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ABSTRACT: We present a systematic study of the roles of
crystallinity, interchain interaction, and exciton delocalization on
ultrafast charge separation pathways in donor—acceptor copoloymer
blends. We characterize the energy levels, excited state structures,
and dynamics of the interchain species by combined ultrafast
spectroscopy and computational quantum chemistry approaches.
The alkyl side chain of a highly efficient donor—acceptor copolymer
for solar cell applications, PBDTTT (poly(4,8-bis-alkyloxybenzo-
[1,2-b:4,5-b’]dithiophene-2,6-diyl-alt-(alkylthieno[3,4-b]thiophene-
2-carboxylate)-2,6-diyl), is varied to tune the molecular packing and
interchain interaction of the polymers in order to elucidate the
charge separation pathways originating from intrachain and

interchain species. Polymers with linear side chains result in more crystalline polymer domain that lead to preferential
formation of interchain excitons delocalizing over more than one polymer backbone in the solid state. Our results demonstrate
that the higher polymer crystallinity leads to slower charge separation due to coarser phase segregation and formation of the
interchain excited states that are energetically unfavorable for charge separation. Such energetics of the interchain excitons in low-
bandgap copolymers calls for optimized solar cell morphologies that are fundamentally different from those based on
homopolymers such as P3HT (poly-3-hexylthiophene). A long-range crystalline polymer domain is detrimental rather than
beneficial to solar cell performance for a low-bandgap copolymer which is in direct contrast to the observed behavior in P3HT

based devices.

I. INTRODUCTION

In polymer-based bulk heterojunctions (BHJs), where con-
jugated polymer donor and fullerene based acceptor are
intimately mixed to form interconnected micro- and nanoscale
domains in a thin film, efficient conversion of solar energy to
electricity requires a complex interplay between functional
components and light harvesting and conversion processes
occurring over a wide range of length and time scales.'
Morphology, including the packing of the molecules and phase
segregation of different compositions, plays a critical role in
charge separation and transport processes.” '° Of particular
importance is the molecular arrangement of the polymer and
fullerene at the interface that determines the nature of the
excited states and charge separation mechanism."'~'* Why the
photogenerated charge pairs are separated at a time scale of less
than 100 fs despite the presence of the strongly bound exciton
with a large Coulombic interaction energy is currently under
debate. Several mechanisms have been invoked including
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vibrationally hot charge transfer states'®'¥*

delocalization over extended domains.'>~'**"**

There are two types of excitons in conjugated polymers:
along the chain (intrachain) or between chains (interchain).
The intrachain excitons are typical Frenkel excitons; in other
words, the collective excited states are linear combinations of
electronic excitations of each chromophore within the
conjugated unit.**~** The interchain excitons are interchain
excited state species where electron density is shared between
chromophores on neighboring polymer chains. When two
polymer chromophores on adjacent chains share their 7-
electrons equally in the excited state but not in the ground
state, the interchain excited state is called an “excimer”.”> > In
contrast, when s-electrons are neutrally delocalized over
multiple segments in both the ground and excited states are
known as “aggregates”.”***** In addition to neutral electron
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delocalization between chains, charge transfer can occur upon
excitation of strongly interacting chromophores, leading to
charge-separated interchain species referred to as a “polaron
pair”.

The exact nature of excitons created by photoexcitation in
conjugated polymers depends strongly on the polymer
morphology because different molecular packing results in a
dispersive distribution of exciton energies contributed by
various intra- and interchain configurations,>>*2¢3035740
One main challenge in unraveling the fundamental photo-
physical properties of conjugated polymers lies in the complex
microstructures in the solid state resulting from the many
degrees of conformational freedom. Ultrafast formation of
interchain excitons with relatively high yield has been found in
conjugated homopolymers such as MEH-PPV and
P3HT.**”*! Spectroscopic signatures of intrachain and
interchain species have been investigated extensively in
homopolymers by single molecule spectroscopy experi-
ments 404244

Recent improvement in OPV efficiency, with values now
approaching 10%, was enabled through the use of low-bandgap
copolymers employing donor—acceptor (or “push—pull”)
moieties along the polymer backbone such as seen in the
PCDTBT(poly N-9'-heptadecanyl-2,7-carbazole-alt-5,5-4,7-di-
2-thienyl-2’,1',3'-benzothiadiazole), PBDTTT, and PTB (poly
thienothiophene-benzodithiophene) families.*>™* One impor-
tant distinction in this group of polymers is that the lowest-
energy excitonic transition exhibits partial charge-transfer
character.”**?7°°755 These intramolecular charge transfer
states are proposed to facilitate final charge separation at the
heterojunctions,”*>%0~5%3¢

Despite the success of this low-bandgap approach, under-
standing the photoexcitation pathways of this new group of
polymers is still far from complete. In particular, how interchain
interaction and exciton delocalization affect the primary
photoexcited states and the consequent charge separation and
transport pathways is unclear. Recent studies suggest that
charge and exciton delocalization in both the polymer donors
and the fullerene acc%ptors are critical for achieving ultrafast
charge separation.'>'®'®'? Ultrafast spectroscopy measure-
ments on donor—acceptor copolymers have so far been focused
on intrachain excited states.’****”°°753 Understanding the
interchain interactions in relation to molecular packing is
important because they are widely prevalent in solid state films
and are critical factors for optimal charge separation.
Morphology and crystallinity of the polymer domains are also
important for optimizing charge transpor‘c.g’g’57

In this article, we systematically address how interchain
interaction modulates charge separation and recombination
dynamics in a highly efficient BHJ blend composed of low-
bandgap copolymer PBDTTT series (the structure of the
polymers is shown in Figure 1) and a fullerene acceptor
(Phenyl-C61-butyric acid methyl ester, PCBM). We varied the
alkyl side chains on the polymers to control the molecular
packing and interchain interaction. Our results demonstrate
that unlike solar cells based on P3HT, for low-bandgap
copolymer such as PBDTTT, a crystalline polymer domain is
detrimental instead of being beneficial to device performance.

Il. RESULTS AND DISCUSSION

II.1. Structure Characterization of Neat Polymer Films
and Bulk Heterojunctions. The alkyl side chains of the
PBDTTT polymers were designed to systematically tune the

H .
*R= ;;Ji/\/ 2-ethylhexyl (E) H

FoNN N~~~ Nh-dodecyl (D) =

PBDTTT-EE (R, = R, = 2-ethylhexyl)
PBDTTT-ED (R, = 2-ethylhexyl, R, = n-dodecyl)
PBDTTT-DE (R = n-dodecyl, R, = 2-ethylhexyl)
PBDTTT-DD (R, = R, = n-dodecyl)

Figure 1. Molecular structures of PBDTTT polymers. The BDT unit
is connected to two symmetric R, substitution sites, and the TT unit is
connected to the R, substitution site. Four polymers are composed of
different alkyl side chain substituion combinations using either 2-

ethylhexyl or n-dodecyl.

crystallinity, with the linear side chains leading to higher
crystallinity.>® More details on the polymer synthesis can be
found in our prior work.> p-Type low-bandgap conjugated
copolymers poly(4,8-bis-alkyloxybenzo[1,2-b:4,5-b"]-
dithiophene-2,6-diyl-alt-(alkylthieno[3,4-b]thiophene-2-carbox-
ylate)-2,6-diyl (PBDTTT, Figure 1) were synthesized based on
modified literature procedure.”” The PBDTTT polymers are
decorated with two alkyl groups on the three substitution sites.
The alkyl side chain groups on the R1 and R2 positions include
two groups: (1) ethyhexyl groups (branched structure, denoted
as E) that provides solubility and processability for the
polymers and (2) dodecyl groups (linear structure, denoted
as D) that can enable high crystallinity. Four different
combinations of substituted polymers on a PBDTTT backbone
are available: PBDTTT-EE, PBDTTT-ED, PBDTTT-DE, and
PBDTTT-DD, in which the first italic letter represents the
species of the two identical substituted groups on the BDT unit
and the second letter represents the substituted groups on the
TT unit as shown in Figure 1. In both neat polymers films and
BHJs, linear side chain leads to tighter z—rm stacking and
stronger interchain interaction. Compared to linear alkyl chains,
branched alkyl chains prevent interchain packing and results in
weaker coplanar backbone interaction because of their
bulkiness and the steric hindrance effects.>® As a result, the
crystallinity of the polymer films is expected to be in the
following order: DD > DE > ED > EE.

We employed gazing incident small-angle X-ray scattering
(GISAXS) and atomic force microscopy (AFM) imaging to
investigate the structure and morphology of the BHJ films, with
the experimental details presented in the Supporting
Information (SI). As shown in the AFM images in SI Figure
S1, the length scale of phase segregation differs significantly
depending on the side chain structures, with finer phase
segregation found in BHJs comprising polymers decorated with
more branched side chains. The mix domain size of different
BHJs revealed by AFM increases in the following order: EE
(15—30 nm), ED (50—100 nm), DE(150—250 nm), and DD
(300—500 nm). We note here that these domains in the AFM
are not pure and consist of different sizes of nanocrystalline
aggregates as discussed below.

The GISAXS experiments provide molecular-level structural
information on polymer packing in the BHJs. The scattering
patterns of the neat polymer films (SI Figure S2) revealed a
parallel-to-substrate preference of the polymer backbone
orientation. Figure 2 shows the scattering patterns of BHJs
made from PBDTTT-EE and -DD. For each polymer, BHJs
with varied loading of PCBM (33%, S0%, and 67%) and the
corresponding neat films. The GISAXS pattern of the BHJs
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Figure 2. GISAXS patterns of two BHJs with different PCBM weight ratios (0%, 33%, 50%, 67%). (a) PBDTTT-EE:PCBM; (b) PBDTTT-
DD:PCBM,; (c,d) normal-to-plane line cut chosen at small in-plane scattering angle (qy = 0.005 A™!), (c) four neat polymer films; (d) PBDTTT-
EE:PCBM and PBDTTT-DD:PCBM 50% and 67% ratio BHJs. (e) Schematic representation of the polymer packing in BHJs from PBDTTT-

EE:PCBM and PBDTTT-DD:PCBM.
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Figure 3. (a) Absorption spectra of four PBDTTT polymers in chlorobenzene solution (dash dot lines) and their neat films (solid lines) magnified
in the 600—850 nm spectral range. Spectra are all normalized to the peak near 670 nm. Inset: normalized absorption spectra overlaid in the full 350—
850 nm spectral region. (b) Normalized steady state PL spectra of two polymers, EE (black) and DD (red), measured in chlorobenzene solution

(dots) and the neat films (solid lines).

shows that the scattering rings preserve their nonhomogenous
intensity along in-plane direction for BHJs with polymers
substituted with linear group such as DD and DE (Figure 2).
This indicates the existence of polymer nanocrystallites in DD
or DE even after blending with PCBM. On the contrary, for
polymers with branched side chains such as EE and ED, the
decreased order of crystalline polymer domains upon the
mixing of PCBM indicates a good intercalation of PCBM
molecules into the polymer chains. This is schematically shown
in Figure 2e.

When comparing BHJs with different polymers (Figure 2d),
we found a pronounced peak in line cut in the lower g region of

10026

<0.1 for DD due to scattering from nanocrystallites (the peak in
the q > 0.1 region corresponding the d spacing of the polymer).
For BH]J film with EE, contrary to DD, no obvious scattering
peaks were observed for q < 0.1, which indicates no larger
nanocrystallites present and further validates that the PCBM is
intercalated well with the EE polymer. We extract average
domain dimensions in the BHJ films by identifying the
scattering peak and fitting the Guinier radius using Guinier’s
Law®' (details in the SI). The average domain radius in the 1:1
BHJs was determined to be EE ~ 2.5 nm, ED ~ 3 nm, DE 4.3-
5 nm, and DD ~ 6 nm assuming a spherical domain shape. The
scattering peak intensity of 1:2 PBDTTT-DD:PCBM blend in

dx.doi.org/10.1021/ja503465s | J. Am. Chem. Soc. 2014, 136, 10024—10032



Journal of the American Chemical Society

the lower g region of <0.1 is lower than that of 1:1 blend,
indicating decrease in the nanocrystallite size when increasing
the PCBM loading. Our AFM and GISAXS results presented
here are in agreement with recent morphology characterization
work on related PTB polymers.'%*

I.2. Interchain Interaction in Neat Polymer Films. The
absorption features in solution phase (Figure 3) are similar for
all four polymers with different side chains, confirming that the
side chain substitution does not change electronic structure
significantly for the isolated polymer chains. We model the
solution phase absorption spectra of PBDTTT by TD-DFT
calculations as shown in Figure S3 in the Supporting
Information, which predict the S, to S, transition in good
agreement with experimental results. The transition dipole of S
to S; (~670 nm) is along the direction of polymer conjugation
(SI Figure S4).

Figure 3a illustrates absorption spectra from four neat
polymers films normalized at the absorption peak near 670 nm.
In the neat polymer films, the lowest absorption peak red-
shifted to different extents compared to solution phase, from §
nm for EE to 20 nm for DD. The red-shift in absorption peaks
can be explained by interchain and intrachain interaction due to
the aggregation of polymer chains.>*®* In these polymer
aggregates, planarization of the polymer backbone induced
upon aggregation leads to red-shifting of optical transi-
tions.>¥**3%3>3¢ The oscillator strength of the low-energy
aggregate absorption that extends beyond 800 nm is generally
very weak because the transition is forbidden by symmetry.*®

Significant red-shifted steady state photoluminescence (PL)
peaks were also observed in neat polymer films compared to
solution (Figure 3b), with DD having a more pronounced red
shift compared with the EE (815 nm vs 780 nm, Figure 3b).
The overall PL quantum yield of DD is lower, estimated to be
~50% of that of EE. We explain the red-shifted PL emission in
the neat polymer films by exciton migration transferring the
excitation to the lower energy emission sites.”* Such sites are
related to weakly emissive interchain species such as excimers
and aggregates that are known to have lower energy than the
intrachain excitons. The migration of energy to the lower
energy sites is clearly demonstrated by global fit of time-
resolved PL spectra as shown in Figure 4a. The PL decays are
nonexponential with the high-energy side of the spectra having
the shorter lifetime due to energy migration to lower energy
sites. We attribute the red-shifted emission and lower quantum
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Figure 4. (a) Decay associated spectra of the PL decay of PBDTTT-
EE pristine polymer film over a 700 ps time window. The 3 ps
component is partially contributed by the excitation light scattering,
and its amplitude is divided by 10. (b) Normalized, integrated PL
decay from all four pristine polymer films based on the streak camera
data. The PL intensities have been integrated over a 720—900 nm
wavelength region.

yield for the polymer with linear side chains such as DD to
stronger interchain interaction in solid films.

I.3. Excited State Dynamics of Interchain and
Intrachain Excitons. To further characterize the excited
state dynamics of the intrachain and interchain states, we
performed transient absorption measurements in neat films and
1:1 BHJs with PCBM (Figure S). The pump wavelength was
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Figure S. Transient absorption spectra acquired for four neat polymer
films and their blends with PCBM (1:1 ratio) at different delays (400
fs, 1 ps, 10 ps, and 1.5 ns) after light excitation at 665 nm. The probe
wavelength region spans from 850 to 1500 nm.

tuned to 665 nm to be resonant with the S;—S; transition. In
the transient absorption spectra of neat polymer films, all four
polymers have similar spectral features. A very pronounced,
broad excited state absorption (ESA) band centered at 1400
nm is observed shortly after photoexcitation for all four
polymers. There is a smaller shoulder band near 1100 nm that
becomes more prominent at later delay times.

We compare the dynamics of the ESA band at 1400 nm to
PL decay in neat polymer films in Figure 6. Figure 6a shows the
PL decay traces for all neat polymer films measured at 750 nm
with a 20 nm bandwidth using 670 nm excitation. DD has the
fastest decay with an 11 ps lifetime followed by DE with a decay
time of 17 ps. The decay in EE and ED is slowest, with decay
lifetimes around 42 ps. A similar trend was observed when
integrated over the whole PL spectra as shown previously in
Figure 4b.

Most interestingly, excited state decay at 1400 nm deviated
from the PL decay in neat polymer films to different extents
depending on the side chain substitutions. We overlap PL
decays with the transient absorption decay at 1400 nm in
Figure 6b. Specifically, for the neat EE polymer film the PL and
TA kinetic traces match very well after taking into account a
slower instrument response in PL lifetime measurements,
which indicates that the ESA at 1400 nm in the neat EE film is
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Figure 6. (a) Fluorescence decay of the neat polymer films centered at
750 nm (integrated with 20 nm bandwidth) after 670 nm light
excitation, average life times are indicated in legends. (b) Comparing
the fluorescence decay at 750 nm (circles) and the transient
absorption measured at 1400 nm (black triangles).

due to emissive excitons. The deviation became more
pronounced in polymers substituted with more linear side
chains, with the largest difference between dynamics observed
in the neat DD polymer film. Therefore, in the neat DD
polymer film the ESA at 1400 nm no longer just reflects the
states from which the PL originates.

We assign the broad 1400 nm band to overlapping
absorption of intrachain excitons and interchain excitons. For
the neat EE polymer film, the 1400 nm absorption has large
contribution from bright intrachain excitons whereas dark
interchain excitons dominate this absorption band in the neat
DD film. Neat DE and ED films have contribution from both
intrachain and interchain excitons. By tuning excitation
wavelength to selectively excite lower energy interchain species,
we again confirmed interchain excitons are the dominant
species in neat DD film (for details, please see the text and
Figure S10 in SI).

I1.4. Molecular Packing Dependent Charge Separation
Process in the BHJs. In this section we discuss charge
separation pathways in BHJs proceeding from the morphology-
related intrachain and interchain excitons. The right column of
Figure S shows the TA spectra for BH] films. The pump
wavelength was tuned to 665 nm to be resonant with the lowest
excitonic transition (S;—S;) to exclude charge separation from
vibrationally hot excitons. For all BHJ films, the 1400 nm
exciton absorption feature is significantly quenched, indicating
that charge transfer to PCBM is possible from both the
intrachain and interchain states.

As shown in Figure S, the largely quenched 1400 nm band is
replaced by a strong absorption band near 1130 nm. We assign
the ~1130 nm band to the cation absorption of the polymers
due to charge separation between polymer donors and PCBM.
To confirm this assignment, we performed steady state titration
experiments by titrating the PBDTTT polymer with FeCly/
chlorobenzene solution (Figure SS in SI), and the 1130 nm
absorption band indeed grows in with the addition of the
oxidizing agent, which is consistent with previous work on
related PTB polymers.>®

We compare the ESA decay at 1400 nm in the four PCBM
blended BHJ films in Figure 7. BHJ films with branched side
chain substituted polymers lead to faster charge separation,
with rates, summarized in SI Table T4, decreasing in the order
of EE > ED > DE > DD. In the BHJs, the decay of the 1400 nm
band ranging from ~140 fs for EE to ~5.3 ps for DD,
considerably shorter than values of 30—80 ps observed in neat
polymer films. The final charge separation yield in the BHJs
was roughly estimated by taking the ground state bleaching
(GSB) recovery at 650 nm on long time scale (1.5 ns),
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Figure 7. Exciton decay kinetics probed at 1500 nm over a 1.5 ns time
window after 665 nm light excitation. The kinetics has been measured
for all four polymers in both neat films and 1:1 BHJs (scattered
points). Kinetic curves are fitted using up to three exponents (solid
lines). All kinetic curves and their fitting results have been normalized
to maxima. Note that the time axis is separated into two regimes: first
10 ps is in linear scale and the rest is shown in log scale for clarity.

corresponding to free charges, divided by the maximum of the
GSB signal (SI Figure S6). The lowest quantum yield was
observed for the BHJ with DD (~30%) while the highest
(~70%) is observed for the BHJ with EE. The kinetic curves
and time constants for the fits are summarized in Table T4 in
the SL

To resolve the structure and associated lifetime of photo-
excited species, we applied global analysis to obtain spectra of
excited species and to estimate their lifetimes in the BHJ
films.”> The decay associated spectra (DAS) of excited state
species with different lifetimes are given in Figure 8 (details are
presented in the SI). The first DAS with the shortest lifetime
(hundreds of fs) clearly revealed a positive feature of the ESA
band (~1400 nm) and a negative feature of the cation
absorption band at ~1130 nm, which reflects decay of the
exciton absorption to form the polymer cation. For BHJs
formed with DE and DD polymers, the second DAS also has a
pronounced positive feature, but peaked at an even longer
wavelength (>1400 nm), together with a negative dip around
1130 nm, indicating that a second and slower charge separation
pathway on the order of a few ps exists in these BHJs. Note that
in EE, this second pathway has little or no contribution, and the
exciton absorption at 1400 nm is inevitably low because of the
smaller exciton population, which leaves a purely negative dip
in its DAS. The hundreds of picoseconds and nondecaying
DAS are dominated by the decay of the polymer cation feature
around 1130—1160 nm, which represents charge recombina-
tion.

We explain the morphology dependent charge separation
pathways as follows. First we consider exciton diftusion limited
pathways. The average domain radii as measured by GISAXS
data are EE ~ 2.5 nm, ED ~ 3 nm, DE ~ 4.3—5 nm, and DD ~
6 nm. Larger polymer crystallites in the BHJs of polymer with
linear side chain substitution such as in DE and DD require a
large fraction of excitons diffusing to the interface to be
dissociated. Thus, the second and slower charge separation is at
least partly due to time required for the exciton to diffuse to the
interface. On the contrary, most excitons are created near a
polymer/PCBM interface in the amorphous intercalation in EE
BHJs. Recent work by Paraecatti et al. estimated that in another
low-bandgap copolymer, PBDTTTPD, the spatial extent of its
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Figure 8. Decay-associated spectra from a global analysis of the transient absorption spectra gathered in four polymer—PCBM blended films. The
probe wavelength region spans from 850 to 1500 nm. The spectra surfaces are fitted using three exponential decays plus a nondecay component.

exciton can be as large as 2 nm.”> Because the domain size in
EE is on the same order as the exciton size, no exciton diffusion
is required. Therefore, direct charge separation pathway (<200
fs) dominates in EE BH]Js.

We measure the exciton diffusion constant D in EE and DD
neat films by performing pump intensity dependent PL lifetime
measurements and assuming an exciton—exciton annihilation
model following the methods described by Shaw et al.** (more
details in the exciton diffusion section in SI). D is measured to
be (1.7 +£ 0.9) X 107> cm? s™* for EE and (2.3 + 0.8) x 107"
cm® s7!' for DD. Assuming a one-dimensional diffusion, the
diffusion length L is given by L = (D7)"? where 7 is the exciton
lifetime. Using the exciton lifetime of 60 and 18 ps extracted
from Figure 4b for EE and DD, respectively, L was found to be
of 10 + 3 nm and 19 + 5 nm, respectively, for EE and DD. The
more than 10-fold increase of D and almost 2-fold improve-
ment of exciton diffusion length of DD compared to EE can be
explained by the higher crystallinity. Exciton diffusion to 6 nm
(average domain size given by GISAXS) in DD polymer
domain will take ~2 ps. This time is similar to but shorter than
the second and slower charge separation time, which is ~S ps.
This points toward other mechanisms possibly contributing to
the slower charge separation pathway.

We further examine the effects of exciton diffusion by
comparing charge separation dynamics of 1:1 and 1:3
DD:PCBM blends to those in the 1:1 blend (Figure 9). As
shown in Figure 2d, the nanocrystalline size decreases with
increased loading of PCBM as characterized by GISAXS.
Interestingly, the charge separation dynamics of 1:1 and 1:3
DD:PCBM blends compared to the 1:1 blend are very similar
even though the domain size is reduced in the 1:3 blend
(Figure 9), again indicating there are other factors contributing
to the slow charge separation pathway in addition to exciton
diffusion.

Another possible contribution for a second and slower charge
separation pathway on the order of a few ps for polymers with
linear side chains is that interchain excitons have smaller driving
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Figure 9. Exciton decay kinetics in DD:PCBM BH]Js probed at 1400
nm over a 1.5 ns time window after 665 nm light excitation. Blue
circles are measured in samples prepared with 1:3 volumetric ratio, and
red circles are from 1:1 volumetric ratio ones. The fitting curve (solid
line) is obtained from the global analysis results as shown in the inset.
Inset: The decay associated spectra and the corresponding time
constants resolved from a global analysis on the time-resolved spectra
of the 1:3 DD:PCBM BH]Js.

force available to overcome the Coulomb attraction. To gain a
better understanding of morphology dependent energy levels of
interchain states, quantum chemistry calculations have been
performed. First, we investigate the possible formation of
excimers by scanning the excited state potential energy surface
along one internal coordinate: the distance between two face-
to-face aromatic backbones of PBDTTT molecules (Figure
10a).

As the distance between two BDT-TT backbones increases,
the potential energy of the excited state is not a monotonic
function of the distance, but instead, a minimum point is found
at a separation of around 3.7 A indicating the presence of an
excimer state (Figure 10a). When the distance between the two
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Figure 10. (a) PBDTTT dimer backbone being considered in the
potential energy surface calculation; charge density difference between
ground state and excited state are rendered in iso-value surfaces (red
color represents electron density increase; blue represents electron
density decrease, or holes). Red arrow indicates the orientation of the
transition dipole of the lowest excited state (b) potential energy
surface scan by varying the 7—7 stacking distance using the method
described in the text. The equilibrium point of the more tightly packed
(PBDTTT-DD) and less tightly packed (PBDTTT-EE) polymers are
indicated in red and blue, respectively. Note that the energies
calculated are relative (gray open circles, limited by the conjugated
length and calculation method), and the entire curve is shifted (black
open circles) to match the isolated monomer limit measured in
solution phase from experiment. Inset: the ground state and lowest
excited state potential energy curve as a function of 7—7 stacking
distance.

chains increases, formation of an excimer is no longer preferred
and the excited potential energy approaches the intrachain
exciton energy.

The highly ordered DD polymer film has an interchain 7—n
stacking distance of 3.7—3.8 A (estimated from AFM imaging
and GIWAXS pattern, Figures S5,S6, details in SI), which is
very close to the lowest point of the lowest excited state
potential curve (red dot in Figure 10b), resulting in stable
formation of excimer. In contrast, in the more amorphous EE
film this value is further away from the lowest point on the
potential curve, and therefore does not have as stable an
excimer state. We also point out here that the majority of the
polymer chains in EE film are in an amorphous state, as its
crystallinity is much lower than that of the DD polymer (6—7%

crystallinity for EE and ~30% for DD*®). The lower excimer
energy explains the preferential formation of excimers in the
neat DD film over the EE film consistent with the PL and
transient absorption results presented here.

Next, TD-DFT calculations were performed in three
different PBDTTT molecular assemblies: a monolayer, a
double layer, and a triple layer. Each layer is represented by a
PBDTTT trimer backbone with a backbone plane spacing of
3.7 A. Single point energy calculations were performed with
TD-DFT at the wB97xd/6-31g(d) level. The bright transitions
are colored black, and the dark transitions (oscillator strength
<1% of the bright transitions) are colored gray in Figure 11.

— Bright 32—

Dark 3.0

CTstate 28+ 3 |
fromRef.55 1 TET TF
2.6+

244 p—

Energy (eV)

22—+

20—+

18—+

16—+

Figure 11. Energy level diagram of three PBDTTT molecular
aggregates, from left to right: monolayer, double layer, and triple
layer. The black lines represent the bright excited state transitions,
while the gray lines represent the dark ones. By comparing the
polymer energy levels in our work to the calculation in Borges et al.,*®
the relative position of the charge transfer (CT) states formed in the
presence of PCBM is illustarated as the light blue region in the
diagram.

As shown in Figure 11, the bright transitions in the
interchain aggregates are higher in energy than the intrachain
exciton at the single chain level—consistent with an H-
aggregate model.>* As the number of stacked layers grows,
more interchain states are available due to the delocalization
over multiple polymer backbones. Because most of the lower
energy interchain states are dark, they potentially serve as traps
of the bright excitons consistent with faster PL lifetime
observed in DD (Figures 4 and ).

A number of dark interchain exciton states are formed below
the bright intrachain state and the charge transfer state to
PCBM (Figure 11). We show the energetics of the charge
transfer state as the blue bar in Figure 11. The driving force for
exciton dissociation depends on the energy difference between
the exciton and the charge transfer state. In recent work by
Borges et al,*® an excess energy of 0.3 eV is available from the
difference in energy between the vertical excitation to the bright
intrachain 7—7* state and the lowest charge transfer state.
Many of the interchain exciton states have an excess energy of
<0.3 eV for charge separation or even have a negative driving
force that requires thermal activation. We conclude here that
the higher probability of forming an excimer state as well as
interchain states below the charge transfer state contribute
partially to slower charge separation and even serve as traps for
photoexcitation as observed in the transient absorption
measurements.

In addition to exciton energy levels, the LUMO and HOMO
levels and the energetics of the polarons also depend on the
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molecular packing,®® which can impact charge separation
dynamics. For example, thermal annealing of P3HT has been
found to raise the HOMO level (reduce ionizing potential)
which in turn suppresses germinate recombination by
stabilizing the charge separated state (lowering polaron
energy).6 To characterize the LUMO and HOMO level as a
function of side chain functionality, we have performed cyclic
voltammetry experiments to measure the LUMO and HOMO
(details in the Supporting Information). HOMO and LUMO
levels of different polymer films show a variation within 40 meV
(Table T2 in the SI). Specifically, HOMO/LUMO is —5.15/—
3.50 eV and —5.12/-3.53 €V, respectively, for EE and DD. We
therefore conclude that the difference in driving force for
exciton dissociation in this this group of polymers is
contributed by the exciton energetics more significantly than
by HOMO/LUMO levels.

Another important factor that determines device perform-
ance is charge recombination. From the DAS shown in Figure
8, PBDTTT-EE:PCBM BHJ not only has a larger amplitude in
its nondecaying component than that in the PBDTTT-
DD:PCBM BHJ (normalized to the total exciton amplitude at
1400—1500 nm in the two DAS, 50% vs 30%), but charge
recombination in PBDTTT-EE:PCBM BHJs is also slower than
in PBDTTT-DD:PCBM BHJs (1 ns vs 480 ps). This shows
that recombination of free charges in BHJs based on EE is less
likely than in those based on DD, DE, and ED. We conclude
that efficient hole transport could be supported in the
amorphous phase as indicated by the long-lived charge
separated state in BHJ with EE polymers consistent with
recent work of Noriega et al.®

lll. CONCLUSION

Our results show that higher polymer crystallinity hinders
charge separation in low bandgap copolymer blends. The
reason for slower and less efficient charge separation is twofold:
first, coarser phase segregation resulted from higher crystallinity
polymer makes exciton diffusion a bottleneck for charge
separation; and second, interchain excitons delocalized over
multiple backbones that are more prevalent in the more
crystalline polymer could lead to slower charge separation
because they are energetically unfavorable for charge
separation. Therefore, previous studies that suggest more
delocalized interchain excitons in the polymer donor contribute
to fast, sub-100 fs charge separation do not apply to the case of
low band-gap copolymers.*'”*"*%” An alternative mechanism
for such ultrafast charge separation is provided by the high
density of fullerene states energetically aligned with the donor
exciton at the heterojunction.lé’18 In addition, unlike in
homopolymers such as P3HT, where ordered lamellar layers
formed by annealing can suppress the charge recombination in
a device by enhancing hole transport and lowering polaron
energies, the introduction of larger crystalline domains in
PBDTTT polymers does not stabilize the charge separation;
instead, faster charge recombination processes were observed.
Both faster charge separation and slower recombination are the
reasons the branched side chain substituted PBDTTT polymer
devices have imé)roved performance over the linear side chain
modified ones.*
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Materials and methods include description of sample
preparation, steady-state optical spectroscopy, PL lifetime
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measurements, femtosecond transient absorption spectroscopy,
and DFT calculations. More details on AFM and GISAXS
characterization of the BHJs, HOMO—LUMO gap calculation,
cyclic voltammetry measurements, and steady state electro-
chemistry titration measurements are also presented. Summary
of lifetime constants of kinetic decay, z-stacking distance
characterization, excitation wavelength dependent transient
absorbance spectra, and exciton diffusion measurements are
also included. This material is available free of charge via the
Internet at http://pubs.acs.org.
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