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ABSTRACT

Rational design strategies for controlling the energetics of conjugated “donor-acceptor”
copolymers are ubiquitous in the literature, as they allow for simple energy-level tuning
strategies to be employed for photovoltaic and transistor applications. Utilizing the recently
reported PTRn series of conjugated polymers closely related to the widely implemented material
PTB7, we investigate the effect of local copolymer block energetics on the generation of
transient excitonic and charge carrier species. It is clearly demonstrated that local copolymer
block energetics play a much larger role than is apparent from simple energy-level tuning
arguments, and drastically affect the ultrafast generation of free charge carrier and trap state
populations. Specifically, we observe an almost complete reversal in the efficient generation of
free-charge in PTB7 to the ultrafast creation of a high percentage of trapped pseudo charge
transfer states. The implications of this secondary effect of “donor-acceptor” energy level tuning
are discussed, along with strategies for avoiding the generation of trap states in “donor-

acceptor” copolymers.
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1. Introduction

Organic solar cells based on low cost, solution-processable organic semiconductors
possess high potential, but commercialization is still limited by a number of significant
challenges.”™ Despite the synthesis of novel conjugated molecular structures®'® and the

development of innovative device structures,''®

power conversion efficiencies (PCE) appear to
have reached a ceiling in the 10-12% range."""*" While a portion of this limitation is surely the
result of insufficient control over soft matter morphology and processing,? it is important to
investigate whether the inherent molecular structure of conjugated polymers plays a meaningful
role in limiting devices efficiencies at ~10-12%. Previous contributions have expounded upon
the role of energy-level tuning via molecular structure modifications to achieve maximum device
efficiencies,?® though recent work has argued that this effect has saturated.?” Whether more
sophisticated and subtle energetic design rules beyond simple-energy level tuning could be

utilized to increase material performance beyond ~10% is an open question that this article

primarily concerns itself with.

Integral to current designs of conjugated polymers is the alternating “donor-acceptor”
copolymer strategy.?*? In the synthesis of such polymers, two molecular building blocks of
varying electron affinity are bonded in a regular, repeating sequence. While to first order this
modification of the backbone electronic structure results in a decrease of the polymer’s optical
gap (leading to its common use as a design strategy for energy-level tuning), work in this group
and others has demonstrated that the alternating energetic landscape of the “donor-acceptor”
backbone can have significant effects on exciton generation, localization, dissociation, polaron
pair generation, and singlet fission.?** While the specific details of exciton dissociation at the
BHJ have been hotly debated,?®*>*° this work examines a central dogma of OPV which has
assumed that the nature of the polymer excitation which arrives at the BHJ interface and

dissociates into free charge is relatively independent of the polymer molecular structure. In
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other words, the charge-transfer character of the excitation induced by the alternating
copolymer structure has little effect on free charge generation at the heterojunction interface.
Here we provide evidence that the energetic landscape of “donor-acceptor” copolymer
backbones mediates the formation of intramolecular charge transfer (CT) and charge separated
(CS) states, which in some communities are referred to as charge transfer excitons where the
hole and electron are separated but strongly bound via electrostatic interactions subject to the
Onsager potentials. The CT and CS states, although may differ only in the separation distance
of the hole and electron, have been shown to have distinctively different transient optical
signatures. 3 % ¢ The presence of CT states have a direct effect on the likelihood of whether
the initial excitation evolves into highly mobile free-charge, or localized trap states that detract
from device performance.

The copolymers discussed in this manuscript, like previously studied
homopolymers (P3HT, MEH-PPV, etc), are used as “donor” materials in Bulk Heterojunction
(BHJ) devices and are mostly paired with “acceptor” materials, such as PCBM. The donor and
acceptor materials used in the BHJ active layer will be denoted as D and A,
respectively. Furthermore, each repeating unit of the “donor-acceptor” copolymer contains at
least one “donor” block and one “acceptor” block, characterized by the electron affinity of the
individual block, which here are denoted as d and a, respectively. For example, the well-known
“donor-acceptor” copolymer PTB7 has its repeating unit composed of a benzodithiophene block
(BDT) as d and a thienothiophene (TT) block as a, while PTB7 and PCBM function as D and A
in the BHJ active layer.

While previous studies have examined the role of “donor-acceptor” character by
comparing “donor-acceptor” conjugated polymers to standard “homopolymers,” no studies to
date have examined the role of continuously modifying the energy and spatial extent of the
alternating patches along the “donor-acceptor” backbone. In this contribution, we have used

transient optical spectroscopy to study a series of conjugated copolymers (named the PTRn
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series*® where n is the number of fused aromatic rings in d.) closely related to the champion
material, PTR3 (PTB7) (Figure 1).2 These materials differ from PTR3 (PTB7) in the size of the d
block of the backbone, being composed of a series of fused benzodithiophene rings of different
lengths. The effect of this continuous change in backbone length enables the understanding of
the influence of the conjugated backbone energetic landscape on exciton and charge carrier
dynamics. By comparing these transient insights to previous work focusing on the device
behavior of these materials, a number of useful insights regarding the nature of the alternating

copolymer backbone emerge.

Specifically, we demonstrate through the use of the PTRn series that via molecular
structure substitutions, one can control the generation of free charge and trap states via the
tuning of the alternating block energetics along the “donor-acceptor” copolymer backbone. In
cases where local copolymer block energetics are well-enough aligned for substantial charge
and excitation delocalization, efficient free charge generation and high-performing device are
observed PTR3 (PTB7); In systems where local copolymer block energetics are substantially
misaligned, free charge generation suffers, and the dominant transient species generated is a
pseudo charge-transfer trap state, which is not a robust precursor for free-charge in efficient

devices.

ACS Paragon Plus Environment



Page 5 of 31 The Journal of Physical Chemistry

OR

7/ N\ |n

©CoO~NOUTA,WNPE

OR S/ F \/n

11 0 R

12 PTB7: R = 2-Ethylhexyl. PTRS5a: R = 2-Ethylhexyl,
13 PTRSb: R = 2-ButylOctyl. ©

20 PTR7a: R = 2-Ethylhexyl, R’ = 2-Ethylhexyl. PTR9a: R = 2-Ethylhexyl, R' = 2-Ethylhexyl.  ©
21 PTR7b: R = 2-Butyloctyl, R' = 2-Ethylhexyl. PTR9b: R = 2-ButylOctyl, R = 2-Ethylhexyl.

23 b am» PTB7 or PTR3|
(b) 1.0 «==rTrR5b

25 e PTR7a
1 === PTR9a

e

Abs(Normalized)
© © ©o o ©o
>

.04

42 480 560 640 720 800
44 Wavelength (nm)

48 Figure 1 a) Chemical structure of PTRn series copolymers (upper left) PTR3(PTB7) (upper
49 right) PTR5a/PTR5b (lower left) PTR7a/PTR7b (lower right) PTR9a/PTR9b. Donor unit size is
50 changed whereas the acceptor unit is the same for all polymers. b) Steady-state absorption
o1 spectra of PTR3(PTB7), PTR5b, PTR7a, and PTR9a in chlorobenzene.
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2. Experimental and Computational Methods

2.1 Sample Preparation

The synthesis of the PTRn polymers (Figure 1a) and the characterization of BHJ device
performance, such as |-V curves, Js, Vo, FF, and PCE can be found in our previous work.*’
These polymers have a continual extension of the d block BDT unit via fused benzo- or
thiophene-moieties, as well as variations on side chains. The polymers are sequentially named
PTRn (where n =number of fused benzo and thiophene rings and n = 3 is BDT; hence PTB7 is
referred to as PTR3). As d extends ton =5, 7, and 9, the relative energies between d and a in

each repeating unit change, affecting the energetic landscape of the copolymer.

Chlorobenzene (CB, Aldrich without further purification) was used to prepare the
polymer solutions. The optimized ratio of CB (97%) and DIO (diiodoctane) (3%) were used to
make the solution of polymer/PC;1BM (1:1.5) as the precursor of the BHJ films used in the best
devices. The BHJ films were prepared by spin-coating the solution on a glass substrate at 1000

RPM for 1 minute inside a glove-box in a nitrogen environment.

2.2 Steady-State Absorption and Fluorescence

Steady-state UV-vis absorption spectra were measured in CB solution using a UC-3600
UV-Vis-NIR spectrophotometer (Shimadzu). In order to confirm the presence of free-charge,
i.e. the cation absorption features observed in transient absorption spectra,
spectroelectrochemistry measurements were conducted using a modified setup of the steady-
state absorption. 1 mg of each polymer was dissolved in 1 mL dichloromethane (DCM) with 0.1
M tetrabutyl ammonium hexafluorophosphate (TBA PF6). Then the polymer solution was
transferred into a cuvette equipped with two platinum electrodes; one as a reference electrode

and the other as the working electrode. Absorption spectra were taken with and without
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applying a potential at ~1V, higher than the oxidation potential for each polymer. The difference
spectrum with and without the applied potentials provided the cation spectral feature for each
polymer. Doping induced absorption (DIA) was also obtained with the same spectrophotometer
using iodine as the dopant to oxidize the pristine polymer films, allowing a complementary

assessment of the cation spectral feature position.

Fluorescence spectra were collected on a Photon Technologies Internation model QW-2
spectrofluorimeter and were excited at 540nm. Samples were prepared in chlorobenzene at

0.05 mg/mL.

2.3 Ultrafast Transient Absorption Spectroscopy

Transient absorption (TA) measurements were performed on solutions of pristine PTRn
series copolymers and their BHJ films with PC71BM using an ultrafast laser system (Coherent),
which includes a Ti:sapphire oscillator (Mira) pumped by a diode laser (Verdi-5) and a
regenerative amplifier (RegA 9000) pumped by a Verdi-10 diode laser with a separate
compressor/stretcher and optical parametric amplifier (Coherent, OPA). The amplified output of
RegA (10microJ/pulse at 100 kHz repetition rate) was compressed to close to 50 fs and then
divided with a 80/20 beam splitter. The low power split fundamental beam was tightly focused
on a 3 mm thick sapphire plate to a generate the near-IR probe beam signal in the spectral
range of 850 - 1670 nm, while the higher power beam was used to pump the OPA to generate
the 540 nm excitation pulse. Pump pulse energy was kept around 2 nJ/pulse with a 150 micron
diameter spot to avoid second order processes (see Sl for power dependence). The signal was
spectrally dispersed with a monochromator (Princeton Instruments SP2300) and detected with a

InGaAs photodiode at various probe wavelengths from 850 nm to 1670 nm.
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2.4 Density Functional Theory Simulations

Density functional theory (DFT) calculations were performed with the purpose of imaging
the molecular orbitals involved in the vertical excited state transitions of the PTRn series. An
oligomer (PTR3 — 4mer, PTR5 — 4mer, PTR7 — 4mer, PTR9 — 3mer) for each member of the
series was geometry optimized as the EDF1/6-31G* level of theory, using methoxy groups in
place of actual side-chains. The oligomer sizes are the same as those used in calculations in
our previous work.*” These energy-minimized geometries were then used as inputs for time-
dependent DFT (TDDFT) calculations at the range-corrected OT-BNL/6-31G* level of
theory. Using these calculations we examine the molecular orbitals of the conjugated polymers
to understand the degree to which electron and hole wavefunctions will be localized on the
polymer backbone. To more accurately characterize the orbitals involved in the Sy to S
transition, we have utilized Natural Transition Orbitals*? (NTOs) to further describe the nature of
the excitation beyond a simple HOMO -> LUMO picture. In the NTO formalism, NTOs depict
hole-particle pair contributions to a given electronic transition, with an eigenvalue corresponding
to that particle pair's particular contribution to the excitation. NTOs are obtained from canonical
molecular orbitals (MOs) via a singular value decomposition of the transition density matrix,
allowing for a significant compression of molecular orbital information into the most “natural”

representation of the electron and hole densities.

3. Results
3.1 Steady State Absorption and Fluorescence

Steady-state absorption spectra of PTR3 (PTB7), PTR5b, PTR7a, and PTR9a in
chlorobenzene are shown in Figure 1b. The absorption spectra of PTR7b and PTR9b are
shown in the Supporting Information (Figure S2). While one might expect a decrease in the
optical gap as the conjugation length of d is increased, the opposite is in fact observed. As the

size of the highly aromatic “donor” unit increases in length, the absorption spectra of the
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conjugated polymer blue-shifts, whereas the absorption spectra of the “donor” monomers alone
was seen in previous work to red-shift from R3 to R9.*” This effect can be attributed to a
combination of two related influences: the relative ratio of aromatic and quinoidal units on the
backbone and the localization of the excitation onto a single d or a moiety. This is reminiscent
of previous work in this group on an M-series oligomer possessing a central thienothiophene
unit sandwiched by thiophene oligomers with increasing segment lengths, in which decreasing
charge transfer character with the length of d was also observed.*

All members of the PTRn series show vibronic fine structures in their absorption spectra,
though it is considerably broadened by some combinations of polydispersity and conformational
disorder. Regardless, the presence of this vibronic fine structure indicates partial ordering of the
m-electron systems, which is likely the result of solution-phase aggregation at high
concentrations. Notably, the absorption spectra of PTR3 (PTB7) and PTR5b are very different
from the absorption spectra of PTR7a and PTR9a, suggesting a critical transition in the
electronic structure of these polymers as the length of the donor unit increases from 5 fused
units to 7, which is the result of the addition of another aromatic benzene ring to the fused ring
system. Also interesting are the changes in the relative intensity ratio of the 0-1 to 0-0
transitions, which are higher for n = 3 and 9 (with one and three BDT units) and lower in n=5
and 7. The reason for such variations is unclear, as this ratio relates to the specific value of the
Huang-Rhys factor of each polymer, as well as any potential H or J aggregate coupling between
chromophores.*?

Steady-state fluorescence was taken for all PTRn polymers using a 540 nm excitation
wavelength and is plotted in the Supporting Information (Figure S18). The fluorescence spectra
resemble that which is typically expected for conjugated polymers, with an approximately ~0.3
eV Stokes shift present for all members of the PTRn series. The primary curiosity of the
fluorescence spectra is the presence of a shoulder at 785 nm for all polymers, which, based

upon its comparison amongst all materials does not appear to be vibronic in nature. We assign
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this peak as phosphorescence, and specifically note the increase of its presence relative to the
primary S;-> S, fluorescence in the shorter donor unit polymers, indicating the increased
likelihood of intersystem crossing in PTR3 (PTB7) relative to the longer members of the PTRn
series. This propensity for intersystem crossing in the short d polymers could be indicative of
on-average longer-lived excitons which have a higher likelihood of reaching a donor acceptor
interface. Nevertheless, the majority of the excitons in PTR3 (PTB7) splits within 100 fs after

the excitation.*®

3.2 PTRn Series Molecular Orbitals

To further understand the electronic structure of the PTRn polymer series we have
utilized range-tuned DFT calculations to compute the NTOs involved in the lowest energy
excited state singlet transition of each polymer. These orbitals are plotted in Figure
2. Specifically, we only plot the largest hole-electron pair contribution to each excitation, along
with its percentage contribution to the excitation derived from the eigenvalue corresponding to
that state from the singular value decomposition. Additionally, the NTO plots only show the
molecular segment of the oligomer that possesses visually recognizable density at a density
cutoff of 0.03 e-/Bohr’. We note that of the additional hole-electron pairs which make up the
rest of the contribution to the excitation (see Figures S14-17), they all consist of higher energy
orbitals and much more localized transitions typically centered on the thienothiophene a
blocks. Consequently, as the percentage contribution of the first hole-electron pair decreases, it
can be implicitly assumed that the excitation is becoming more localized in nature as the d block
increases in size.

In examining Figure 2, it becomes abundantly clear that the nature of the excitation
becomes significantly more localized as the size of the d block is increased, pointing to the
inability of the electron and hole wavefunctions to delocalize across the backbone as the

difference between the alternating energetic barrier heights of the d and a blocks are
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increased. This is visually supported by the rough spatial extent of the hole and electron
wavefunctions approximately measured in Figure 2, with a nearly ~0.7 nm difference in their

spatial extents. This is additionally corroborated by the decreasing percentage contribution of

©CoO~NOUTA,WNPE

10 the dominant hole-electron pair as the size of the d block is increased from PTR3 (PTB7) to

12 PTR?7, indicating that an increasing portion of the excited state contribution comes from higher
14 energy, more-localized hole-electron pairs. While it may seem that PTR9 violates this trend, it is
clear from an examination of the spatial extent of the electron and hole pair that significant

19 contraction has occurred in the dominant hole-electron pair, indicating a significantly more

21 localized excitation.

23 All of this evidence for the increased localization of the wavefunction is further borne out
25 by the value of the range-separation parameter, w, which is specifically tuned to using a version
217 of Koopmans’ theorem for each polymeric species . The value of 1/w is an indication of the
characteristic length-scale at which it is appropriate to cross-over from a short-range, local

32 treatment of the exchange to a nonlocal Hartree-Fock treatment of the exchange. When

34 localized charge-transfer excitations are not important (excitations are highly delocalized), long-
36 range Hartree-Fock exchange is not necessary, and the value of 1/w, can be quite large; in the
38 opposite scenario of highly-localized excitations, 1/w should be significantly

40 larger. Consequently, the increasing value of w as the size of the d block of the PTRn series
increases is in agreement with the increasingly localized nature of the S, to S; excitation. All of
45 these computational facts support the following conclusion: as the size of the d block increases
47 one can envision the highly localized electron and hole trapped on the thienothiophene

49 “acceptor” units, unable to delocalize and evolve into free charge carriers.
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w=136 pm-!
b)
64%
w=136 pm"1 ~
c)
55%
w=145 pm-1
d) 65%
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Figure 2 - Natural transition orbitals for a) PTR3 (PTB7) b) PTRS c) PTR7 and d) PTR9
polymers signifying the dominant hole-electron pair contribution to the So->S; excitation for each
polymer. The percentage contribution of each hole-electron pair to the excitation is derived from
the eigenvalue associated with the transformation process for that pair. The optimally-tuned
range-separation parameter for the OT-BNL calculations is listed below the red arrow. The size
of the d block increases from top to bottom. Images utilize an isodensity cutoff for the orbital
surfaces of 0.03 e/bohr>.

3.3 Transient Absorption — Solution

Transient absorption (TA) measurements in the 6000 cm™ — 11800 cm™ (1666 nm — 850
nm) region were performed on the PTRn series in CB solutions as well as in BHJ films with
PC;:BM using a 540 nm excitation. Figure 3a shows the TA spectra of PTR5b, PTR7a and
PTR9a in CB solutions taken at the delay times t = 0.1 ps, 100 ps, and 3000 ps. These spectra
are broad due to the local conformational heterogeneity of the copolymers in solution and have

strongly overlapping TA signals from different transient species.
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36 Figure 3: a) Transient absorption spectra at 0.1 ps, 100 ps, and 3 ns time delays of the probe
37
38 beam for (upper left) PTR5b, (middle left) PTR7a, and (bottom left) PTR9a solutions in
39
22 chlorobenzene. b) Transient absorption spectra at 0.1 ps and Gaussian profiles of EX, CS and
jé PCT extracted from the fitting for (upper right) PTR3 (PTB7) (up-mid right) PTR5b, (bot-mid
44
45 right) PTR7a, and (bottom right) PTR9a solutions in chlorobenzene. The sum of EX, CS, and
46
47 PCT profiles reproduce the experimentally measured spectrum. The dashed blue line guides the
48
49 position of the CS state transient absorption peak positions.
50
51 We utilize the TA spectrum for PTR3 (PTB7) from our previous publications as the
52
gi starting point for examining the effect of the elongation of the donor block on the excitonic
gg dynamics of the PTRn series (Figure 3b). Based on our previous transient studies of solution-
57 . . . L . .
58 phase PTR3 (PTB7), it was determined that three species exist in the time window of the
59
60
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measurements, the singlet exciton (EX - 7200 cm™), the charge-separated state determined by
monitoring the cation excited state absorption (CS - 8700 cm™) and the pseudo-charge transfer
trap state (PCT - 10500 cm™). There is no strong evidence indicating the presence of a triplet
state population in the time window of our transient studies of PTR3 (PTB7), or any member of
the PTRn series. This fact is supported by the absence of the growth of an additional feature
lower in energy than the EX at long time delays of the probe beam, and the fact that results are
unchanged whether performed under nitrogen or air. It is important to note that at the earliest
time delay measured in the PTR3 (PTB7) experiments, the TA spectra show pronounced EX
signal, as represented by the Gaussian fits associated with the TA spectrum at delay time t =
0.1 ps. However, a significant fraction of the EX populations have been transformed to other
species even within 100 fs of the photoexcitation (our experimental instrument response
function (IRF) is ~100 fs FWHM). This fact appears consistent throughout the entire PTRn
series: several species are formed within the instrument response. Another important result of
the previous study of PTR3 (PTB7) was the dominance of the CS state at long time delays (~2-
3 ns) relative to other PTRn polymers that showed an abundance of the PCT state at long-time
delays, but a relative lack of the CS state, implying lower efficiency in generate free charges.

For PTR5b, the TA spectrum at 0.1 ps is very broad and centered around 8300 cm™ (or
1200 nm), with an additional feature at ~10500 cm™ (or 950 nm). Due to the close chemical
similarity between PTR5b and PTR3 (PTB7), we use a similar assignment for the peaks. Using
this assignment, for PTR5b an increase in the PCT population relative to the EX and CS
population is observed compared to PTR3 (PTB7). This fact is additionally supported by the
long-timescale populations at 3 ns, where for PTR5b there is clearly a larger population of the
PCT state relative to the CS state at long times compared to PTR3 (PTB7).

In the 0.1 ps TA spectra of PTR7a and PTR9a, the CS feature at 8300 cm™ becomes
progressively weaker as the length of the d block is increased, whereas the feature at ~10500

cm” becomes progressively stronger, indicating an increase in the PCT population and a
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1

2

2 decrease in the CS population as the length of the d block is increased. All three copolymers

2 with larger d blocks (n = 5, 7, 9) show distinct features at ~10500 cm™, but no clearly visible

2

8 feature at 8300 cm™. The comparison with PTR3 (PTB7) in terms of the CS state signal

9

10 amplitudes suggests that as d gets larger, it becomes less likely to generate the CS state or the
11

12 cation in solution without the presence of the acceptor PCBM. This is particularly curious as we
13

1; note that no changes in the TA spectra are observed over the range of pump fluences described
12 in the Methods section. For comparison, we also measured the TA spectra of PTR7b & PTR9b
ig solutions in chlorobenzene and analyzed using the same model (Supplementary Information:

20

21 Figures S3 & S4). As in PTR9a, PTR7b and PTR9b show the strong band at ~10500 cm™. The
22

23 CS peak is increasingly attenuated in PTR7b than PTR9b accompanied by a small blue shift in
24

25 the peak position.

26

% An important comment must be made on the quality of the three Gaussian fits at 0.1 ps
ég for the PTRn series. Previously, in PTR3 (PTB7), it was made abundantly clear that a three

g; Gaussian fit was required over a two Gaussian fit (corresponding to the EX, PCT and CS states)
33

34 to accurately model the transient data. For PTR5, PTR7, and PTR9 we analyze the accuracy of
35

36 the three-Gaussian fit relative to the two Gaussian fit as well. In PTRS, it is clearly observed

37

38 that each Gaussian in the fit possesses a significant population, however in PTR7 and PTR9,

39

22 the amplitude of the Gaussian representing the CS state is very small and the peak positions

jé are shifted towards that of the PCT state, and hence can be accurately fit using only two

jg Gaussians (see Supporting Information). The fact that our fitting model changes from three

46

47 Gaussians to two Gaussians at PTR7 is consistent with our physical interpretation of the

48

49 phenomena taking place: as the length of the d block increases, the polymers become less

50

o1 capable of generating the CS state, and only possess the EX and PCT states. Our plots in

52

gi Figure 3b can be accurately fit to two Gaussians in the cases of PTR7 and PTR9 as shown in
22 Figure S13 of the Supporting Information, but we keep three Gaussian fit in Figure 3b because it
57

58

59

60
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allows one to pseudo-quantitatively observe the diminishment of the CS state population as the
length of the d block is increased.

The maintenance of the three Gaussian fit over all polymer species allows for the
observation of chemical structure-induced peak shifting in the PTRn series. EX and PCT
Gaussian peak position shift is very small whereas a clear blue shift is observed at the position
of CS with increasing n, with a significant shift observed going from PTR5 to PTR7. The sudden
shift corresponds with the previously described distinction between the absorption spectra of
PTR3(PTB7)/PTR5 and PTR7/PTRY, indicating that the addition of another aromatic benzene
significantly modifies the electronic structure of the backbone. Specifically, the CS band
progressively blue shifts relative to that of PTR3 (PTB7) by 537.2 + 21.3 cm™, 1270.3 + 46.5 cm’
' and 1664.4 + 51.2 cm™ from PTR5b to PTR7a and PTR9a respectively. This blue-shift is
further corroborated by the detection of the cation absorption band in doping induced absorption
experiments (see Supporting Information).

To extract the kinetics of the transient species in the PTRn series, we employed a global
fitting procedure to fit the TA spectra as a function of the delay time (using exponential decay
functions) in the spectral region of 6000-11800 cm™ (1666-850 nm) > *® using the following
assumptions: 1) there are three species, EX, PCT, and CS with TA features following Gaussian
distribution functions; 2) the width of the spectral features are uniform among the three
copolymers due to similar line-widths of the ground state absorption spectra; and 3) the
positions of the peak centers are fitting parameters since there is no physical reason for the EX,
CS, or PCT states to be at precisely the same energy due to the different chemical structures of
the PTRnN copolymers. The time evolution of each Gaussian feature gives the kinetics of each
transient species.

Figure S11 shows the normalized kinetics of EX, CS and PCT extracted from the
amplitude of Gaussian fitting of whole spectra at different time delays of the probe beam and

their multi-exponential fitting. The fitted decay time constants and other parameters are
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presented in the Supplementary Information (Table 1). The EX kinetics is fastest (< 100 ps) in
PTR5b as compared to PTR7a ( ~ 250 ps) and PTR9a ( ~ 135 ps). EX kinetics are not observed

to correlate with the size of the donor fused ring system, n. The CS state is relatively long-lived

©CoO~NOUTA,WNPE

10 in PTR5b ( > 650 ps), compared to PTR7a ( ~ 560 ps) and PTR9a ( ~ 350 ps). The PCT decays
12 fastest in PTR9a ( ~ 55 ps) than the other two polymers. The kinetics extracted from the
14 amplitude of Gaussian fits of spectra of PTR7b and PTR9b are shown in Supplementary

16 Information (Figure S5). EX, CS and PCT states are longer-lived in PTR7b than in PTR9b.

21 3.4 Transient Absorption — Blend Films with PCBM

23 In the presence of the electron acceptor PC;1BM, the TA spectra of the three polymers
25 have changed significantly from those in solution. Figure 4a shows the TA spectra measured at
217 0.1 ps, 100 ps and 3 ns time delays of the probe beam for the PTRn series blended with

29 PC.;1BM. For PTR5b/PC7,BM, the TA signal in the 8000 cm™” region, dominated by the EX state
32 absorption, decays faster than that in solution due to an accelerated exciton splitting rate in the
34 presence of PC7sBM. At long time delays the signal present at ~9000 cm™ matches well with
36 the solution-phase CS signature, as well as the position of the CS feature in PTR3 (PTB7). The
38 signal present at > 10000cm™" for PTR5b and PTR3 (PTB7) has been, and is still attributed to
40 some immobile trapped states, here generally referred to as CT states. These states are
hypothesized to include a combination of intermolecular CT states as well as intramolecular

45 PCT states.
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Figure 4: a) Transient absorption spectra at 0.1 ps, 100 ps, and 3 ns time delays of the probe
beam for (upper left) PTR5b/PC,1BM, (middle left) PTR7a/PC;;BM, and (bottom left)
PTR9a/PC7,BM. b) Transient absorption spectra at 0.1 ps and Gaussian profiles of EX, CS and
PCT extracted from the fitting for (upper right) PTR3/PC7;BM (up-mid right) PTR5b/PC;,BM,
(bot-mid right) PTR7a/PC;4BM, and (bottom right) PTR9a/PC;1BM. The sum of EX, CS, and
PCT profiles reproduce the experimentally measured spectrum. The dashed blue line guides the

position of the CS state transient absorption peak positions.

For PTR7 & PTR9 blend films, their expected EX bands at <8300 cm™ are hardly visible
even at 0.1 ps delay, whereas a band peaked at ~10500 cm™ emerges which is more
pronounced than the PCT bands of PTR7a and PTR9a in solution, respectively. The broad

feature in the higher energy region of PTR9a/PC71BM is assigned as the combination of CS
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1

2

2 and CT states described in the previous paragraph. Notably, both PTR7 and PTR9

2 demonstrate a decreasing signal strength where one would expect the blue-shifted CS feature
; to occur based on the solution-phase results. Based on the fits of Figure 4b, the CS band

io strength decreases from PTR5b to PTR9a suggesting that polymers with larger donor blocks
% are less able to generate mobile free charge. It is still interesting to see that the CT band is

1; more pronounced than the CS and EX bands in PTR7a and PTR9a blends.

16

g Peak position shifts in the blend films mimic those in the solution-phase. The EX band
;g position is almost the same in all blend systems, however the CT position shifts from 11100 cm™
3% to 9800 cm™ to 10600cm™ for PTR5b - PTR7a - PTR9a. The CS band blue-shits by 393 cm’™
gz and 962 cm™ for PTR5b/PC+,BM, PTR7a/PC;,BM, as compared to PTR3 (PTB7)/PC,,BM

g? whereas the CS shift of PTR9a/PC;1BM is relatively higher than other polymer blends and

gg collapses into CT. The red-shift of CT and blue-shift of CS band increases the overlap of these
32 two bands in PTR7a/PC,4BM, and PTR9a/PC,,BM. Thus, the band observed at 10587 cm™ for
gé PTR9a/PC7,BM is the mixed state of CS and CT but mostly dominated by CT. The blurring

gg together of the CS and CT state in the larger d block PTRn polymers is again understandable
gz by considering the previous solution-phase results as well as the chemical structure: as the d
zg block increases in size, PTRn polymers become less able to support the CS state with longer h-
j; e distance which would evolve into freely mobile charges, so the only accessible states are

ji localized, trapped charges with strong Columbic attractions £ :W,ezgog (where r,is the h-e
jg separation distance, e, electron charge, ¢, and €, are vacuum and relative dielectric

jf; constants). The CS peak positions is an indication of the Onsager potential energy E, the bluer
§§ CS state corresponds to a larger transition energy gap between the CS state and the upper

gg state shown in the TA spectra and a stronger h-e interaction with a shorter r,.. which is trapped
gg deeper in the potential well defined by E above. With this in mind, the CS state as the d size
g? increases has a shorter ry.. and hence the distinction between the CS and CT states becomes
58

59

60
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increasingly blurred as seen in the TA results. In an extreme case of PTR9a, only a minimal CS

population is produced while the CT becomes a dominating species at long delay times.

Using the same fitting procedure as in the solution TA spectra, the kinetics of the EX, CS
and CT states were extracted and presented in Figure S12 for PTR5b/PC;,BM,
PTR7a/PC+1BM, and PTR9a/PC,,BM blend films respectively. The exciton shows faster decay
(< 5 ps) in the PTR9a/PC,4BM blend than PTR5b/PC7,BM (~ 15 ps) and PTR7a/PC71BM (~ 20
ps) blend films. The CT decays faster (< 150 ps) in PTR5b/PC-,BM blend films than other
blend films. As shown from the results of the multiple Gaussian function fits in Figure 4b, the CT
and CS features become less distinguishable as d increases in size. Forn=7 and 9, the two
TA features merge into one, with the lifetime constant for the CT state longer in PTR9a/PC+1BM
film than in PTR7a/PC;,BM film. The CS state of PTR5b/PC;/BM blend film shows long-lived
nature, which may be one reason for this polymer’s relatively high device performance, and yet
its CS state yield is still lower than that of PTR3 (PTB7)/PC;1BM. The fastest kinetics of the CS
state for PTR9a/PC;1BM blend is unexpected. It is important to keep in mind that, besides the
presence of long-lived CS states, there are many other factors such as morphology, energy
band alignment, and the mobility of the charge carriers that affect the device quality for the best
performance.*® The parameters recorded on exponential fitting of transient kinetics of all blend

films are presented in Supplementary information (Table 2).
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Figure 5 — Schematic of the effect of molecular structure and energetics on the pathways of the
singlet excitation in the PTRn series. (top) — Snapshot of dominant PTR3(PTB7) hole-electron
NTOs and schematic of the potential energy landscape for the HOMO and LUMO bands
demonstrating delocalized excitations. (bottom) — Snapshot of dominant PTR9 hole-electron
NTOs and schematic of the potential energy landscape for the HOMO and LUMO bands
demonstrating localized excitations. Images utilize an isodensity cutoff for the orbital surfaces
of 0.03 e/bohr”.

4. Discussions
4.1 A Reinterpretation of the Blue-shifting Mechanism in the PTRn Series

In previous work the blue-shifting of the absorption spectrum of the PTRn series
polymers as a function of increasing d block length was interpreted in the framework of a simple
organic chemistry, energy level alignment argument. A more advanced treatment utilizing
range-corrected TDDFT and NTOs renders it clear that the blue-shift is due to the inability of the
donor and acceptor blocks to couple with each other as their relative energies become

drastically misaligned, which is in agreement with our previous work. However, whereas in the
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previous interpretation it was believed that the blue-shift was due to the excitation becoming
increasingly localized on solely the donor moiety, as opposed to the hole residing on the donor
unit and the electron resided on the acceptor unit, as is the common mantra in “donor-acceptor”
copolymers, the computation of NTOs suggests a different explanation. Instead of being
localized on the donor moiety, it is clear from Figure 2 that in PTR3 (PTB7) and PTRS5 the
excitation is delocalized over a significant spatial extent (both d and a blocks), whereas in PTR7
and PTR9 the excitation is highly localized, with both hole and electron primarily on the acceptor
units with only very little coupling to the neighboring donor blocks.

This result is important for a number of reasons, as it suggests a limiting design rule for
“donor-acceptor” copolymers. In cases where the energetics of the donor and acceptor are
significantly different and do not couple strongly, one does not necessarily recover the situation
of the hole purely on the donor and the electron purely on the acceptor; instead, in the particular
case of the PTRn series, the acceptor dominates the majority of the photophysics, and serves
as a trap site for both the electron and hole. The thienothiophene in the PTRn series is such a
strong electron acceptor that it serves as the lowest energy site for both the electron and
hole. Such dominance of the acceptor group in the absorption spectra of conjugated polymers

has been observed before. %

4.2 The Impact of Alternating Copolymer Energetics on Exciton Pathways

Using this physical interpretation of the NTOs, the experimental observations can be
placed into proper context. Beginning with the absorption spectra, the noticeable blue shift of
the band edge for PTR7 and PTR9 versus PTR3 (PTB7) and PTR7 is supportive of this shift
from delocalized to localized singlet excitation. Along with this fundamental shift in the nature of
excitation come the changes discussed in the solution transient spectra. Moving to increasing d
block length, the proportion of CS state generated is greatly reduced and replaced with an

increasing population of PCT states. These highly localized trap states become an increasingly
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large part of the fundamental excitation as the excited state becomes more and more bound to
the thienothiophene unit. The blue shift of the fitted CS peak towards the position of the PCT

peak indicates that the CS and PCT become very similar, hindering the generation of separated

©CoO~NOUTA,WNPE

10 charge. Most importantly as a design rule, it is apparent that severely energetically misaligned
12 donor and acceptor blocks prevent the generation of mobile, free charge carriers, and lead to
14 trap formation via so-called PCT states.

This lesson of energetic misalignment along the polymer backbone is further supported
19 by the blend film results. When the PC;1BM acceptor is added to the polymer films, charge

21 transfer at the BHJ interface occurs significantly more efficiently than in the plain

23 polymer. However, based on the results of Figure 4b, it is evident that despite the rapid

25 formation of the CS state, the hole left over on the polymer is stuck in a highly localized

27 configuration, and cannot evolve into free-charge. This coulombically trapped charge thus leads
to the significant presence of CT states as opposed to CS states. Consequently, not only do

32 poorly aligned “donor-acceptor” copolymer energetics lead to intramolecular PCT trap states,

34 but the addition of a sacrificial acceptor material, while being able to accept and transport the
36 electron, has no effect on the hole, which remains localized on the polymer. Summarily, while
38 one might use “donor-acceptor” copolymers to alter the optical gap of the donor material in an
40 OPV cell, one should keep in mind the potentially drastic effect that this energetic misalignment
can have on the generation of mobile free charges. In a system where free charges, specifically
45 holes, are not generated efficiently, the device PCE will suffer.

47 This conclusion is additionally borne out by considering the device statistics of the PTRn
49 series solar cells. In our previous work it was observed that a general decrease in device

51 efficiency was observed as the size of the d block increased in the PTRn series, with the

53 notable exception of PTR7, which exhibited an anomalously low PCE. This anomalously low
efficiency was attributed to the dramatic regioirregularity of PTRn, which consists of two

58 asymmetric units in the Stille coupling reaction as opposed to only one for the rest of the
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series. This region-irregularitry leads to catastrophic energetic disorder which affects the long-
range charge transport properties of the polymer, as indicated by the near zero short-circuit
current and charge carrier mobilities measured in devices. However, we believe that this
regioregularity effect should not affect the results described previously, as transient absorption
spectroscopy over the timescale of our measurements (~3 ns), is only a measure of local
charge transfer, and does not take into account long-range charge mobilities, for which
microsecond transient absorption of terahertz spectroscopy would be required. Our
measurements assess the rapid generation of transient EX, PCT, and CS species, not the
ability of these states to migrate over the scale of the device. Consequently, in the PTRn
series, the size of the d block, i.e. the local copolymer energetics dictates the ~ns timescale
generation of transient species, and the regioregularity and morphology primarily dictate the
longer time and length scale transport properties, which should have the largest impact on
photovoltaic and transistor device properties.

In principle, the mitigation of the energetic misalignment of the copolymer blocks should
be directly related to the relative energetics of the block monomers, which are directly
obtainable via experimental and computational techniques. Given that the average covalent
double bond strength in these systems is ~1-2 eV, we hypothesize that polymers which exhibit

relative energetic differences between blocks significantly larger than ~2 eV are likely to

demonstrate poor free charge generation and primarily create trap states. For an in depth study

of the effect of block energy levels on wavefunction delocalization we direct the reader to a
study by Bredas.®! This conclusion is supported by our previous DFT calculations on the
individual blocks. In such a case, not only does free charge generation become less efficient,
but the red-shifting effect of the “donor-acceptor” interaction is in fact reversed because it is
more energetically favorable for the excitation to originate almost entirely from the acceptor,

than it is to couple locally and result in a red-shifted “donor-acceptor” optical excitation.
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5. Conclusion
In this work we have used an array of steady-state and ultrafast transient spectroscopies to

assess the impact of local conjugated copolymer energetics on the generation of transient

©CoO~NOUTA,WNPE

10 excitonic and charged species relevant to OPV and transistor device performance. By rationally
12 altering the length scale and energetic well depth of the donor block in a “donor-acceptor”

14 polymer, we observe the transition between highly efficient free charge generation in PTR3
(PTB7), and the robust development of highly localized trap states in the most energetically

19 misaligned polymer species, PTR9. While traditionally the “donor-acceptor” copolymer strategy
21 is used to alter the optical gap and ionization potential of conjugated polymers for energy-level
23 tuning in solar cells, here we demonstrate that this type of molecular design can have drastic

25 secondary consequences on the generation of transient species relevant to efficient device

27 performance, and outline design the design principles necessary for avoiding this problem.
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