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ABSTRACT: The optoelectronic properties of conjugated poly-
mers are dictated by their chain conformations, which depend on
the interplay of delocalization of electrons along the z-conjugated
backbone and the intrachain interactions of pendant side chains.
Here, we leverage small-angle neutron scattering to measure the
chain shapes of several classes of commonly used, high mobility
donor—acceptor conjugated polymers in dilute solution. We find
that these model conjugated polymers are semiflexible with
persistence lengths ranging from several to hundreds of nanome-
ters, dependent on the molecular structure of the polymer,
indicating the importance of repeat unit geometry, particularly
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side-chain size and branching, on the overall chain conformations. The measured persistence lengths show good agreement with
those calculated according to dihedral distributions predicted from density functional theory. Larger persistence lengths are shown to
correlate with increased charge-carrier mobility, signifying the importance of rational molecular design to obtain high persistence
length organic semiconductors and thus advantageous optoelectronic properties.

B INTRODUCTION

Conjugated polymers have considerable potential for the low-
cost and high-throughput production of lightweight, flexible,
and large-area optical and electronic devices because of their
mechanical robustness and solution processability. Solution-
processable conjugated polymers are the result of substantial
structural engineering: 7-conjugated backbones that determine
the optoelectronic properties and peripheral solubilizing side
chains. Many promising high-performance organic semi-
conductors follow a donor—acceptor (D—A) motif, in which
a repeat unit consists of alternating electron-rich and electron-
deficient units, setting up a local electron density gradient
along the backbone." These polymers have received significant
attention due to their distinctive optoelectronic properties,
including small band gaps, high charge-carrier mobilities, and
broad light-absorption ranges. Copolymers composed of
building blocks based on diketopyrrolopyrrole (DPP),
cyclopentadithiophene (CPDT), indacenodithiophene (IDT),
benzothiadiazole (BT), fluorobenzothiadiazole (FBT), pyr-
idalthiadiazole (PT), thiophene (T), and others have been
explored (Figure 1).””" Interestingly, many of these materials
display high charge-carrier mobilities (>10 cm® V™' s7')
despite poor long-range structural order through quasi-one-
dimensional transport along the backbone and occasional
intermolecular hopping through short z-stacking chain
contacts.”™”

The desirable properties of D—A copolymers are believed to
stem from the low energetic disorder conferred by a uniform
distribution of nearly planar, largely torsion-free conformations
of the conjugated backbone.'”"" Intramolecular charge trans-

© 2022 American Chemical Society

7 ACS Publications 437

port along the conjugated polymer chain is controlled by the
relative dihedral angles of monomer units along the conjugated
backbone. When adjacent units are coplanar, the overlap of 7-
orbitals is maximized and the transport of electrons (or holes)
is efficient.' Significant torsion, however, reduces the z-orbital
overlap, creating conformational traps that localize charge
carriers. Intermolecular charge transport is also maximized by
significant s-orbital overlap, primarily through n—7 stacking
and local chain contacts."”~"” Thus, the key to designing high-
performance conjugated polymers is permitting more efficient
intra- and intermolecular charge transport at the segmental
level,“'® spurring intense interest in identification of
structure—property relationships. 1ot

The chain stiffness is quantified by the persistence length I,
which is the characteristic length scale of the exponential decay
of backbone tangent—tangent correlations. The ratio of the
persistence length [, to the contour length L. determines the
statistical behavior of the chain conformations. If I, < L, then
the chain behaves like a flexible coil and can be described by a
random walk of Kuhn segments of length b = 21; conversely,
when [, > L, the polymer behaves like a rigid rod. In the
intermediate, semiflexible regime, I, ~ L, polymers are well

P
described as wormlike chains. The intrinsic persistence lengths
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Figure 1. Chain statistics are governed by the ratio of the persistence
length [, to the chain contour length L. Conjugated polymers are
often experimentally in the intermediate semiflexible regime, with
their behavior crucially dependent on their persistence length, which
depends critically on unit lengths, angles, and dihedral distributions
between monomers and side-chain orientation, size, and degree of

branching. Adapted with permission from ref 23.

and accessible chain lengths of conjugated polymer chains
typically result in semiflexibility—appearing to be rigid at
length scales smaller than their persistence length and flexible
at larger length scales.'” The persistence lengths of conjugated
polymers vary widely from a nanometer to hundreds of
nanometers due to their complex molecular architecture:
depending strongly on varying degrees of electron delocaliza-
tion, steric interactions between side chains, and geometric
factors such as the bond and dihedral angles between
monomers (Figure 1).207%

While earlier work by us and others on the chain shape of
organic semiconductors focused on homopolymers, primarily
polythiophenes,*"**~>* polyfluorenes,”” and poly(p-phenylene-
vinylenes),””*" the connection between the molecular
structures of D—A conjugated polymers and their chain
shape is receiving increased attention.'”'®**™** The chain
conformations and persistence lengths of polythiophenes, in
particular, have been extensively studied as a function of
regioregularity, solvent, and side chain to reveal (surprisingly)
flexible polymers with persistence lengths of ~30 A.*"*°~*°
The inherent flexibility of polythiophenes arises from
significant backbone torsion around two coplanar states,
termed the syn and anti conformations. While both coplanar
conformations preserve 7z-conjugation, the syn conformation
curves the backbone, resulting in a loss of chain persistence.”!
This is opposite to many other common conjugated polymers,
where the conjugation lengths are typically shorter than the
persistence length. Thus, there is a need to investigate the
chain shape of conjugated polymers containing more complex,
heterogeneous molecular structures and understand the impact
of this mesoscopic length scale on optoelectronic properties.

In this work, we systematically investigate the chain rigidity
of donor—acceptor conjugated polymers in dilute solution.
Persistence lengths, measured by small-angle neutron scatter-
ing (SANS), of a range of conjugated polymers show good
agreement with persistence lengths calculated according to
dihedral distributions from density functional theory (DFT).
Side-chain size and branching, in particular, are shown to

Table 1. Molecular Characteristics, Including Calculated (I;"") and Measured (I;*"°) Persistence Lengths, for a Range of

Conjugated Polymers Used in This Study

polymer solvent M, (g mol™)
PCPDTPT-nCl16 C¢D;Cl 23000
PCPDTPT-HD C¢D;Cl 22900
PCPDTPT-ODD C¢DsCl 26200
PCPDTPT-ene-HD C¢D;Cl 22900
PCPDTPT-ene-ODD C¢DsCl 26800
PCPDTFBT-C1-BO C¢D;Cl 19000
PCPDTFBT-C3-BO C¢D;Cl 23000
PCPDTFBT-C4-BO C¢DsCl 22000
PCPDTFBT-CS-BO C¢D;Cl 29000
PCPDTFBT-C11-BO C¢DsCl 101000
PIDTFBT-C11-BO C¢D;Cl 24000
PIDTBT-nC16 C¢D;Cl 64500
PIDTBT-nC16 CDCly 64500
PIDTCPDT-C11-BO C¢D;Cl 14000
PDPPPyT-ODD C¢DsCl 62000

b N I, (A) T (A) BN (A)
2.0 30 12.0 449 61.0
1.3 30 12.0 44.9 47.3
1.8 30 12.0 44.9 54.9
2.0 30 12.0 48.0 76.6
1.8 30 12.0 48.0 83.4
17 14 23.5 711 67.0
1.9 16 23.5 71.1 78.4
1.8 15 23.5 71.1 86.4
2.1 19 23.5 71.1 114

1.9 33 23.5 71.1 291

2.0 7 322 (>1 pm)* (254)°
23 50 16.0 (>1 pm)* (1310)°
23 50 16.0 (>1 pm)“ (1340)°
13 6 19.8 224 (236)”
1.6 61 20.9 78.4 84.6

“Persistence length predicted by the DFT hindered-rotating chain method indicates rigid-rod behavior. The actual persistence length would be
sensitive to bond bending, chain defects, etc. bPersistence length obtained by the wormlike chain model fit to the SANS data is comparable to the
contour length, indicating that the result might be chain length sensitive, and a higher molecular weight polymer would be necessary for resolution.
“Persistence length obtained by the wormlike chain model fit to the SANS data is outside the measured g range. Scattering at smaller angles would

be necessary for resolution.
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introduce substantial changes in the persistence lengths of
conjugated polymers containing the same aromatic conjugated
backbone. These results indicate the importance of structural
engineering in determining the chain shape of conjugated
polymers and elucidate molecular design strategies for
development of new high performing D—A copolymers.

B MATERIALS AND METHODS

Materials and Molecular Characterization. Deuterated
solvents were obtained from Cambridge Isotope Laboratories. All
other solvents and reagents were purchased from Fisher Scientific and
Sigma-Aldrich. Solvents were dried, degassed, and stored over
molecular sieves under a nitrogen atmosphere prior to use. Milli-Q
ultrapure water (18.2 MQ cm at 25 °C) was used in all synthetic
procedures.

Monomers and other precursors were synthesized according to the
literature procedures.”> ™" Cyclopentadithiophene-co-pyridalthiadia-
zole (PCPDTPT), cyclopentadithiophene-co-fluorobenzothiadiazole
(PCPDTFBT), indacenodithiophene-co-benzothiadiazole (PIDTBT),
and indacenodithiophene-co-fluorobenzothiadiazole (PIDTFBT) pol-
ymers were prepared via a palladium-catalyzed Stille cross-coupling
polymerization in a xylenes/dimethylformamide mixed solvent under
microwave irradiation (Biotage Initiator Eight Microwave System, 200
W, 2.45 MHz), precipitated into methanol, filtered, washed with
methanol and ethyl acetate, Soxhlet extracted into hexanes, purified
on a silica gel column with chloroform as the eluent, and finally
concentrated in vacuo to obtain green-blue solids.>>~>"*" Indaceno-
dithiophene-co-cyclopentadithiophene (PIDTCPDT) polymers were
prepared in a nitrogen glovebox via a palladium-catalyzed Stille cross-
coupling polymerization at 110 °C in xylenes, precipitated into
methanol, filtered, washed with methanol and ethyl acetate, Soxhlet
extracted into chloroform, purified on a silica gel column with
chloroform as the eluent, and finally concentrated in vacuo to obtain a
purple solid.>’ Diketopyrrolopyrrole-co-pyridine-co-thiophene
(PDPPPyT) polymers were prepared in a nitrogen glovebox via a
palladium-catalyzed Stille cross-coupling polymerization at 130 °C in
chlorobenzene, precipitated into methanol, filtered, washed with
methanol and hexanes, Soxhlet extracted into chloroform, purified on
a silica gel column with chloroform as the eluent, and finally
concentrated in vacuo to obtain a purple solid.*®

Size-exclusion chromatography was performed using a Waters
system (Waters Alliance HPLC 2695) with two Agilent PolyPore S
pum columns. Chloroform with 0.25% triethylamine at 25 °C was used
as the mobile phase with a flow rate of 1 mL/min. A refractive index
detector (Wyatt Optilab rEX), photodiode array detector (Waters
2996 PDA), viscometer (Wyatt ViscoStar), and low-angle light
scattering detector (Wyatt DAWN HELEOS II, 663.1 nm laser) were
used to access the absolute molecular weight and molecular-weight
distribution of the polymers.** The number-average molecular weight
M, and dispersity D are reported in Table 1. Full dissolution and the
absence of large aggregates were confirmed by dynamic light
scattering with a DynaPro NanoStar using a laser power of 100
mW and a wavelength of 662 nm.

Small-Angle Neutron Scattering. Small-angle neutron scatter-
ing (SANS) of polymers in dilute solution yields ensemble-averaged
molecular information regarding the chain conformation (i.e., form
factor) with high resolution over multiple length scales.*’ The
scattering contrast in SANS for polymer solutions originates from the
difference in the scattering cross section between the deuterated
solvent and the hydrogenous polymer chains.

Scattering studies were conducted on the 30 m SANS instrument
(NGB-30) at the National Institute of Standards and Technology
Center for Neutron Research (NCNR)** and the extended Q-range
small-angle neutron scattering diffractometer (EQ-SANS BL-6) line at
the Spallation Neutron Source (SNS) located at Oak Ridge National
Laboratory (ORNL).* Polymers were dissolved in deuterated solvent
at a concentration of 2 mg/mL to minimize contribution to the SANS
signal from interchain correlations and suppress aggregation.
Vortexing, sonication, and mild heating (up to 35 °C) were used to
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aid in complete dissolution. Solutions were placed into sample cells
with quartz windows and 2 mm path length.

SANS measurements on NGB-30** (NCNR) used three sample—
detector distances (1.3, 4, and 13 m) with a neutron beam
wavelength, 1, of 6 A yielding a g range of 0.004—0.4 A™', where
the scattering variable is g = (47/1) sin(0/2) and 0 is the scattering
angle. All scattering patterns were azimuthally symmetric and reduced
to a circularly averaged intensity, I(q). Empty cell, blocked beam,
transmission, background, and sample thickness corrections were
made, and the averaged data were placed on an absolute cross-
sectional scale. Data reduction followed standard procedures
implemented in NCNR SANS packages for Igor Pro.** The
incoherent scattering was estimated from the high-q scattering
intensity and was subtracted prior to model fitting to yield the
coherent scattering intensity Icoh(q).

SANS measurements on EQ-SANS* (SNS, ORNL) used a
sample—detector distance of 4 m and was operated in a 60 Hz
frame-skipping mode with a minimum wavelength, 4, setting of 2.5 A,
providing two wavelength bands (2.5—6.1 and 9.4—13.4 A). The
measured intensity was corrected for detector sensitivity and the
scattering contribution from the solvent and empty cells, azimuthally
averaged, and placed on an absolute scale by using a calibrated
standard.”® Data reduction followed standard procedures imple-
mented in Mantid.***’

The measured scattering profiles indicate that the studied
conjugated polymers are semiflexible chains, as expected due to
their large persistence lengths and relatively small degrees of
polymerization (Table 1). To obtain quantitative conformational
information, the wormlike chain model which describes a chain of
contour length, L, as a sequence of locally stiff segments of
persistence length, [, is used to model the scattering from the
semiflexible polymers (full derivation in the Supporting Informa-
tion).***” At high molecular weights (L. > l,), the wormlike chain
description can be mapped to a freely jointed chain model with Kuhn
length, b = 21,

Except for the most rigid chains, the scattering profiles of the
studied conjugated polymers exhibit a plateau at low g, indicative of
the Guinier regime for random coils (i.e., at length scales smaller than
or comparable to the chain size). The IDT-BT copolymer, PIDTBT—
nC16, however, maintains an I ~ q_l scaling even at the lowest wave
vectors, indicating rigid-rod behavior at length scales accessible to
SANS and thus persistence lengths >1000 A. Several samples
additionally exhibit an upturn in scattering at low q beyond the
Guinier plateau as is commonly observed in conjugated polymers
even in the absence of aggregation.’’ The cause of this low-g
scattering is unclear but must be due to large length scale correlations,
possibly long-range electronic coupling from the #-conjugated
backbones.

Density Functional Theory. Here, we will compare the
persistence lengths extracted from the SANS scattering curves to
the theoretical predictions calculated following an approach by Milner
et al.*® Dihedral potentials were computed via density functional
theory (DFT) calculations using Spartan 18 with the @B97X-D long-
range exchange correlation functional®® and a 6-31G*(d,p) diffuse,
polarized, split-valence double-{ basis set. Although limiting,*"** for
computational efficiency, the torsional potentials U(¢) were
calculated by using optimized scans of the central dihedral angle(s)
¢ of a repeat unit (rather than longer oligomers), and the side chains
were replaced with methyl groups.

Computed torsional potential energy surfaces are shown in Figures
S1-S7, with dihedral angles relative to the anti configuration, as
shown by the chemical structures labeled in the figure insets. All
studied comonomer rotamers exhibit an absolute energy minimum for
the anti configuration (centered at ¢ = 0°) and a relative energy
minimum for the syn configuration (centered at ¢ = 180°), but with
differing degrees of the steepness of the torsional potential and
thermally accessible dihedral angles. Thus, even though the isomeric
energy differences are typically only several kT (Figures S1—S7),
torsional disorder is a key determinant of the observed chain shape,”
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Figure 2. Molecular structures of conjugated polymers used in this study.
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and the DFT calculations can be used to elucidate how the donor and
acceptor groups affect backbone planarity.

Theoretical persistence lengths IEFT were estimated by numerically
averaging the backbone conformations over a set of suitably generated
dihedral angles according to an established procedure.”” Briefly, the
dihedral probability distribution p(¢) is computed by using
Boltzmann factors from the dihedral potentials U(¢). The polymer
backbone tangent—tangent correlation function (v,-v,), where v, and
v, represent the orientations of the backbone tangent vector of
monomer 0 and monomer #, is stochastically integrated according to
p(¢) over many single-chain conformations. The persistence length is
extracted as a characteristic exponential decay of (vyv,) as

'/l (n=0,1,.,N—1) (1)
where N is the number of repeat units along the polymer backbone
and |, is the projected length of a repeat unit. Calculated polymer
backbone tangent—tangent correlation functions for each polymer

type are shown in Figures S1—S7.

(VO.VVI> =e

B RESULTS AND DISCUSSION

The optoelectronic and mechanical properties of conjugated
polymers are intimately related to their local molecular
arrangement and packing, with small variations in the chain
conformation leading to substantial effects on the macroscopic
properties.”” In general, there are several key modifications that
can be made to the structure of conjugated polymers in
solution: (1) modification of the 7-conjugated backbone unit
lengths through extension of the fused aromatic rings or the
introduction of flexible conjugation breaking spacers, (2)
alteration of and interactions between the donor and acceptor
comonomers to reduce torsional disorder along their linkage,
(3) variation of the pendant side chains in alkyl chain length,
branching, and inclusion of ionic or other functional groups,
and (4) replacement of the sp’-bridging carbon to heavier
atoms or sp*-hybridized nitrogen or methylene units to rotate
the orientation of the side chains. Many of these modifications
result in changes in the chain shape and are shown in Figure 1.

Understanding of the single-chain properties, including
conformations in solution, require an accurate description of
the influence of these molecular structural factors, which can
be partly achieved by surveying a range of D—A conjugated
polymers (Figure 2) to independently tune each parameter.*®
Molecular characteristics, including calculated (lll,) FT) and
measured (lgANS) persistence lengths, for a range of conjugated
polymers used in this study are summarized in Table 1. Values
in parentheses have uncertainty resulting from the sample or
the technique and merit validation in future studies to confirm
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that the results are size-invariant.>* Moreover, while it is well-
known that synthetic defects and differences in regiore%ularity
can significantly decrease observed chain rigidity,”' the
remarkable agreement between DFT-calculated and SANS-
measured persistence lengths signifies that those issues do not
appreciably affect the studied materials. In fact, most of the
persistence lengths measured by SANS are higher, in some
cases significantly, than those calculated by using torsional
potentials from DFT, suggesting additional factors impacting
the chain shape beyond those included in the theoretical
model, namely the importance of the side chains.

Backbone. The primary contributions to the chain rigidity
of conjugated polymers are the small backbone deflection
angles and steep torsional potentials. The torsional potentials
(and the resulting thermally accessible dihedral angles)
influence the conformations much more dramatically than
bending or stretching of individual bonds.”> Conjugated
polymers thus typically do not achieve extremely large
persistence lengths comparable to DNA (~500 A) because
there are two rotamers that preserve planarity (i.e., cis/trans),
and electron delocalization tolerates a significant amount of
torsion (~30°) without disruption.”"*°

Here, the SANS scattering data show good agreement with
the wormlike chain model across a wide g range for several
different classes of conjugated polymers in dilute solution
(Figure 3), confirming the semiflexible nature of these
polymers. Persistence lengths obtained from wormlike chain
model fits to the SANS data are presented in Table 1. As the
backbone is varied through choice of the donor and acceptor
comonomers, the measured persistence length ranges from
54.9 A for copolymers with nonzero deflection angles
(PCPDTPT) to over 1000 A for copolymers with minimal
deflection or torsional disorder (PIDTBT).

PIDTBT, a donor—acceptor copolymer with the long fused
aromatic heterocycle donor indacenodithiophene (IDT)
paired with the benzothiadizole (BT) acceptor, is receiving
extensive attention for exceptional properties attributed to its
low energetic disorder.””'*>” The backbone is “wavy” but has
been shown to be largely torsion-free, with small deviations
from planarity (¢ ~ 5°),” as reproduced in Figure S1. The low
deflection angles and minimal torsion results in a predicted
lPDFT > 1 ym and a measured lgANS = 1310 A, substantially stiffer
than other studied conjugated polymers and the freely rotating
chain model (ignoring torsional potential energy) prediction of
only 292 A.** The IDT-BT linkage is most stable in the anti
configuration with a most stable dihedral angle of close to 10°
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Figure 3. (a) Chemical structures of conjugated polymers with
torsion-susceptible linkages, nonzero deflection angles, and non-
covalent “lock” interactions marked in red. (b) Small-angle neutron
scattering data (symbols) with wormlike chain model fits (lines) for
dilute solutions (2 mg mL™' in C4D;Cl) showing the effect of
variation of the z-conjugated backbone.

and a steep torsional barrier (Figure S1). The low torsional
disorder of PIDTBT has been attributed to nontraditional
hydrogen bonding between the peripheral hydrogen of the
IDT and the BT sulfonamide nitrogen.” Such intramolecular
noncovalent “lock” interactions between adjacent units aid in
increasing backbone planarity and reducing torsional disor-
der, 135860

Further modifying the acceptor unit from BT to
fluorobenzothiadizole (FBT) or pyridalthiodiazole (PT)
induces stabilizing through-space F---S and N---S resonance
interactions that provide a driving force for structure
planarization, the reduction of torsional disorder, and a
stronger preference for the anti configuration (Figures SI,
82, S5, and $7).°*°" Surprisingly, however, adding a non-
covalent “lock” interaction by switching the BT acceptor to
FBT resulted in a lower measured persistence length for
PIDTFBT of 254 A. It is unclear whether the reduced
persistence length relative to PIDTBT is an artifact of lower
molecular weight or of the steeper torsional potential (Figure
S2), wherein the energetic barrier to rotation is so large that
both syn and anti rotamers are statistically present but locked
into their conformations during polymerization and unable to
rotate. Given the intense interest in IDT-containing conjugated
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polymers, the effects of the acceptor unit and noncovalent
interactions®” on the resultant chain shape should be further
investigated.

Replacing the BT acceptor with cyclopentadithiophene
(CPDT), PIDTCPDT is actually a donor—donor copolymer
originally designed to produce a more rigid polymer due to the
increased fused-ring content. However, because of the nonzero
deflection angles of the CPDT unit, only the most stable anti
configuration produces a linear backbone, while the syn
configuration contributes to backbone deflections. In addition,
the torsional potential of IDT-CPDT is rather soft (Figure S3),
such that large deviations from the most stable rotamer are
thermally accessible, leading to a distribution of dihedral
angles”*®* and a relatively low measured persistence length
(NS =236 A). This agrees well with the predicted 7" = 224
A from the DFT hindered-rotating chain method. It is likely
that steric hindrance encourages significant non-coplanarity;
the stable minima of the potential energy surface are at 30° and
150° with only a weak preference for the anti configuration
(Figure S3).

Using CPDT as a shorter fused-ring donor copolymerized
with PT, PCPDTPT, is another common D—A copolymer, but
with a significantly lower persistence length (13ANS =54.9 A and
IEFT = 44.9 A) relative to IDT-containing copolymers, again
attributed to the nonzero deflection angles of the CPDT unit.
Much like asymmetric fluorination of the BT unit, the
asymmetry of the PT moiety strengthens an electrostatic
dipole moment and interaction between the donor and
acceptor, enhancing coplanarity with most stable dihedral
angles of 0° in the anti configuration (Figure $5).9!

Utilizing pyridine-flanked diketopyrrolopyrrole (DPP-Py) as
an electron-accepting unit in connection with bithiophene,
PDPPPyT is a low-band-gap copolymer*®®* with a measured
persistence length of ZSANS = 84.6 A. This is close to the
predicted l}],) T = 78.4 A and points to flexibility imparted by the
deflection angles (6 ~ 15°) and accessible dihedral angles from
the thiophene linkages. T-T has a symmetric potential energy
surface with minima at 40° and 140° T-Py is nearly
symmetric, with a weak preference for the anti configuration
and a dihedral angle of 20°. Py-DPP, however, is strongly
asymmetric and strongly prefers a 0° dihedral angle locking in
the anti configuration (Figure S4). If those flexible linkages are
removed, incorporating thienothiophene (TT) instead of
pyridine and thiophene, the resulting copolymer is substan-
tially stiffer with a persistence length >1 pm in the near-O
solvent CDCl,."* This is in agreement with a study on
copolymers of benzodifurandione, oligo(p-phenylenevinylene),
and thiophene or bithiophene that showed increasing the
bithiophene content (reducing thiophene content) primarily
affected the unit angles, resulting in a more linear backbone
conformation, increased rodlike behavior, and enhanced -
stacking.*®

Finally, it is useful to compare the persistence lengths of the
D—A conjugated polymers studied here with values from
literature for other classes of conjugated polymers and
correlate with optoelectronic properties. Most of the D—A
copolymers have persistence lengths on par with the few
existing measurements (50—90 A)> only a factor of 2—3
larger than poly(3-alkylthiophenes).”*”** The (obvious)
exception is for copolymers incorporating the extended
fused-ring IDT, which exhibit substantial rigidity and
persistence lengths 10X or more than poly(3-alkylthiophenes).
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Although the electronic properties of organic semiconduc-
tors are dependent on molecular weight as well as synthetic,
processing, and device conditions, we find a general qualitative
trend of increased charge-carrier mobility with increased
persistence length: P3ATs < PCPDTs < PDPPPyT <
PIDTs. 3377985567 This has been previously predicted, as
stiff coplanar configurations enhance ﬂ-congugation encourag-
ing intramolecular charge transport.5’7’6 However, it is
important to note that additional processing can change the
charge-carrier mobility of most materials by several orders of
magnitude, in large part because the electronic properties
depend on both intra- and interchain interactions (particularly
crystallization) in the solid state.

While more rigid chains also tend to enhance short contacts
between chains enhancing 7—7 stacking and intermolecular
charge transport,””"” the exact microstructure of the polymer
in the active layer is critically important.”'*'® For example, a
higher content of planar fused rings correlates with enhanced
electrical conductivity,””*” although ring expansion alone is
not sufficient to encourage coplanarity; persistence lengths and
charge-carrier mobilities are decreased if the bulky aromatic
rings cause steric hindrance and additional torsion elsewhere in
the chain.”®’®”" Additionally, a larger degree of conforma-
tional freedom (often lowering the persistence length) can
actually assist the chain segments in achieving higher
crystallinity, and thus higher charge-carrier mobility, as is
suspected for polythiophenes.”””> Tt is suggestive that the
optical absorption for such flexible-in-solution polymers
(thiophene and CPDT-containing) changes dramatically
upon solidification as the chains order, while the intrinsically
higher persistence length polymers (DPP and IDT-containing)
exhibit little change in their optical spectra.’>’>7*~"’
Collectively, these results reinforce that chain rigidity of
constituent conjugated polymers, as quantified by the
persistence length, is one of several factors that contribute to
high performance organic electronic devices.”""

Side Chain. Flexible side chains are added to conjugated
polymers to promote solubility in organic solvents for solution
processing, but the choice of solubilizing side chain itself
dramatically affects the properties of the resultant polymer.
The length, bulkiness, tethering position, and chemical nature
of the side chains control the molecular packing, chain
dynamics, and optoelectronic properties.'””*™* Herein, we
deconvolute the effects of side-chain size, orientation relative
to the backbone, and branch point location on the chain
stiffness of model D—A conjugated polymers.

Alkyl Chain Size and Orientation. In classical (saturated)
polymers, increasing the length of the side chain increases the
persistence length, and it has been })ostulated that a similar
effect exists in conjugated polymers. 20 However, increasing
the side-chain length also often increases the z7—7 stacking
distance, hampering intermolecular charge transport to the
detriment of the electrical conductivity.*”** Here, we
investigate the effect of side chains on the persistence length
of D—A conjugated polymers by measuring the chain rigidity
of a series of side-chain engineered PCPDTPT copolymers
(Figure 4a), previously shown to form lyotropic liquid crystals
that can be used to enhance transistor performance through
chain alignment.*>*® Steric repulsion of the side chains is
manipulated via varying the size of the side chain (2-hexyldecyl
(HD) or 2-octyldodecyl (ODD)) and the orientation relative
to the backbone. Side chains are orthogonal to the backbone
for PCPDTPT-HD and PCPDTPT-ODD and parallel to the
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Figure 4. (a) Small-angle neutron scattering data (symbols) with
wormlike chain model fits (lines) for dilute solutions (2 mg mL™" in
C¢DsCl) of PCPDTPT conjugated polymers shown in Figure 2
showing the effect of side-chain size and rotation. (b) Persistence
length as a function of side-chain length, showing opposing trends for
poly(3-alkylthiophenes)*' versus D—A copolymers. Reference values
in the absence of side chains are predictions from the DFT hindered-
rotating chain method. All other points are measured from SANS.

backbone for PCPDTPT-ene-HD and PCPDTPT-ene-ODD,
which allows for closer z7— stacking in the solid state.*
Increasing the side-chain size from HD to ODD modestly
(10—15%) increases the measured persistence length inde-
pendent of the orientation of the side chains (Figure 4b and
Table 1). The persistence length increased from 47.3 A for
PCPDTPT-HD to 54.9 A for PCPDTPT-ODD and from 76.6
A for PCPDTPT-ene-HD to 83.4 A for PCPDTPT-ene-ODD.
Additionally, all measured persistence lengths from SANS were
higher than predicted from the DFT-calculated hindered-
rotating chain model, which does not consider side chains.
This data shows that the persistence length increases with the
size of the side chain, counter to the well-studied poly(3-
alkylthiophenes), in which linear alkyl side chains of any length
result in measured persistence lengths lower than the 32 A
prediction of the hindered rotating chain model using DFT-
calculated torsional potentials.”® In poly(3-alkylthiophenes),
the persistence length decreases from 29 A for hexyl side
chains to 16 A for dodecyl side chains (Figure 4b), attributed
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to an increase in the population of syn conformations which
have a larger accessible side-chain volume.”** This trend has
also been observed in polythiophenes with ethylene glycol side
chains, where a decrease in persistence length from 61 to 31 A
was observed as the side-chain length was increased from three
to four ethylene glycol units.””

These results show an increase in persistence length with
side-chain size for PCPDTPT copolymers, likely due to similar
accessible volume for the side chains independent of syn or anti
rotation, steeper torsional potentials,ZO’SL 9 as well as low side-
chain-distribution density’’ and side chains orthogonal to
(rather than in-plane with) the backbone. Note, however, that
these observed trends in persistence length are also counter to
estimates from optical spectroscopy of the chain extension in
lyotropic solutions where the chains with HD side chains were
observed to be more extended than chains with ODD side
chains.” Tt is possible that the seeming incongruity is due to
the shorter length side chains enabling stronger z-stacking
rather than differences in extension of isolated chains. Or, as
was recently observed via contrast-variation SANS and
supporting coarse-grained MD simulations, the larger side
chains can result in a measured apparent persistence length of
the entire chain that is substantially larger than the persistence
length of just the backbone. In that study, the persistence
length of poly(3-decylthiophene) was measured to be 21.0 +
2.0 A for the entire chain but only 10.5 + 1.0 A for the
conjugated polymer backbone.*®

It is thus apparent, however, that the side chains must
impact the chain shape by introducing steric constraints (in
solution or in the solid state) and possibly affecting the
dihedral disorder of the 7-conjugated backbone. Both CPDT-
PT and CPDT-ene-PT linkages have asymmetric potential
energy surfaces that are most stable in the anti configuration
with a dihedral angle of 0° (Figures SS and S6). The small
torsional potential energy differences manifest in a slight
increase in predicted persistence length (44.9 A for
PCPDTPTs to 48.0 A for PCPDTPT-enes) but rather large
(~509%) increases in measured persistence length, suggesting
that the side chains rather than changing the hybridization of
the bridging carbon are primarily responsible for the
persistence length changes. For the HD side chains, rotation
of the side-chain orientation increases the measured
persistence length from 47.3 A for PCPDTPT-HD to 76.6 A
for PCPDTPT-ene-HD. For the ODD side chains, rotation of
the side-chain orientation increases the measured persistence
length from $4.9 A for PCPDTPT-ODD to 834 A for
PCPDTPT-ene-ODD. Although, it should also be noted that
the PCPDTPT-ene copolymers are unattractive for optoelec-
tronic devices due to the formation of trapped polarons on the
fulvene subunit, resulting in unmeasurable charge-carrier
mobilities despite closer 7—7 stacking and more rigid chains.*®

Branch Point. The side-chain distribution around the chain
can be more simply modified by tuning the branching of the
alkyl side chains. Incorporating branched rather than linear
side chains has further improved the solubility in organic
solvents, lowered the melting temperature, and decreased the
nonradiative recombination dynamics of conjugated poly-
mers,** 7307578879279 The Jocation of the branch point,
relative to the conjugated backbone, has emerged as a critical
parameter for controlling film morphology and device
performance.

Here, measuring the chain rigidity of a series of PCPDTFBT
copolymers with side chains branched at various points (Figure
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Sa), the persistence length is shown to dramatically increase as
the branch point is moved away from the chain contour (Table
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Figure 5. (a) Chemical structure of PCPDTFBT conjugated
polymers with butyloctyl (BO) branch points at different numbers
of carbons from the backbone (Cx). (b) Small-angle neutron
scattering data (symbols) with wormlike chain model fits (lines) for
dilute solutions (2 mg mL™" in C4DCl) showing the strong effect of
side-chain branch point location. The I ~ ™' scaling indicates a
rodlike scaling regime at intermediate length scales.

1 and Figure Sb). The persistence length of PCPDTFBT-C1-
BO, with the butyloctyl branch only one carbon away from the
backbone, has a measured persistence length of 67.0 A, which
is less than that predicted by the DFT hindered-rotating chain
method (Z}PFT =71.1 A) ignoring side chains. While this is one
of the rare examples in which the prediction overestimates the
persistence length, side chains that are branched too close to
the backbone increase steric hindrance and torsional strain,
while suppressing side-chain dynamics and raising the glass
transition temperature.21’80’87’97_99 For instance, adding a
branch point close to the backbone has been shown to
decrease the conjugation and persistence lengths of gol;r(_’;-
alkylthiophenes) by encouraging twisting of the chain.”"”
However, as the branch point is progressively moved farther
from the backbone, the persistence length increases: 78.4 A for
three carbons away, 86.4 A for four carbons away, 114 A for
five carbons away, and 291 A for 11 carbons away. This
correlates with enhanced coplanarity, shorter 7—m stacking,
and higher charge-carrier mobilities as the branch point is
moved away from the backbone.>””7>¥7927%* I addition,
qualitatively, the SANS profiles (Figure 5) show a widening
range of rodlike I ~ q_l scaling behavior, increased radius
indicated by the approximate g value above which I ~ g7*
scattering is observed, and decreased uptick at low q as the
branch point is moved further from the backbone. The
wormlike chain model fits to the SANS data further confirm
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the increase in radius of the flexible cylinder used to model the
chain (Figure 6).
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Figure 6. (a) Persistence length, chain radius, and reported charge-
carrier mobility (ref 37) for PCPDTFBT conjugated polymers as a
function of branch point location on the side chain. (b) Persistence
length as a function of chain radius showing the expected [, ~ R*
scaling, confirming the sensitivity of the chain stiffness to steric bulk in
the side chains.

To understand the rigidification of the chain due to
intrachain excluded volume repulsions of side chains, it is
helpful to consider the chain segment as an elastic cylinder of
length L and radius R with Young’s modulus E. Bending this
cylinder by a small angle 6 induces compression in one-half of
the beam and tension in the other half. The stiffness S = EI of
the beam resisting this bending deformation depends on the
moment of inertia I perpendicular to the rod axis

R
I= f r2dr VR = #? = £R4
-R 4 ()
The elastic energy of this cylinder is balanced by thermal
fluctuations with energy kzT at the characteristic crossover
between stiff and flexible length scales, the persistence length:
S _EI .,

~ — ~ — xR
P kT

kT 3)

Thus, the persistence length should increase to the fourth
power of the radius of the chain, as observed in Figure 6 by the
side-chain branch-point variation in PCPDTFBT polymers.
While it is challenging to explicitly design a chain with a certain
radius, increasing the size and steric bulk of the side chains (or
increasing the density of side-chain grafting as in bottlebrush
polymers) will increase the radius and therefore the persistence
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length of the chain. Furthermore, since [, ~ R*, the observed
stiffness is extremely sensitive to minor changes in the radius of
the cylinder, highlighting the importance of side-chain
engineering.

It might be expected that increasing the chain radius would
also increase the m—m stacking distance due to the steric
repulsion of the branched side chains. However, the 7—x
stacking distance actually decreases from 3.80 to 3.55 A as the
branch point is moved from the first to the 11th carbon away
from the backbone and the chain radius increases from 10.1 to
19.4 A (Figure 7). The tighter chain packing in the solid state
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Figure 7. (a) Chain radius and 7—x stacking distance (ref 37) for
PCPDTEBT conjugated polymers as a function of branch point
location on the side chain. (b) 7—7 stacking distance as a function of
chain radius.

might result from enhanced nematic coupling between the
stiffer chain segments. Such ordered and intimate z-stacking is
desirable for efficient intermolecular charge transport and is
likely a factor in the observed increase in charge-carrier
mobility as the branch point is moved away from the chain
backbone.

Solvent. Beyond the molecular engineering of the z-
conjugated backbone and side chains, the choice of suspending
solvent itself is a useful and tractable way to tune the
conformations of conjugated polymers. Moreover, the chain
shape and aggregation state in dilute solution (and
intermediate structures formed during solution processing)
transfer to the final solution-cast films, affecting the
optoelectronic properties.35’36’1°°_107‘

The persistence lengths obtained by fitting the SANS data
for PIDTBT copolymers in C¢DsCl and CDCl; to the
wormlike chain model are over 1000 A with rodlike behavior
across the g-range accessible by SANS (Figure 8b). Addition-
ally, these PIDTBT copolymers are predicted by the DFT
hindered-rotating chain method to be rigid rods with
persistence lengths >1 pm; however, it is expected that the
actual persistence length should be shorter and dominated by
bond bending and chemical defects. More precise experimental
determination of the chain rigidity could be obtained by
expanding scattering measurements to lower g.

Comparing three different classes of conjugated polymers
(PIDTBT, PCPDTPT, and P3HT, Figure 2), across a wide
range of chain rigidities, it is seen that the persistence lengths
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Figure 8. (a) Comparison of persistence lengths of conjugated
polymers PIDTBT, PCPDTPT, and P3HT in marginal and ©
solvents. The persistence length of PCPDTPT-nC16 in CDCl; is
obtained from ref 33. (b) Small-angle neutron scattering data
(symbols) with wormlike chain model fits (lines) for dilute solutions
(2 mg mL™" in C¢D,Cl or CDCLy) of PIDTBT showing the effect of
variation of the suspending solvent. The I ~ q~' scaling indicates
rodlike scaling even at large length scales.

are similar for polymers suspended in marginal and © solvents
(Figure 8a). P3HT and PIDTBT show negligible changes due
to the change in solvent quality. This confirms the expectation
that the local chain rigidity quantified by the persistence length
should be similar between marginal and © solvents, as
polymers with large aspect-ratio segments weakly swell on
large length scales in marginal solvents but remain ®-like on
the scale of a persistent s.egment.m‘%’104 PCPDTPT, however,
shows a relatively larger (~2X) increase in persistence length
changing the solvent from C¢DsCl to CDCIl;. This seeming
discrepancy could be the result of two possibilities: (1) these
measurements were not conducted on the same sample and
differences could be due to molecular weight differences or
other sample-to-sample variation, and (2) CDCly could be a
poor rather than © solvent with the increased [, possibly due to
solution aggregation or crystallization.

While not rigorously explored here, there has been interest
recently in the solution properties of conjugated polymers in
poor solvents. Solution crystallization in aromatic solvents
tends to rigidify the chain, extending the measured “effective”
persistence length, while the introduction of a nonsolvent
decreases the measured persistence length by introducing
backbone torsions as the chain collapses into globules or
multichain aggregates. For example, P3HT, polyfluorene, and
D—A copolymers like DPP-T-TT crystallize into nanoribbons
(or nano-“whiskers”) with lengths larger than a micrometer in
size, which typically further aggre ate into percolating
networks, “gelling” the solution.>'*>7'% Meanwhile, the
persistence length of PCPDTPT in CDCl; decreases from
154 A as methanol is added and nanofibers are formed.*

B CONCLUSIONS

As organic electronics continue to advance and enter new
applications, particularly those underserved by inorganic
semiconductors, such as bioelectronics and flexible/stretchable
devices, understanding the impact of subtle molecular changes
of conjugated polymers on the chain conformations and
resulting morphology and device performance will remain a
fundamentally important challenge. Building upon the results
discussed herein, further systematic research connecting the
molecular structure to chain configurations to material
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properties will continue to expand the utility and performance
of these materials.

Here, we have shown that the chain shape of several classes
of commonly used, high-mobility D—A conjugated polymers
depends on the interplay of delocalization of electrons along
the 7-conjugated backbone and the intrachain interactions of
pendant side chains. Using small-angle neutron scattering and
predictions from density functional theory, we find that the
chains are semiflexible, with persistence lengths ranging from
several to hundreds of nanometers. Our analysis suggests
several molecular design principles for creating new highly
processable, low-disorder D—A conjugated polymers: (1)
planar, collinear conjugated units with minimal numbers of
backbone deflections or torsion-susceptible linkages per repeat
unit, (2) introduction of noncovalent “locks” or other favorable
interactions to generate steep torsional potentials with minima
near 0° or 180° and (3) long alkyl chains with branch points
far away from the conjugated backbone to stiffen the chain and
enable space-filling in the solid state without introducing
backbone torsion or hindering 7—x close contacts. Addition-
ally, the choice of suspending/processing solvent can be used
to potentially modulate the conjugated polymer to access
processability without sacrificing optimal optoelectronic
performance. Thus, the heterogeneous molecular structure of
donor and acceptor comonomers in D—A conjugated polymers
offers nearly unlimited opportunities to tune the electronic
structure, chain conformations, solution properties, solid-state
morphology, and device performance through judicious
molecular engineering.
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