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ABSTRACT: Charge transport in conjugated polymers may be
governed not only by the static microstructure but also fluctua-
tions of backbone segments. Using molecular dynamics simula-
tions, we predict the role of side chains in the backbone
dynamics for regiorandom poly(3-alkylthiophene-2,5-diyl)s
(P3ATs). We show that the backbone of poly(3-dodecylthio-
phene-2-5-diyl) (P3DDT) moves faster than that of poly(3-hex-
ylthiophene-2,5-diyl) (P3HT) as a result of the faster motion of
the longer side chains. To verify our predictions, we investigated
the structures and dynamics of regiorandom P3ATs with
neutron scattering and solid state NMR. Measurements of spin-
lattice relaxations (T;) using NMR support our prediction of fas-
ter motion for side chain atoms that are farther away from the

INTRODUCTION Semiconducting conjugated polymers, such as
poly(3-alkylthiophene-2,5-diyl)s (P3ATs), are promising mate-
rials for next-generation flexible electronics."™* Fully conjugated
backbones composed of aromatic moieties, such as thiophene
and benzothiophene, can lead to intramolecular charge delocali-
zation along the backbone and strong coupling between
chains.”™ As a consequence, electrons and holes can transport
intra- and inter-molecularly through thermally activated hop-
ping processes.'>** For conjugated polymers, the electronic cou-
pling between different backbone moieties and the resulting
hopping efficiency depend strongly on the static local order.

Molecular motions of conjugated polymers can lead to fluctua-
tions in local structures, such as n-n stacking distances and
backbone dihedral angles, which in turn affect charge
transport.">'® For example, the vibrations of polymer back-
bones in the n-x stacking direction can result in fluctuations of
intermolecular electronic couplings. Conformational fluctuations,

backbone. Using small-angle neutron scattering (SANS), we
confirmed that regiorandom P3ATs are amorphous at about
300 K, although microphase separation between the side chains
and backbones is apparent. Furthermore, quasi-elastic neutron
scattering (QENS) reveals that thiophene backbone motion is
enhanced as the side chain length increases from hexyl to dode-
cyl. The faster motion of longer side chains leads to faster back-
bone dynamics, which in turn may affect charge transport for
conjugated polymers. © 2018 Wiley Periodicals, Inc. J. Polym.
Sci., Part B: Polym. Phys. 2018

KEYWORDS: conjugated polymers; charge transport; quasi elastic
neutron scattering; side chain motion; solid state NMR

resulting from backbone motions, may also enhance intra-chain
charge transfer by releasing “traps” (twisted rings) along chain
backbones.*”

Investigating the effect of molecular structure on the back-
bone dynamics is therefore crucial for understanding charge
transport in conjugated polymers. The properties of molecular
motion, however, have not been intensively studied.'®'°
Direct measurements of the chain dynamics of conjugated

polymer backbones are challenging.

In this work, we combine atomistic molecular dynamics
(MD) simulations, solid-state NMR, small angle neutron scat-
tering (SANS), and quasi-elastic neutron scattering (QENS) to
investigate the effect of side chain length on the dynamics of
three regiorandom poly(3-alkylthiophene-2,5-diyl)s (P3ATs):
poly(3-hexylthiophene-2,5-diyl)  (P3HT), poly(3-octylthio-
phene-2,5-diyl) (P30T), and poly(3-dodecylthiophene-2,5-diyl)

Additional Supporting Information may be found in the online version of this article.

© 2018 Wiley Periodicals, Inc.
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FIGURE 1 Chemical structures of regiorandom poly

(3-hexylthiophene-2,5-diyl), poly(3-octylthiophene-2,5-diyl), and
poly(3-dodecylthiophene-2,5-diyl) from left to right.

(P3DDT) (Fig. 1). We chose regiorandom P3ATs as model
materials because they are amorphous at room temperature.
In this way, we avoid the complications in the measurements
of chain dynamics that may arise from the existence of crystal-
line domains for semicrystalline regioregular polymers.

In MD simulations, we directly measured the mean-square
displacements of the atoms on P3HT and P3DDT. We show
that the side chain atoms can move faster than the backbone
atoms. We also predict that by changing the side chain length
from hexyl to dodecyl, the backbone motion is enhanced for
regiorandom P3ATs.

To validate our predictions, we also obtained the dynamical
properties of regiorandom P3HT, P30T, and P3DDT from neu-
tron scattering experiments. Using SANS, we observe that the
regiorandom P3ATs are amorphous at 300 and 350 K, although
the high g peaks in the SANS spectra indicate the existence of
disordered lamellar structures. Solid state NMR results for
regiorandom P3HT show that the motion of the side chain car-
bons is enhanced away from the backbone. Furthermore, using
QENS, we reveal the dynamics of hydrogen atoms in the three
P3ATs. We demonstrate that the amplitude of motions for pro-
tons on the thiophene rings indeed increases as the side chain
length increases from hexyl to dodecyl.

Our results may help explain the dependence of performance on
side chain length for conjugated polymers. For example, our TFT
measurements suggest that charge mobilities of regiorandom
P3ATs decrease as side-chain length increases (discussed in the
Supporting Information Fig. S1 and Supporting Information
Table S1). Previous studies also show that material performance is
related to the side chain length for regioregular polymers.'*+!5202
Because the side chains are not conductive® and the n-r stacking
spacing is roughly the same for conjugated polymers that differ
only in side chain length,?® the difference in performance may
arise from the different dynamics of polymer backbones.

EXPERIMENTAL

Materials

Regiorandom poly(3-hexylthiophene-2,5-diyl) (P3HT), poly
(3-octylthiophene-2,5-diyl) (P30T), and poly(3-dodecylthio-
phene-2,5-diyl) (P3DDT) were purchased from Sigma Aldrich.
The polymers were re-precipitated in cold methanol and
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extensively purified by Soxhlet extraction with acetone and
methanol as previously described.?*

Differential Scan Calorimetry

The glass transition temperature T, and other thermal transi-
tions of P3ATs were measured by TA Q2000 differential scan-
ning calorimetry (DSC). The scans were performed over a
temperature range from -70 to 250°C at a rate of 5°C/min.
For each sample, the first heating/cooling cycle was used to
eliminate the thermal history in the material. Only data from
the second cycle was used for analysis.

Small Angle Neutron Scattering

Samples for SANS experiment were pressed between Teflon
slabs at 350 K with a Carver laboratory press. The final film
thickness is around 200 pm. Small angle neutron scattering
(SANS) experiments were performed to characterize the struc-
tural properties of P3ATs using Extended Q-range Small Angle
Neutron Scattering Spectrometer (EQ-SANS) at the Spallation
Neutron Source (SNS), Oak Ridge National Lab in Oak Ridge,
TN.*® In order to achieve an effective g-range of 0.005-1 A
([q = 4nsin(0/2)/\], where 0 is the scattering angle), the
sample-detector distance and incident neutron wave length 4
were varied from 1.3 to 6 m and 10 and 2.5 A, respectively.
The quality of data was improved by performing background
subtraction and detector efficiency correction using MantidPlot.

Quasi-Elastic Neutron Scattering

Samples for QENS experiment were wrapped in aluminum foil
and pressed at 450 K. Samples were 60 pm in thickness to
prevent multiple scattering (10% scattering at this thickness).
In order to eliminate the uptake of water, the samples were
loaded into Aluminum HFBS annular sample cans in a dry
helium atmosphere and sealed with an indium O-ring for sub-
sequent QENS measurements.

The proton dynamics in regiorandom P3ATs were measured
using QENS. Protons have significantly larger incoherent scat-
tering cross sections than C and S atoms, and in turn contrib-
ute to more than 90% of incoherent scattering signal.® Using
fixed window scans, we observed the transitions in dynamics
when the temperatures were high enough to activate segmen-
tal motions for P3ATs. We also performed dynamic scans for
P3ATs at 300 and 350 K, where the side chains were mobile.
From the dynamic scans, we obtained the scattering function
S(q,®), which characterized the self-diffusive motions of the
protons. By analyzing S(q,®), we extracted the elastic incoher-
ent structure factor (EISF).2”?® By fitting EISF, we computed
the amplitude of proton motions in P3ATs.

QENS experiments were performed using the high-flux back-
scattering spectrometer (HFBS) at the National Institute of
Standards and Technology Center for Neutron Research in
Gaithersburg, MD.?° Fixed window scans (FWS) were per-
formed on HFBS with the Doppler drive at rest. The scans
cover a temperature range from 100 to 450 K with a rate of
0.5 K/min. The incoherent elastic signals were collected at
16 different wave vectors ranging between 0.23 and 1.75 A™*
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as a function of temperature. In dynamic scans, the incident
neutron wave had a wavelength of about 6.271 A (E = 2.08
meV) after passing the monochromator drive system
(Doppler). The scattered neutrons with energy of 2.08 meV
were selectively reflected to detector by Si(1,1,1) analyzer
crystals. The dynamic scans range from -17 to + 17 peV and
the energy resolution (minimal neutron energy change that
can be detected by the instrument) was 0.8 peV. The incoher-
ent quasi-elastic signals were collected as a function of change
in neutron energy at 300 and 350 K. Data was corrected for
detector efficiency and the background was subtracted using
DAVE software, developed by the National Institute of Stan-
dard and Technology Center.°

The instrument resolution was measured using vanadium foil
at room temperature. All the other measurement conditions
are the same as samples. To calculate the intermediate scat-
tering function, we inverse Fourier transform experimental
data I(g,») and resolution R(q,) to obtain I(qt) and R(q,t). I
(g.t) and R(g,t) is then normalized by the value at t = 0 giving
I"°™(g,t) and R""™(q,t). The intermediate scattering function
S(q,t) is then the ratio I"°"™(q,t) /R (q,t).

Molecular Dynamics Simulations

We performed atomistic MD simulations to investigate the
role of side chains on the dynamics of P3AT backbones. Using
simulations, we directly measured the motions of atoms on
the side chains and the backbones for P3ATs, which were
later compared with QENS experiments.

We simulated regiorandom P3HT and P3DDT using the GRO-
MACS package.®! The force field model was developed by
Huang and co-workers for regioregular P3HT.>**3 The bonded
interactions and the partial charges were obtained using den-
sity functional theory (DFT) calculations. The Lennard-Jones
(L)) parameters were borrowed from the OPLS-AA model3*
Huang et al. validated the atomistic model by comparing the
densities of 3-hexylthiophene and crystalline regioregular
P3HT to experiments. We have also demonstrated that this
force field model could yield chain dimensions and nematic
phase behavior that were consistent with experiments for
regioregular P3HT.>**~3% We expect the atomistic model is also
valid for other P3ATs, including the regiorandom chains,
which only differ from regioregular P3HT in side chain length
and regioregularity.

Each initial configuration of our simulations was composed of
64 chains of loosely packed regiorandom P3AT 20mers. The
regiorandom chains were generated by randomly connecting
two types of P3AT monomers and the overall degree of
regioregularity is about 20%. After an energy minimization
step, we performed NPT simulations for the chains at 700 K
and 1 bar over 30 ns to obtain isotropic melts. The melts were
quenched to 300 and 350 K and simulated for 20 ns using
velocity rescaling thermostat and Parrinello-Rahman barostat
so that the densities of the samples fluctuated about steady
values. The densities of regiorandom P3HT and P3DDT are
1.05 and 0.98 g/cm® at 300 K and 1.03 and 0.96 g/cm® at
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350 K. Predicted densities are compared with densities mea-
sured in a parallel plate geometry as previously described,3’
and although we find our predictions are consistently lower
than experimental results, values are within 5% (Supporting
Information Fig. S2). Extra NPT simulations of 20 ns were per-
formed for the equilibrated samples, from which we measured
the mean-square displacements of the hydrogen atoms. In all
of our simulations, the van der Waals interactions are cut-off
at 1.2 nm and Coulombic interactions are treated using Parti-
cle Mesh Ewald (PME) method. By comparing the motions of
atoms sampled from different periods of our simulations, we
ensured that the systems were in equilibrium.

NMR Experiments

13C MAS spectra were collected on a Bruker Avance 500 spec-
trometer with a field of 11.7 T and at a spinning speed of
20 kHz. The standard Torchia pulse sequence was applied for
T; measurements, using nine delay times per temperature.40
The spectra were apodized using an exponential function
(30 Hz decay) to enhance the signal to noise ratio. After Fou-
rier transformation, the peaks were fitted to Voigt functions
to deconvolute overlapping peaks. Then non-overlapping
peaks were fitted to an exponential decay function, from
which the T; relaxation time was determined.

RESULTS AND DISCUSSION

MD Simulation Results

Using MD simulations, we can examine the role of side chains
on the motion of the backbone of P3ATs. The amorphous
melts are composed of 64 chains of regiorandom P3HT and
P3DDT with 20 repeat units. Predicted densities are within
5% of experimentally measured values (Supporting Informa-
tion Fig. S2). We ensure that our isotropic melts are equili-
brated by comparing the motions of atoms sampled from
different time periods of our simulations.

The values for the mean-square displacement (MSD) at 2 ns
for the hydrogen atoms in regiorandom P3HT and P3DDT at
300 and 350 K are shown in Figure 2. MSDs as a function of
time are shown in Supporting Information Figure S3. The time
scale was chosen to match to QENS experiments discussed
later. For both P3HT and P3DDT, the MSD increases as the
carbon atom moves away from the backbone (i.e., the hydro-
gen index in Fig. 1 increases). The MSD also increases with
temperature, as expected.

Our simulations also predict that longer side chains can lead
to faster motions for polymer backbones. As the side chain
length increases from hexyl to dodecyl, the motions of atoms
on thiophene rings (hydrogen index = 0) are enhanced at both
300 and 350 K. Thus, the side chains plasticize the backbone.

Small-Angle Neutron Scattering

Using small-angle neutron scattering (SANS), we examine the
static structure of regiorandom P3ATs. Figure 3 shows SANS
intensities versus scattering vector q (q = 2n/d, where d is the
spacing between domains). High intensities are apparent at
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FIGURE 2 Mean-square displacement (MSD) of hydrogen at
2 ns. Index 0 for ring hydrogen. Indices through 6 and 12 for
hydrogen on side chain ends of P3HT and P3DDT, respectively.
[Color figure can be viewed at wileyonlinelibrary.com]

low g, which could be due to dust or porosity from sample
preparation.

The SANS data for all P3ATs also show broad peaks near
q = 0.2 to 0.5 1/A, suggesting that all samples are amorphous
at 300 K. The alkyl side chains have more protons than the
thiophene backbones, such that the scattering contrast in
SANS will be mostly between side chains and aromatic back-
bones. Furthermore, the spacing corresponds to 10-30 A, or
roughly the expected distance between backbones across the
side chains. Thus, the peaks in Figure 3 are indicative of
microphase separation between the backbone and the side
chains, consistent with previous reports,!*2141-43

As a consequence of microphase separation between the side
chains and backbones, we speculate that the increase in inter-
chain spacing observed in Figure 3 does not directly affect
charge transport. Amorphous poly(3-alkylthiophene)s often
exhibit two amorphous halos in scattering experiments.*?

P3DDT
P30T
~0.1¢ P3HT
3
S
2
7
c L
£
0.01 " i
0.01 1

0.1,
q (A7)

FIGURE 3 SANS profiles of P3ATs at 300 K. [Color figure can be
viewed at wileyonlinelibrary.com]
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These two scattering features denote a close distance between
backbones, presumably within microphase separated domains,
and a longer distance between chains but across side chains.
Because charge hopping across side chains is negligible due to
the large distances (>1 nm), perturbing this distance should
have no effect on macroscopic charge transport.

Thermal Transitions in Regiorandom P3ATs

The enhanced chain motion predicted from MD simulations
will result in a drop in the glass transition temperature (Tg).
We measured thermal transitions, including glass transitions
and side chain melting, using differential scanning calorimetry
(DSC) for regiorandom P3ATs. Figure 4 shows the DSC ther-
mograms of regiorandom P3ATs. For P3DDT, a heat capacity
peak is apparent around 20°C, corresponding to a melting
transition of the dodecyl side-chains. The absence of side
chain melting peak for P3HT and P30T suggests that shorter
alkyl side-chains are amorphous even below room
temperature.

Nevertheless, we can extract the T, from the drop in heat
capacity as temperature decreases from 10 to -30°C for all
P3ATs. The Tgs for regiorandom P3HT, P30T, and P3DDT are
6, -17, and -26°C, respectively, although the T, for regioran-
dom P3DDT is challenging to determine from DSC due to the
overlap of the glass transition with the side chain melting
peaks. The decreasing T, suggests that the polymer mobility
increases as side-chain length increases, and corroborates our
results from MD simulations.

Solid State NMR Measurements

We also qualitatively demonstrate that the motions of side
chain atoms are enhanced away from the backbones using
solid state NMR relaxation, which can probe the motions of
individual atoms within a molecule. This is possible because
spin-lattice (T;) relaxation is driven by coupling to thermal
lattice vibrations, occurring at the Larmor frequency, as

@

in

Heat Capacity (mJg'1 K'1)
o v

40 0 40 80
Temperature (°C)

120160 200

FIGURE 4 DSC heating scan for regiorandom P3ATs. [Color
figure can be viewed at wileyonlinelibrary.com]
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described by BPP theory.** Raw solid state NMR spectra are
shown in Supporting Information Figure S4.

Assuming that nuclear motions are isotopic, one can write an
autocorrelation function of form e, where 1. is the correlation
time, which represents the timescale on which the orientation
of nuclei changes by 1 radian. The correlation time is related
to the T, relaxation rate by:

1 T 27T,

=K +
T1  1+3t2 1+4wit?

(1)

in which T is the spin-lattice relaxation time and wq is the
Larmor frequency. This relationship indicates that T; reaches
a minimum when the correlation time is equal to the inverse
of . Observation of this T; minimum is required to convert
relaxation times to correlation times, due to the presence of
the proportionality constant K in eq 1. Nevertheless, even if
no T; minimum is observed, by measuring the change in T; as
a function of temperature, we can determine whether the side
chain vibrations occur at timescales slower or faster than wg!.
Figure 5 shows the solid state '3C T; relaxation time as a
function of temperature for the side chain carbons of RRa-
P3HT. For atoms that are close to the polymer backbone
(C1-3), T1 does not change over the temperature range from
250 to 340 K. Our result is consistent with a previous study
of regioregular P3HT, in which a broad T; minimum was
found, corresponding to a t. of order 8 ns.*®

For the end carbons, C4, Cs, and Cg, we observe that the values
of T; increase with increasing temperature, indicating the
values of t. become smaller than mal, which is 8 ns. Comput-
ing the exact correlation time t. however, can be rather
ambiguous, because no T; minimum is observed in the tem-
perature range from 250 to 340 K. Nonetheless, linear fits to
T, data indicate that the slopes are positive with at least a
95% confidence interval. The smaller t. values for C4, Cs, and
C¢ indicate enhanced motions of the carbons atoms further
away from the rigid backbone. This result is consistent with
our MD simulations.

Quasi-Elastic Neutron Scattering

We probed dynamics at different length scales (different
q values) using QENS. We expect that aromatic backbones are
much slower than alkyl side chains, such that QENS may be
able to resolve individual contributions to chain dynamics in
P3ATs.

Other techniques, such as Dielectric Relaxation Spectroscopy
(DRS), can be also used to measure dynamics. Information
obtained from DRS, however, includes both the contributions
from side-chains and backbones. It is impossible to distinguish
the motions of backbones from the side-chains unless their
frequencies are well separated.*®*¢*”

Figure 6 shows the total elastic intensity summed over vari-
ous q as a function of temperature. All data are normalized to
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FIGURE 5 Temperature dependent solid-state NMR relaxation
measurements of RRa-P3HT. Plots show '3C T, relaxation time
as a function of temperature for the indicated side chain atoms.
Inset: carbon atom index (numbering scheme). [Color figure can
be viewed at wileyonlinelibrary.com]

1 at 100 K. The elastic intensities decay as temperature
increases from enhanced segmental motion of the backbone
or side chains. The elastic intensity is calculated by summing
the signals within the energy resolution of the instrument,
such that when the time scale of segmental motions is below
the resolution, the elastic intensity drops. Near 250-300 K, a
change in slope in the elastic intensity and the MSD is appar-
ent and corresponds to the glass transition. The change in
slope is most apparent in P3DDT, and we attribute this to
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FIGURE 6 (Left) Total elastic intensity (sum over 16 scattering
vectors) as a function of temperature. Data is normalized to 1 at
100 K. (Right) Ensemble averages of the MSD of P3ATs as a
function of temperature. [Color figure can be viewed at
wileyonlinelibrary.com]

contributions both from the glass transition and the melting
of the side chains near 300 K shown in Figure 4.

When vibrational motions dominate the dynamics of poly-
mers, the elastic intensity I can be described using the Debye-
Waller Factor: I = exp(-q*<u®>/3), where < u® > is the mean-
square-displacement.*® We therefore assume that the ensem-
ble average of mean-square-displacement of all the protons
can be calculated as the slope of -3In[I(T)/I(Tmi)] versus
q>*° At low temperatures, the mean-square-displacements of
P3ATs increase linearly as temperature increases (Figure 6).

Between 260 and 295 K, as a result of the glass transition, the
mean-square-displacements start to deviate from the linear
trends at lower temperatures (Figure 6). The larger values of
the mean-square-displacement of P3DDT indicate that the
accessible length scale of the alkyl side-chains is higher for
P3DDT than P30T and P3HT. At temperatures above 300 K,
the mean-square-displacements again increase linearly with
temperature, but with larger slopes than at low temperatures
(<200 K).

We also performed dynamic scans for P3ATs at 300 and
350 K, where the side-chains are fully mobile. In dynamic
scans, the incident neutrons exchange their kinetic energy
with the mobile molecules and the instrument detects the
change in neutron energy before and after scattering. Larger
changes in neutron energy are a result of faster molecular
motions.

The dynamics of P3ATs can be inferred from the scattering
intensity S(q,0), which is a function of both the energy change
(w) and the momentum transfer (q). As shown in Figure 7(a),
the instrument resolution represents S(q,w) for an immobile
system (100% elastic scattering). The peak around zero
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energy transfer is a result of elastic scattering and the broad-
ening of the elastic signal (quasi-elastic scattering) arises from
the translational, vibrational, and rotational motions in the
samples. The broadness of the scattering peak is governed by
the relaxation time of the motions in the sample, such that
broader peaks indicate shorter relaxation times and faster
motion.

We observe that the longer alkyl side chains of P3ATs can
move faster. The broadness of the quasi-elastic scattering sig-
nal (intensities at o # 0) increases at 300 K as the side chain
increases from hexyl to dodecyl, as shown in Figure 7(a).
Because the rigid polythiophene backbones are slower (with a
higher glass transition temperature) than the alkyl side chains,
the slow motions of the backbones can suppress the mobility
of side chains. As the side-chain length increases, the effect of
suppression became less prominent in P3ATs.

(a) _ -1
+ P3HT 300K ! g=11A
P3OT 300K f4
 P3DDT 300Ky ¢

* Resolution

]
w

Intensity (a.u.)
=)

10 !.Lf I\

R I e P3HT

0.7 |
> | = P30T

o6l ~ P3DDT .

—Fit, P3HT
0.5t —Fit, P30T
—Fit, P3DDT

0 A L 1 I
10° 10’ 102 10°

t (ps)

FIGURE 7 (a) S(q,0) of P3HT (blue triangle), P30T (green
rectangular), P3DDT (red circle), and instrument resolution
(Black dashed line) at 300 K and momentum transfer of 1.1 A",
(b) S(g,t) of P3BHT (empty triangle), P30T (empty rectangular),
and P3DDT (empty circle) at 300 K and momentum transfer of
1.1 A~". Solid curves are the KWW fits. [Color figure can be
viewed at wileyonlinelibrary.com]
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We inverse Fourier transform the scattering function in fre-
quency domain S(q,w) to obtain the intermediate scattering
function S(qt) in the time domain. S(gqt) is the self-
autocorrelation function of protons in reciprocal space. A fas-
ter decay of S(g,t) suggests a faster relaxation process. We
show S(qt) in Figure 7(b) for the three regiorandom P3AT
samples at g = 1.1 A™%, S(g,t) at various g are also shown in
Supporting Information Figures S5-S10. The decay of S(g,t)
becomes more significant as the side-chain length increases.

To quantitatively describe the motions of protons in P3ATs,
we fit S(g,t) to a combination of two Kolrausch-Williams-
Watts (KWW) equations:

S(q,t) = (XKWWot + 1= X)KWWrans (2)

in which x is the fraction of hydrogen atoms in the methyl
group with respect to all of the hydrogen atoms in the system,
KWW,..,s and KWW, represents the translational diffusion
of protons and the rotation of protons in the methyl groups,
respectively. In regiorandom P3ATs, the protons in the methyl
groups can undergo both translational diffusion and three-fold
rotation.

The KWW equation is a stretched exponential function:*°

Blq)
KWW = EISF(q) + (1—EISF[q)])e_ (W) (3)

where, 7 is the relaxation time of the process, p is the stretch
factor and represents the distribution of the relaxation time,
and EISF is the elastic incoherent structure factor, governed
by the fraction of protons that are not mobile. The
q dependence of EISF can be used to describe the shape of a
type of motion.?®

For the rotational motions, we set the stretch factor B, in
KWW to unity for all temperatures and momentum transfers,
because all the protons in the methyl group are equivalent.
The EISF,,, is derived theoretically from a three-fold rotation
with equal probability model.?® The only fitting parameter for
the rotational motions is therefore the relaxation time T,y In
fact, our fitting suggests that 1., remains constant at different
g, as expected for the q dependence of the rotational relaxa-
tion (Supporting Information Fig. S11).

We do not include the contributions of vibrational motions in our
S(g.t) fit, although such motions exist in regiorandom P3ATs. This
is because the time scale of molecular vibrations is completely out
of the instrument time window, and are not captured by the high-
flux backscattering spectrometer in dynamic scans.

We obtain the EISF for translational motions as a fitting
parameter from the scattering function in time domain S(g,t).
Relaxation times t and stretch factors § are shown in Support-
ing Information Figures S12 and S13. The g dependence of
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EISF, which quantifies the shape of the motions, is plotted in
Figure 8. The value of the EISF decreases as q decreases. By
varying the side chain length from hexyl to dodecyl, the decay
of EISF becomes more significant, indicating the enhanced
length scale for side-chain motions.

The shapes of proton motions can be obtained by fitting the
q dependence of EISF with theoretical models. For proton dif-
fusion in small molecules such as water, a sphere of radius
R is commonly used to define the spatial range of the
motion.>>*? In P3ATs, however, the translational motions of
protons vary along the side-chains, which is reflected in the
stretch factor Prans that is smaller than unity.

Instead of using a single sphere to describe the geometry of
proton motions in P3ATs, we use a series of spheres with dif-
ferent radius R,. In this way, we treat the motions of different
proton sites along the side chains separately. Figure 8(a) is a
schematic representation of the extent of motion as “dynamic”
spheres for P3HT. Seven, nine and thirteen spheres (N =7,
9, 13) are assigned to P3HT, P30T, and P3DDT, respectively.

The total EISF(q) of protons can be calculated as the summa-
tion of theoretical EISF,(q) over all the spheres:

EISF(q) = EN:XHEISFn(q) @)

1
msen = [ Y2 (5)
Ju(qy) = ;;ZR)Z) coslaf) (6)

in which n is the index of the sphere (we define n = 0 for the
a-protons on the thiophene ring), x, is the fraction of the
overall protons in the nth sphere, and N is the total number of
spheres.

For P3ATs, we expect a clear variation in the translational
dynamics of the protons along the side chains (from the
a-protons to protons in the end methyl groups). The mobility
of atoms close to the backbones is suppressed because of the
slow motions of the stiff backbones. The suppression of mobil-
ity may decay along the side chain so that if the alkyl side-
chain is long enough, the end methyl group will have the same
dynamical behaviors as polyethylene.

As suggested in previous QENS studies of alkyl side-chains in
other soft materials,*®**°* the radius of spheres R, may
increase linearly as n increases. To validate this model for
P3ATs, we fit our EISF using spheres with radius of R, = Ry +
C n™. Ry is the radius of the sphere for the hydrogen on the
thiophene ring, governed by the amplitude of ring motions. C
is a constant that characterizes the linear variation in R,. h is
an exponent that we set to 1 to represent linear growth in
motion along the side chain and away from the backbone.
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FIGURE 8 (a) Schematic for diffusion model of side chains of
P3HT. A sphere is assigned to each proton site. (b) EISF of
regiorandom P3HT at 300 K (dots). Fit from exponential model
(dotted blue line) and linear model (dashed black line). (c) EISF of
P3ATs at 300 K. Dotted lines represent fits with an exponential
model. [Color figure can be viewed at wileyonlinelibrary.com]

The fit quality of the linear model, however, is poor. The black
dashed line in Figure 8(b) is the best fit of the P3HT EISF at
300 K with the linear model (more attempts to fit the EISF
are shown in the Supporting Information Figs. S14-S16).
Thus, the sphere radius R, may not grow linearly for the
motions of protons on alkyl side chains in P3ATs. Further-
more, increasing the exponent h to 2 and 3 also yield poor fits
(Supporting Information Figs. S15 and S16).

Our MSDs from MD simulations shown in Figure 2 and NMR
relaxometry in Figure 5 show that motion increases away
from the backbone along the side chain. The MD simulations
suggest that the increase in motion is roughly exponential
with increasing hydrogen index. Thus, we assume the radius
of spheres increases exponentially:
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R, =Roy" (7)

in which Ry is the radius of the sphere assigned to the proton
on the thiophene ring, y is an exponential factor that charac-
terizes the change in R, such that a larger y value indicates
less correlation in molecular motions for adjacent spheres.
Figure 8(c) shows that our exponential model can provide a
good qualitative fit for EISF(q) with y values shown in Sup-
porting Information Table S2. The values of y decrease as the
side chains become shorter, suggesting motions of the carbon
atoms in the side chains are less correlated for longer side
chains. We speculate that when side chains are longer, on
average motion of the alkyl groups is less restricted by the
stiff backbone, thereby leading to less correlated motion along
the side chains.

The results of R, versus carbon position at 300 K are shown
in Figure 9(a). The match between MD simulations and QENS
results is qualitative, where an increase in motion of the
hydrogen on the thiophene backbone with increasing side
chain length is apparent in both sets of results. The lack of

10—, : : : . : I
(a) ; " : \ : : .
yo @ 203
— 1 a é | ] 4 E
< - o MD P3HT
S ‘o w s MD P3DDT
X ogql * e QENSP3HT -
¢ = QENS P30T
¥ s QENS P3DDT
0.01— : ; : A ; ;
0 2 4 6 8 10 12
n
0.7 E——
0.6/(P) -
0.5[ i
€0.4- i |
<0.3[ i
i
- 0.2| g ]
o1l ™ m 350K |
N s 300K
5 11 12 13

6 7 8 9 10

Side Chain Length (no. C)
FIGURE 9 (a) Sphere radius that is proportional to the extent
of motion of hydrogens attached to various carbon atoms as
defined by the index n described in the text. Results are
shown from MD simulations and QENS experiments.
(b) Radius of sphere of proton on thiophene ring, which is
proportional to the extent of motion of the hydrogen on the
thiophene rings and, therefore, the backbone, at 300 and
350 K from QENS experiments. [Color figure can be viewed at
wileyonlinelibrary.com]
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quantitative agreement can be due to a number of factors.
QENS results are extracted by modeling the extent of hydro-
gen motion as spheres, even though the motion could be
anisotropic. Furthermore, the force fields used in MD simula-
tions may not be finely tuned to capture the dynamics of
P3ATs in quantitative detail. Nevertheless, there are various
conclusions that are consistent between simulations and
experiments. The extent of motion of hydrogens on the termi-
nal carbon (methyl group) is approximately the same for all
three polymers in both MD simulations and QENS results. Fur-
thermore, the radius of the sphere corresponding to the
hydrogen attached to the backbone (R,) increases with
increasing alkyl side chain length.

We plot Ry as a function of side chain length in Figure 9(b).
The value of Ry represents the amplitude of dynamic fluctua-
tions for conjugated backbones. We observe that the spatial
range of the motions for the thiophene rings increases as the
side chain length increases, consistent with our MD simulation
results (Fig. 2).

Polyethylene chains are flexible, and can relax on a time scale
of picoseconds, much shorter than the relaxation times of stiff
polythiophenes.*>>° As a consequence, the fast motions of
alkyl side chains, which are essentially polyethylene oligo-
mers, can enhance the mobility of the thiophene backbones.
Thus, side chains can plasticize the aromatic backbones of
conjugated polymers. Similarly, increasing the length of side
chains in poly(alkyl methacrylates) has been demonstrated to
lower the glass transition temperature and increase backbone
mobility.>6->8

CONCLUSIONS

In this work, we combine MD simulations with neutron scat-
tering experiments to study the effect of alkyl side-chains on
the structure and segmental dynamics of regiorandom P3ATs.
Using simulations, we obtain the short time dynamics of
atoms in the amorphous samples of P3HT and P3DDT. We
predict that increasing side chain length can enhance the
mobility of thiophene backbones.

To validate our predictions, we probe the polymer segmental
dynamics using QENS. We observe that the alkyl side chain
mobility is indeed higher in regiorandom P3ATs with longer
side chains. The motions are faster for atoms away from the
backbones. By fitting the quasi-elastic signals, we show that
the faster motions of side chains can lead to a higher mobility
for the thiophene backbones. By performing solid state NMR
measurements for P3HT, we also qualitatively validate our
results.

Because the charge mobility in amorphous materials is limited
by inter-chain charge hopping, the enhanced motions of poly-
mer backbones may affect the distribution of n-n stacking dis-
tance over time, and in turn affect the electronic coupling
between conjugated rings. Nonetheless, the role of segmental
dynamics on charge transport of soft semiconductors is still
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not well understood. Future work correlating the dynamics on
different time scales with chage mobilities of conjugated poly-
mers is warranted, to better understand the role of thermal
fluctuations on charge transport.
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