Journal of Materials Chemistry A

AL SOCETY Journal of
("""““ Materials Chemistry A

Push-pull architecture eliminates chain length effects on
exciton dissociation

Journal: | Journal of Materials Chemistry A

Manuscript ID | TA-ART-06-2018-005782.R1

Article Type: | Paper

Date Submitted by the Author: | 07-Sep-2018

Complete List of Authors: | Aplan, Melissa; The Pennsylvania State University, Chemical Engineering
Lee, Youngmin; The Pennsylvania State University, Chemical Engineering
Wilkie, Carly; The Pennsylvania State University, Chemical Engineering
Wang, Qing; The Pennsylvania State University, Materials Science and
Engineering

Gomez, Enrique; The Pennsylvania State University, Chemical Engineering

ARONE"




Page 1 of 25

Journal of Materials Chemistry A

Push-pull architecture eliminates chain length effects on exciton dissociation
Melissa P. Aplan,® Youngmin Lee,? Carly A. Wilkie,? Qing Wang,” and Enrique D. Gomez3Pc*

®Department of Chemical Engineering, The Pennsylvania State University, University Park, PA 16802
USA.

Department of Materials Science, The Pennsylvania State University, University Park, PA 16802 USA
“Materials Research Institute, The Pennsylvania State University, University Park, PA 16802 USA

Electronic Supplementary Information (ESI) available: See DOI: 10.1039/x0xx00000x
*E-mail: edgl2@psu.edu
Abstract

Recent development of small molecule non-fullerene acceptors have led to remarkable performance
when incorporated in organic photovoltaic devices. These non-fullerene acceptors typically consist of about
10 aromatic rings arranged in an alternating electron-rich/electron-deficient architecture reminiscent of
push-pull polymers, making them “push-pull oligomers”. Without the extended conjugation length of a
polymer, it is perhaps surprising that devices incorporating oligomeric non-fullerene acceptors perform so
well. To investigate exciton dissociation as a function of chain length, a series of donor-acceptor block
copolymers consisting of a conjugated homopolymer electron donor, poly(3-hexylthiophene-2,5-diyl)
(P3HT), covalently linked to a push-pull polymer electron acceptor, poly-((2,5-dihexylphenylene)-1,4-diyl-
alt-[4,7-bis(3-hexylthiophen-5-yl)-2,1,3-benzothiadiazole]-2’,2"-diyl) (PPT6BT), was synthesized. By
adjusting synthetic parameters, the chain length of each block is selectively tuned. The block copolymers
are dissolved as isolated chains in dilute solutions and intramolecular charge transfer is quantified. When
the P3HT block is very short (< 3 nm), charge transfer is inhibited. Nevertheless, efficient charge transfer
is observed for PPT6BT block lengths ranging from essentially a single repeat unit to 16 nm. This indicates
that the polarized nature and charge transfer character of excited states generated along push-pull polymers

facilitates exciton dissociation.
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Introduction

Performance of organic photovoltaic (OPV) devices has increased rapidly, such that power
conversion efficiencies of single-junction cells exceed 13% and tandem cells are over 17%.%® Historically,
the active layer of top-performing OPV devices has been composed of a polymer electron donor, made up
of alternating electron-rich (push) and electron-deficient (pull) moieties, blended with a solubilized
fullerene derivative electron acceptor.”** While push-pull polymers remain unrivaled as electron donors,
recently, non-fullerene acceptors have rapidly emerged as champion materials; efficiencies of devices
incorporating non-fullerene acceptors now surpass efficiencies of polymer/fullerene devices.*®

In addition to electron donors, n-type push-pull polymers are also promising materials for non-
fullerene electron acceptors.’>2* Non-fullerene OPV devices incorporating an alternating naphthalene
diimide-bithiophene polymer as the electron acceptor have achieved efficiencies approaching 10%.% 24
Nevertheless, the top-performing non-fullerene OPVs incorporate “small molecule” acceptors. The
chemical structure of these small molecule acceptors typically includes linear chains of aromatic moieties
(~ 10 aromatic rings) arranged in alternating electron-rich/electron-deficient pattern reminiscent of push-
pull polymers. ¥> 2% 1t is surprising that OPV devices incorporating these “push-pull oligomer” non-
fullerene acceptors perform well despite the electron acceptor not having the extended conjugation length
of a polymer.

When blended with another material, polymer chain length will influence morphological properties
including crystallinity, crystal packing, and domain spacing. As a result, chain length can have a profound
effect on exciton diffusion, charge transport, and thus, overall photovoltaic device performance.®¢-® For
example, using fluorescence quenching experiments to measure vertical exciton diffusion (normal to the
substrate) within P3HT films, the exciton diffusion coefficient was found to be an order of magnitude
greater within high molecular weight P3HT (76 kg mol) than within lower molecular weight P3HT (14 kg
mol?), ~10° cm? s versus ~10* cm? s, respectively.*’ This was attributed to greater disorder in crystal
texturing within the high molecular weight film, such that more polymer chains were oriented face-on with

respect to the substrate. Thus, vertical exciton diffusion is potentially enhanced due to more tight chain
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packing in the out-of-plane direction. Alternatively, increasing molecular weight could enhance exciton
diffusion by providing intramolecular pathways for transport.*® Thus, it is unclear whether the difference in
exciton diffusion is due to different polymer chain lengths or if it is purely due to differences in film
morphology.

Chain length can also influence the optoelectronic properties of a conjugated polymer. For example,
oligothiophenes do not have the same optical bandgap as high molecular weight P3HT, indicating that
P3HT oligomers have a shorter effective conjugation length than the polymer.** 454 This result holds when
the materials are dissolved in solution and cast into a film. P3HT is a conjugated homopolymer, consisting
of repeating electron-rich thiophene units, and OPV devices incorporating a monodisperse P3HT oligomer
(number of repeat units, n = 16) electron donor blended with [6,6]-phenyl-C61 butyric acid methyl ester
(PCes1:BM) fullerene electron acceptor perform significantly worse than devices incorporating high
molecular weight P3HT blended with PC¢:BM (< 1% vs 5%).%% 5! Interestingly, OPV devices incorporating
an oligothiophene (n = 7) blended with PC¢BM can achieve efficiencies of 5.1% when the oligothiophene
is functionalized at the ends with electron withdrawing cyanoacrylate groups.®? Functionalizing the
oligothiophene with electron-deficient groups introduces the push-pull motif common in the polymer
donors and non-fullerene acceptors used in top-performing OPV devices.

Here, we use conjugated block copolymers to examine the effect of chain length on exciton
dissociation in both conjugated homopolymers and push-pull alternating copolymers. The block
copolymers are studied as isolated chains in dilute solutions, decoupling exciton dissociation from the
morphological effects present in a polymer film. In the past, covalently linked donor-acceptor dyads have
been used extensively to examine intramolecular electron transfer processes.>**® These materials are
typically composed of small molecule electron donors and acceptors joined by a saturated hydrocarbon
linking group that limits intramolecular electronic coupling. Using block copolymers composed of
conjugated donors and acceptors gives us the unique ability to examine intramolecular charge transfer as a

function of donor and acceptor conjugation length.
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The block copolymers studied consist of a P3HT conjugated homopolymer electron donor
covalently linked to a push-pull polymer electron acceptor, poly-((2,5-dihexylphenylene)-1,4-diyl-alt-[4,7-
bis(3-hexylthiophen-5-yl)-2,1,3-benzothiadiazole]-2’,2"-diyl) (PPT6BT), yielding P3HT-b-PPT6BT. By
adjusting the synthetic procedure for the block copolymers, the chain length of each block is systematically
tuned. The block copolymers are designed to decouple energy transfer and charge transfer occurring within
individual block copolymer chains, allowing us to monitor each process individually. Intramolecular charge
transfer is quantified and chain length effects on exciton dissociation are examined in conjugated
homopolymers and push-pull polymers. Results suggest a push-pull architecture decreases the requirement

of an extended conjugation length for efficient exciton dissociation to a charge transfer state.

Results and discussion

Material design

The block copolymers studied in this work consist of a conjugated homopolymer (P3HT) covalently linked
to a push-pull polymer (PPT6BT) and are based on block copolymers that can achieve over 3% power
conversion efficiencies when implemented as the active layer in solar cells®® ¢7. Molecular structures are
shown in Fig. 1. Using two similar block copolymers, poly(3-hexylthiophene-2,5-diyl)-block-poly-((9-(9-
heptadecanyl)-9H-carbazole)-1,4-diyl-alt-[4,7-bis(3-hexylthiophen-5-yl)-2,1,3-benzothiadiazole]-2°,2"-
diyl) (P3HT-b-PCT6BT) and poly(3-hexylthiophene-2,5-diyl)-block-poly-((9,9-dioctylfluorene)-2,7-diyl-
alt-[4,7-bis(3-hexylthiophen-5-yl)-2,1,3-benzothiadiazole]-2’,2"-diyl)  (P3HT-b-PFT6BT), we have
previously demonstrated that small perturbations to the molecular structure can have a significant impact
on intramolecular charge transfer.®® In P3HT-b-PCT6BT, where a carbazole moiety is used as the electron-
rich unit of the push-pull polymer electron acceptor, effectively no charge transfer is observed in chloroform
solution (¢ = 4.81). The driving force for exciton dissociation via hole transfer, defined as the energy
difference between the excited state of the acceptor and charge transfer (CT) state, is 0.25 eV. The energy

of the singlet exciton is the optical bandgap measured by the absorption onset and the CT state energy is
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calculated using constrained density-functional theory. Moderately efficient charge transfer is observed in
P3HT-b-PFT6BT, which incorporates a relatively less electron-rich fluorene moiety in the acceptor. The
driving force for hole transfer is increased to 0.29 eV. Approximately 10% of excitons generated along
P3HT-b-PFT6BT block copolymer chains dissociate to a charge transfer state transfer state.%® In P3HT-b-
PPT6BT, we decrease the electron donating ability of the electron-rich unit in the acceptor further by
incorporating a phenyl ring as the electron-rich unit of the acceptor block. Thus, the driving force with

chloroform as the solvent is increased further to 0.37 eV.
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Fig. 1 Chemical structures of P3HT, PPT6BT, and P3HT-b-PPT6BT. P3HT is a homopolymer
composed of repeating electron-rich thiophene units. PPT6BT is an alternating push-pull copolymer
composed of alternating electron-rich phenyl units and electron-deficient dithienylbenzothiadiazole
(T6BT) units.

Additionally, P3HT-b-PPT6BT was carefully designed to decouple energy transfer and charge
transfer such that these processes could be monitored independently. In solution, energy transfer occurs
predominately from P3HT to PPT6BT. The rate of energy transfer from a donor to an acceptor is directly
proportional to the degree of spectral overlap, quantified by the overlap integral.®® The overlap integral for
energy transfer from P3HT to PPT6BT is 5.9 x 10 M™cmnm* while the overlap integral for energy
transfer from PPT6BT to P3HT is 5.9 x 10 Mcm*nm* (Fig. S1; ESI). Because the overlap integral for
energy transfer from P3HT to PPT6BT is two orders of magnitude greater than the overlap integral for
energy transfer from PPT6BT to P3HT, we assume the latter is negligible. Furthermore, in solution, charge
transfer is expected to occur primarily via hole transfer from PPT6BT to P3HT. We have previously

demonstrated that the electron-rich unit of the acceptor block disrupts electronic coupling between the
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strong electron donor (P3HT) and highly electron-withdrawing benzothiadiazole, preventing excited state
electron transfer from P3HT to the acceptor almost completely.®® 70 Any charge transfer observed in P3HT-
b-PPT6BT chains is assumed to be the result of hole transfer from PPT6BT to P3HT. Thus, in isolated
P3HT-b-PPTEBT chains, we measure energy transfer from donor to acceptor and charge transfer from
acceptor to donor.

Synthesis and chain length characterization

Block copolymers were synthesized in two steps as reported previously.” First, a P3HT macroreagent was
synthesized using a Kumada catalyst transfer polymerization (KCTP) reaction, resulting in end-
functionalized P3HT. The PPT6BT block was added on in a chain extension reaction using Suzuki
polycondensation. Successful chain extension and block copolymer synthesis is confirmed by unimodal gel
permeation chromatography (GPC) absorbance traces (recorded at 420 nm, where P3HT absorbs) of the
block copolymer that are shifted to a higher molecular weight (lower retention time) relative to the P3HT

macroreagent used (Fig. 2a).
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Fig. 2 Molecular weight and size characterization of synthesized block copolymers. (a) GPC traces of the
block copolymers (colored traces) overlaid with the P3HT macroreagent used (black traces). Block
copolymer synthesis is confirmed by a unimodal molecular weight distribution and shift away from
the macroreagent to lower retention times. All traces are normalized to one for clarity. (b) Dynamic
light scattering results plotted as the autocorrelation function decay rate (I) as a function of the
scattering vector (q) squared.
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By adjusting synthetic parameters, the chain length of each block can be systematically tuned.
KCTP is known to follow a controlled chain-growth polymerization mechanism; the number-average
degree of polymerization (X») can be tuned by altering the molar ratio of monomer to initiator (catalyst).”*
76 By adjusting this ratio, P3HT macroreagents were synthesized with M, varying from 1100 to 5100 g mol-
! Molecular weight is characterized using NMR end-group analysis to obtain absolute M, of synthesized
P3HT samples. Once we obtain an accurate value for My, the average contour length can be calculated
simply as the product of X, (M, divided by repeat unit mass) and the monomer length (0.4 nm).’”” Thus, we
synthesize P3HT samples with average contour lengths (Lesnt) ranging from 2.6 to 12.2 nm. Different
samples of P3HT are referred to as P3HT(x), where x denotes the X, of the sample. In addition to a high
catalyst loading, the acetone fraction was collected during Soxhlet purification to ensure a low molecular
weight for the P3HT(7) macroreagent.

Suzuki polycondensation follows a step-growth mechanism, making control of the molecular

weight challenging. According to Carothers equation, the maximum attainable X, can be limited by using
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an asymmetric molar ratio of the two condensation monomers. By adjusting this ratio in the chain-extension
reaction, block copolymers were synthesized with PPT6BT blocks varying from 1500 to 7800 g mol™.
Because M, for the P3HT block is known, we can again use NMR to calculate M, of the PPT6BT block in
each block copolymer sample. We first calculate the weight composition of the block copolymer using
signals that are unique to P3HT and PPT6BT. The M, of the PPT6BT block can then be calculated using
the absolute M, previously calculated by end-group analysis of the corresponding P3HT macroreagent.
Using this M, value and the monomer width (1.5 nm), the contour length is calculated. Block copolymers
used in this study have average PPT6BT contour lengths (Lepresr) ranging from 3.2 to 15.4 nm. Molecular
weight characterization is presented in Table 1; synthetic details can be found in Table S1 and Table S2.
The block copolymers are named according to P3HT(x)-b-PPT6BT (y) where X is the X, of the P3HT block

and y is the X, of the PPT6BT block.

Table 1 Molecular weight and size characterization of block copolymers
P3HT M, P3HT L PPT6BT M, PPT6BTL  P3HT-b- P3HT-b- Measured Expected

1 (nm) 1 (hm)  PPT6BT My PPT6BTD Ry Rn®
(g mol™) (g mol™) (g mol?) (nm) (nm)
P3HT(7)-b- 1100 2.6 5500 11.6 6600 1.4 2 2
PPT6BT(8)
P3HT(7)-b- 1100 2.6 7300 15.4 8400 1.6 6 2
PPT6BT(10)
P3HT(23)-b- 3900 9.4 3700 7.8 7600 1.2 4 2
PPT6BT(5)
P3HT(29)-b- 4800 115 1500 3.2 6300 14 2 2
PPT6BT(2)
P3HT(29)-b- 4800 115 7300 15.4 12100 1.4 5 3
PPT6BT(10)
P3HT(31)-b- 5100 12.2 4200 8.9 9300 1.3 5 3
PPT6EBT(6)

314 NMR; P DLS; © freely-rotating chain model

Block copolymers were dissolved in chloroform at ~ 1 mg L. At such low concentrations, there
are no intermolecular interactions or aggregation of polymer chains. This is confirmed by multiangle
dynamic light scattering (DLS) profiles with unimodal particle size distributions where we measure
apparent hydrodynamic radii (Rn) consistent with isolated semiflexible chains (Fig. 2b, Fig. S2; ESI).

8
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Diffusion coefficients of the particles in chloroform solution were measured by plotting the mean decay
rate of the autocorrelation function (/) versus the scattering vector (q) squared. The Stokes-Einstein
equation was used to calculate the apparent hydrodynamic radius from the diffusion coefficient.

DLS also serves to support our calculations for Lesyt and Lepresr. As the molecular weight of the
block copolymers increases from 6600 to 12100 g mol, the measured Ry values increase from 2 to 5 nm.
To calculate expected Ry values, we first calculate persistence lengths of 3 nm for P3HT and 4.4 nm for and
PPT6BT in the freely-rotating chain limit as previously reported; this approach has been validated by
comparing predicted values of P3HT and values from neutron scattering of P3HT in solution.”” "® Using
the measured contour length and calculated persistence length values, we then calculate the radius of
gyration (Rg) for a semiflexible polymer according to the freely-rotating chain model. To calculate an
expected Ry from Ry, we use Ryg/Rn = 1.73 that is expected for linear chains with significant dispersity in
molecular weight.” In calculating expected R, we assume that chloroform is a theta solvent for both P3HT
and PPT6BT. Despite this, measured and expected Ry are in reasonable agreement, even though values
measured through DLS are typically larger by 1 or 2 nanometers (Table 1). Although one possibility is that
the persistence lengths are underestimated, Rn depends weakly on the persistence length for the low
molecular weights used in this study. Instead, we hypothesize that chloroform is a good solvent for P3HT-
b-PPT6BT, such that chains are more extended than conformations for unperturbed semiflexible chains.

Steady state absorbance and emission spectra from all block copolymers are shown in Fig. 3. Linear
combinations of P3HT and PPT6BT homopolymer absorbance and emission spectra nicely describe the
block copolymer absorbance and emission spectra. The block copolymer spectra are deconvoluted to
determine the individual contributions of each block to both absorbance and emission. As previously
reported, we quantify 1) the fraction of P3HT excited states that undergo energy transfer to the PPT6BT
block (fg), and 2) the fraction of excitons generated on the block copolymer that dissociate to a charge
transfer state, or the CT state yield, simply by comparing the quantum yield of the individual blocks with
that of the homopolymers; we briefly describe this procedure in the Supplementary Information (Fig. S3;

ESI).5
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Fig. 3 Steady state absorbance as molar absorptivity, ¢ and photoluminescence spectra of dilute
polymer solutions. Filled-in colored markers are the block copolymers, unfilled black markers are
P3HT homopolymer, and unfilled gray markers are PPT6BT homopolymer. A linear combination of
the homopolymer spectra (solid black lines) describes the block copolymer spectra. The
homopolymer spectra are scaled by their contribution to the linear combination.
Exciton diffusion as a function of chain length
The strong dependence of fo on the P3HT contour length is used to estimate an exciton diffusion length
along P3HT chains in chloroform solution (Fig. 4). fo data is fit using a one-dimensional diffusion
equation.®-82 Energy transfer is believed to occur by Forster resonance energy transfer and is therefore used
to describe the boundary condition at the P3HT-PPT6BT donor-acceptor interface.®® Previous studies have

modeled exciton diffusion along P3HT chains linked to a fullerene electron acceptor moiety in solution,

but cannot distinguish between energy transfer and charge transfer as the quenching mechanism at the
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donor-acceptor interface.® The block copolymers in this study were designed to monitor energy transfer
and charge transfer independently, allowing for a more accurate model. We calculate an exciton diffusion

length along the P3HT backbone of 2.5 nm.
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Fig. 4 P3HT quench fraction (fg) as a function of P3HT contour length. Red markers correspond to
data for the block copolymers and the dotted black line is the diffusion model assuming all P3HT
guenching at the donor-acceptor interface is due to FRET.

Our results suggest that dihedral disorder in solution places bounds on exciton diffusion and
localizes excited states to 2.5 nm segments along P3HT chains. There is evidence that significant torsion
along the backbone of conjugated polymers leads to localization of excited states.®3% Furthermore,
theoretical calculations have demonstrated that charge carriers are able to move relatively fast along straight
segments of a polymer chain until reaching a sharp twist where they are deeply trapped by the vanishing
hopping integral.® There is evidence that, on very short time scales, structural disorder can broaden the
distribution of exciton hopping rates and may initially enhance exciton diffusion; excitons preferentially
hop downhill in energy. Nevertheless, at long time scales, after excitons have relaxed to low energy
molecular subunits, structural disorder serves only to reduce overall exciton transport.®” Thus, at steady
state, we assume exciton motion along a conjugated polymer chain is localized by torsion in a similar
manner as electrons or holes. Under this assumption, the dihedral potential suggests that every 2.5 nm there

will be a 45° twist in the chain for P3HT chains well dispersed in chloroform. At 45°, the matrix hopping
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element is approximately 70% of its maximum value and decreases rapidly to almost 0 as the dihedral angle
approaches 90°.7" 8 8 This suggests that a 45° twist in the chain creates a significant enough barrier to
disrupt transport and confine excitons to approximately 2.5 nm segments along the P3HT backbone.

This interpretation is consistent with previous studies examining exciton diffusion in P3HT films.
In the solid state, P3HT chains crystallize; the thiophene rings n-stack and the polymer chains become
increasingly planar. As crystalline order is increased by thermal annealing, exciton hopping rates and the
exciton diffusion length, measured by photoluminescence quenching experiments, also increase. The
exciton diffusion length increases from 3 nm in a low crystallinity, as-cast film to 7 nm in a highly
crystalline film after chains are recrystallized from the melt.®® In addition, earlier theoretical work suggests
a dihedral angle greater than 40° is sufficient to effectively break conjugation and disrupt the electronic
properties of polythiophene.*

These results suggest that in designing non-fullerene acceptors for OPVs, chain planarity should
be considered. There is evidence to suggest that in some top-performing polymer/fullerene systems, exciton
diffusion is not a significant factor in the photocurrent generation mechanism.®*® This could be due to the
miscibility between fullerene and many amorphous conjugated polymers. When blended together, these
materials form intimately mixed phases, unlike the pure donor-acceptor domains often illustrated. Thus,
when an excited state is generated along the polymer chain, it is very likely to be generated near a donor-
acceptor interface; no diffusion is required. This could differ in non-fullerene solar cells. As the degree of
polymerization increases, the loss in entropy of mixing makes miscibility less likely.®” Assuming moderate
molecular weights or greater, polymer blends will almost always phase separate. An n-type conjugated
polymer acceptor will almost certainly not form an intimately mixed phase with a conjugated polymer
donor. Furthermore, depending on the interaction energy of a particular oligomeric non-fullerene
acceptor/polymer donor pair, blend morphology may consist of an intimately mixed phase or strongly
segregated, pure domains. Pure domains of electron donor and/or acceptor are suspected to be necessary to
achieve high performance.®® % % Thus, exciton diffusion will likely contribute to the mechanism of
photocurrent generation in non-fullerene solar cells. Our results suggest that exciton diffusion is disrupted

12
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by significant twisting of aromatic rings along the backbone. Polymers and oligomers that have more rigid,
planar backbones due to molecular design or intermolecular aggregation will likely facilitate longer exciton
diffusion lengths.

Exciton dissociation as a function of chain length

Any quenching of excited states generated along either the P3HT block or the PPT6BT block not accounted
for by energy transfer is assumed to be the result of intramolecular charge transfer and is therefore
proportional to the CT state yield. CT state yield as a function of Lesnr is presented in Fig. 5a. The black
dashed line starting at 0% that quickly saturates to about 20% serves as a guide to the eye. When P3HT
chains are very short (~ 2.6 nm), the CT state yield is only around 5%. This suggests that confining charge

transfer states along short P3HT chains introduces an energetic penalty that disrupts charge transfer.
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Fig. 5 CT state yield as a function of both P3HT and PPT6BT contour length. (a) As the contour
length of P3HT chains increases, the CT state yield quickly rises and saturates at almost 20%. (b)
Charge transfer is largely independent of PPT6BT contour length (blue markers), although it drops
significantly when the P3HT block chain length is short (gray markers). The black lines in both plots
serve as a guide to the eye.
Conversely, charge transfer is mostly independent of the PPT6BT average chain length (Fig. 5b).
Again, the black dashed line serves as a guide to the eye. This result is unexpected. First, as the chains
become longer, a drop in the CT state yield is expected due to limited access of excitons to the donor-

acceptor junction. Nevertheless, the CT state yield remains at about 20% for the average Leeresr ranging
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from approximately 3 to 15 nm. This result is consistent with a very long exciton diffusion length, possibly
greater than 15 nm, along the PPT6BT backbone. There is evidence that push-pull polymers in solution can
support relatively long exciton diffusion lengths, possibly as high as 10-15 nm, particularly when excited
above the bandgap.®*1% Confirmation of long exciton diffusion lengths will require studies of high
molecular weight PPT6BT blocks that do not aggregate or chain-fold, to prevent the introduction of
additional donor-acceptor contacts beyond the block junction.

Furthermore, based on results shown in Fig. 5a, a decrease in CT state yield might be expected as
the average chain length of PPT6BT decreases. Our results demonstrate that when PPT6BT chains are very
short (Leprest = 3 nm), confinement effects are not observed and charge transfer remains very efficient with
a measured CT state yield of 23%. In fact, our results suggest that even a single repeat unit of PPT6BT
does not result in an energetic penalty due to confinement of the charge transfer state. This can be
understood by considering the statistical nature of polymers and the step-growth mechanism used to
synthesize PPT6BT. In P3HT(29)-b-PPT6BT(2), although the average PPT6BT X, is 2, approximately 40%
of P3HT(29)-b-PPTEBT(2) chains are likely to be functionalized by a single PPTEBT repeat unit, referred
to as PSHT-PT6BT (see ESI for details).%? If these PSHT-PT6BT chains did not result in efficient exciton
dissociation, we would expect a significant drop in the CT state yield and a measured value as low as 12%
(Table S2; ESI). Nevertheless, the CT state yield measured for P3HT(29)-b-PPT6BT(2) is close to 23%.
Thus, confinement effects are not observed even with a single push-pull repeat unit.

It has been shown that excited states generated on push-pull polymers are polarized and have
significant charge transfer character.®® 1931% |n a recent study comparing optoelectronic properties of
conjugated homopolymers and push-pull polymers, it was found that the energy gap reduction with
increasing oligomer chain length was much less pronounced in push-pull polymers.” In conjugated
homopolymers such as P3HT, it appears that intramolecular delocalization is required (i.e., chain lengths
greater than 20 repeat units) to promote efficient exciton dissociation to a charge transfer state.

Electronically different building blocks of push-pull polymers such as PPTEBT lead to polarization of

14
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excited states along the backbone. As a consequence, and as our results show, an extended conjugation
length is not necessary for efficient exciton dissociation to charge transfer states.

Oligomeric non-fullerene acceptors used in high-performance OPV devices consist of roughly 10
aromatic rings arranged in an alternating electron-rich/electron-deficient pattern. Their architecture is
reminiscent of low molecular weight push-pull polymers, making them push-pull oligomers. In P3HT-b-
PPT6BT, when the PPT6BT block is very short, approximately 3.2 nm on average but with a significant
population of single repeat units, charge transfer appears to be just as efficient as when the chains are about
15 nm long. This suggests that the push-pull architecture for active layer materials can promote exciton
dissociation to charge transfer states even when the conjugation length is limited. While this design
principle is particularly relevant to push-pull oligomers that are currently being developed, we presume this
rule is universal and can guide the design of any donor or acceptor material. This implies that the push-pull
motif for new active layer materials is a crucial design criterion to achieve maximum photovoltages in
devices, where the energy of the singlet excited state is nearly degenerate to that of the charge transfer state.

Furthermore, our results suggest a push-pull architecture may relax morphological requirements
for achieving efficient photovoltaic performance. There is significant evidence to suggest that in polymer
donor/fullerene acceptor systems, aggregation of fullerene into pure domains plays a critical role in charge
generation.®t 9 94.96.109-111 Thjs syggests that in devices incorporating fullerene, an electron acceptor not
incorporating a push-pull architecture and with limited intramolecular delocalization, intermolecular
delocalization can promote exciton dissociation. Thus, in homopolymer or fullerene materials that do not
incorporate a push-pull architecture, significant intra or intermolecular delocalization is necessary to
achieve efficient photovoltaic performance. In contrast, our results demonstrate that the push-pull
architecture decreases the requirement of significant intramolecular delocalization to achieve efficient
exciton dissociation. This in turn may also relax the morphological requirement of aggregation into pure
domains and significant intermolecular delocalization in systems where both electron donor and acceptor

incorporate a push-pull architecture.
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Conclusions

Using conjugated block copolymers composed of a conjugated homopolymer electron donor
covalently linked to a push-pull polymer electron acceptor, we examine the effect of polymer chain length
on exciton diffusion and dissociation. An exciton diffusion length of ~ 2.5 nm is calculated for P3HT chains
in chloroform solution. This corresponds to the approximate distance along the chain an exciton can travel
before reaching a dihedral angle of 45°. Thus, a sharp twist in the chain disrupts exciton transport and more
planar materials may facilitate longer exciton diffusion lengths.

By quantifying intramolecular charge transfer as a function of the P3HT and PPT6BT block
average contour lengths, fundamental differences between conjugated homopolymers and push-pull
polymers are investigated. Our results demonstrate that in conjugated homopolymers, such as P3HT, a
chain length greater than 3 nm is required for efficient exciton dissociation. Below this contour length,
confinement of the charge transfer state wave function introduces an energetic penalty and inhibits efficient
charge transfer. In push-pull polymers, such as PPT6BT, efficient charge transfer is observed even with
chain lengths that are less than 3 nm on average. We suspect this is facilitated by polarized excited states
along a polymer chain composed of alternating electron-rich/electron-deficient units. As a consequence,
the push-pull character eliminates chain length effects on exciton dissociation and enables single-site

exciton dissociation to charge transfer states.

Experimental

Polymer synthesis

P3HT was synthesized using typical Kumada catalyst transfer polymerization reaction conditions according
to a previously reported procedure.”* The molar ratio of monomer/catalyst was adjusted to tune P3HT
molecular weight. Block copolymers were synthesized using the end-functionalized P3HT as a

macroreagent; the PPT6BT block was added on using a Suzuki polycondensation according to a previously
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reported procedure.”* PPT6BT homopolymer was synthesized using the same procedure as the block
copolymers, omitting P3HT from the reaction.

P3HT(7), P3HT(29), P3HT(23), P3HT(31): Yields: ~ 700 mg, ~ 50%. *H NMR (850 MHz, CDCls, 5): 6.96
(1H), 2.78 (2H), 1.69 (2H), 1.42 (2H), 1.33 (4H), 0.90 (3H)

PPT6BT: Yield: 238 mg, 89%. 'H NMR (850 MHz, CDCls, §): 8.08 (2H), 7.88 (2H), 7.25 (2H), 2.60 (4H),
2.49 (4H), 1.64 (4H), 1.53 (4H), 1.24 (24H), 0.87 (6H), 0.80 (6H).

P3HT(7)-b-PPT6BT(8), P3HT(7)-b-PPT6BT(10), P3HT(23)-b-PPT6BT(5), P3HT(29)-b-PPT6BT(2),
P3HT(29)-b-PPT6BT(10), P3HT(31)-b-PPT6BT(6): Yields: ~ 100-200 mg, ~ 60-80%. *H NMR (360 or
500 MHz, CDCls, 3): 8.08, 7.88, 7.25, 6.96, 2.78, 2.60, 2.49, 1.69, 1.42, 133-1.22, 0.90, 0.80

Gel permeation chromatography (GPC)

Chain extension and molar mass distributions were determined using an Agilent Technologies gel
permeation chromatograph (ResiPore 300 x 7.5 mm column, Agilent 1260) equipped with multiwavelength
(MWD) and refractive index (RID) detectors. Chlorobenzene was used as the mobile phase at 40°C and a
flow rate of 0.5 mL mint. Molar mass distributions were determined relative to polystyrene standards.

'H nuclear magnetic resonance (NMR) spectroscopy

Number average molecular weight (My) and contour length (L) of each block were characterized using 'H
NMR analysis. NMR was performed on a Bruker 850 MHz instrument (Bruker Avance-111-850 MHz); all
samples were prepared in deuterated chloroform. M, of P3HT was calculated by end-group analysis using
the signals at 2.78, 2.60, and 2.55 ppm, corresponding to the protons on the a-CH; of the thiophene rings
within the chain, on the protonated chain end, and on the brominated chain end, respectively. M, of the
PPT6BT block was calculated using the peak ratios corresponding to P3HT (6 = 2.78, 6.96 ppm) and
PPT6BT (6 =2.59, 2.49, 7.94, 8.14, 7.31 ppm) to obtain the relative weight fractions. The M, of PPT6BT
was then calculated using the weight fraction and M, of P3HT. The contour length of each block is
calculated as the product of monomer width (P3HT ~ 0.4 nm’’, PPT6BT ~ 1.6 nm) and the number average
degree of polymerization, X,. *H NMR spectra are presented in Fig. S5.

Dynamic light scattering (DLS)

17
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DLS measurements were performed on P3HT-b-PPT6BT in chloroform (dissolved at ~ 0.1 — 0.25 mg mL"
Lin chloroform) at room temperature using a Brookhaven Instruments BI-200 SM static/dynamic light
scattering system equipped with a 30 mW diode laser (A=637 nm). Particle size distributions were
determined at various scattering angles ranging from 30 to 150°. CONTIN2 algorithm was used to
calculated the mean decay rate (I') of the autocorrelation function. Diffusion coefficients of the particles in
chloroform were obtained by plotting " versus the scattering vector (q) squared. Stokes-Einstein equation
was used to calculate the hydrodynamic radius from the diffusion coefficient.

Absorbance and fluorescence spectroscopy

Polymer solutions were prepared at 1 mg mL* in chloroform and stirred overnight in an inert atmosphere
to ensure full dissolution. Solutions were diluted to 1 pg mL™, loaded into 1 cm path length quartz cuvettes,
sealed and removed from the glovebox for testing. Absorbance spectra were measured on an Agilent
Technologies Cary 60 UV-vis. Fluorescence emission spectra were measured on a Photon Technology
International QuantaMaster 300 fluorimeter. Quantum efficiency measurements were made by comparing
absorbance and fluorescence spectra to a dye of known quantum efficiency, 4-(Dicyanomethylene)-2-

methyl-6-(4-dimethylaminostyryl)-4H-pyran (® = 0.44 in ethanol). 113
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Push-pull architecture decreases the required conjugation length to achieve efficient charge transfer and
enables single-site exciton dissociation.
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