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ABSTRACT: Although considerable progress has been made to
optimize the optoelectronic properties of conjugated polymers
(CPs), the rational design of CPs with tailored physical properties
for end-use applications remains a significant challenge. Specifically,
experimental characterization of conjugated polymer backbone
conformations remains underexplored due to limited techniques
that are capable of distinguishing the backbone and side-chain
structures at nanoscopic resolution. Thus, relating the electronically
functional backbone conformation to the material’s macroscopic
optoelectronic property is an ongoing challenge. Here, small-angle
neutron scattering techniques (SANS) with contrast-variation (CV) experiments are employed on poly(3-alkylthiophenes) (P3ATs)
with both deuterated and protonated side chains in a mixture of protonated and deuterated solvents to decouple the backbone and
side-chain scattering signals. We obtained the form factor of P3ATs backbone, side chains, and cross-scattering term by
deconvoluting their respective scattering signals. Poly(3-decylthiophene) shows a persistence length of 1.05 + 0.1 nm for the
conjugated polymer backbone and 2.10 + 0.2 nm for the entire chain. The strong scattering signal from long and flexible alkyl side
chains leads to a seemingly more rigid conjugated polymer, which is further revealed by coarse-grained molecular dynamics (CG-
MD) simulations. This work offers a methodology to decouple the scattering contribution from the CPs’ backbone and side chains,
thus elucidating the inherent conformation of the electronically active conjugated backbone, which provides guidance for the rational
design of next-generation polymeric semiconductors.

——
—

Backbone Sidechain Whole chain

B INTRODUCTION conformations was widely adopted. These CPs are generally
expected to be relatively stiff. Campoy-Quiles and Nelson et al.
suggested that the high optical absorption of CPs originates
from their inherently high rigidity.”® Also, recent coarse-
grained (CG) modeling studies demonstrated that the charge
diffusion coefficient, a parameter correlated with mobility, rises
with increasing chain rigidity as carriers can travel further on
an individual chain, provided the chains are sufficiently long.*®
However, the chain conformations of CPs predicted in
literature are based on the computational work using density
functional theory (DFT) and molecular dynamics (MD)
simulations,””*" which still require experimental validation.
Along this line, de Pablo et al. performed MD simulations and
experimental measurements to study the chain conformations
of poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b"]-
dithiophene-2,6-diyl}{3-fluoro-2-[ (2-ethylhexyl)carbonyl]-

The unique optoelectronic properties and intrinsic mechanical
flexibility of conjugated polymers (CPs) are key driving factors
for their potential applications in a broad range of devices
ranging from organic photovoltaics (OPVs)"” and field-effect
transistors (OFETS)3 to emerging technologies such as
thermoelectrics,é‘_6 electronic skins,” ™ stretchable elec-
tronics,'’™"? and photodetectors.'* The chain conformation
of CPs affects polymer aggregation and crystallization
behavior,' > significantly altering their self-assembled
structures,””> mechanical, electronic,”>* and optical proper-
ties.”® Interestingly, many CPs used in high-performance
OFETs or OPVs were theoretically predicted to be very
stiff,>>*® which highlighted the importance of understanding
chain conformation. Despite their essential role, only a few
studies have focused on the chain conformation in

solution””** and rarely occur in the condensed solid state.
The conjugated backbone directly dictates the optoelec- Received: September 10, 2020
tronic properties of the material. Thus, backbone engineering Revised: ~ November 10, 2020

is widely adopted to design new CPs.*~*” The introduction of
more fused rings along the polymer backbone (e.g.,
indacenodithiophene, diketopyrrolopyrrole, isoindigo, naph-
thalene diimide moiety) that favor linear and planar
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Figure 1. Contrast variation (CV) to highlight the backbone portion of polymer chain. (a) Effect of nonexchangeable deuterium labeling of side
chains on the SLD. To calculate the SLD, a density of 1.15 g/cm? for P3DT and P3DT-d21 was used. (b) Scattering contrast (the difference in
SLD, Ap) between various parts of P3DT-d21 and solvents for different CB:dCB blend ratio. SLD of CB and deuterated chlorobenzene (dCB) are
1.8 X 107¢ and 4.9 x 107°/A?, respectively. SLD of side chains, backbone, and whole polymer of P3DT-d21 are 8.8 X 107%,2.2 X 107, and 6.6 X
107/A2, respectively. (c) Decreases of Ap* between whole polymers and solvents with the increasing ratio of dCB in the mixed solvents. (d)
Schematic illustration of the use of a series of CV-SANS experiments, with the percentage (vol/vol, dCB:CB) of dCB of 0, 25, 50, 7S, and 100%, to
tune the SLD of solvents and to decouple the backbone and side-chain conformation. SLD of a solvent matrix, as function of the composition of
dCB ratio, is illustrated by the color change.

thieno[3,4-b]thiophenediyl}) (PTB7), a well-known CP for

photovoltaic application.31

Scattering techniques, including light scattering, small-angle
X-ray scattering (SAXS), and small-angle neutron scattering
(SANS), are widely used for studying single-chain conforma-

tions in dilute solution for polymers.””*' Light and X-ray

scattering, however, are not suitable for quantifying chain

rigidity for CPs due to the following reasons. The typical light
source (632.8 nm for HeNe laser) from a commonly used
light-scattering instrument falls into the band gap of the CPs,
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causing reduced solution scattering intensity due to polymer
absorption, and further trouble the measurements due to
potential fluorescence signal from CPs. Both issues create
complications in data interpretation and quantification of chain
conformation while using light-scattering techniques.*” Sim-
ilarly, X-ray scattering has limitations due to strong absorption
from the halogenated solvents, commonly used for CPs. For
example, low-energy X-ray photons (e.g, 10000 eV) are
strongly absorbed (around 99% for 1 mm beam path) (e.g,
chloroform, chlorobenzene (CB) and dichlorobenzene), and
very high-energy X-ray source is needed. To measure the chain
conformation of CPs dissolved in a halogenated solvent, SANS
is a more suitable experimental technique due to the neutron’s
ability to penetrate samples containing heavy elements. Thus,
SANS was commonly used to study the chain conformation of
CPs. In general, CPs are relatively rigid. However, depending
on the molecular structure of the backbone and the side chains,
chain rigidity of CPs which is quantified by persistence length
(L,) can span very large range, from 40 nm for poly(p-
phenylenevinylene)s (BCHA-PPV)* to 1 nm for poly(3-
alkylthiophene)s (P3EHT).”” We encourage readers who are
interested to go through Table S1 that summarized the current
experimental results of various CPs’ L. Among various CPs,
poly(3-alkylthiophene)s (P3ATs) are the most widely studied
so far. Segalman et al. systematically investigated the effect of
regioregularity, side-chain chemistry, synthetic route, solvent
choice, and temperature on the chain conformation of
P3ATs.** They found that P3ATs are typical semiflexible
polymers with persistence length (L,) from 1 to 3 nm.
Furthermore, Chen et al. found that the branched side-chain
structure in P3ATs favors chain conformations that involve
twisting of the polymer backbone; thus, they are more flexible
when compared to P3ATs with linear side chains.* Up to now,
previous experiments only consider chain conformation as a
whole, from which the entire polymer chain shape was
determined. However, CP structures are highly heterogeneous.
They have a relatively rigid conjugated backbone that is
responsible for their unique optoelectronic properties, while
long and flexible insulating alkyl side chains promote the
solubility of the polymer in solution. Therefore, the “naked”
backbone conformation is especially important in the
structure—property relationship for functional semiconducting
polymers when correlating chain conformation to the
material’s macroscopic properties. Taking poly(3-decylthio-
phene) (P3DT) as an example, since the scattering length
density (SLD) for the backbone (—0.59 X 1076/A™%) and side
chains (2.2 X 107/A7%) are similar, it is difficult to
characterize the backbone conformation, as shown in Figure
la.

In this work, we seek to better understand the rigidity of the
CP backbone’s portion, by decoupling the backbone and side-
chain scattering contribution using a combination of contrast-
variation neutron scattering and side-chain deuterium labeling.
In Figure la, deuterium labeling can greatly enhance the SLD
of polymers by replacing hydrogen with deuterium. For
example, by selective side-chain deuteration, SLD for alkyl side
chains raises from —0.59 X 107%/A2 to 8.8 X 107%/A2, which
allows the differentiating of the backbone from side chains.
Next, by placing side-chain deuterated P3DT (P3DT-d21) in
different contrast-variation (CV) deuterated and hydrogenated
solvent mixtures, the contrast factors of various parts of the
polymer would be different. Figure 1b shows that the scattering
contrast Ap between whole polymer chain and solvents

decreases with the increasing ratio of deuterated chloroben-
zene (dCB) in the mixed solvents. Using five CV solvent
mixtures with incremental ratios of deuterated solvents, as
shown in Figure 1c,d, one can distinguish backbone scattering
from side chains.*~** In this study, we find lower backbone
rigidity compared to the whole polymer chain. The backbone
of P3DT exhibited a L, of 1.0S + 0.1 nm, while the overall
chain showed 2.10 = 0.2 nm. Complementary to the
experimental approaches, coarse-grained molecular dynamics
(CG-MD) simulation was conducted to aid our understanding
of conformational behaviors of CPs, showing qualitative
agreement that the whole polymer chain is more rigid than
the conjugated polymer backbone. This work presents the first
of its kind to understand the backbone rigidity for CPs and
could lead to a better understanding of the role of the
conjugated backbone conformation in determining its
optoelectronic properties.

B METHODS

Synthesis of Side-Chain Deuterated Polymers. Deuterated
CP was synthesized using a quasi-living Kumada catalyst transfer
polymerization (KCTP) method as reported previously.*”** Full
synthetic details are described in the Supporting Information. To be
specific, we selectively deuterated the side chains of P3DT, as noted as
P3DT-d21. Regioregular protonated P3DT was purchased from
Sigma-Aldrich.

Size Exclusion Chromatography (SEC). The molecular weights
and dispersities of P3DT-d21 and P3DT were measured with a
Malvern OMNISEC equipped with OMNISEC RESOLVE and
OMNISEC REVEAL. Two PLgel S ym mixed-C columns (7.5 mm
ID X 300 mm, each) and one PLgel S ym guard column (7.5 mm ID
X 50 mm) in series were used. Tetrahydrofuran (THF) was used as
the eluent (1 mL/min, at 30 °C). Absolute molar masses were
calculated which is relative to polystyrene standards.

Nuclear Magnetic Resonance (NMR). '"H NMR and 3C NMR
spectra were measured by a Varian-500 MHz NMR spectrometer.
Chemical shifts were reported in ppm relative to CDCI; at 7.27 and
77.23 ppm for 'H NMR and C NMR, respectively. "H NMR was
used to confirm the chemical composition of the final product and to
calculate the polymer’s regioregularity. '>*C NMR was also used to
calculate the degree of deuteration of P3DT-d21.

Fourier Transform Infrared (FTIR) Spectroscopy. FTIR was
recorded in attenuated total reflection (ATR) geometry using a
Bruker Optics Vertex 70 spectrometer equipped with a deuterated
triglycine sulfate (DTGS) detector. The polymers were loaded to the
diamond ATR crystal on a Harrick Scientific MVP 2 Series accessory,
and 32 scans at 2 cm™' resolution were collected. A background
spectrum (32 scans at 2 cm™" resolution) of the clean ATR crystal was
used as the reference. The baseline was corrected by a rubber band
correction method using the built-in instrument software package
(Opus).

Differential Scanning Calorimetry (DSC). DSC measurements
were performed with a Q-2000 DSC (TA Instruments). The samples
were first heated above the melting temperature followed by cooling
to —90 °C with a rate of 10 °C/min. After that, the samples were
reheated up at the same rate. The DSC data were taken at the cooling
and second reheating scan for determining melting temperature and
melting enthalpy.

UV-Vis—NIR Spectroscopy. UV—vis—NIR spectra were meas-
ured by a Cary 5000 UV—vis—NIR spectrophotometer. Solution
absorption data was acquired from dilute solutions of polymer (0.0S
mg/mL) in a mixture of deuterated and protonated CB (dCB and
CB), with the percentage (vol/vol) of dCB of 0, 25, 50, 75, and 100%.

Small-Angle Neutron Scattering (SANS). To propetly perform
SANS measurements to probe the conformation of isolated polymer
chains, we prepared dilute solutions of polymer (10 mg/mL) in a
mixture of dCB and CB, with the percentage (vol/vol) of dCB of 0,
25, 50, 75, and 100%, to tune the SLD of solvents. SANS
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Figure 2. Synthesis of the P3DT polymer with deuterated side chains and its physical property. (a) Synthetic route of poly(3-decylthiophene)-d21.
(b) 'H and (c) '*C NMR of P3DT and P3DT-d21. (d) FTIR spectra of P3DT and P3DT-d21. (e) Crystallization and melting behavior for P3DT
and P3DT-d21 by DSC (10 °C/min). (f) UV—vis absorption spectra of P3DT-d21 in different contrast-variation solvents (0.05S mg/mL at room

temperature).

measurements were carried out using the Extended Q-Range Small-
Angle Neutron Scattering Diffractometer (EQ-SANS) at the
Spallation Neutron Source (SNS), Oak Ridge National Lab
(ORNL) and NG7SANS at National Institute of Standards and
Technology (NIST) Center for Neutron Research. The scattering
wavevector q ranged from 0.003 to 3 A”, using three different

configurations (4 m 12 A, 2.5 m 2.5 A, and 1.3 m 1 A). The samples
were contained in Hellma quartz cells with a 2 mm path length.
Solution SANS measurements were performed at 75 °C. Data
reduction and correction to get absolute intensity were performed.
The data were put on an absolute scale by introducing the differential
cross-section per unit volume of porasil (cm™).
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Table 1. Number Averaged Molecular Weight (M,), Dispersity (P), Regioregularity, Degree of Deuteration of Side Chains,
Melting Temperature, and Melting Enthalpy of P3AT Polymers

polymer M, (kDa) D regioregularity (%)
P3DT 45.4 1.63 95
P3DT-d21 20.6 1.07 97

degree of deuteration (%) T,, (°C) AH, (J/g)
0 161.3 10.8
99 175.7 15.2

Overview of CG-MD Simulations. In addition to the experi-
ments, CG-MD simulations are performed to further achieve a more
visualizing understanding of how backbone conformation differs from
whole polymer chain conformation. We describe the polymer
backbone and side chains based upon a bead-spring CG model as a
set of connected beads.”*> The backbone is composed of N, = 100
segments, and the side chains each composed of N,. = 10 segments.
Nonbonded pair interactions between all types of beads are modeled

by a cut-and-shifted Lennard-Jones (LJ) potential®*>*
o\’ o\ 1
4e (—) —(—) +—|, r<2'%
Uy(r) = r r) 4
0, r> 2% (1)

where ¢ and ¢ refer to the units of L] energy and length, and the
distance between two beads is denoted by r. This choice of LJ
potential ensures Uy, altering continuously to zero and results in
purely repulsive interactions between segments to mimic the solution
state in a good solvent. For bonded beads along the chain
additionally, the stiff harmonic spring is used, Uyog(r) = ky(r —
r0)% where ry = 0.970 is the equilibrium bond length and k, = 2500¢/
6 is the spring constant, consistent with the previous branched
polymer studies.”*® Moreover, chain stiffness is controlled by
utilizing a three-body angular potential, U,,qe(8) = ko(1 + cos(6)),
where angular stiffness constant ky is set as 0.7¢ and 0.2¢ to control
the stiffness of backbone and side chains, respectively. All quantities
and results in CG modeling are expressed in standard reduced LJ
units by the properties of the polymer. It should be noted that these
forcefield parameters are implemented to qualitatively describe the
approximate molecular structure informed from the experimentally
studied CP in solution.

Large-scale atomic/molecular massively parallel simulator
(LAMMPS) simulation package is applied to perform all CG-MD
simulations,”” and the visualization of CP snapshots is performed
through the visual molecular dynamics (VMD).>® Periodic boundary
conditions are applied in all directions and an integration timestep of
At = 0.0027 is adopted, where 7 is given in unit U(m/e)l/z. To
equilibrate the system, the energy minimization is first performed
using the iterative conjugate gradient algorithm, followed by dynamics
equilibration runs at temperature T = 0.6 in reduced unit under the
canonical (NVT) ensemble and continued up to 1 X 107 time steps.
Equilibration and structural stability are confirmed by monitoring the
total potential energy that saturates to a nearly constant value at the
end of the equilibration process.

B RESULTS AND DISCUSSION

Synthesis of Deuterated Conjugated Polymers. To
perform the CV experiment, we first synthesized P3DT-d21
polymers by a quasi-living Kumada catalyst transfer polymer-
ization (KCTP) method according to previous reports (see the
Supporting Information). The synthetic route is shown in
Figure 2a. The molecular weight and dispersity of synthesized
P3DT-d21 and commercially available P3DT polymers were
characterized by SEC using THF as eluent at 30 °C. Table 1
summarized the molecular weights and dispersity of the two
polymers.

'"H NMR and "*C NMR spectroscopy were utilized to
confirm the success of the deuteration of P3DT-d21. For
P3DT-d21, the peaks ascribed to H of alkyl side chains

disappeared, from '"H NMR spectra (Figure 2b). For P3DT,
clear proton peaks were found at the following locations:
CDCl,, 5 (ppm) = 2.81 (t, 2H), 1.71 (m, 2H), 1.43 (m, 2H),
1.37 (m, 2H), 1.29 (m, 10H), 0.88 (t, 3H). Also, as seen in the
BC NMR spectra (Figure 2c), for P3DT-d21, a septet was
observed for CDj3, and the quintet was observed at all CD, unit
positions due to the spin—spin couplings between *C and D
atoms, rather than a single peak for all of the carbons in the
side chains of P3DT.”” The degree of deuteration of each CD,
and CDj; unit is over 99% according to the integrated area of
the peaks of fully deuterated CD, and CD; and partially
deuterated CD, and CD;. The degree of side-chain
deuteriation could influence the contrast factors. However,
this is not the case here. In this work, side chains were nearly
fully deuteriated. The effect of labeling distribution on contrast
factors due to deuteriation defects is negligible.

Additionally, the successful synthesis of P3DT-d21 was
confirmed by the Fourier transform infrared (FTIR) spectra
(Figure 2c), showing large shift from low-energy peak 2950—
2850 cm™' to high-energy peak 2300—2000 cm™’. Strong
absorption bands of P3DT at 2950—2850 cm™' can be
attributed to the asymmetric C—H stretching vibrations in
—CH;, —CH, and the symmetric C—H stretching vibration in
—CH,, respectively.”®" Once the polymer is deuterated, the
asymmetric C—D stretching vibrations in —CD;, —CD, and
the symmetric C—D stretching vibration in —CD, shifted to
2300—-2000 cm™, by a factor of (my/mp)"* (my and my
denote the atomic masses of H and D, respectively).”" Its lack
of C—H stretching bands also confirms its near full deuteration
for P3DT-d21. We observed that the melting point and
melting enthalpy of P3DT-d21 increased by 14.4 °C and 4.4 J/
g compared with P3DT (Figure 2d and Table 1) because of
the relatively lower molecular weight (20.6 vs 45.4 kDa) as
well as a slightly higher regioregularity (97 vs 95%).

The ultraviolet—visible (UV—vis) absorption spectra of all
P3DT-d21 in different CV solvents were measured. Polymer
conjugation length is expected to directly correlate to optical
absorption shifts based on previous studies of conjugated
oligomers.(’zf(’4 The L, of the chain has been believed to be an
upper limit for the conjugation length. It is clearly shown in
Figure 2f that at all different contrast-variation solvents, P3DT-
d21 has similar absorption spectra with a maximum centered
~460 nm. The results suggest that the chain conformation of
P3DT-d21 is consistent in different CV solvents. In this work,
we assumed that the isotopic exchange H—D does not greatly
affect the thermodynamics of the system and the electronic
state of the monomers.”” Thus, the same interactions are
involved in P3DT and P3DT-d21 at different CV solvents.

Contrast-Variation Small-Angle Neutron Scattering.
We then performed CV-SANS measurements for P3DT-d21 in
various CB and dCB solvent mixtures. To achieve enough
signal-to-noise ratio, a more concentrated polymer solution is
preferred for achieving a stronger scattering signal due to
increased scattering sites. Meantime, the chains should not
overlap or interact with each other, to ensure that the
scattering data is representative for the form factor of an
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using parabola functions. (c) Kratky plots for P3DT-d21 in different CV experiments. (d) Form factors gz(q) for backbone portion and gg(q) for
side-chain portion after deconvolution using eq 8. Solid lines correspond to the best fit to the flexible cylinder model. (e) SANS data for P3DT in
dCB (10 mg/mL). The solid line corresponds to the best fit to the flexible cylinder model. (f) L, of backbone, side chain, and P3DT obtained from
fitting to correlation functions gz(q), gs(q) of P3DT-d21 and SANS data for P3DT in 100% dCB with the flexible cylinder model. For backbone L,,
side chains are semitransparent for clarity. For side-chain L, backbones are semitransparent for clarity.

isolated dissolved chain. SANS can be used to characterize the
radius of gyration (Rg) and then determine the critical overlap
concentration (C*), above which interchain interactions are
significant. According to Doi, C* can be calculated by the
following equation

* M,

T Ne(4/31R) @)

where M, is the number averaged molecular weight (Table 1)
and N, is Avogadro’s number.”’ can be determined by
fitting SANS data using the Gauss coil model embedded in
SasView. R, of for P3DT-d21 used in this work was
determined to be 3.6 and 7.2 nm for P3DT. Thus, C* were
calculated to be 105.4 and 29.1 mg/mlL, respectively, for
P3DT-d21 and P3DT in chlorobenzene. This analysis
rationalizes the use of a 10 mg/mL concentration to study
the conformation of dilute P3DT-d21 and P3DT in solution in
this work. Intermolecular correlations are negligible in this case
or the structure factor is constant at all g range and equal to 1.

Representative SANS curves of P3DT-d21 for different CV
experiments are shown in Figure 3a. For all different CV
experiments, the scattering intensity of P3DT-d21 is
dominated by the —1.1 to —1.3 decay over the medium g
range between 0.05 and 0.1 A™' and reach Guinier region at
even lower q range. This indicated that P3DT-d21 should be
approximated by semiflexible chains. One-dimensional rodlike
objects have a I — q dependence of —1 in the double log
presentation, while a Gaussian coil would show scattering
intensity scales as g2’ Semiflexible chains’s scattering profile
in the intermediate scattering region are expected to have a

slope between —1 and —2. Not surprisingly, under different
CV conditions, scattering profiles did not differ, but intensities
showed drastic differences due to changes in contrast, as shown
in Figure 3a. In this example, Ap between whole polymers and
solvents decreases with the increasing ratio of dCB in the
mixed solvents. Thus, Figure 3b depicts the typical parabolic
I(q) dependence on dCB composition at fixed q. Consistent
with the calculated results as shown in Figure lc, all five
different solvent conditions did not reach the contrast match
point for whole polymers since I(q) did not fully vanish.

In addition, it is worth noting that an upturn in scattering at
low q (below 0.012 A™") was shown for P3DT-d21-100% and
P3DT-d21-75% dCB. This is likely due to a small fraction of
P3DT-d21 aggregating in solution because of strong
intermolecular interactions.’® In this case, we avoided these
regions and used an appropriate q range (0.012 A t0 0.6 A)
to decouple backbone and side-chain chain conformation. We
also performed CV-SANS measurements for side-chain
deuterated poly(3-hexylthiophene) (P3HT-d13) in various
CB and dCB solvent mixtures at 5 mg/mL with SANS curves
shown in Figure S7. At this concentration, we still have not
been able to avoid the formation of aggregates. An upturn in
scattering at low g region (below 0.03 A™') was shown for
P3HT-d13-100% and P3HT-d13-75% dCB, indicating the
formation of aggregates. We could not find three CV curves
(only one curve is not enough), which have shown Guinier
region signaled by scattering intensity plateau to decouple the
backbone and side-chain scattering. Thus in this work, we will
focus the discussion on P3DT-d21 polymer. Before we
perform a quantitative analysis of polymer conformation, it is
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intuitive to 1nvest1gate the qualitative features of the SANS
data by Kratky plots.** Kratky plots can qualitatively assess the
flexibility of polymers. Figure 3c shows that P3DT-d21 are
semiflexible chains as revealed by the high-q upturn in the
experimental results that deviate from the predicted plateau of
the Debye model for flexible polymer chains.

We consider the P3DT-d21 polymer as a complex with two
components: backbone and side chains. Thus, for different CV
conditions, the scattering contribution of backbone, side
chains, and the cross term between backbone and side chains
to the scattering of the chain can vary significantly due to
changes in contrast. In this study, the SANS absolute intensity
(I) of the dissolved polymers follows by the following
expression

I= Icoh + Iinc (3)

where Iy, is the coherent scattering intensity and I, is the
incoherent scattering intensity, which is independent of q. The
small incoherent background due to the presence of the
protonated polymer backbone can be disregarded in good
approximation. The coherent scattering intensity of one single
chain is following

Icoh = KZS(‘]) (4)

where K (cm™) is the contrast factor between the polymer and

the solvent and S(q) is the chain form factor per unit volume
(ecm™3).

K=v(p - p,) (s)

where p is the SLD of the monomers of volume v and p is
that of the solvent.

For CP as a complex with two components: the backbone
referred to as symbol “B” and the side chains referred to as
symbol “S”; three correlation functions have to be considered:
Sg for the backbone, Sg for the side chains, and the cross term
Sgs. Equation 4 is then replaced by

I = K3Sp(q) + KgSs(q) + 2KKSps(q) (6)
with

Ky =vp(py — y) K =vs(p5 — ny)

where py and pg are the SLD of the backbone and side chains
of the monomer of volumes vy and vg, respectively.

Pair correlations between monomers within the polymer
chain are what we want to observe, and the corresponding
dimensionless form factor g(q) is defined as

g(a) = (m/cN,)S(q) )

where m is the molar mass of monomers (g mol™"), ¢ is the
concentration of the polymer (g/cm™), and N, is the
Avogadro’s number (mol™).*” Equation 4 is then replaced by

m
Icoh KBgB(q) + ngs(Q) + ZKBI<SgBS(q)

N, (8)

To obtain the three form factors: gg(g) for the backbone, g¢(q)
for side chains, and the cross term gg(g), three CV conditions
where three independent relations are needed, as the
intermolecular correlations, structure factor, were neglected
for a dilute solution. For different CV conditions, the values of
the contrast factors are calculated and listed in Table 2. In this
work, five CV conditions with adjusted SLD of the solvent are
implemented using a mixture of deuterated and protonated

Table 2. Neutron Scattering Contrast Factors for P3DT-d21
in Different Solvents

contrast P3DT- P3DT- P3DT- P3DT- P3DT-
factor (210*24 d21-0%  d21-25%  d21-50%  d21-75%  d21-100%
dCB dCB dCB dCB dCB
K? 17.29 12.17 7.94 4.61 218
Ky? 0.011 0.014 0.16 0.32 0.62
K¢ 16.43 13.01 9.98 7.35 522
2K;K 0.86 —0.84 -2.15 -3.07 —-3.58

solvent. The contributions of gz, g5, and ggs to the form factor
of the chain are governed by the ratios K%/KZ, Kﬁ/KZ, and
2KKs/K?, respectively.

Using the coherent differential cross sections for the three
CV conditions (fitted data using a flexible cylinder model
embedded in SasView of P3DT-d21-0% dCB, P3DT-21-50%
dCB, P3DT-d21-75% dCB) obtained from dilute solutions and
solving eq 8, we have got the form factor gsz(q), gs(q). The
results are presented in Figure 3d. At low q region, a constant
plateau for both g5(q) and gg(q) is shown below g = 0.02 A™".
For this low g region corresponding to a spatial scale much
larger than the polymer coil size, the chain is approximated by
a Gaussian coil and a constant plateau is shown in this region.
From an experimental point of view, below this value, universal
models that do not depend on features of the monomer
species, such as Debye function, can be used to describe an
experimental scattering curve. On a shorter spatial scale
comparable with the length of a few monomers, the universal
descriptions are no longer applicable, and we must take into
account the local rigidity of the chain. The shapes of scattering
functlons, gB(q) , &s(q) are found to be quite different beyond g
=0.02 A™!, as shown in Figure S9. The form factors gz(q) and
gs(q) obtained at larger g values reflect the local rigidity of the
chain and differ from each other.

After the form factors of the backbone and side chains were
obtained, the L, of the naked backbone and side chains could
be acquired by ﬁttmg the form factors §B(q) and gg(q) using a
flexible cylinder model in SasView.’"®” The best fit for the
flexible cylinder model and parameters obtained from fits to
the flexible cylinder model are shown in Figure 3d and Table
S3. One can extract chain conformation, such as contour
length, persistence length (L,), and cylinder radius. The
contour length for P3DT-d21 was determined to be 20.03 +
0.5 nm, which is in a reasonable agreement with the molecular
weight, 20.6 kDa, characterized by SEC. The L, of P3DT-d21’s
naked backbone and side chains is shown in Figure 3f. The
naked backbone of P3DT-d21 has a significantly lower L, as
compared to the apparent L, of the chain neglecting backbone
contribution, at 1.05 + 0.1 versus 1.95 + 0.1 nm. Also, we
performed SANS on protonated P3DT in dCB. The best fit for
the flexible cylinder model, where the L, of the whole polymer
chain was obtained from the scattering contribution of both
backbone and side chains, and parameters obtained from fits to
the flexible cylinder model are shown in Figure 3e and Table
§3. P3DT shows a whole polymer chain L; of 2.10 + 0.2 nm.
Thus, the naked backbone L, of PADT-d21 differs greatly from
that of the whole polymer chain, at 1.05 + 0.1 versus 2.10 +
0.2 nm. We also used the WORM+Chains (RW) Rc model
embedded in SASfit*** to fit our data to get the whole chain
conformation, and the results agree well with the results from
the flexible cylinder model (Figure S9 and Table S3). The
acquired L, of the entire polymer is consistent with the chain
rigidity for nondeuterated P3ATs determined by Segalman et
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Figure 4. CG-MD simulation of chain confirmation for the P3DT polymer model. (a) Representative architecture of a simulated CP consisting of a
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chains, which are calculated through the integral definition of L, shown in eq 9. The L, value is in reduced L] units.

al. They found P3DDT with dodecyl side chains has a L, of 1
nm, and the L, of P3HT with hexyl side chains is 3 nm.**
Simi310arly, Pozzo et al. found P3ADDT and P3HT have a L, of 3
nm.
CG-MD Simulations. We performed CG-MD simulation
to aid our understanding for the chain conformational
behaviors by employing a CG model informed from P3DT
as shown in Figure 4a, where backbone and side chains are
represented by blue and orange beads, respectively. For P3DT
having a relatively larger side-chain length, side chains tend to
be stretched due to the steric hindrance of neighbor side
chains, which can be clearly observed from our CG-MD
simulations. Figure 4b shows a simulation snapshot of the CG
model of P3DT in a vacuum simulation cell to mimic a
solution state, suggesting that the overall contour of the P3DT
considering both the backbone and side chain would appear
more rigid than polymer backbone only. While it is intuitive to
observe that backbone conformation differs greatly from the
whole chain conformation, separating the prediction of L, of
the backbone from the side chains for the CPs is still
challenging in simulations. Typically, L, can be defined in
simulations in terms of the decay of the orientational
correlations of the backbone tangents or/and the average
projection of the end-to-end vector of the polymer chain onto
the unit backbone vector.””~"* However, this approach does
not explicitly take the side-chain conformation into account for
characterizing the chain rigidity of CPs. Despite different
proposed approaches,m’75 there is currently no consensus
regarding the most accurate estimate for L, when relatively
large side chains cannot be ignored.

In this CG-MD simulations, we apply the integral function
to quantify the geometrical L, by the following equation to

avoid potential shortcoming in view of the decay-fitting
difficulties®*

Ny—1

L,=1 Z (cos O(s)) ~ I, [)Nb_l {cos O(s)) ds ©

where (cos 0(s)) refers to the directional correlation between
two segments and the angular bracket includes an average over
multiple trajectories of the dynamics run. This L, definition has
been recently adopted in the study of bottlebrush polymer.*®
To interpret the contributions of the side chains to L, the
center of geometry (COG) assumption—that center of
geometry of a pair of side chains connecting with two adjacent
backbone segments as a pseudo-chain further subsequently
forming an effective pseudo-chain—is utilized to estimate the
L, of overall contour of the CP. Here, five different simulations
with independent initial configurations are used to obtain the
average value of L,, and the error bars correspond to standard
deviations. Figure 4c shows the results of L, estimate for
considering backbone only and effective pseudo-chain
consisting of COG of multiple pairs of side chains, respectively.
The L, of the backbone is observed to be much smaller than
that of the whole chain contour from our simulations, which
shows a qualitative agreement with our experimental
observations as shown in Figure 3f. It should be mentioned
that this COG assumption may still underestimate the L, of
overall contour due to a lack of more detailed description of
each side-chain conformation and size, which are difficult to be
accurately captured, but is evidenced to better describe the L,
of the whole CP compared to the previous approaches that
only account for backbone chain conformation.

B CONCLUSIONS

To understand the heterogeneous structure of CPs, decoupled
backbone and side-chain conformations in CPs were achieved
by the combination of neutron scattering and deuterium
labeling. Both experimental and computational results show
that the backbone of P3DT-d21 has a significantly lower L, as
compared to the whole polymer chain. The strong scattering
signal from long side chains leads to an increased rigidity for
the whole polymer chain compared to its backbone. Conven-
tional solution SANS scattering using CPs in deuterated
solvent would have scattering signal dominated by the high
scattering contrast from the side chain/solvent rather than
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backbone in which the whole polymer chain conformation is
determined. Previous studies might overestimate the backbone
rigidity of the CP using scattering techniques, as conformation
of the electronically active polymer backbone directly
determines the optoelectronic properties of CPs. This work
highlights the need for neutron scattering and deuterium
labeling to further understand the CPs’ backbone conforma-
tion and provides a pathway to link the backbone
conformation to the CP’s optoelectronic properties.

Furthermore, extracting the backbone rigidity for high
performance but apparently disordered donor—acceptor (D—
A) CPs will also benefit the understanding of the origin of the
high performance, for which the rigid backbone has been
commonly believed to be the origin of high performance.”® We
also anticipate broader research impacts from this work on a
wide range of materials, including comblike and bottlebrush
polymers. There still remains a matter of debate in the
scientific literature on the interplay between side extension in
the comblike and bottlebrush polymers and their impact on
chain conformations. Significantly less attention has been paid
to the structural heterogeneity of these materials. Our
methodology and modeling framework could provide a
pathway to address those fundamental problems.
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