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2 Abstract

3 The greatest advantage of organic materials is the ability to synthetically tune
4 desired properties. However, structural heterogeneity often obfuscates the relation-
5 ship between chemical structure and functional properties. Inelastic neutron scattering
6 (INS) is sensitive to both local structure and chemical environment and provides atomic
7 level details that cannot be obtained through other spectroscopic or diffraction meth-
8 ods. INS data is composed of a density of vibrational states with no selection rules,
9 which means that every structural configuration is equally weighted in the spectrum.
10 This allows the INS spectrum to be quantitatively decomposed into different structural
11 motifs. We present INS measurements of the semiconducting polymer P3HT doped
12 with FATCNQ supported by density functional theory calculations to identify two dom-
13 inant families of undoped crystalline structures, and one dominant doped structural
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motif, in spite of considerable heterogeneity. The differences between the undoped and

doped structures indicate that P3HT side chains flatten upon doping.

Introduction

Recent progress in polymer based organic devices has led to significant milestones in perfor-
mance, such as organic photovoltaic (OPV) power efficiencies of >10%%? and electron and
hole mobilities >1 cm?V~'s~!.3* However, despite the successes of these materials, it is dif-
ficult to precisely identify the microstructural details that lead to desired performance. The
structural and electronic details of organic electronic materials in particular are challenging
to characterize and describe due to high levels of structural and electronic heterogeneity at
length scales from Angstroms to micrometers.’® In contrast to inorganic semiconductors,
polymeric semiconductors do not follow the paradigm that increased crystalline order and re-
peating texture necessarily leads to improved conductivity.? For polymeric semiconductors,
a low degree of dihedral variation can lead to highly delocalized and anisotropic charged
states in materials with little or no long range crystalline order.°

The determination of a detailed atomic structure is challenging because the weak bonding
between polymer chains in the film does not encourage long range order, allowing for many
structural configurations with similar energetic minima. The lack of long range order limits
the information that can be obtained from traditional structural characterization techniques
such as XRD, which probes ordered domains. " !® Scattering techniques such as small angle
neutron or X-ray scattering (SANS of SAXS) return average distance correlations but fail
to determine specific geometries. 92! Spectroscopic techniques, such as pulsed laser experi-
ments, can provide information about the energetic distribution of heterogeneous structures,
but cannot link this distribution to any specific molecular geometry.??2% Even electron mi-
croscopy techniques, which can determine the location of a specific atom within a lattice to

within <0.1 A, cannot distinguish between adjacent carbon atoms (due to limited contrast),
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and hydrogen atoms are invisible to most microscopy techniques.?” %

Analogous to inorganic semiconductors, polymeric semiconductors can be doped for a
conductivity increase of up to 11 orders of magnitude.?® However, unlike inorganic semi-
conductors, many polymer—dopant mixtures have low doping efficiencies, which requires in-
creased doping ratios to achieve desired conductivity increases. Such high doping ratios cause
structural rearrangements that affect the alignment of energy levels and transfer integrals,
which may negatively impact the macroscopic electrical properties. For example, films of
poly(3-hexylthiophene) (P3HT) and 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(FATCNQ) have different morphologies at different doping ratios, and the conductivity does
not increase predictably with dopant concentration3!'3 demonstrating the complex effect
that structural rearrangement has on doping efficiency and conductivity. At high doping
concentrations, FATCNQ intercalates between P3HT chains in crystalline regions creating
a new phase, which coincides with changes in the dependence of FATCNQ concentration
on conductivity.?! Clearly, the local structure of the P3HT-FATCNQ mixture has a large
effect on electrical properties, but very little is known about the unit cell structure at atomic
length scales.

In this context, we highlight inelastic neutron spectroscopy (INS) as an appropriate mea-
surement to infer structural motifs within films of doped or undoped P3HT. Unlike electro-
magnetic radiation, neutrons do not interact with mobile charges present in doped materials.
For this reason, the observed INS spectra only contains peaks from nuclear vibrations, and
not the dielectric response of the PSHT polaron, which simplifies the comparison between
doped and undoped P3HT. The INS technique hinges on resolving the time-of-flight of
scattered neutrons to calculate the energy loss of the neutron after the transfer of neutron
energy to a vibrational mode of the sample. The measurement provides the vibrational den-
sity of states weighted by the incoherent neutron cross section and vibrational amplitude.
INS provides different information than FTIR and Raman spectroscopy because of the dif-

ferent atomic cross sections for neutrons and electromagnetic radiation. Scattering from all
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hydrogen vibrations is visible using neutrons, but only vibrations that cause a change in
dipole moment (such as C—H stretch vibrations) are also detectable in FTIR/Raman spec-
troscopy, as shown in supplemental Figures S2a,b. Those selection rules are not present in
inelastic neutron scattering processes.®* FTIR has further restrictions as the only allowed
transitions must be fundamental (0-1) within the harmonic approximation. This restriction
leads to sharper, better defined peaks than INS because INS allows simultaneous excitation
of multiple vibrational modes, which broadens observed peaks.

To illustrate this principle, consider a system with a single high energy mode (e.g.
C—H stretch), and a distribution of low energy modes (e.g. torsional vibrations between
monomers). An incoming neutron may excite the high energy mode and a random low
energy mode simultaneously, causing the neutron to lose energy proportional to the sum
of the frequencies of the excited modes, which leads to a distribution of observable energy
transfers that broadens observed peaks. An incoming photon is allowed to excite one of the
modes (assuming there is a dipole), leading to a sharp, well-defined peak that presents an
advantage of FTIR over INS: the peaks that are observable for FTIR are better defined than
INS peaks. This concept is illustrated when considering the C—H stretch peaks observed in
FTIR (SI Figure S2) versus INS (SI Figure 1). A major disadvantage of FTIR is the lack
of peaks relative to INS spectra that come from bend, wag, and other complex motions, as
can be seen in supplemental Figures S2b,c. Finally, electromagnetic radiation interacts with
free electrons, yielding a large background signal in highly conductive samples like doped
P3HT (see supplemental figure S2c). The information in an INS scattering profile can be
decomposed into a linear combination of contributions from dominant structural themes.
In comparison, FTIR provides structural information of the sample, but the selection rules
could provide different weightings on that information from different structural configura-
tions. As a result, an average structure can be computed from FTIR, but it is not possible
to decompose the spectrum into different populations.® In contrast, INS provides informa-

tion about the full distribution of structural configurations weighted by their density in the
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sample.3? Thus, vibrational neutron spectroscopy is complementary to FTIR/Raman, but
also yields significant new information and is much better suited to investigate conductive
and heterogeneous samples.

Because the INS spectrum has no selection rules and is a quantitative measurement of
the vibrational density of states, it can be decomposed into multiple populations. Each
population can then be modeled separately with high accuracy using density functional
theory (DFT).3637 Thus, the experimental spectra can be matched to a combination of
proposed structures whose spectral contributions are determined from DFT. In addition,
the charge distribution calculated using the DFT model can be constrained by fitting to the
measured data, which has numerous modes. In this way, the structure of the configuration
in the sample is inferred from the dynamics of the atoms in the film, which is dependent on
the charge distribution. Configurations that do not adequately represent the experimental
INS spectra can be summarily removed.

Previously, INS has been used to study the vibrational dynamics and structure of poly-
mers. Early studies used INS to understand the low frequency dynamics of poly-acetylene,3®
polyaniline,®® and PPV% demonstrating that INS provides valuable low—energy dynamic in-
formation for conjugated polymers that could be important for understanding charge trans-
port. However, the short range dynamic information was missing from the spectra due to the
low neutron flux and small energy range of early INS instruments; instrument resolution de-
creased with increasing energy transfers, meaning that short range dynamic information was
missing from the spectra. Current INS spectrometers, including VISION at the Spallation
Neutron Source,*'*2 TOSCA at the ISIS laboratory,*®> and LAGRANGE at the Institute

4 are capable of providing high-resolution spectra across the entire vibra-

Laue-Langevin,
tional energy range (5 meV — 1 eV). Thus, these spectrometers can observe long-range,
low energy lattice dynamics, and high—energy, short range bond vibrations simultaneously.

With these high-resolution instruments, the local structure of polymers has been inferred

from INS spectra because the vibrational modes sensitively depend on the spatial arrange-
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ment of neighboring atoms/molecules. For instance, the TOSCA spectrometer was used to
identify the zig-zag structure of PEO under confinement,* as well as the local structure of
adsorbed hydrogen on a nickel catalyst.%® On the other hand, the VISION spectrometer was
recently used to identify the complex structure of highly disordered kerogen*” demonstrating
that high-resolution INS is capable of providing structural as well as dynamic information.

Hermet et al. demonstrated that INS can also be used to identify the presence of different

crystalline polymorphs of quaterthiophene and sexithiophene.
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(inelastic)

Analyzer , 7 h \ Analyzef
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» 3

Figure 1: Schematic representation of the VISION spectrometer. The analyzers determine
the final neutron energies, which are used to find the amount of energy transferred to the
sample by recording and analyzing the time of flight of the neutrons from each pulse.

Our study builds on prior studies by demonstrating that INS can be used to study the
structure of both doped and undoped disordered organic electronic materials. We demon-
strate here that the distribution of configurations contained in heterogeneous films of doped
and undoped P3HT can be resolved into contributions from dominant structural motifs
that we can identify using the VISION spectrometer and DFT. We decompose the undoped
spectrum into contributions from the crystalline and amorphous regions to find three key
structural motifs in the film, one in the amorphous region, two in the crystalline region.
We also find a dominant structural motif of a P3HT film that has been heavily doped by
FATCNQ), producing a crystal structure of P3HT with intercalated FATCNQ that agrees
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with both theory and experiment.

Materials and Methods

Materials

Regioregular P3HT (>98%, M,, = 54 — 75 kDa), regiorandom P3HT and FATCNQ (>97%)
were purchased from Sigma—Aldrich. Undoped samples were used as received by the manu-
facturer in INS experiments unless otherwise indicated. For the doped samples, PSHT and
FATCNQ were first dissolved in chloroform. Solutions were then mixed in appropriate ratios
to achieve the desired doping levels, and the solvent was evaporated inside a nitrogen glove-
box at low temperature over several days. The solids were chopped into a powder (500 mg
for each sample) using a razor blade and loaded into rectangular aluminum sample holders

and sealed for measurement.

Inelastic Neutron Scattering

We used the VISION spectrometer at the Spallation Neutron Source at Oak Ridge National
Laboratory (Figure 1) to characterize the ensemble of structural configurations present in our
doped and undoped P3HT samples. The VISION spectrometer is ideally suited for inferring
structural information from polymer films. Figure 1 shows the experimental setup of the
VISION spectrometer. The analyzers and the Be filters select the final neutron energy loss.
Time-of-flight analysis allows for computation of the energy spectrum transferred from the
incident white beam of neutrons to the polymer film. The experimental set up improves
the count rate and signal to noise ratio over other INS instruments by over two orders of
magnitude, allowing rapid acquisition of full spectrum data.*! To minimize the Debye-Waller
effect, which causes broadening of the spectral information due to random fluctuations of
the atomic position, the scans were performed at 5 K. This low temperature provides the

level of detail required to probe sensitive structural changes during doping. It is possible
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that the low temperature of the measurement could induce crystalline phase transformation.
However, we do not expect major morphological changes in P3HT, because main chain and
side chain melting occurs at ~ 200°C and ~ 50°C, respectively.*?° In addition, Poelking
et al used molecular dynamics to show that polymorph I’ does not reform from polymorph
[ after cooling.®! Large scale reorganization would require mobile main chains and/or side
chains, which is unlikely as the temperature is lowered. Nevertheless, it remains possible

that temperature-induced structural reorganization is taking place.

Computational Methods

We used plane-wave density functional theory with norm-conserving pseudopotentials and
the PBE functional®*3 to calculate the optimized structures within the CASTEP frame-
work.?* PBE is a common choice for understanding the structure of molecular crystals,
including quaterthiophene and sexithiophene, which are chemically similar to P3HT. 485556
Density functional perturbation theory (DFPT) was used to calculate the phonon spectrum
of the optimized structures instead of finite difference methods because DFPT allows com-
putation of vibrational modes at multiple k—points whereas the finite difference method is
restricted to the gamma point only. The initial structures for the simulations were created
within the Materials Studio® suite. The lattice parameters were determined from published
X-ray diffraction,3! and molecular dynamics studies.®! The atomic coordinates were relaxed
so that the maximum interatomic force was below 0.01 eV/A. We used a 2 x3x 3 and a 1 x
2 x 2 k—point sampling grid to simulate the undoped and doped configurations, respectively.
More k—points were used to sample longer dimensions in the Brillouin zone (smaller real space
lattice dimensions). We used aCLIMAX 6.0%7 to convert the finished phonon calculations to
INS spectra that can be compared to experiments. The details of the conversion from vibra-
tional modes to an INS spectrum are found elsewhere.3*57 All simulated frequencies were
scaled by a constant factor (1.015 in this study) to better agree with the experiments. The

use of a scaling factor has been used in many prior DFT studies to replicate experimental
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Since the initial geometries were relaxed prior to calculating vibrational frequencies, the
relaxed configuration commonly differed greatly from the initial geometry, which led to
problems with using experimental unit cells as starting points. We altered the dihedral
angles of the first bond of the side chain, and the displacement of thiophene rings in the
direction of the backbone until we achieved a relaxed geometry that matched configurations
determined from X-ray data.

We iteratively adjusted parameters such as the dihedral angles between thiophene rings,
the dihedral angle of the first bond of the side chain and the displacement of one chain
relative to another chain to generate a set of configurations likely to represent the data
and consistent with previously published crystallographic data. Likely configurations were
chosen because the associated simulated spectra showed peaks at the correct frequencies
compared to experimental data. This means that only configurations that were matched to

both published crystallographic and our INS data are presented.

Results and Discussion

INS Experimental Data

Regio—regular P3HT is a semicrystalline polymer that forms films with 20-50% crystalline
and 50-80% amorphous phase fractions. ?*%% The molecular structures of P3HT and FATCNQ
are shown in Figure 2b,e. When FATCNQ comes into contact with an electron donor, like
P3HT, charge transfer to FATCNQ results in a positive charge that is delocalized along
the polymer backbone which changes a large number of molecular vibrations visible to high
resolution INS. In addition, the crystalline portion of PSHT has been reported to show sig-
nificant paracrystallinity, which means that the individual monomers experience significant

9,51

structural heterogeneity even within crystalline domains.”*" The total structural heterogene-

ity is expressed in the INS spectrum as a weighted sum of all different contributions, which
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Figure 2: a) Experimental INS spectrum from 650 — 3300 c¢cm™! of undoped PSHT, PSHT
doped with 4 mol% F4{TCNQ, and PSHT doped with 17 mol% F4TCNQ. The highlighted
regions correspond to vibrational modes depicted in d,e. b,c) Molecular structures of PSHT
and F4TCNQ. d,e) Vibrational modes that are most sensitive to doping from F4TCNQ. We
show an out of plane bending mode of the backbone hydrogen at 820 — 840 cm™ (d), and a
torsion between the first and second side chain carbons at 1075 em™ (e).

leads to peak width (along with dispersion and phonon wings) and even the presence of sev-
eral different peaks originating from identical motions in differing molecular environments
(for example in crystalline and amorphous domains).

The vibrational spectra in Figure 2a represent samples of undoped, 4 mol% doped, and

10
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17 mol% doped regio-regular P3HT with F4ATCNQ. The spectra were normalized to equal
background intensity. These doping levels were chosen because 17 mol% doping was reported
to be the highest possible doping level (without formation of a pure FATCNQ phase) for
P3HT by FATCNQ.3! Doping at 4 mol% represents a lightly doped material in which most
of the FATCNQ is expected to reside in the amorphous domains of the polymer. 333

Each peak corresponds to a vibrational transition that occurs when an incident neutron
interacts with the nuclei in the sample. The peak height is proportional to the amplitude
of the vibrational motion, and the energy of each transition reflects the frequency of the
vibrational mode. Changes in energy of the same peak in different samples stem from
changes in inter—atomic forces causing a particular mode to either stiffen (shift to higher
energy) or relax (shift to lower energy). The changes in the height and frequency of a given
peak may come from compositional changes to the ensemble of configurations present, as
well as the reasons provided above. We model the data using DFT well enough to assign
these peaks to particular vibrational modes, which agrees with prior studies.*® We highlight
two peaks, denoted by shaded regions in Figure 2a, most affected by doping, corresponding
to the two vibrational modes in Figure 2d,e. The peaks are associated with the out of plane
(OOP) bending of the backbone hydrogen, and the torsional bending of the first/second
carbons in the side chain occur at ~820-840 cm™, and ~1075 cm™, respectively.

The OOP bending mode of the backbone hydrogen stiffens when heavily doped. The
17 mol% doped sample displays a blue shift in this peak compared to the 4 mol% doped and
undoped P3HT spectra. This blue shift is likely due to the intercalation of FATCNQ into the
crystalline regions at high doping ratios, in which the reduced distance between FATCNQ
and P3HT increases the intermolecular forces acting on the OOP mode. At 4 mol% doping
ratio, FATCNQ primarily remains in the amorphous regions of the polymer. Two prior
studies and the lack of blue shift in the OOP bending peak corroborate this assignment.3!:33

The torsional vibrations of the first and second carbons of the side chain are very sensitive

to the torsional angle between the side chain and backbone of P3HT. Using DFT (discussed

11
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Figure 3: a) The regio—regular (RR) undoped and J mol% RR-doped spectra are compared
between 650-1600 cm™t. The red curve corresponds to the difference between the 4 mol%
doped curve and the undoped curve. b) The RR—undoped and 17 mol% RR-doped spectra are
compared between 650-1600 cm™. The red curve is the difference between the 17 mol% doped
curve and the undoped curve. ¢) The RR—undoped and regiorandom (RRa) undoped spectrum
are compared between 650-1600 cm™. The highlighted regions correspond to wvibrational
modes depicted in Figure 2. The red curves above the spectra in a—c are the differences
between the spectra.

later), we see that the change in torsional angle causes two overlapping peaks at 1075 cm™
to shift to higher and lower energies at high doping levels. The shift occurs as a larger
proportion of P3HT configurations contain side chains in the plane of the backbone as we

will show below. The flattening of side chains agrees with X-ray diffraction showing an

12



246

247

248

249

250

251

252

253

254

255

257

258

259

260

261

262

263

264

265

267

268

269

270

271

272

increase in the long axis of the unit cell upon doping.3! Our DFT results also show that
when a P3HT side chain is flat with respect to its backbone, the torsional mode blue shifts,
and a coupled carbon-carbon stretching mode along the length of the side chain slightly
increases in amplitude causing an increase in intensity (see the Supplementary Information
for a visualization of the modes).

The spectrum also shows that the peak at 1300 cm ™! increases in amplitude when compar-
ing undoped and 4% doped. Using our DFT results, we assigned this peak as a combination
of many twisting modes of the side chain hydrogens. The increase in peak height could be due
to a combination of many factors. In general, changes in peak height are due to changes in
vibrational amplitude and/or compositional changes in the polymer. Compositional changes
include local configurational changes, and changes in the amorphous/crystalline volume
fractions. Doping P3HT results in a charged backbone, which could cause configurational
changes, and changes in intramolecular forces, both of which can affect the vibrational mode
energies and amplitudes. It seems that this peak is unaffected by changes in amorphous
volume fraction because this peak does not show a change in height when comparing un-
doped RRa and RR P3HT. In addition, prior X-ray studies show only a small amount of
structural reorganization when comparing undoped and 4% doped, so it would make sense
that charging the backbone is responsible for the increase in peak height (either through
changes in local configuration or increase in vibrational amplitude). However, we cannot
make any conclusions about the cause of the increase in this peak’s height at this time.

Figure 3 shows the compositional dependence of the INS spectra. The spectral differences
between undoped and 17% doped are clearly shown in Figure 3b, where the OOP bending
peak shifts to higher energy, and the overlapping modes in the green region shift into two
distinct peaks. In contrast, Figure 3a shows almost no spectral differences between undoped
and 4% doped samples. The difference curves in Figure 3a,b reinforce the contrast between
the two doping levels. A doping ratio of 4 mol% does not affect the vibrational structure as

much as a doping ratio of 17 mol%, demonstrating that the local structure is changed most

13



273

274

275

276

277

278

279

280

281

282

284

285

286

287

289

290

291

292

294

295

296

297

in a heavily doped sample.

The spectra in Figure 3 represent samples that have both amorphous and crystalline
phases, which convolute our interpretation of the spectra because we can’t explicitly attribute
a spectral change between samples to a change in intermolecular forces (small scale) versus a
change in phase volume fractions (large scale) because doping likely changes the crystalline
phase fraction. Thus, we need a sample with a single phase to distinguish between crystalline
and amorphous configurations. Regio-random (RRa) P3HT has an identical chemical struc-
ture to regio-regular (RR) P3HT, however the hexyl side chain is randomly attached to
either the second or third carbon of the thiophene ring, which generates films that do not
show an X-ray crystal structure and therefore are uniformly amorphous.® % Thus, we can
study the vibrational structure of the amorphous region independently, assuming that the
random change in side chain attachment does not strongly affect the vibrational modes of
the polymer.

Figure 3c shows a comparison of the INS spectra of undoped RR-P3HT and RRa-P3HT,
with the difference between the spectra plotted above. This comparison demonstrates the
vibrational difference between a composite amorphous/crystalline system (RR-P3HT), and
a uniformly amorphous system (RRa-P3HT). The OOP bending region at 820-840 cm™!
is the only peak with a vibrational frequency that is strongly affected by the change in
phase composition, indicating that the OOP bending mode is relaxed by more delocalized
electronic states present in crystalline regions of polymer chains. Electronic delocalization is

a result of decreased dihedral angle variation between backbone monomers.

Simulation of Crystalline Domains

Plane wave density functional theory is the best approach to model the INS data as it al-
lows the accurate prediction of vibrational modes in crystalline samples. The periodicity
implicit in using a plane wave basis set allows the simulations to model extended solids,

which provides the intermolecular interactions absent in typical gas phase DF'T simulations.

14
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Figure 4: Simulations of three different potential PSHT crystalline configurations (Con-
fig1(a), Config2(b), Config3(c), and Phase I'(d)). In all cases, the simulated spectrum is
plotted against the experimental INS spectrum of undoped PSHT between 650-1400 cm™.
The side view (top row) and top view (bottom row) of each configuration is shown.

Semicrystalline P3HT has ~40-50% crystalline domains by volume,? indicating that a sig-
nificant portion of P3HT can be described by plane-wave DFT, but long-range structural
correlations will be overestimated. To correct these errors, we would need to simulate large
unit cells to account for the proper decay in structural order. However, the computational
expense of DFT limits the size of the unit cell, meaning long range curvature present in
real polymer systems cannot be modeled. We are assuming that the curvature effects on
the spectrum are small compared to changes in local (~10 A) structure, which is reasonable
provided that we only simulate modes that are sufficiently high in energy (i.e. > 700 cm™').
In this energy range, we expect that the local ordering of adjacent polymers will be the
dominant perturbation to the vibrational modes.

Semicrystalline P3HT contains several different crystalline polymorphs which have been
identified from X-ray measurements. !51718:51.64 The most thermodynamically favorable poly-

morph is Phase I as determined by Poelking et al using a molecular dynamics approach. We
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also consider the Phase I' polymorph proposed by Poelking et. al.,®! but do not consider
other polymorphs, such as Phase II because Phase II is irreversibly transformed into Phase I
at room temperature and requires specific sample preparation that we did not apply. %% The
assumed structure of Phase I P3HT has the backbone plane parallel to the top/bottom face
of the unit cell and side chains are tilted at an angle of approximately 47° with respect to the
backbone plane. 7?6467 Phase I" P3HT is energetically favored at low temperatures.®' In
the structure of Phase I’, the backbone plane is tilted with respected to the top/bottom face
of the unit cell, and the angle between the side chains and the backbone is approximately
79° relative to the plane of the backbones.

RR~P3HT films are composed of amorphous and crystalline regions. We can generate
an approximation for the crystalline region spectrum if we assume that the RRa-P3HT
spectrum describes the amorphous regions of P3HT perfectly. Here we assume that the
experimental spectrum is comprised of a combination of independent amorphous and crys-
talline spectra, and we can assume that the amorphous phase comprises 55 vol% based on
the work of Noriega et al.® The crystal INS spectrum is calculated as the total RR-P3HT
spectrum minus the RRa—P3HT spectrum multiplied by its volume fraction. Here, we must
assume that RRa—P3HT has the same INS spectrum as 100% amorphous RR-P3HT. To sup-
port this assumption, we highlight the recent work of Shen et al, in which they demonstrated
that the amorphous phase of RR-P3HT contains locally ordered sections of polymer likely
due to interfacial regions between crystalline and amorphous domains, and that RRa-P3HT
contains locally ordered regions as well due to assembly of local regio-regular segments.%®
Due to the structural similarities between RR and RRa P3HT, Shen et al subtracted GI—
WAXS spectra of RRa-P3HT from RR-P3HT to find the crystalline volume fraction of
RR-P3HT, which agrees with the results by Noriega et al.? Based on these results, we can
directly compare the results of plane—wave DFT simulations to the crystalline INS spectrum
to isolate structural motifs likely present in semicrystalline P3HT.

Simulations of an infinite crystal of Phase I P3HT (referred to as Configl) with identical
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side chain configurations show a poor fit to INS data (Figure 4a). We therefore introduce
heterogeneity in the crystalline phase of P3HT by simulating multiple side chain angles (Con-
fig2) and dihedral disorder (Config3), while maintaining the same unit cell, which improved
the fits (Figure 4b and 4c). Differences between measured and modeled data are primarily
visible in the wag and bend vibrations between 650-1400 cm™. The entire simulated spec-
trum can be found in Supplementary Information Figure S3 and S4. The simulated spectrum
for Configl shows the largest error (from a least squares regression) with the measured INS
data in the OOP bending region (red shaded region in Fig 4), indicating that this stacking
motif likely represents only a small fraction of undoped P3HT. The best fit (largest fraction)
for the backbone hydrogen OOP bending mode is displayed by Config2 (Figure 4b). This
indicates that the OOP bending mode of the backbone hydrogen is coupled to the dihedral
angle of the first carbon on the side chain, as seen in the INS spectrum. In Config2, each
side chain alternates between a bent and flat dihedral angle with respect to the backbone
plane. This side chain alternation leads to a 0.502 A offset between P3HT backbones along
the a—direction of the unit cell. For Config3 (Figure 4c), the dihedral angle between adja-
cent backbone monomers was adjusted to induce a slight twist along the backbone, which
captures the uncertainty in the monomer-monomer dihedral angle seen in prior molecular
dynamics studies.®>%? This twist creates a simulated spectrum that is between Configl and
Config2 in quality of fit. Config2 and Configd both show a slight splitting/broadening of
the peak at 750 cm™ (representative of torsional vibrations of side chain hydrogens), which
is completely absent from the spectrum of Configl, but consistent with the measured INS
data.

The choice of alternating flat and angled side chains within the unit cell of Config2 may
seem arbitrary, but was chosen to favorably pack flat side chains into an experimentally
verified unit cell. A configuration with completely flat side chains require a longer unit cell
along the a axis. Extending one side chain (out of four) to the flat configuration results

in unstable steric interactions between the flat side chain and the angled side chain in the
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adjacent unit cell. Incorporating two flat side chains allows the polymers to nicely pack into
an appropriately sized unit cell. Certainly one could imagine additional configurations that
fit into the unit cell (by twisting dihedral number 2-5 along the side chain), but properly
sampling of these configurations is computationally infeasible. In addition, we do not expect
that configurational variations to the side chain will have a strong effect on the OOP and
torsional vibrations. Nevertheless, it is important to stress that each of the configurations
presented in Figure 4 are representative of different structural families/motifs.

The flat side chain motif in Config2 shows two distinct peaks in the torsional region of
the spectrum (green shading). The presence of these two peaks does not agree with the
measured INS data. The highest peak in the highlighted green region is due to a coupled
carbon—carbon stretching mode that is amplified due to the completely flat side chain. Peak
intensities in the region between 1050-1200 cm™! are better described by Configl. The fact
that Configl fits better in the torsional (green shading) region of the spectrum and Config2
fits better in the OOP bending (red shading) shows that the experimental spectrum can
not be explained using a single molecular configuration. Instead, this analysis indicates that
there are multiple different configurations present in the sample.

We also tested whether the proposed Phase I’ crystalline structure of PSHT was consis-
tent with the measured INS spectrum (Figure 4d). The Phase I’ structure has been measured
and discussed as an energetically but not entropically favorable structure, meaning that it
could be dominant with some thermal processing and would be stable at low temperatures
like those used for the INS measurements.?* Recent studies (both experimental and compu-
tational 1%18°1.89) predict the presence of P3HT configurations with tilted backbone planes
with respect to the top/bottom faces of the unit cell, demonstrating that the configuration
of P3HT inside the unit cell is still disputed. The simulated spectrum of Phase I’ P3HT
fits to the crystalline spectrum better (lower sum of squared error) than Configl, but less
well than Config2 and Config3. However, the spectrum for Phase I’ does have a prominent

double peak near 700 cm™!, which is mostly absent from the configurations present in Fig-
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ure 4, indicating that Phase I” may be present as a fraction of the total volume. Since INS
allows the superposition of spectral contributions of different configurations that sum to the
total observed spectrum, a linear superposition of the four crystalline, simulated spectra is

appropriate to determine phase fractions in crystalline domains.

Linear Combinations of Spectra

The semicrystalline nature of RR-P3HT requires a linear combination of spectral contri-
butions from different configurations and/or phases. Conveniently, the INS data can be
decomposed into contributions from different configurations whose weights represent specific
volume fractions of the particular configurations and/or phases because INS is a technique

that equally weights the contribution from every vibrational mode (no selection rules).

8) ity ) T~

S

z:eezzzeeeeeeee'

—— Crystalline INS
—— Crystalline Fit
800 1000 1200 1400

Energy Transferred (cm™)

Figure 5: (a) Fitted linear combination of simulated spectra plotted against the experimental
INS spectra (generated by subtracting the amorphous (RRa) fraction from the total undoped
spectrum). (b) Cartoon of crystalline region of PSHT where black, red, and blue regions
represent different configurations.

Table 1: Linear Combination Weights

System Configl Config2 Configd Phase I’

Crystalline 0% 60% 2% 38%

The weights of the optimal linear combination of effective crystalline spectrum

(defined in text) to 4 crystalline configurations.
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Using the previously discussed crystalline INS spectrum, we combine the four crystalline
DFT simulations to find the optimal linear combination of structural motifs. Figure 5a
represents a least squares fit of the four crystalline simulations to the crystalline experi-
mental spectrum. The contribution of each simulation is given by Table 1 indicating that
the dominant structural motif is Config2 (60%), followed by Phase I' (38%) and Config3
(2%). The error of the least—squares fit depends on the accuracy of the instrument and the
computational method. As the experimental uncertainty within the energy transfer window
discussed (600-1400 cm™!) is quite low, the majority of the error lies with the assumptions
and convergence criteria (very tight convergence criteria was used) of DFT. Thus, these pro-
portions are the linear combination fit of the four crystalline structures is correct within the
accuracy given by the PBE functional. However, as mentioned before, these structures are
representative of different structural motifs. We expect more side chain heterogeneity in a
real system, which would produce broader peaks in the non—highlighted regions of Figure 5a.
Thus, the structural proportions presented in Table 1 only approximately correlate to the
true proportions of structural families in the real material. Despite the approximate nature
of our results, we can still draw conclusions from the fit between the four representative
configurations.

There is no contribution from Configl, the most often cited crystalline motif from X-
ray diffraction measurements. The high percentage contribution from Phase I' is due to

! and absence of a peak at 775 cm~!. The

the presence of a second peak around 750 cm™
other configurations do not display a peak at 750 cm~!, and overestimate the height of the
peak at 775 cm~!. Thus the combination of Phase I’ and Config2 synergistically describes
the experimental data. The ratio of Config2 and Phase I’ contributions to the fit of the
INS data is fairly consistent in both the crystalline only fit and to the fit of the unaltered
RR-P3HT spectrum (see Supplementary Information). This indicates in particular that

there are a variety of side chain angles with respect to the backbone in crystalline P3HT

domains and that the angle of the backbone with respect to the unit cell is not constant. We
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again point out that P3HT forms crystalline ribbons and the crystalline chains in the center
of the ribbon may have significantly different geometry due to the presence of an ordered
crystal field compared to P3HT that forms the top, bottom, internal domain boundaries,
and ribbon edges (Figure 5b). In addition, real morphologies likely contain continuous
transitions between crystalline and amorphous regions, which should increase the structural
heterogeneity, overall peak width, and background of our simulated spectrum.

The question of whether or not the backbone is tilted with respect to the top/bottom face
of the unit cell has long been disputed.!®*167 Our results demonstrate that both stacking
motifs are present in the crystalline region, and can be elucidated with INS, emphasizing
the sensitivity of this measurement technique. Poelking et al used molecular dynamics
to show that the crystalline phase had thiophene rings that were flat with respect to the
top/bottom of the unit cell,® whereas a similar study using a different force field showed
that similarly sized polymer chains (20-mers) generate a unit cell with a tilted backbone. %
This discrepancy highlights the theoretical difficulty in identifying the local atomic—level
structure. In the latter study, the backbones changed from a tilted configuration to a flat
configuration when the chain length was increased to 40—mers, suggesting that the crystalline
phase may contain regions with both tilted and flat backbones.

51,69

Our results help rationalize the differences observed in prior molecular dynamics and

15,18,64.67 considering the picture of the crystalline domain in Figure 5a.

experimental studies
The INS data suggests that the crystalline domain is comprised of at least three distinct
structural motifs, which can be explained by three different local field regimes within the
crystalline domain that cause changes in local structure of the polymer. The inner region of
the crystalline domain is different from the regions at the top/bottom and left/right of the
domain (Figure 5a), which may cause distortions in the side chain tilt and/or dihedral angle
between monomers. We can postulate that the blue, red, and black segments of Figure ba

correspond to dihedral distortions (Config3), side chain tilt variation (Config2), and a highly

crystalline morphology (Phase I’), respectively. While this postulate intuitively makes sense,
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we cannot assign the colored segments of Figure Ha to specific configurations presented in
this study without a larger length scale model. However, we can conclude that the crystalline
domain of P3HT is structurally heterogeneous at the atomic level with three local structural

motifs dominating the distribution of configurations.

Doped Simulations

———Doped Sim
——17% Doped VISION
800 1000 1200 1400
Energy Transferred (cm™)

a=185A b=1436A c=157A

Figure 6: (a) Front view, and side view (b) of structure of doped PSHT in the crystalline
phase used for simulation. b) The simulated spectrum is plotted against the 17 mol% doped
INS spectrum.

Recent publications about P3HT doped with FATCNQ3"33 clearly show that at low
doping ratios (<3 mol%), FATCNQ is mostly found in amorphous domains. At higher
doping ratios, FATCNQ inserts between P3HT backbone planes. Although at 4% doping
some FATCNQ likely does intercalate, this does not have a significant effect on the vibrational
spectrum, as seen in Figure 3. The maximum doping ratio is approximately 17 mol% and
represents full intercalation of FATCNQ into crystalline domains in addition to doping of
the amorphous sections of the polymer.3%™ The 17 mol% doped sample represents a much
more uniform sample than lower doping ratios because doping likely causes planarization of
the P3HT backbone, which removes local structural heterogeneity.

Figure 6 shows a fit to the INS spectrum of P3HT doped with 17 mol% FATCNQ that
represents a dominant configuration. Since we do not know the volume of amorphous do-

mains in the doped polymer, the peak heights are difficult to quantitatively explain, so we
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will focus on the peak energies. The simulated spectrum shows good agreement with the
doped experimental spectrum for all vibrational peak frequencies. This indicates that the
structure presented in Figure 6a is dominant in the doped ensemble. Both highlighted re-
gions are well explained by the simulation showing that the stacking motifs present in the
structure are widespread throughout the system. F4ATCNQ is intercalated between P3HT
chains, but not adjacent to the same monomers; one is displaced along the ¢ axis relative
to the other. The lattice constants were taken from a combination of X-ray diffraction?!
and molecular dynamics studies.®® The plane of the backbone (created by the flat face of
the 5—membered thiophene ring) is parallel to the plane of the closest dopant. The two
chains are not vertically aligned with one another, indicating that FATCNQ prefers to in-
teract with a single P3HT chain. The molecular planes of the dopants are not parallel,
causing both P3HT chains to distort and twist along the backbone indicating that charging
the backbone/F4ATCNQ combination may cause some puckering/distortions in the backbone
to minimize the electrostatic potential. The average charge transfer between P3HT and
FATCNQ in this configuration is 0.92 electrons from the PSHT to FATCNQ using Mulliken
analysis. "™ This near integer charge transfer from P3HT to FATCNQ is consistent with
spectroscopic analysis. ™

The INS data shows strong interactions in the OOP bending and torsional modes, which
involves hydrogens on the backbone and the first and second carbon of the side chain. In our
simulated structure, we see that some of the nitrogen/fluorine groups are nearest to either
the backbone hydrogen or the hydrogens attached to the first carbon of the side chain.
The electronegative atoms are close enough to interact with the hydrogens responsible for
the OOP bending and torsional bending modes but not close enough to call these hydrogen
bonds. These dipolar interactions, in addition to the electrostatic attraction of the negatively
charged dopant to the positively charged polymer, have a strong effect on the determination
of the dopant location with respect to the polymer. The fact that the simulated spectrum

matches at every vibrational peak in these regions is a strong indication that the proposed
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se2  structure is valid. In addition, each peak in the displayed energy range is well explained by
s03 & single configuration. Since we required two major configurations to explain the undoped
soa  spectrum, we can infer that the distribution of local configurations shrinks when heavily

sos doped. In other words, there appears to be more local order when P3HT is heavily doped.
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Figure 7: The simulated spectra of Config2 and the doped configuration are compared. The
two shaded regions are expanded to demonstrate the specific effect of doping.

506 The simulated spectra of undoped Config2 and the simulated doped configuration are

sor compared to demonstrate the internal consistency of the modeling approach. Config2 was
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chosen because it is the undoped configuration most similar to the doped configuration,
and the most prevalent configuration in the undoped crystal. The OOP bending peak at
~820 cm™! blue shifts upon doping as seen in the experimental spectra (Figure 7b). This
blue shift is likely due to a combination of increased electrostatic interactions between dopant
and backbone hydrogen and/or charging of the backbone (through doping) leading to a stiffer
mode. FATCNQ is 3.59 A away from the P3HT backbone, whereas the P3HT chains are
3.83 A away from each other when undoped, which reduces the average interaction distance
of the backbone hydrogen. As a result, the backbone hydrogen experiences greater forces
when moving perpendicular to the plane of the backbone.

The doped simulation displays a greater splitting between peaks in the torsional region
of the spectrum (Figure 7). The peak at ~1120 cm™ increases in amplitude, while the peak
at ~1065 cm™! shifts to lower energy upon doping. The former is due to a red shift (lower
energy) in an in—phase, coupled rowing vibration of hydrogens along a flat side chain (see
Supplemental Information Figure S9d). When P3HT is doped, this motion has a similar
energy to the torsional vibration as shown in Figure 2c, causing the increase in peak height.
The shift in the peak at 1065 cm™! to lower energy is the result of a relaxation of coupled
carbon-carbon stretching modes along the length of the side chains. The motion of the side
chain carbons and hydrogens close to the backbone are less stiff when doped. The positive
charge on the backbone, coupled with the electron donating nature of the hexyl side chain,
make the side chain bonds less stiff. All of these simulated vibrational changes due to doping

are consistent with the trends observed in the experimental spectra.

Conclusions

The INS instrument VISION records a spectrum that is similar to the pure density of vibra-
tional states, which means that the data is a superposition of the amplitude and frequency

for each vibrational mode for each configuration of P3HT. By investigating the major trends
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in amplitude and frequency for several indicator modes, we are able to ascertain configura-
tions of P3HT that are the most prevalent structural themes. Specifically, we demonstrate
that the crystalline configurational distribution contains at least three dominant structural
motifs represented by individual configurations: one with flat side chains and flat backbones
(Config2 ~ 60% present), one with tilted side chains and a slightly twisted backbones along
the chain (Config3 ~2% present), and one with tilted side chains and a tilted backbone
(Phase I' ~ 38% present). Backbone "flatness” is defined relative to the top and bottom
face of the unit cell. The observed mixture of backbone/side chain tilt angles highlights the
large amount of structural heterogeneity in undoped P3HT that makes the determination
of atomic scale structure using traditional experiments such as XRD more difficult. The
simultaneous occurrence of tilted and flat backbone unit cells reconciles differences in prior

15,18,64,67

experimental studies reporting crystal structures, and makes sense in the context of

the formation of nanocrystallites that are known to form in thin films of solution-processed
P3HT. 933

P3HT doped with FATCNQ is dominated by structures with FATCNQ intercalated
between P3HT chains. Here we report a unit cell structure for PSHT with intercalated
FATCNQ that is consistent with INS data, which provides atomic—scale structural informa-
tion, providing more detail than previous reports which only reported unit cell dimensions.
The intercalation of FATCN(Q increases the inter-atomic forces acting on the backbone hy-
drogen, which causes a blue shift in the OOP bending mode in the INS spectrum. The
splitting in the torsional region of the INS spectrum is similar to the splitting displayed by
Config2 (Figure 4b), indicating that the presence of FATCNQ causes the side chains to flat-
ten. The intercalation of FATCNQ molecules into the crystalline region of P3HT causes the
polymer chain to become flatter to best accommodate the packing of a flat dopant molecule.
Since each peak is captured by a single configuration, we expect that high doping ratios
produce a smaller distribution of local configurations and a more homogeneous film than

undoped P3HT, which could impact the electrical properties.
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We must emphasize that high-resolution INS contains the information to infer the detailed
structural characteristics of disordered systems. However, our ability to model semicrys-
talline and doped semiconductors polymers is limited by methodology and computational
expense. Thus, improved modeling techniques are needed to fully model longer range (lower
energy) vibrations over a much larger volume. In particular, modeling techniques that incor-
porate longer length scales but maintain electronic accuracy are lacking. We anticipate that
INS spectroscopy will become a valuable tool in the study of polycrystalline and disordered
materials; the structures of countless other disordered materials can be optimized using INS

spectroscopy at the VISION instrument.

Supporting Information

Video files of all relevant vibrational modes are present in GIF format.
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