-
13C moieties, two-dimensional (2D) *H{*H} correlation (COSY) and 2D *H{*3C}

heteronuclear multiple-bond correlation (HMBC) NMR spectra were acquired and analyzed.
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2D H{*H} spectrum was acquired using 128 t1 increments using an incremental time of 114

us, each by co-adding 2 transients, with a recycle delay of 2 s corresponding to an

experimental time of 16 mins. 2D *H{**C} HMBC spectra were acquired using 3.4 ms

(1/2JchH, where, Jcn = 145 Hz) and 250 ms (i.e., 1/2JcH, where, Jcn = 2 Hz) mixing times,

each using 76 t1 increments with an incremental time of 14.6 ps and by the co-addition of 96

transients with a recycle delay of 2 s corresponding to a total experimental time of 7 h. All

'H and 13C experimental shifts are calibrated with respect to *H and ‘3C signals of 1,1,2,2-

tetrachloroethane-dz at 6.0 and 73.8 ppm, respectively.
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Figure 3-S1. Solution-state 'H and **C NMR spectra of TT dissolved in 1,1,2,2-tetrachloroethane-d;

acquired at 18.8 T (*H 800 MHz) at room temperature.

Solution-state *H and ‘3C chemical shifts and splittings for the backbone moieties of TT

are listed below.
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'H solution-state NMR in 1,1,2,2-tetrachloroethane-dz (ppm): 8.26 (s, 2H), 8.05 (d,
J=3.2 Hz, 2H), 7.77 (d, J=12.9 Hz, 2H), 6.97 (d, J=2.9 Hz, 2H)
13C solution-state NMR in 1,1,2,2-tetrachloroethane-dz, & (ppm): 159.2, 153.5, 149.9,

149.7, 142.9, 135.4, 132.7, 132.0, 131.5, 129.0, 126.2, 125.8, 116.3, 110.5
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Figure 3-S2. Solution-state 2D *H{*H} correlation (COSY) spectrum of TT dissolved in 1,1,2,2-
tetrachloroethane-d; acquired at 18.8 T (*H 800 MHz) at room temperature. Off diagonal correlation
intensities shown in dashed red lines depict the through-bond interactions between thiophene protons.

Solid-state MAS NMR spectroscopy: A powder of TT was packed into a 4 mm (outer
diameter) zirconia rotor fitted with Teflon insert and a ceramic cap fitted with a rubber o-
ring to ensure close fitting of the sample. All variable temperature 1D and 2D MAS NMR
spectra of TT were acquired ona 11.7 T Bruker AVANCE-II NMR spectrometer equipped
with 4 mm H-X-Y probehead and Bruker VT control unit to regulate probe temperature. The
'H and 3C 90° pulse durations were 2.5 ps and 4.0 us, respectively. To ensure the melt state
of TT, single-pulse 3C NMR spectrum was acquired at 135 °C under a static condition by

co-adding 2048 transients using a relaxation delay of 2 s corresponding to an experimental
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time of 2 h. For TT in the solid state, 1D 3C{*H} CP-MAS spectra were acquired at 118 °C
using 0.1 ms and 2 ms of CP contact times under 8 kHz MAS conditions using a stream of
N2 gas. Cross polarization involves the simultaneous excitation of *H and *3C nuclei to
enhance the signals of the latter. Heteronuclear decoupling was applied during acquisition of
13C spectra using SPINALG64 sequence® using 2048 co-added transients with a 3 s recycle
delay, corresponding to an experimental time of 2 h each. To characterize spatially
proximate dipole-dipole coupled *H-13C pairs, 2D 3C{*H} heteronuclear correlation
(HETCOR) NMR spectra were acquired using a short (0.1 ms) and long (2 ms) CP contact
times. 2D BC{*H} HETCOR NMR spectra were acquired using 32 t1 increments using an
incremental time of 80 ps, each by co-adding 256 transients with a relaxation delay of 3 s

corresponding to an experimental time of 7 h each.

All H and *3C experimental shifts are calibrated with respect to neat TMS using
adamantane as an external reference (higher ppm 13C resonance, 35.8 ppm®® and the 'H

resonance, 1.85 ppm®).

o
Melt (135 °C)

Solution (TCE-d,)

fudyokmrhphd by Ve Shday

160 150 140 130 120 110

'3C Chemical Shift (ppm)
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Figure 3-S3. Comparison of single-pulse **C NMR spectrum of TT acquired at 135 °C (melt) and the
analogous *C NMR spectrum of TT dissolved in 1,1,2,2-tetrachloroethane-d, acquired at room
temperature.

Aromatic 13C chemical shifts of TT measured at 135 °C (melt) and at 118 °C (ordered

solid) are given below.

13C NMR in the melt (135 °C), & (ppm): 159.4, 157.4, 152.8, 149.1, 148.1, 141.7, 135.0,
132.3, 131.5, 131.5, 128.2, 125.3, 124.6, 114.9, 110.0
13C solid-state NMR of the solid (118 °C), & (ppm): 159.2, 157.6, 154.2, 150.9, 147.6,

139.8, 139.8, 134.3, 132.6, 132.6, 129.7, 123.8, 123.8, 115.4, 110.4

118 °C
8 kHz MAS

118 °C SO Aa |
NS \—m« —~—— »\,,\,_,,-/ - \/ \

PP

T T T T T T T T

| T T
200 180 160 140 120 100 80 60 40 20 0
3C chemical shift (ppm)

Figure 3-S4. Solid-state single-pulse *C NMR spectra of TT acquired at 11.7 T and 118 °C using MAS
(top) and static (bottom) conditions. Shaded regions highlight similarities in signal intensities and line
widths and suggest the presence of disordered alkyl side chains, whereas the broad spectral features
observed in the aromatic region (110 — 160 ppm) of the spectrum acquired under static conditions suggest
well ordered, n-n stacked TT backbones.
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Figure 3-S5. Solid-state single-pulse *C NMR spectrum of TT acquired at 11.7 T and 118 °C using high-
power H-decoupling. Integrals measured from the deconvolution of the spectrum reveal that the signals
at 140 and 133 ppm are the overlapping contributions from two different carbon signals.

For TT in the lamellar state at 118 °C, the local structures of the central and peripheral
thiophene groups are elucidated by analyzing 2D 3*C{*H} HETCOR NMR spectra (Figure
3-S6); in the spectrum acquired using 0.1 ms CP contact time, correlated signal intensities at
134 ppm (C) and 7.6 ppm (*H) correspond to directly bonded ‘3C-*H of central thiophene
(blue dot), and at 130 ppm (*3C) and 7.4 ppm (*H) and 115 ppm (*3C) and 6.9 ppm (*H)
indicate the directly bonded *3C-H in fluorobenzothiadiazole and thiophene end groups,
respectively. In the 2D 3C{*H} HETCOR NMR spectrum acquired using 2 ms of CP
contact time, correlation intensities originate from thiophene *3C and alkyl sidechain 'H

moieties are observed as depicted by dashed horizontal and vertical lines in Figure 3-S6b.
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Figure 3-S6. Solid-state 2D *C{*H} HETCOR NMR spectrum recorded at 11.7 T and at 118 °C using (a)
0.1 ms and (b) 2 ms of CP contact times, respectively.

DFT calculations: All calculations were performed using the Gaussian 09 software
package.®! The B3LYP functional and 6-31G(d,p) basis set were used to optimize the
ground-state equilibrium geometry of TT. For the planar conformation, the central S-C-C-S
dihedral was frozen at 180° and the rest of the structure was allowed to optimize the ground-
state equilibrium geometry. The twisted conformation of TT was allowed to relax to the
lowest energy conformation without any constraints. For each conformer of TT, the range-
separation parameter o in the ®B97XD functional was tuned using the gap tuning
procedure.5? The structures were subsequently optimized to their ground-state equilibrium
geometries using the tuned ®B97XD/6-31G(d,p) functional and basis set by the same
methods described above; o = 0.1253 bohr for the twisted conformer and w = 0.1081 bohr-
! for the trans-planar conformer. These optimized geometries were used to calculate

magnetic shieldings using the gauge-independent atomic orbital (GIAQO) method in a
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conductor-like polarizable continuum model (CPCM)® for a conjugated organic material
(where the static dielectric constant is set to € = 3.5 and the dynamic dielectric constant is set
to €inf = 2)% with the tuned ®B97XD functional and 6-311+G(2d,p) basis set. Plots of
experimental 3C chemical shifts versus GIAO DFT-calculated NMR chemical shifts are

shown in Figure 3-S7 for the planar and twisted TT conformations.

Based on calculations of different possible rota-mers for both the twisted and planar
confor-mations of TT, planarization of the molecule may also involve a flip of the
fluorobenzothiadiazole (FBT) heterocycles and outer thiophene rings. This additional
reconfiguration is reasonable, as single crystal data for similar compounds have shown a

multitude of rotamer populations.>-¢

Computationally predicted chemical shieldings, ciso, Can be compared to experimental

isotropic chemical shifts, diso, by using the following conversion,%-"

intercept — Oiq,
iso—

—slope 1)
where intercept and slope are the intercept and slope determined from linear regression

analysis in Figure 3-S7.
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Figure 3-S7. Plots of DFT-calculated **C chemical shieldings versus experimental *C chemical shifts
obtained for the twisted (a) and planar (b) conformations of TT models from the high-temperature 3C
NMR spectra acquired at 135 °C and 118 °C, respectively. Regression analyses are presented in figure
insets, which depict reasonably good agreements with R? values 0.98 and 0.99 for the twisted and planar

conformers of TT, respectively.

DFT-calculated isotropic *3C chemical shieldings for the backbone carbon atoms of TT are

given below.

Twisted conformer, aiso (ppm): 19.6941, 25.5663, 27.7351, 31.2094, 37.257, 40.3939,
42.7596, 45.6088, 49.4673, 49.9177, 55.1814, 58.8164, 65.7932, 71.682
Planar conformer, aiso (ppm): 19.1113, 24.8516, 27.3565, 31.6064, 39.6791, 41.5304,

42.1121, 45.7494, 48.6781, 51.4214, 56.2908, 56.5454, 65.8058, 71.1200
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