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ABSTRACT: Organic semiconductors have garnered substantial interest in optoelectronics, but their device performances
exhibit strong dependencies on material crystallinity and packing. In an effort to understand the interactions dictating
the morphological and photophysical properties of a high-performing photovoltaic polymer, PTB7, a series of short oli-
gomers and low molecular weight polymers of PTB7 were synthesized. Chain-length dependent optical studies of these
oligomers demonstrate that PTB7’s low-energy visible absorption is largely due to self-aggregation-induced ordering,
rather than in-chain charge transfer, as previously thought. By examining molecular weight and concentration dependent
optical properties, supplemented by molecular dynamics simulations, we attribute polymeric PTB7’s unique mid-gap flu-
orescence and concentration independent absorption spectrum to an interplay between low molecular weight unaggre-
gated strands, and high-molecular weight self-aggregated (folded) strands. Specifically, we propose that the onset of
PTBy7 self-folding occurs between 7-13 repeat units, but the aggregates characteristic of polymeric PTB7 only develop at
lengths of ~30 repeat units. Atomistic molecular dynamics simulations of PTB7 corroborate these conclusions, and a sim-
ple relation is proposed which quantifies the free-energy of conjugated polymer folding. This study provides detailed
guidance in the design of intra- and inter-chain contributions to the photophysical and morphological properties of pol-
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ymeric semiconductors.

INTRODUCTION

Organic semiconducting polymers have garnered inter-
est for their numerous applications in addressing the in-
creasing demand for affordable, lightweight, thin, flexible,
and energy-efficient electronics. While extensive studies
have focused on the influence of molecular structure”” on
both the photophysics and device performance of conju-
gated polymers, differentiating and controlling inter- and
intra-chain contributions to optoelectronic functionality
remains an elusive goal for materials scientists>™ The
photophysics and device performance of these soft mate-
rials have been shown to strongly depend on the electron-
ic and geometric structures of conjugated polymers,
which often drastically influence the resulting thin film
morphologies®® and optoelectronic properties.”'

Currently, detailed correlations between molecular
properties, solution aggregation structures, and the ulti-
mate film performances of organic semiconductors are
still largely unknown because of intricate and intertwined
structural factors in these largely disordered and non-
crystalline materials. New materials and methodologies
are required to deal with the inherent complexity of soft,

disordered materials."™ As it stands, understanding the
factors leading to the robust self-assembly of solution
aggregates and their effect on various electronic processes
in films following deposition is the first step towards the
bottom-up design of materials with desirable bulk optoe-
lectronic properties. Using a model system with easily
manipulated solution and film properties to study the
molecular factors leading to desirable bulk properties
could prove crucial in beginning to unravel these connec-
tions.

While the development of low band-gap, conjugated
copolymers was initially aimed at the enhancement of
solar photon harvesting, especially in the NIR region, the
proliferation of copolymers also induced a number of
characteristics that are distinctly different from those of
conventional homopolymers. For example, due to its
broad, low bandgap absorption'®, favorable film morphol-
ogy7’8, efficient exciton dissociation™”’, and, consequently,
high photovoltaic performance, PTB7 (a mono-
fluorinated poly-benzodithiophenethienothiophene) has
been an important material in organic photovoltaics
(OPVs) research in recent years” ™. Studies have detailed
the effects of the intra-chain “push-pull” character of its
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conjugated backbone” on exciton binding energy in
PTB7, but complications from possible inter-chain inter-
actions have been largely elusive. PTB7 also possesses
somewhat unique properties as a conjugated copolymer,
most notably its almost identical optical absorption spec-
tra in dilute solution and neat film, as well as the ob-
served decrease in photovoltaic power conversion effi-
ciency (PCE) upon annealing in bulk heterojunction
(BHJ) devices. Disentangling the effects of molecular
structure and morphology will not only help optimize
current PTBy solar cells, but will also lead to more in-
formed design of future polymeric semiconductors.

In this report, we aim at untangling intra-chain and in-
ter-chain electronic processes in PTB7 by studying elec-
tronic structure evolution as a function of chain length.
While computational work on chain-length dependent
properties has been carried out on some conjugated pol-
ymers, **** none to our knowledge has explicitly exam-
ined the critical transition of electronic processes be-
tween unfolded and folded polymeric structures in solu-
tion. Experimental work examining the length-dependent
properties of oligomers has been carried out for several
conjugated homopolymers which provided much useful
information, **** but such studies have not been utilized
to examine oligomer/polymer structures in solution for
conjugated copolymers. Here, a series of oligomers with
different numbers of repeating units were synthesized
using the same alternating electron-donating benzodithi-
ophene (BDT) and electron-accepting fluorinated
thienothiophene (TT) moieties as in PTBy, with the se-
quence (BDT-TT),-BDT (n=1-3) (Scheme 1). This series
of oligomers are useful prototypes for examining photo-
physical properties as well as conformational changes
induced by progressive chain elongation. Using these oli-
gomers as models we utilize a combined experimental
and computational approach to quantitatively probe both
the photophysical effects of aggregation and the onset
chain length at which intrachain aggregation occurs in
PTBy7 oligomers. We hope to gain a better understanding
of the hierarchical assembly of microstructural morphol-
ogies in organic electronics including bulk heterojunction
organic photovoltaics.

METHODS
Synthesis of PTB7 Oligomers

Scheme 1 shows the synthetic process for the oligo-
mers. Our previous study reported the synthesis of M2b
by reacting 1b with 2 at 2:1 ratio™. Changing the ratio to
1b:2 = 111, M1 can then be synthesized. Note that there are
two positions on 2 available for coupling, the 4- and the
6-position. However, from the 'HNMR spectrum of M1
(Supporting Information), only two singlet peaks (Ha and
Hb) in the aromatic region are observed, indicating that
there is only one isomer in the product, either 4-linkage
or 6-linkage. This is further supported by the “FNMR
spectrum of M1, which shows one singlet peak, suggesting
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one type of fluorine. However, it is difficult to distinguish
the 4- and 6-linkage so as to identify the exact structure
of M1 at this stage, although it is possible to predict that
the 6-linkage is dominant, as, according to one recent
study about the similar PTB7-Th, 100% 6-linkage in the
monomer is proposed.”® M2a (n=1) is synthesized from 1a
and 2 under the same conditions as M2b (n=1). However,
M2za has free terminals that are available to be converted
to the tin compound M2c (n=1). Starting from M1, M3
(n=2) and M4 (n=3) are synthesized with 1c and Ma2c,
respectively. Note that in M3 and Mg, similar to Mi, the
fluorine atoms may face different directions, but the
structures of them shown in Figure 1 and Scheme 1 only
show one direction for clarity. This series of oligomers
from M1 to M4 mimics the increase in molecular weight
of the PTB7 polymer chain, with the number of repeating
units increasing from1 to 3.
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Scheme 1. Synthesis of PTB7 Oligomers
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Scheme 2. Synthesis of Low Molecular Weight PTB7;

In order to fill the gap between oligomeric and poly-
meric samples, short polymer segments were synthesized.
Synthetic details are shown in Scheme 2.Molecular
weights (MW) and MW distributions of polymers were
determined using GPC with a Waters Associates liquid
chromatography equipped with a Waters 510 HPLC
pump, a Waters 410 differential refractometer and a Wa-
ters 486 tunable absorbance detector. Polystyrene was
used as the standard and chloroform as the eluent. Opti-
cal properties were measured using a Shimadzu UV-
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2401PC UV-Vis spectrophotometer and Shimadzu RF-
5301PC spectrofluorophotometer. Scheme 2 describes the
synthesis to low molecular weight PTB7.

PTB7-A and PTB7-B. 2-ethylhexyl-4,6-dibromo-3-
fluoro thieno[3,4-b]thiophene-2-carboxylate (A, 47.0 mg,
0.0995 mmol) was weighted into a 25 ml round bottom
flask  together with  2,6-bis(trimethyltin)-4,8-di(2-
ethylhexyloxyl) benzo [1,2-b:4,5-b’]dithiophene (B, 73.0
mg, 0.0945 mmol). The Pd(PPh,), (5.3 mg) and LiCl (0.1
mg) were added inside the glove box. The flask was vacu-
umized and purged with argon in three successive cycles.
Then anhydrous toluene (2 ml) and DMF (0.5 ml) were
injected into the mixture via a syringe. The polymeriza-
tion was performed at 100°C for 24 h under argon protec-
tion. Then, 2-bromothiophene (0.03 mL) was added. After
2 hours, 2-(tributylstannyl) thiophene (0.15 mL) was add-
ed and kept overnight. A blue mixture was obtained and
suction filtered through Celite to eliminate remaining
palladium particles. The raw product was precipitated out
in methanol and underwent Soxhlet extraction by metha-
nol, acetone, hexane and chloroform. The final polymers
were again precipitated out in methanol and dried in vac-
uum, yielding PTB7-A (36.4 mg, 50.9%) from the hexanes
portion and PTB7-B (26.4 mg, 36.9%) from the chloro-
form portion. PTB7-A: Mn = 17.6 kDa, ~24 repeat units, D
= 2.60. PTB7-B: Mn = 29.8 kDa, ~40 repeat units, D =
2.25.

PTB7-C ~ PTB7-F. Following the same procedure as for
PTB7-A and PTB7-B, but with (A, 47.7 mg, 0.101 mmol)
and (B, 70.2 mg, 0.0909 mmol), PTB7-C (34.2 mg, 49.7%)
from the hexanes portion and PTB7-D (30.2 mg, 43.9%)
from the chloroform portion were obtained. PTB7-C: Mn
= 9.7 kDa, ~13 repeat units, D = 2.67. PTB7-D: Mn = 20.3
kDa, ~28 repeat units, D = 2.37. A small amount of PTB7-
C was applied to a column chromatography on silica gel
with hexanes/chloroform=1/1 as eluent to obtain the
PTB7-E (Mn = 5.0 kDa, ~7 repeat units, D = 2.13) and
PTB7-F (Mn = 16.9 kDa, ~23 repeat units, b = 2.37).

Spectra for Oligomers and Polymeric PTB7y

UV-Visible spectra were taken on a Shimadzu UV-3600
Spectrophotometer in chloroform at low (<img/mL) con-
centration. Fluorescence spectra were taken on a Photon
Technologies International model QM-2 spectrofluorime-
ter. Dilution spectra of PTB7 were prepared by serial dilu-
tion, heated for 5 minute to ~50°C between dilutions.

Spectra for Low Molecular Weight PTB7

UV-Visible spectra were taken by using a Shimadzu
UV-2401PC UV-Vis spectrophotometer and Shimadzu RF-
5301PC spectrofluorophotometer in low (<img/mL) con-
centration solution in chloroform.

Molecular Dynamics Simulations

To simulate oligomer folding in solution, molecular dy-
namics simulations were carried out. An atomistic force-
field for PTB7 was taken from previous work where ab-
initio methods were used to parameterize an all-atom

OPLS-style classical force-field”. Periodic box sizes were
chosen such that the box length > 2 times the
off. Cutoffs of 10 A and 8 A were employed for the Len-
nard-Jones and Coulombic potentials, respectively, and
the Particle-Particle-Particle-Mesh method was used to
evaluate long-range electrostatics. Since our system is
charge neutral and exhibits small atomic partial charges,
we expect these specifications to be adequate. Addition-
ally, previous work has shown that the Lennard-Jones
terms dominate the electrostatic terms with regards to
aggregation tendencies in these materials’. For each oli-
gomer length, 50 independent trajectories were run utiliz-
ing a randomly generated regioisomer following the sta-
tistical distribution for PTB7 recently described **. Each
regioisomer was first optimized into a minimum energy
extended state, upon which a 5-ns annealing run at 8oo K
occurred to access all potential energy minima, followed
by a 10-ns linear cooling down to 300 K, and concluding
with a 10-ns run at 300 K. Simulations utilized a Langevin
thermostat with a frictional damping constant equivalent
to that derived from a simple Stokes relation for chloro-
form (38 ps™). As we are primarily concerned with mini-
mum energy states and not dynamics, the precise value of
the frictional damping constant is not vitally im-
portant. Time evolution occurred via the velocity Verlet
algorithm and the RATTLE constraint was used to con-
strain all bonds to Hydrogens in the system, enabling a
stable 2 fs timestep. Stable folding events occurring in
trajectories were catalogued for each oligomer length,
from which a minimum folding length was deduced. Ad-
ditional information can be found in the Supporting In-
formation.

4.6 Quantum-Chemical Calculations

Representative aggregated and unaggregated PTB7 te-
tramer structures were generated to quantify the impact
of backbone flattening on the optical gap. Density-
functional theory (DFT), Time-dependent density func-
tional theory (TDDFT) and ZINDO/S calculations were
performed using QCHEM and ORCA, the details of which
may be found in the Supporting Information.

Simple Folding Model

A simple scaling relationship for the critical folding
length of a conjugated polymer as a function of the mo-
lecular structure of its repeat unit, specifically the number
of m-electrons in the repeat unit, is developed (see Sup-
porting Information). This theory utilizes a simple treat-
ment of the global chain motions, uncoupled dihedral
degrees of freedom, and molecular dynamics input for
determining the enthalpic and entropic contributions of
n-1t stacking interactions and kink formation to folding.

RESULTS AND DISCUSSION

Relative Contributions of Different Structural Fac-
tors on the Bandgap Narrowing in PTB7

It has been long believed that introducing the alternat-
ing electron push-pull blocks along the PTB7 backbone is
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largely responsible for lowering the optical gap of conju-
gated copolymers, but it has not been clear how such
charge transfer character evolves as a function of the
backbone length. Here structures and absorption spectra
of three oligomers (BDT-TT),-BDT (n=1-3) are shown
along with the corresponding polymer PTB7 in Figure 1.
As n increases from 1 to 2, the absorption maxima under-
goes a substantial red shift of 1554 cm”, while when n
changes from 2 to 3, the red-shift becomes much smaller,
at 359 cm”, showing a saturation of the red shift with the
oligomer length. This implies that simply extending the
oligomer chain length in solution samples cannot possibly
lead to the 3000 cm™ red shift observed between the peak
positions of the n=3 oligomer and polymeric PTB7. The
large redshift of the polymer absorption edge relative to
the oligomers is an indication that neither the increased
conjugation length of the polymer, nor the molecular
charge transfer character, are capable of completely ac-
counting for PTB7’s narrow band gap.
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Figure 1. Top: Structure of PTB7 oligomers. Bottom: Normal-
ized steady state solution absorption spectra. Absorption
spectra are collected in dilute solution (<img/mL) in chloro-
form and normalized to a maximum abs value of 1. There is a
notable red shift between n=1 and n=2 repeat units, but only
a small difference between n=2 and n=3. PTB7 has a large
shift relative to all oligomers.

In order to explain the shift of the lowest energy transi-
tion band, it is worth noting the lineshape differences
between the oligomers and PTB7. The oligomers have a
smooth and featureless absorption band whereas PTBy
shows a highly red shifted band with distinct 1500 cm™
vibronic progression features. It is known in many conju-
gated homopolymers that the broad and featureless ab-
sorption peak is from the conformational disorder arisen
from the rotations of the C-C bond connecting to adja-
cent blocks which generate non-planar and inhomogene-
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ous m-conjugation. Hence, it is likely that these oligomer
backbones possess various inter-repeating-unit dihedral
angles (~30-40°) which are responsible for the conforma-
tional inhomogeneity and hinder m-electron delocaliza-
tion.”” In contrast, the 1500 ¢m™ vibronic progression
shown in the absorption peak of PTB7 aligns with the
conjugated C-C bond stretching frequency that can only
be observed in spectra of structurally homogeneous con-
jugated systems, such as polythiophene in thermally an-
nealed films, or at low temperature where conformational
disorder is mitigated.”** Since it is expected that elec-
tronic transitions in the oligomer absorption spectra
should be mediated by the same C-C stretching mode, the
comparison of the optical absorption spectral features of
the oligomers and PTB7 implies a much enhanced homo-
geneity in the backbone conformations of PTB7 than in
oligomers, as the dihedral degrees of freedom in the oli-
gomers allow coexisting local conformational isomers that
obscure the vibronic progression seen in the polymer.
Such differences in spectral features were not observed in
solution phase studies of chain length-dependent homo-
polymers®*%. A plausible explanation for both the line-
shape change and the 3000 cm™ redshift is the formation
of ordered polymer aggregates even in dilute solution via
n-1t stacking, leading to planar backbone conformations
with reduced structural inhomogeneity and increased
intrachain and interchain electronic delocalization, in-
cluding the in-chain charge transfer between adjacent
electron donating BDT and electron withdrawing TT
blocks. All of these factors, including differences between
solution and neat-film environmental polarization effects,
could contribute to such a redshift in the absorption spec-
trum.

To quantify the contributions of backbone planariza-
tion, excitonic coupling, and solid-state polarization to
the 3000 ¢cm™ redshift, we perform quantum-chemical
calculations on two geometries of a PTBy tetramer (Sup-
porting Information): a geometry with all torsional angles
at their energy minimized value (~30-40°), and another
geometry with all torsional angles constrained to be pla-
nar. The former structure is meant to simulate PTB7 pri-
or to aggregation, whereas the latter is the extreme case
of backbone flattening in the aggregated state. After ge-
ometry optimization of these structures we perform cal-
culations of the lowest-lying excited state energy for the
planar and non-planar geometries using a combination of
semi-empirical and hybrid TDDFT methods using a con-
tinuum solvation model with a dielectric of 3. In all cases,
the excited state energy redshift resulting from planariza-
tion is bounded between 1000 cm™ and 1200 cm™, indicat-
ing that nearly two-thirds of the aggregation-induced
redshift is the result of a combination of excitonic cou-
pling between chromophores and solid-state polarization
effects not captured by a simple continuum solvation
model. The results suggest that the band gap tuning not
only relies on chemical composition, but is largely deter-
mined by the chain conformation.
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Preferential Folding and its Photophysical Effects

To investigate the nature of PTB7 aggregation, concen-
tration-dependent studies were performed as shown in
Figure 2 where very little concentration dependence of
the vibronic progression was observed. At the lowest con-
centration (0.0o5mg/mL), a sphere of 14.7 nm diameter
on average contains one PTB7 chain (40kDa), whereas
the average aggregate size for PTB7 in solution is only a
3.4 - 3.7 nm diameter sphere based on solution X-ray
studies at much higher concentrations’. Because the vol-
ume available to each PTB7 chain is much larger than the
aggregate size, it can be reasonably concluded that there
are very few inter-polymer-chain interactions at this con-
centration. Despite this lack of interchain interaction, the
vibronic fine structures are retained down to single chain
levels. This is a surprising result because such a clear vi-
bronic progression can only be observed in ordered poly-
mers with uniform local conformations along the chain.
Considering the lack of such vibrational progressions in
the short oligomer spectra of Figure 1, our observation
here seems to indicate the formation of single chain, fold-
ed self-aggregates. Furthermore, because the vibronic
progression at low concentrations is not only present, but
is remarkably similar to that of the higher concentration
solutions, it can be concluded that PTB7 preferentially
adopts a similar conformation at all concentrations.
Higher concentrations do not induce different folding
patterns, but they instead contain larger multi-chain ag-
gregates, the constituents of which are each self-folded as
they are in dilute solution. This single strand folding may
also explain the observation that PTB7 has strikingly
similar solution and film absorption spectra,” as film cre-
ation may involve simple deposition of preformed, folded
structures. Additionally, these preferentially folded struc-
tures may be responsible for the fact that PTB7’s solution
structure is insensitive to solvent additives,” while other
polymers show substantial dependencies on both concen-
tration and additive content. *
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Figure 2. Normalized absorption spectra for PTB7 at differ-
ent concentrations. Absorption spectra are collected in chlo-
roform and normalized to a maximum abs value of 1. Solu-
tions were created by serial dilution, with heating between
dilutions to ensure the breakup of multi-polymer aggregates.

The small changes in the vibronic features throughout the
dilutions indicate that PTBy preferentially forms a specific
folded structure within one chain. The o.0o5mg/mL spec-
trum was close to the detection limit of the instrument.

Understanding the details of the molecular and poly-
meric structure leading to this powerful self-assembly of
ordered structures at low concentrations is of great im-
portance for the rational control of polymer morphologies
on the nanometer scale, as it provides a means of direct-
ing the self-assembly in disordered systems at a length
scale meaningful for charge and excitation transport.”
Evidence for the specific effects of aggregation on electro-
optical properties comes from noting PTB7’s particular
vibronic progression in the context of an H- or J-
aggregate model®. The ratio of the 0-o and o-1 vibronic
peaks in the visible absorption spectrum, being greater
than 1, is suggestive of enhanced intra-chain J-aggregation
via the increased polymer chain coherence lengths in the-
se self-aggregates, which is in agreement with the large
excitonic coupling induced redshift suggested from our
quantum chemical calculations above. The large coher-
ence lengths of flattened, m-stacked PTB7in the aggre-
gated state are also consistent with our previous transient
absorption anisotropy measurements of exciton diffusion
which found PTB7to possess an additional sub-
picosecond diffusion component compared to P3HT, a
result which was attributed to an enhanced rigidity
of PTB7’s backbone.?® While PTB7 does not form crystal-
line polymer films, it reliably establishes order over a
meaningful local length scale that enables efficient charge
transport, a fact supported by previous x-ray scattering
measurements*. This specific, ordered self-aggregation is
critical in creating order in amorphous polymer films at
length scales relevant to charge and excitation transport.

Further evidence for the self-aggregation of PTB7 is its
unique mid gap solution fluorescence®. Figure 3 (top)
shows the absorption and fluorescence scans for PTBy
when excited at ssonm. Exciting at the lowest energy
peak (600 nm-750 nm) provides much weaker near infra-
red fluorescence®®. This is expected, as many conjugated
polymers exhibit behavior consistent with the red shifted,
but thermally activated fluorescence of the HJ aggregate
model’*?”%®, While less intense, there is substantial ab-
sorption intensity on the blue side of the main feature.
When excited in this region, at 550 nm, fluorescence is
observed at energies similar to the main absorption fea-
ture. In a molecular system, this would be very strange, as
internal conversion processes are typically ‘much faster
than fluorescence lifetimes, leading to fluorescence exclu-
sively from the lowest excited state® appearing at lower
energy in the spectral region than the lowest energy ab-
sorption peak. While it may be tempting to assign some
complex energetic relaxation pathway to this observation,
this fluorescence at higher energy than the lowest absorp-
tion peak is more likely due to the structural polydispersi-
ty inherent in polymers. By comparing the fluorescence
spectra of the oligomers and PTB7 in Figure 3 (bottom),
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it seems likely that this emitting species is electronically
very similar to a 2.5-repeating unit oligomer.
1
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Figure 3. Absorption and fluorescence spectra of PTB7 in
chloroform (top). Fluorescence of PTB7, M3 (n=2) and M4
(n=3) (bottom). Spectra were collected at low (<img/mL)
concentration. The fluorescence scan was excited at 550 nm.
PTB7's fluorescence occurs in the same spectral region as its
absorption. Its fluorescence aligns with that of M3 (n=2).

Recent work from Traub et al.* has shown that the pro-
pensity for ordered aggregation is increased in oligomers
as the lengths of the conjugated blocks are increased. Ac-
cordingly, a segment of PTB7 on the low molecular
weight (MW) end of the polydispersity curve would likely
be less enthalpically favored to form ordered self-
aggregates. Coupled with the previous evidence of the
importance of aggregation in shifting the absorption and
emission characteristics of the polymer, it can be hypoth-
esized that the thermalized emitting species, when excit-
ed at 550 nm, is likely a smaller oligomeric segment of
PTBy, electronically similar to M3 (n=2), whose length is
insufficient for self-folding. This effect must be seen in
dilute solution, as the efficiency of this short chain fluo-
rescence versus Forster Resonance Energy Transfer to
longer, self-aggregated chains can be shown to be concen-
tration dependent. The average distance between chains,
which shifts from ~2.5nm at img/mL to ~15nm at
0.005mg/mL, varies on length scales near Forster lengths
common to organic molecules*, leading to varying levels
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of fluorescence quenching. This argument based on For-
ster radii also supports the idea that the two different
photophysical species do not occur on the same chain, as
intrachain energy transfer processes would rapidly relax
the excitation to the nearest low-energy folded segment.
Similar to studies on thiophene oligomers and compari-
sons to polymeric P3HT*, the fluorescence data seems to
indicate that the size of an exciton in unaggregated PTB7y
is around two repeating units, although this should be
taken with caution as the exciton’s size may change with-
in the ~100 fs” between its creation and subsequent local-
ization. It is interesting that the polymer fluorescence
peaked at 550 nm aligns with that of M3 (n=2) rather than
M4 (n=3). This suggests that single strand oligomers are
conformationally disordered in a fashion that prohibits
the themalized exciton form delocalizing beyond two
repeating units, which defines the thermalized exciton
size in these copolymers/oligomers.

Using only steady state spectroscopy, it can be conclud-
ed that self-aggregation heavily affects PTB7’s photophys-
ics, and is responsible for enhanced structural order and a
major portion of the red shift of the bandgap.® These facts
suggest that a single PTB7 strand is long enough and en-
thalpically favored enough to form a self-folded, single
chain polymeric aggregate in common solvents. Addi-
tionally, based on PTB7’s fluorescence spectrum it seems
as though unfolded PTB7 behaves like several connected
two-repeating-unit oligomers, while the self-folded poly-
mer behaves very differently. This self-folding fundamen-
tally changes the photophysics of polymeric PTB7, and is
responsible for the observed resemblance between the
solution-phase and thin-film absorption spectrum of
PTB77* the fact that PTB7 neat films do not benefit from
thermal annealing, and the need an anisotropic optical
model to describe its ellipsometry". Self-folding seems to
create the local morphological order seen in PTB7’s
amorphous films that are critical to its unique properties.
Given the conclusions of these experiments, the recent
works of Traub*, and the fact that not all conjugated pol-
ymers exhibit this behavior, it is illustrative to understand
the critical molecular weight at which single chain folding
is favored in PTB. Moreover, for synthetic chemists seek-
ing to make use of this powerful form of single-strand
self-assembly, we seek to understand the molecular con-
tributions to the free-energy of the folding process.

Effects of Chain Lengthening Near the Critical
Folding Length

In an effort to directly observe the effects of chain
lengthening near the critical folding length, a series of low
molecular weight PTB7 polymers with average chain
lengths of 7, 13, 23, 28, and 40 repeating units were syn-
thesized, as shown in Scheme 2, and their absorption
spectra are shown in Figure 4 (top). There are two nota-
ble trends with increasing molecular weight: an apparent
red shift in absorption and a shift in the relative height of
the 0-0 and o-1 vibronic peaks. These trends can be ex-
plained by noting that the size of self-folded aggregates
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should increase with increasing molecular weight. In
smaller folded chains, dihedral angles can be less regular,
as relatively large portions of the chain can remain un-
folded. This inhomogeneity is associated with less planar-
ity in the m system when compared to longer chains, de-
creasing ] aggregate character, and leading to both the
spectral blue shift and change in the ratio of vibronic fea-
tures at lower molecular weights. A similar effect has
been reported recently in temperature dependent studies
of PTBy and PTB7-Th*®.
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Figure 4. Normalized absorption (top) and fluorescence
(bottom) spectra for PTB7 at different short polymer lengths.
Absorption spectra are collected in chloroform in dilute solu-
tion (<1mg/mL) and normalized to a maximum abs value of 1.
There is a noticeable red shift with increasing length, as well
as a major shift in vibronic progression. Florescence spectra
are collected in chloroform in dilute solution (between
0.018mg/mL and .oumg/mL) and excited in the main absorp-
tion feature (s9o0-610nm). Concentration dependent fluores-
cence scans are available in the SI.

It is important to note that, because these samples were
prepared by polymerization, they are inherently polydis-
perse. As such, any given spectrum is composed of species
with varying levels of self-aggregation and its associated
spectral shifts. Nonetheless, the spectral trends attributed
to increasing self-folding as the average chain length in-

creases are still apparent and are further validated by the
fluorescence spectra seen in Figure 4 (bottom), which
show a length dependent change from the relatively in-
tense M4-like spectrum of the 7 unit polymer to progres-
sively more quenched PTB7-like fluorescence at higher
molecular weights. There are two unique characteristics
of the higher MW fluorescence that can be explained by
two causes. First, the low fluorescence yields and the
featureless spectrum of said fluorescence spectra fit the
HJ aggregate model® that predicts a thermally activated,
temperature dependent emission spectrum. Second, the
emission redshift, broadening and decrease in the intensi-
ty as functions of the chain length can also fit the model
for the redshifted emission from an exciton with charge
transfer character, as previously observed in a series of
conjugated oligomers with donor and acceptor building
blocks.*® As the self-aggregation becomes increased in
longer chains, the planarization of the conjugated back-
bone also reinforced the charge transfer along the back-
bone. The displacement of the HOMO and LUMO loca-
tions along the chain will reduce the oscillator strength
for the lowest energy transition, weakening the aforemen-
tioned redshifted emission. While it is predicted that an
HJ aggregate should have distinct vibronic progression in
its emission spectrum, the ratio of 0-o to o-1 features in
the emission is greatly diminished at high (room) tem-
peratures compared to lower temperatures. This, when
coupled with the low quantum yield and correspondingly
low signal to noise ratio, could explain the lack of distinct
features. Using these data, it can be concluded that the
critical length for aggregation in PTB7 should be between
7 and 13 units, as there is a substantial shift in the peak
position and shape between spectra of those samples.

Determining Energetic Contributions to Polymeric
Folding

From the results of the synthesized oligomers and the
low-molecular weight polymers, it is clear that folding in
PTB7 can be conservatively approximated to occur in the
4-14 repeat unit range. To enhance and verify experi-
mental efforts in determining the critical folding length of
a PTB7 oligomer, and its molecular contributions to the
free energy of this process, molecular dynamics (MD)
simulations on PTB7 oligomer lengths of n = 4, 6, 8, 10,
and 12 repeat units were performed using the a Langevin
thermostat in the LAMMPS simulations suite*. In Figure
5 (top) we plot the fraction of trajectories resulting in a
stable folded conformation as a function of oligomer
length. As the critical folding length should demonstrate
a solvent dependence, our simulations are an approxima-
tion to the actual critical folding length. From Figure 5
(top) it is clear that the onset of folding occurs in the 8-10
repeat unit regime. This result is intuitively satisfying, as
notions from classical polymer physics suggest that the
critical length of polymer folding should be two times the
Kuhn length, i.e. the length at which the chain becomes
long enough to behave like an ideal chain, and the poly-
mer is capable of folding back on itself. To our
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knowledge, the persistence length of PTB7 is experimen-
tally unknown. Given the known persistence length of
P3HT as ~2-3 nm,* the expectation that PTB7’s persis-
tence length should be larger due to its fused m-electron
system, the computational result of 8-10 units seems like a
reasonable estimate for PTB7, and is in agreement with
our experimental estimates.
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Figure 5. PTB7 Oligomer Molecular Dynamics Results. Top:
Fraction of trajectories resulting in a stable, folded confor-
mation as a function of oligomer length. Bottom: Ranges of
free-energy gains and penalties associated with the folding
process (see SI). The negative contributions scale with re-
peating units.

While these simulations do not include explicit sol-
vent, thus representing the limiting situation of a “bad
solvent”, they still provide a meaningful way to quantify
the enthalpic penalties and gains associated with the pol-
ymer-polymer self-interactions in the folding process in
PTBy. Specifically, in Figure 5 (bottom) we display the
estimated contributions to the free energy resulting from
what we hypothesize are the dominant elements. Enthal-
pic contributions to the folding process (polymer-polymer
interaction and kink formation) are extracted from our
molecular dynamics simulations, whereas simple models
are used to estimate entropic terms (Supporting Infor-
mation). Notably we find that the enthalpic contributions
to the free energy of PTB7 dominate the entropic contri-

Chemistry of Materials

butions, especially for short chain lengths. Our estimation
of the polymer-polymer interactions in Figure 5 does not
take into account the vital role of solvent contributions to
the enthalpic folding process, though these forces play a
vital role in making polymer folding enthalpically possi-
ble, and some estimation of the magnitudes of these con-
tributions are available in our previous work. *

To make the results of this work generalizable to arbi-
trary conjugated polymer molecular structures, it is desir-
able to know, as a function of the molecular structure of a
polymer, if conjugated polymer folding will be energeti-
cally allowed or not, and at what molecular weight this
will occur. More importantly, we seek to provide a micro-
scopic relation for how one should expect the propensity
for chain folding to depend on the molecular identity of
the conjugated backbone. Using methods described in the
Supporting Information, we determine that the freezing
out of dihedral degrees of freedom upon folding leads to a
free energy penalty of 0.1 - 1.0 kcal/mol per repeat unit.
Similarly, formation of a folded structure due to 1 stack-
ing accounts for 1 kcal/mol per repeat unit entropic penal-
ty to the free energy. Contrastingly, the enthalpic gain is
approximately 16 kcal/mol per repeat unit for PTB7, and
the enthalpic kink penalty (i.e. the energy required to
form a mid-chain conformational defect which leads to
folding) is ~28 kcal/mol. To this end, we advance our
simple theory and predict a simple relationship for the
critical folding length of a polymer as a function of the
number of n electrons, demonstrating the simple inverse
proportionality given by Equation 1:

Hpink(nz)

Nerie = N (On—r—0n_solv) @)

where N is the critical number of repeat units of con-
jugated polymer required for folding, Hyy, is the enthal-
pic cost of forming the kink (break in conjugation) re-
quired for folding, n, is the number of n-electrons, «, is a
scaling factor (units = surface area), and o, and o, are
the solvation enthalpy densities of the polymer-polymer
interaction and a single polymer-solvent interaction, re-
spectively. Consequently, we hypothesize that one can
expect the critical length of folding to decrease approxi-
mately inversely with the number of m-electrons present
in a repeat unit. Fundamentally, the important result of
Equation 1 is the fact that the critical folding length
should be a ratio of the free-energy cost for kink for-
mation to the free-energy change per repeat unit associ-
ated with the folding process; to fold, a polymer’s enthalpy
change per repeat unit must be negative, and must also be
larger in magnitude than the entropic penalty per repeat
unit. In theory, molecular mechanics could be used to
compute both the cost of kink formation (using a short
oligomer) and the free-energy change per repeat unit (us-
ing a monomer) for a given polymeric structure, enabling
the rational design of mesoscale morphological proper-
ties. With enough available data on critical polymer fold-
ing lengths, one could empirically determine the value of
the constant o, in Equation 1. Future theoretical work to
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rigorously describe conjugated polymer folding will bene-
fit from the literature on coil-beta sheet transitions de-
scribed previously*®¥, though such treatments are out-
side the scope of this work.

CONCLUSION

Using both oligomeric and low molecular weight poly-
meric models for PTBy, combined with computational
analysis, the critical requirements and optical conse-
quences of conjugated polymer folding have been de-
duced. Oligomeric models and their comparisons to PTB7;
show that PTB7 forms a specific type of ordered, self-
folded, self-aggregate in dilute solution, concentrated
solution, and film. This is indicative of this structure
forming within an isolated chain. This specific self-
aggregate shows a substantial red shift in absorption rela-
tive to unfolded PTBy, which is shown to be oligomeric in
its behavior. Notably, the coincidence of the M3 emission
with the emission of PTB7 suggests a thermalized exciton
size of approximately two repeating units in unfolded
PTB7. In the self-aggregated PTB7 structure, enhanced
intrachain coherence lengths, implied by the HJ-
aggregate like structure of the polymer, over electro-
optically relevant length scales are likely largely responsi-
ble for many of the favorable properties of PTB7. To begin
to understand the criteria for such robust self- assembly,
low molecular weight polymeric models were synthesized
that showed this characteristic self-aggregation occurring
between 7 and 13 repeating units, confirming that longer
chains are more enthalpically favored to aggregate. Theo-
retical considerations agreed with the approximate chain
folding length and allowed for the determination of con-
tributions to free energy for the process of self-folding.
These results reveal the interplays between intra- and
inter-chain interactions via polymer self-aggregation, and
the importance of both in molecular design and the band
gap narrowing of PTB7 and similar charge transfer copol-
ymers.
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