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Abstract

The spectral coverage of a light-harvesting polymer largely determines the maximum achievable
photocurrent in organic photovoltaics, and therefore constitutes a crucial parameter for improving
their performance. The D—A |—D-A; copolymer motif is a new and promising design strategy for
extending the absorption range by incorporating two acceptor units with complementary
photoresponses. The fundamental factors that promote an extended absorption are here
determined for three prototype D—A—D—A; systems through a combination of experimental and
computational methods. Systematic quantum chemical calculations are then used to reveal the
intrinsic optical properties of ten further D—-A;—D—A, polymer candidates. These investigated
polymers are all predicted to exhibit intense primary absorption peaks at 615-954 nm,
corresponding to charge-transfer (CT) transitions to the stronger acceptor, as well as secondary
absorption features at 444—647 nm that originate from CT transitions to the weaker acceptors.
Realization of D—-A;—D-A, polymers with superior spectral coverage is thereby found to depend
critically on the spatial and energetic separation between the two distinct acceptor LUMOs. Two
promising D—A;—D—A; copolymer candidates were finally selected for further theoretical and
experimental study, and demonstrate superior light-harvesting properties in terms of significantly
extended spectral coverage. This demonstrates great potential for enhanced light-harvesting in D—

A1—D-A; polymers via multiple absorption features compared to traditional D—A polymers.

Introduction

Organic photovoltaics (OPV) offer a clean, renewable source of energy, with a reduced

associated cost and complexity of manufacturing compared to silicon p—n junction solar cells.
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The cell parameter most strongly associated with high efficiency is the short circuit current,'
which in turn is largely determined by the spectral coverage of the polymer. The donor—acceptor
(D—A) motif is the currently dominant polymer category for OPV applications,” with reported
power conversion efficiencies (PCE) up to 10%.° The success of D—A polymers for device
applications is largely due to their band gaps typically being narrower compared to
homopolymers such as polythiophenes, allowing them to absorb a greater part of the solar
emission and produce greater photocurrents. The small band gaps are achieved by incorporating
one electron-rich (donor) and one electron-poor aryl unit (acceptor) along the backbone, where
the donor and acceptor are respectively responsible for elevated highest occupied molecular
orbital (HOMO) and deep lowest unoccupied molecular orbital (LUMO) energies of the
copolymer. Electron transitions from HOMO to LUMO, with associated charge-transfer (CT) to
the acceptor unit, are responsible for the strong low-energy absorption peak typically present in
D—A polymers. Secondary absorption peaks of non-CT, n—n* character tend to be of
wavelengths <400 nm, giving negligible contribution to the photocurrent due to poor overlap

with the solar emission spectrum.

D—A polymers constitute an improvement in spectral coverage compared to homopolymers, but

further enhancement of OPV photocurrents is still feasible by means of broader effective

719 Where

absorption. This has in part been accomplished by fabrication of tandem solar cells,
two subcells using different polymers with complementary absorption profiles together exploit a
larger part of the solar emission. These are however considerably more complicated and
expensive to manufacture than single junction OPVs. Another strategy for broadening the light-
response of OPVs is to blend two D—A polymers into the same bulk heterojunction active layer,

11-13

fabricating either pure polymer—polymer cells, or ternary systems with a fullerene
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14,15,16

acceptor. The efficiency of these two types of OPVs is still limited, due to added

complexity in controlling e.g. morphology and carrier transport.'”'*%°

Extending the spectral coverage while circumventing the issues with fabrication and morphology
associated with tandem, ternary, and polymer—polymer cells, is possible using copolymers with

21-24

more than one acceptor unit along the backbone, either as random copolymers, or less

2532 These are highly promising for OPV

commonly as strictly alternating D—A ;—D—A, polymers.
applications, we recently reported a 7.0 % PCE for the P3TQTI-F polymer,” the most efficient
D—A—D—A; polymer to date. This motif is fundamentally advantageous for the potential of two

absorption peaks in the spectral region of strong solar emission.*>~*

The presence of two peaks in D-A—D—A, polymers originate from strongly allowed electronic
CT transitions to two distinct unoccupied MOs, yielding superior spectral coverage at relevant
wavelengths > 450 nm, see Figure 1. We recently showed that LUMO and LUMO+1 of D-A |-
D—A; polymers agree in shape and energy to the respective LUMOs of corresponding D—-A
polymers.”® According to a molecular orbital (MO) argument, the two acceptor LUMOs will
interact and mix, forming two polymer LUMOs with larger energy separation. The mixing
coefficient A is proportional to the spatial overlap and the inverse of the energy separation

AE1umo.a of the non-interacting acceptor LUMOs, as outlined in Equation 1.3

k{Prumo,a, |‘PLUM0,A2) e~ BR(A1-42)

(1)
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Figure 1. Schematic description of the energy levels involved in D—-A|—D—-A; polymers. While
the HOMO is typically delocalized across the backbone, the two acceptor LUMOs interact,
forming the copolymer LUMO and LUMO+1 with slightly altered energies but largely retained
character. Improved spectral coverage is obtained if electronic transitions to both polymer LUMO

(red) and LUMO+1 (green) are allowed.

The development of new D—A|—-D-A, designs with improved light-harvesting properties requires
better insight into the special optical features of D—A;—D—A, polymers, in combination with
screening of more new candidate systems, typically relying on time-consuming synthetic and
experimental characterization work. Light-harvesting traits of polymers such as the intensity and
energy of excitations, the resulting spectra, as well as structural and electronic properties, e.g.
molecular orbitals can however all be accurately and efficiently calculated using density
functional theory (DFT).***° While calculations have traditionally served as an explanatory tool
for experimental findings, they can also be exploited to guide the pursuit of polymer candidates

with superior spectral properties.*

In this article, we use DFT calculations to explore the fundamental properties of the new class of

D—A,—D—-A; copolymers, providing guidelines to the ongoing development of new and efficient
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light-harvesting polymers. The electronic and optical properties of 15 such copolymers are
scrutinized based on extrapolations of oligomer calculations to the polymer limit. First, we
examine three previously reported D—A;—D—A; polymers and their qualitatively different spectral
responses, where good agreement between calculations and reported experimental data serves as
validation of the computational methodology. Second, we present and study 10 new D—-A—D-A;
polymer designs, focusing on the structure—property relation with respect to substantial
absorptivity over a wide spectral region, and a molecular scale insight into the relevant orbitals
that govern the electronic transitions. Finally, two promising D—A;—D—A, polymers are subjected
to extended experimental and computational investigation, confirming our strategy to broaden the
spectral response by two allowed low-energy excitations, having profound implications for the

photocurrents and efficiencies of OPVs.

Methods

Computational details

All calculations were made with the Gaussian 09 program package.*' Monomer and dimer model
systems of D—A —D—-A, polymers were fully optimized at the DFT** PBE0*/6-31g(d,p)** level of
theory. They were subsequently subjected to a scheme of time-dependent (TD)-DFT™ in its

4648 calculating the transition wavelengths A and oscillator strengths f

linear-response formalism,
of the oligomers. D—A polymers underwent the same treatment, for oligomers of 1-2 repeating
units for PTI-1, 1-3 repeating units for P3TPhQ and PTPzQ, and 1, 3, and 4 repeating units for
PTBTz and PTBT. The three D—A;—D—A; polymers in the second results-subsection dedicated to

validation of the theoretical protocol: PTQTI, PBTDPP, and PBBTDPP, additionally underwent

Page 6 of 39
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corresponding optimizations+TD-DFT at the ®B97XD/6-31G(d,p) level of theory, as well as at
the PBE0/6-31G(d,p)+PCM(CHCI3) level. All five polymers that at some point were compared to
experiments: PTQTIL, PBTDPP, PBBTDPP, P3TQTIF, and PTIIBTZF also underwent frequency

calculations post optimizations to warrant that a structural optimum was reached.

Calculated UV/vis absorption spectra were simulated for all oligomers by applying to each
calculated transition an inhomogeneous Gaussian shape broadening with a total width of 4000
cm™', where the inhomogeneity is obtained by applying a 4800 cm™ FWHM broadening to the
blue side of each transition and 3200 cm™ towards the red. This is done in order to mimic the

experimental inhomogeneous distribution of conformations and unresolved vibronic progression that
together confer a slower decay towards bluer wavelengths in experimental absorption peaks.

Furthermore, the relation between the dimensionless f and mass extinction coefficients (&) was
exploited, as outlined in Equation 2,* where m. and q are the electron mass and charge, ¢ is the
vacuum permittivity, N4 is the Avogadro number, v is the photon frequency, and M is the
molecular mass.

_ 4In(10)m.ceeM
Naqé

X f e(v)dv (2)

The calculated oligomer first peak E,ps=hc/ A and g, were plotted vs. the inverse number of
repeating units (1/n), and the best linear fits were extrapolated to 1/n—0, i.e. infinite polymer

length, as described in the literature.’*>*

Although the PBEO functional has been used successfully for studies of conjugated
polymers,’®>*** > being a standard hybrid DFT functional it tends to overestimate the
conjugation and planarity, and consequently also the absorption A and €. We have recently
introduced an empirical correction that compensates for this systematic overestimation, combined

7
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with the overestimation resulting from using fully optimized structures corresponding to a 0 K
temperature.36 The correction is based on the extrapolated first peak E,ps and &y,.x Which are

respectively blue-shifted by +0.32 eV and downscaled by a factor of 1.6, as per Equation 3.

£ E +0.32eV
SCOTT(Eabs,corr) _ extrapol( abs,eit;apol ) )

The oligomer size (1 or 2 repeating units for D—A;—D-A; polymers, 2, 3, or 4 for D—A polymers)
whose uncorrected, PBEO-calculated first peak E,ps best agrees with the extrapolated and
corrected Egps corr, had its spectrum parallel-shifted to that its first peak matches Eaps corr, and
scaled to match gyax,corr- FOr the D—A |—D—A; polymers whose extrapolated E,ps falls between the
calculated mono- and dimer spectra, the procedure was done for both sizes, and the average of

the two spectra was used.

The PC71BM absorption spectrum was calculated at the TD-PBE0/6-31g(d,p)//PBE0/6-31g(d,p)

level, applying a homogenous Gaussian broadening of 3000 cm™.

Material characterization

"H NMR (400 MHz) and "*C NMR (100 MHz) spectra were acquired using a Varian Inova 400
MHz NMR spectrometer. Tetramethylsilane was used as an internal reference with deuterated
chloroform as the solvent. Size exclusion chromatography (SEC) was performed on an Agilent
PL-GPC 220 Integrated High Temperature GPC/SEC System with refractive index and
viscometer detectors. The columns are 3 PLgel 10 pm MIXED-B LS 300%7.5 mm columns. The

eluent was 1,2,4-trichlorobenzene. The working temperature was 150 °C. The molecular weights
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were calculated according to relative calibration with polystyrene standards. UV-Vis absorption

spectra were measured with a Perkin Elmer Lambda 900 UV-Vis-NIR absorption spectrometer.

Results

Acceptor unit strength

The copolymer LUMO energy is crucial for solar cell performance, since its offset vs. the
fullerene LUMO energy provides a driving force for charge transfer at the polymer—fullerene
interface, and also because it partly determines the optical band gap of the copolymer. The
copolymer LUMO is mainly determined by the acceptor unit, whose LUMO energy thus roughly
indicates the strength of the acceptor. D—A|—D—A; polymers rely on their two acceptors having
different strength, so that their spectral responses complement each other. In total, we use eight
different two-acceptor combinations of seven different acceptor units. These are benzo[1,2-c;4,5-
c'lbis[1,2,5]thiadiazole (BBT), 2,1,3-benzothiadiazole (BT), 2-alkyl-benzo[d][1,2,3]triazole
(BTz), 2,5-dialkyl-1,4-diketopyrrolo[3,4-c]pyrrole (DPP), N,N’-dialkyl-isoindigo (II), 2,3-bis-(3-
alkoxyphenyl)quinoxaline (PhQ), pyrazino[2,3-g]quinoxaline (PzQ). Their molecular structures
are shown in Chart 1, together with thiophene (T) which acts as donor in all polymers, either as a
single unit, as bithiophene (2T), or as terthiophene (3T). Probing donors with varying lengths is
important, since these act not only as electron donators, but also spatial separators between the

acceptors.
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Chart 1. Structures of the studied donor unit (T) and the 7 acceptor units.
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The calculated HOMO and LUMO energies of the isolated acceptor units used in this study are
presented in Table 1 together with peak wavelengths Ay.x in solution for typical D—A polymers
incorporating the respective acceptors. Calculated Erumo.a are in good trend-wise agreement with
the calculated Anax, While no such correlation appears between A, and the acceptor unit
HOMO-LUMO gap. This is rationalized from the fact that the copolymer HOMO energy is
mainly determined by the donor unit. DPP induces longer A,y in copolymers than indicated by
its LUMO energy. This is partly due to the absence of steric hindrance from hydrogen atoms
when DPP is coupled to thiophene-like donors, leading to more planar copolymer backbones, and
partly because of the high HOMO energy of DPP. The LUMO of BTz is stabilized when
substituted with electron withdrawing fluorine atoms, often decreasing the copolymer band gap.
This band gap reduction is not apparent in all cases, since fluorination typically also lowers the
copolymer HOMO energy.>%®

10
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Table 1. The HOMO and LUMO energies of the acceptors as single molecules, calculated with
PBE0/6-31G(d,p). Peak absorption wavelengths A, and corresponding absorption energies
Eabs=hc/ Amax in solution for typical D—A polymers incorporating the respective acceptor units.

Sorted by increasing LUMO energy, approximately corresponding to decreasing acceptor

strength.

Acceptor | HOMO [eV] | LUMO [eV] | H-L gap [eV] | E.ps range [eV] | Ayax range [nm]
BBT -6.48 -3.44 3.04 1.45-0.95 850-1320">>"%
PzQ -6.80 2.74 4.06 1.90-1.45 650-870°%60-61
Il -5.79 -2.59 3.20 2.25-1.70 550-720%¢
BT -6.91 221 4.70 2.60-1.75 480-700%%
DPP -5.70 2.02 3.68 2.20-1.50 570-830%%
PhQ -6.08 -1.77 431 2.55-2.00 490-620"""
BTzF -6.76 -1.35 5.41 2.35-2.05 530-610777
BTz -6.39 -1.04 5.35 3.10-2.15 400-580°%777

Origin of dual peak absorption in D-A;—D-A; copolymers

Of the few reported strictly alternating D—A;—D—A, polymers, some exhibit two absorption peaks
= 450 nm,***'** whereas others show photoresponses similar to D—A polymers, with only one
resolved low energy peak.”*******"® However, no detailed information regarding these spectral

features, rationalized from the nature of the electronic transitions, has been reported. To gain

11
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insight into the molecular level structure—property relation with respect to dual absorption
potential, three D—A|—D—A, polymers from the literature were chosen for computational scrutiny:
PBBTDPP*" with two distinct low-energy peaks, as well as PTQTI?*** and PBTDPP,*" each with
only one resolved experimental peak. DFT and TD-DFT was used to explore how the electronic
structure and optical properties of conjugated polymers are affected by including two acceptor
units with distinct electronic traits.Computationally predicting polymer properties is difficult due
to several differences in conditions. While experiments treat long and polydisperse chains in a
solvent at finite temperatures, standard quantum chemical calculations are in contrast performed
at 0 K, either in vacuum or with an implicit continuum solvent, and due to limitations in
computational power, shorter oligomers are studied rather than the full polymer chains.
Consequently, any strategy aiming to obtain computational results directly comparable to
experimental data will by necessity introduce additional approximations, bringing associated
uncertainties to the results. One such approximation, commonly used throughout the literature

. 36,79-81
and also herein,*®’

is the fitting of oligomer absorption energies some linear or non-linear
(e.g. Hiickel or Kuhn) type function of the reciprocal number of repeating units n, followed by

extrapolation to 1/n=0, i.e. the polymer size limit.

Due to the above mentioned differences in conditions between experiments and calculations with
respect to e.g. finite temperature and explicit solvent effects, calculations on fully optimized
oligomers have been shown to yield a systematic underestimation of absorption energies and

3633 which also partly is due by shortcomings in standard

overestimation of absorption strengths,
hybrid DFT functionals. An empirical correction scheme, outlined in Equation 3,°® has previously

been developed to compensate for these systematic overestimations of wavelengths A and

absorption coefficients €, and we here apply this correction to obtain better quantitative spectral

12
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predictions. The empirical correction is developed for application to gas phase PBEO
calculations, but we also probe the effect of an implicit solvent in form of a polarizable
continuum medium (PCM). As shown with lists of transitions in the ESI, the addition of the
solvent to the calculations confers a consistent but small red-shift of the transitions and thus

absorption peaks, and strengthens the transitions somewhat.

The contribution to the A and € overestimations stemming from the hybrid PBEO functional is

82-85

related to the self-interaction error in DFT. This can be partly overcome by using long-range

corrected (LC) functionals, which are suggested to give a better description of transitions

8688 However, most out-of-the-box LC functionals come with a LC

involving some CT.
parameter of ®=0.3—0.5, which is suitable for small molecules but too large for extended systems

such as conjugated polymers.®”™ We have here tried one such LC functional, ®B97XD, and

compared the results to those obtained with PBEO including the empirical correction, vide supra.

Clearly, the ®B97XD results significantly overestimate the absorption energies, due to
shortcomings of both structural (less planar geometries) and electronic origins (in the TD-DFT
procedure), both effects attributed to a too large LC parameter as per above. This band gap
overestimation is rather unphysical, since 0 K temperature calculations should promote smaller
E.bs than observed in the room-temperature e:xperiments.5 5 Conversely, the results from PBEO
with the empirical correction show for all three polymers PTQTI, PBTDPP, and PBBTDPP an
excellent agreement to experiments with respect to relative peak heights and peak wavelengths,
as seen in Figure 2a and b, though this may in part be due to fortuitous cancellations of error
related to the uncertainties outlined above. Although the agreement serves as a partial validation
of the empirical correction scheme, independently of the test set with which it was developed, it

is still uncertain whether it is universally applicable, a question for future studies. The

13
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experimental absorption coefficients for PBTDPP and PBBTDPP have not been reported, and for
PTQTI they are slightly lower compared to calculations. The qualitative (and to some extent
quantitative) agreement serves as a validation of our computational methodology, and encourages
its application in the continued investigation of the optical traits of the polymers in pursuit of

insight into the potential for dual peak absorption and superior light-harvesting.

s0 {a) —PTQTI Exp.
——PTQTI PBEO+corr
=40 —PTQTI WBI7XD
oo
%30
£
o
=20
w
10 A
0
60 1~
b) B PBTDPP Exp. peaks ¢ PBBTDPP Exp. peaks
50 4 = PBTDPP PBEO+corr ==-PBBTDPP PBEO+corr
i ~ = PBTDPP wB97XD ==<-PBBTDPP wB97XD
2,40 4 - SN
:D / \ / \ g *> ‘\\\
- = .
E30 7 / ”\V ”— \\ ’,, \\\\
- ~ 7 4 ’ ~ ’ N
S0l PN ‘
N\ £ 47 \s S
N VAN AN
W N’ N -
0+ . 5, . e . .
350 550 750 950 1150 1350 1550 1750
A [nm]

Figure 2. Calculated and experimental absorption spectrum for PTQTI (a). Calculated spectra of
PBTDPP and PBBTDPP, with experimental peak positions as taken from literature,*® and
normalized to the same first peak ey« as the calculations (b). Calculated spectra are obtained as

outlined in the Methods section, based on the empirical correction in Equation 3.

The first (lowest energy) calculated absorption peak positions for the three D—A ;—D—A; polymers
are mainly governed by the stronger acceptor, falling within the A, range of typical
corresponding D—A polymers, as listed in Table 1. Furthermore, the second peak at 624 nm for

PBBTDPP and the shoulder at ~570 nm for PBTDPP both coincide with the peak wavelengths

14
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displayed by DPP-containing D—A polymers (see Table 1), indicating a direct link between the
weaker acceptor in D-A—D-A; polymers and the second absorption feature. In the PTQTI

spectrum however, only one discernable peak appears.

To elucidate the reasons for the qualitatively different spectral profiles of the three D—A—D-A;
polymers, their calculated electronic transitions were examined on the mono- and dimer levels.
Monomer excitation data is presented, see Table 2, since orbitals and transitions are of more pure
character in smaller systems, being therefore easier to analyze, although oligomers of two
repeating units often are more representative of experimental polymers, and in better quantitative
agreement. All monomers exhibit an intense first transition of mainly HOMO—LUMO character,
whereas the HOMO—LUMO+1 transition is very weak for PTQTI but strongly allowed for
PBTDPP and PBBTDPP. Excitations < 450 nm are typically of non-CT, n—n* character, and
are not significant for solar cell performance since the solar emission lacks intensity at such short

wavelengths.

Table 2. Wavelengths and oscillator strengthsof relevant calculated transitions for the three D—
A1-D-A; polymers, as calculated for the monomers.” Also the dominant orbital contributions and
the percentage of that orbital contribution C, calculated as the square of the expansion coefficient.
The first transition in PBBTDPP shows a > 100 % character of H—L excitation which is due to

the presence of a corresponding L—H deexcitation for that transition.

PTQTI PBTDPP PBBTDPP

Aaps [Nm] f Orbitals C [%] | Aaps [nm] f Orbitals C [%] | Aaps [nm] f Orbitals C

582.4 1.03 H-L 93.5 660.0 1.100 H-L 97.6 1070 0.66 H—L 10

15
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494.1 0.09 H-L+I1 84.3 538.3 0.62 H—-L+I1 87.7 573.9 1.02 H-L+1 96
347.0 024 H-4-L+1 40.1 378.8 0.14 H-2—-L 62.1 398.2 0.16 H—-L+3 77
341.5 0.15 H-L+3 29.6 336.0 0.18 H-2—L+1 60.7 347.1 024 H-2—L+1 = 43

‘H=HOMO, L=LUMO.

The HOMO, LUMO, and LUMO+1 orbitals of the three D—A;—D—A, monomers are depicted in
Figure 3 and their energies are listed in Table S1 in the ESI. In all cases, the HOMO is
delocalized across the backbone, promoting the important hole-mobility through the polymer
phase. The LUMO on the other hand, is more localized on the stronger acceptor, analogous to the
typical behavior of DA polymers,****** and the LUMO+1 orbitals are denser on the weaker
acceptors. The dimers (not shown) display qualitatively identical orbital distributions over the
respective acceptors, although their orbital energies differ from the monomers. The partial
localization of LUMO and LUMO+1 on the respective acceptors is most pronounced for
PBBTDPP where the difference in acceptor strength AE;ymo a=-1.42 eV is largest. PTQTI and
particularly PBTDPP have smaller AE; ymo 4 0f -0.82, -0.19 eV respectively, which in accordance
with Equation 1 enhances the LUMO(A|)-LUMO(A;) interactions, and consequently results in
more mixed and delocalized LUMO and LUMO+1 orbitals. Thus, the two absorption peaks for
PBBTDPP correspond to CT transitions to the LUMOs of the two respective acceptors. The
PBTDPP absorption is analogous, though the similar strength of its two acceptors leads to the
second absorption feature being unresolved, appearing only as a shoulder in the spectrum in
Figure 2. Table 2 demonstrates that PTQTI has a HOMO—LUMO+1 transition of negligible
intensity, despite its AELumo.a being larger than that of PBTDPP, resulting in a single absorption

peak.

16
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LUMO+1

PTQTI

PBBTDPP _PBTDPP

Figure 3. Frontier orbitals for the monomers of PTQTIL, PBTDPP, and PBBTDPP.

Isovalue=0.025.

Systematic screening of new D-A;—D-A; copolymer designs

In this section, systematic computational scrutiny of a larger set of D—A|—D—A; polymers is used
to elucidate the factors that determine the potential for increased spectral coverage of this type of
polymers, and to provide computational guidance for promising D—A;—D—A; structural designs.
To this end, an extended set of ten copolymers were selected, in five distinct two-acceptor
combinations with different resulting AE;uymo.a. The acceptors are separated by one or three
thiophene donor units, to permit probing of the effect of spatial acceptor separation R(A|—A,).
The weak BTz acceptor was used in eight of the ten polymers, expecting it to induce an
absorption contribution complementary to that of the stronger acceptors PhQ, BT, II, and PzQ.

The structures of the ten D—A;—D—A; polymers are presented in Chart 2.

17
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Chart 2. The structures of the 10 computational D—A;—D—A, polymers. The donor (D) is either

thiophene (T, n=1) or terthiophene (3T, n=3). R is an arbitrary alkyl side-chain.
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The absorption spectra of the polymers are presented in Figure 4, as obtained through
extrapolations from mono- and dimer calculations, employing Equation 3. The polymers were
modeled without long alkyl chains in the DFT calculations, but to estimate the mass extinction
coefficients €, an arbitrary side-chain mass was added, equal to a side-chain ratio of 33 wt% for
all polymers. The spectra of the ten D—A;—D—A; copolymers show large variations in shape, peak
wavelength, maximum extinction coefficient, and resulting spectral coverage. In all cases, the
polymers with one thiophene unit in the donor segments exhibit longer first peak A,y than the

corresponding polymer with 3T-donors. This trend is qualitatively understood from the distance

18
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dependent LUMO(A|)-LUMO(A;) interactions described by Equation 1 and Figure 1, where a
shorter donor induces a lower LUMO(polymer). This accounts also for the secondary
peak/shoulders being considerably blueshifted, due to higher LUMO+1 conferred by a shorter

donor segment.

The four polymers containing the very strong PzQ acceptor demonstrate very long Amax of 866—
954 nm, constituting a slight redshift compared to the typical absorption of D—PzQ polymers as
listed in Table 1, which is attributed to that we omit phenyl side groups while they are normally
included in synthesis of this acceptor. The first peak emax of the polymers with PzQ are however
limited to around 40—50 Lg'cm™. Also PTBTBTz, PTPhQBTz, and P3TPhQBTz exhibit first
peak Amax (730, 681, and 643 nm respectively) longer than D—A polymers with those respective
strongest acceptors: BT and PhQ. The 1* peak &, appears insensitive to the number of
thiophenes, amounting to around 50, 65, 65, and 40 Lg'lcm'1 for PnTPzQBTz, PnTIIBTzZ,
PnTBTBTz, and PnTPzQPhQ, respectively. Only when PhQ is the stronger acceptor does the

addition of two thiophenes noticeably increase Ik peak €max: from 32 to 49 Lg'lcm'l.
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Figure 4. Absorption spectra of the 10 computationally studied D—A;—D-A; polymers, as

calculated with TD-DFT, employing Equation 3.
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All polymer spectra in Figure 4 show some secondary spectral features = 450 nm, though their
intensities and wavelengths vary greatly, and for P3TBTBTz, and P3TPhQBTz they appear only
as unresolved shoulders to the 1% peak. The secondary absorption peaks/shoulders exhibit a clear
redshift when extending the donor segments, again relating to Equation 1. The origin of the
secondary absorption features is elucidated in Table 3, where the first two transitions with non-
negligible intensity for all monomers are listed. It is obvious that the first peaks for all polymers
arise due to HOMO—LUMO transitions, whereas the second transitions are of dominantly
HOMO—-LUMO+1 character, validating the D-A—D—A, design strategy. Note that the 3T donor
polymers at the monomer level give lower energy transitions compared to those with the shorter
T donors, which is simply due to their longer repeating unit. For the extrapolated values the

opposite is observed: the longer donor induces a slight blueshift, apparent in Figure 4.

Table 3. Monomer transitions responsible for the first two spectral features in polymers, with

dominant orbital contributions and the percentage C of that contribution.”

PTPhQBTz P3TPhQBTz
A [nm] f Orbitals C[%] | A[nm] f Orbitals C [%]
491.6  0.63 H—L 97.1 578.1 1.78 H—L 94.1
408.8 039 H—-L+1 95.9 503.5 0.60 H—-L+I 96.5
PTPzQPhQ P3TPzQPhQ
623.5 043 H—L 98.5 813.6 0.97 H—L 96.6
483.1 0.16 H—-L+1 97.0 592.8 045 H-L+I 70.5
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PTBTBTz P3TBTBTz
507.2  0.66 H—L 98.0 626.4 1.51 H—L 93.2
408.6 0.54 H-L+1 96.4 512.6 1.09 H-L+I1 87.5
PTIIBTz P3TIIBTz
572.3  0.96 H—L 92.5 640.5 1.72 H—L 88.9
4264 0.77 H-L+1 89.0 510.1 1.12 H-L+I1 86.6
PTPzQBTz P3TPzQBTz
644.3  0.48 H—-L 99.0 800.2 0.90 H—L 96.4
413.1 033 H-L+I 41.4 523.6 1.52 H-L+1 95.2

*H=HOMO, L=LUMO.

As evident from Table 3, the two first, relatively intense excitations in all cases mostly
correspond to transitions from HOMO to LUMO and LUMO+1 respectively. The delocalized
HOMOs (see Figure S2 in the ESI) promotes good hole transport through the polymers. The
HOMO, LUMO, and LUMO++1 energies are listed in Table S1 in the ESI. In agreement with our
previous study,” each D-A;—D-A, LUMO and LUMO+1 matches the corresponding D-A
copolymer LUMO both in energy (Figure 5a) and in localization (Figure 5d). All polymers
exhibit LUMOs mostly situated on the stronger acceptor (right hand side in Figure 5d), and
LUMO+1s on the weaker acceptors. However, in analogy to Figure 3, the localization of these
orbitals on the respective acceptors is only partial, appearing more localized for longer donors

and larger AELumo.a (further down in Figure 5d). This is consistent with the basic molecular
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orbital argument outlined in Equation 1 and Figure 1, that the LUMOs of the two acceptor units
interact, forming the LUMO and LUMO+1 of the copolymers/oligomers. This LUMO(A)—
LUMO(A;) mixing is more pronounced for small spatial and energetic separations of the
constituent orbitals. So for e.g. P3TPzQBTz, being the extreme case of large spatial and energetic
separation of the two acceptor LUMOs, the copolymer LUMO and LUMO++1 almost exclusively
resemble the respective PzQ and BTz LUMOs. In PTPhQBTz conversely, the copolymer LUMO
and LUMO+1 have significant character of both PhQQ and BTz LUMO, due to the prominent

LUMO(A)-LUMO(A;) mixing afforded by a short donor and small AE; ymo -
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Figure 5. Calculated frontier orbital energies of a few representative D—A—D—A, polymers (one
repeating unit) compared to the corresponding D—A polymers with a T donor and A; or A; (two
repeating units), demonstrating the agreement between the D—-A LUMO to the corresponding D—
A1—-D—A,; LUMO or LUMO+1 (a). Calculated spectra of PnTPhQBTz (b) and PnTPzQBTz (¢)
compared to their corresponding D—A polymer calculated spectra. LUMO and LUMO++1 of the
10 computational D—A |—D—A; polymers, sorted by increasing AE;ymo.a (d). LUMO is densest on
the stronger acceptor, and LUMO+1 on the weaker acceptor, but the localization is dependent on

donor length and AELumo.a. Orbital isovalue=0.025.
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The maximum absorption coefficients €y.x 0f the second absorption feature vary greatly, from 81
Lg'em™ for P3TPzQBTz to 9 Lg'em™ for PTPzQPhQ, appearing positively influenced by donor
length and also qualitatively correlating to AE;ymo 4, see spectra in Figure 4 and listed €may in
Table 4. This is rationalized from an analogy between the D—-A; and D—A; parts and an excitonic
J-dimer. With sufficiently strong excited state interaction, the total excited state wave functions
Y(S) and ¥(S;), with corresponding transition dipole moments M(S;) and M(S,) are described
by Equation 4. C is a prefactor that is equal to 2™ in the case of identical chromophores and vy,
and vy are the wave functions of the non-interacting excitonic parts with transition dipole

moments 1, and p,, respectively, where the asterisk * denotes an excited wave function.”
Y(S1) = C(Wip, +h1p3)  M(S) = Cug + pi2) 4)

Y(Sy) = Ci, —Papy)  M(Sy) = Cug — uz)

With increasing interaction between the D—A| and D—A; excitonic parts, the transition to S; is
strengthened and S, is weakened, since the transition dipoles p; and i, are approximately parallel
along the polymer backbone. If conversely the excitonic interaction is small, the D—A; and D-A,;
absorb more independently of each other, and the D—-A;—D—A, spectrum resembles a combination
of the corresponding D—A polymer spectra. This is visualized in Figure 5b and 5c¢ where the
calculated spectra of Pn'TPhQBTz and PnTPzQBTz are compared to their corresponding D—A
polymers: PTPzQ, P3TPhQ, and PTBTz, showing a clear resemblance for P3TPzQBTz whose
excitonic interaction is minimal (large R(A;—A;) and AELumo.a). These D—A polymers display
large calculated absorption coefficients since they are based on the same small side-group ratio of

33 wt% as the D—A;—D—A; polymers. The remaining three D—A;—D—A; spectra are compared to
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their corresponding D—A polymers in Figure S3 in the ESI. The very small AE;ymo 4 in

PnTPzQPhQ and PnTPhQBTz result in such strong excitonic interaction and small calculated

second € <28 Lg'lcm'l, that this secondary absorption feature is likely to be indistinguishable

in experimental spectra, similar to the case for PTQTTI in Figure 2a.

Table 4. Wavelengths (1) and absorption coefficients (g), of the 1* (peak) and ond (peak or

shoulder) calculated absorption features, as well as difference in LUMO energy between the two

acceptors (AErymo.a)-

PnTPhQBTz | PnTPzQPhQ | PnTBTBTz | PnTIIBTz | PnTPzQBTz
n=1 ), [nm] 681 924 730 630 954
n=3 A, [nm] 643 882 667 618 866
n=1 X, [nm] 467 580 483 444 496
n=3 A, [nm] 552 647 532 517 550
n=1¢ [Lg'cm"] 32.4 35.6 63.6 64.6 50.9
n=3 g [Lg ' cm’] 51.4 39.6 67.8 67.5 47.3
n=1¢, [Lg'cm"] 15.9 9.1 36.1 41.2 41.1
n=3 ¢, [Lg cm] 14.1 28.1 51.4 59.2 81.2
AE umoa [€V] 0.73 0.97 1.17 1.55 1.70

The light-harvesting capabilities of polymers in OPVs are reflected by the resulting device

external quantum efficiency (EQE) which depends on the active layer (polymer + fullerene)

absorbance 4. The integration of the EQE with the solar emission spectrum gives the current of

the cell. The calculated solution mass absorption coefficients of the polymer g(poly) and of the
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fullerene ¢(PC7;BM) can be used for a rough estimation of the theoretical short circuit current
Jsc, using a number of assumptions: film thickness d=100 nm, film densities p=1 g cm'3, al:l
polymer:PC7;BM mass ratio, full reflectivity of the bottom electrode yielding two optical passes
through the active layer, and an internal quantum efficiency IQE=100% for all polymers, i.e.
absorbed photons produce one charge each. In addition, the transition dipole moments are
assumed to be perfectly parallel to the backbones of the polymers, which during spin-coating
become parallel to the surface of the film. This increases the polymer absorption by a factor 1.5

9% Using these assumptions, the calculated solution

compared to an 3D-isotropic solution.
absorption coefficients € are transformed to film EQE according to Equation 5, and integrated
with the AM 1.5 solar spectral photon flux @, [s”' m™ nm™], providing an approximate
estimation of Jsc. This permits a valuable qualitative comparison of the light-harvesting potential
between polymers, although the approximations are too rough for quantitative predictions,

neglecting e.g. effects of optical interference, internal reflection, diffuse scattering, and

crystallinity.”’

(o] (o]

40 = q. [ @BQEd = g, [ @1 - 107
0 0
2000 2dp(1.5e(poly)+e(PC71BM))
~ g Z @3! <1 ~10 2 > (5)
A=350

The theoretical Jgc¢ as calculated for the thirteen D—A;—D—A; polymers in this and the previous
section are listed in Table 5.The polymers with 3T donors yield greater theoretical Jscs than the T
donor polymers for most acceptor combinations, since their secondary peaks/shoulders absorb
more strongly and at longer A where the solar emission is more intense. Only in PnTBTBTz does

the appreciable 1* peak redshift with the shorter T donor lead to larger estimated currents than
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the 3T case. Of the ten computationally modelled polymers, P3TPzQBTz exhibits the greatest
theoretical Jsc. However, the very strong PzQ acceptor usually causes unfavorably low
copolymer LUMO energies, hampering the driving force for electron transfer to the fullerene,
thus limiting the device IQE, Jy¢, and fill factor (FF).”* %! For the same reasons of having too
low LUMO energy, PBBTDPP is discarded for OPV applications. The PnTBTBTz, PnTIIBTz,
and PBTDPP polymers accordingly emerge as D—A—D—A; polymer candidates with excellent
spectral coverage and concomitant driving force for charge separation at the fullerene/polymer

interface.

Table 5. Theoretical Js¢ of the D—A|—D—A; polymer, obtained according to Equation 5. For the
sake of fair comparison, PTQTI, PBTDPP, and PBBTDPP were here assumed to have the same

side-chain ratio of 33 wt% as the 10 computationally modelled polymers.

JSC,theo [mA/cmZ]

Polymer (n=1) (n=3)

PnTPhQBTz | 14.8  16.9
PnTPzQPhQ 21.2 27.3
PnTBTBTz 24.2 21.2

PnTIIBTz 18.2 18.3

PnTPzQBTz | 27.9 30.4

PTQTI 15.4
PBTDPP 28.0
PBBTDPP 35.8
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Proof of concept -Two D-A;—D-A; polymers with superior spectral coverage

Proceeding from the knowledge obtained from the systematic computational investigation in the
previous section, two promising D—A—D—A; polymers P3TQTIF and PTIIBTzF were selected
for further experimental and theoretical examination. Their structures are presented in Chart 3.
They both employ isoindigo as the stronger acceptor, chosen for its good spectral and electronic
properties, with LUMO energies suitably aligned to PCBM LUMO. %6171 P3TQTIF was
recently synthesized and exhibits a PCE of over 7%, attributed in part to its broad absorption.”
PTIBTZF is here synthesized for the first time. It is a fluorinated variation of one of the best
light-harvesters from the previous section. Fluorination of BTz has previously been shown to
improve the performance of DA polymers with this acceptor,”®">"*!% due to a lowering of the

HOMO/LUMO levels, but also to an increase in absorption strength.

Chart 3. Chemical structures of P3TQTIF and PTIIBTzF.?

P3TQTIF ;L R /I\
rrrrr ‘ AN

“Ri=1"-octyl, Ry=1'-hexyl, R3=5"-undecyl.

29



Physical Chemistry Chemical Physics Page 30 of 39

The experimental solution spectra for the two D—A |—D—A; polymers are compared to the
computationally predicted spectra in Figure 6a and 6b, as calculated with TD-DFT and applying
Equation 3. Similarly to Figure 2, the calculated predictions in Figure 6 show good agreement
with experiments concerning both relative and absolute peak intensities, as well as peak
wavelengths. For both polymers, the calculated predictions overestimate the €y, and E,ps
slightly. While P3TQTIF displays only one resolved absorption feature > 450 nm, the spectrum
of PTIIBTZF reveals a pronounced secondary peak at ~450 nm. PTIIBTZF exhibits a calculated
€max practically identical to the non-fluorinated PTIIBTz: 55 Lg'lcm'1 if using the experimental
side-chain mass, and 63 Lg™'cm™ if assuming 33 wt% side-chains as in the previous section. The
calculated first peak Ayax blue-shifts by 19 nm upon fluorination, which is rationalized from the
placement of the fluorine atoms on the BTz acceptor where LUMO has negligible density,
leading to greater stabilization of HOMO than of LUMO. The second peak Ay, is redshifted with

fluorination due to a stabilization of LUMO+1.
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€0 - N _ ——PTIIBTzF Exp.
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Figure 6. Absorption spectra, experimental and as calculated, of P3TQTIF (a), and PTIIBTZF,
compared its non-fluorinated variant PTIIBTz (b). Monomer LUMO and LUMO+1 of both
P3TQTIF and PTIIBTZF, partly localized on the respective stronger and weaker acceptors (c).

Orbital 1sovalue=0.025.

The electronic transitions for P3TQTIF and PTIIBTzF were calculated with TD-DFT for both
mono- and dimers. The monomer results are presented in Table 6, due to the more pure orbital
and transition characteristics of these smaller systems compared to dimers. Table 6 reveals a
behavior analogous to that of the 10 polymers from the previous section: the two strongest low
energy excitations are of respectively HOMO—LUMO and HOMO—LUMO-+1 character.
Copolymer LUMO and LUMO+1 again correspond mainly to the LUMOs of the respective
acceptors, see Figure 6¢. See Table S1 in the ESI for orbital energies, and Figure S4 in the ESI

for the HOMO and LUMO+2 orbitals.
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that contribution of the four strongest calculated transitions for P3TQTIF and PTIIBTzF

monomers.”
P3TQTIF PTIIBTzF
Aaps [Nnm] f Orbitals C [%] Aabs [MmM] f Orbitals C [%]
658 1.57 H—L 86.7 558 0.93 H—L 90.2
573 0.43 H—L+1 89.3 462 026 H-2—L 44.6
539 0.13 H-1-L 66.4 423 0.63 H-L+1 89.8
425 1.05 H—-L+2 58.1 302 0.14 H-L+2 70.7

*H=HOMO, L=LUMO.

In PTIIBTZF the transitions to LUMO and LUMO+1 are responsible for the two respective

absorption peaks, as demonstrated in Table 6 and Figure 6¢c. For P3TQTIF conversely, the

absorption peak at ~400 nm in P3TQTIF is a non-CT, n— n* transition, analogous to the typical

case for D—A polymers. The HOMO—LUMO-+1 transition in P3TQTIF is too weak and too

close in wavelength to the stronger HOMO—LUMO transition for it to be resolved as a

secondary peak or even a discernable shoulder. However, this CT transition to PhQ is the reason

for the particularly wide absorption peak as seen here in Figure 6a and as previously reported for

P3TQTIF, thus contributing to its total light-harvesting capability and the resulting excellent Jg¢

and good PCE of 15.5 mA/cm?® and 7.0 %.>* This demonstrates that the D-A,-D-A, motif can be

advantageous even when the two absorption features in the low-energy region are not resolved.

The theoretical Jscs based on calculated solution spectra, introduced in Equation 5, amount to

15.4 and 17.2 mA/cm® for PATQTIF and PTIIBTZF respectively, assuming 33 wt% side-chains.
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This rough estimate is for P3TQTIF highly similar to the experimental Jsc, which most probably

involves some fortuitous cancellation of errors.

P3TQTIF exhibits better spectral coverage than most D—A polymers. But the fact that it is poorer
than for many of the D—A—D—A, polymers studied here, and yet produces an impressive
experimental Jsc of 15.5 mA/ cm?, is very encouraging for the continued development of new D—
A;—D—A; polymers. For example, BTz combined with BT or II acceptors constitute copolymer
designs which here are predicted to display superior spectral coverage compared to existing

polymers.

Conclusions

The D—A|—-D—-A, motif for conjugated polymers is attractive for organic photovoltaic (OPV)
purposes, already having achieved a 7% PCE in bulk heterojunction solar cells.*® Their advantage
over D—A polymers resides in their potential for enhanced spectral coverage facilitated by
employing two acceptors with complementary absorption properties. However, the molecular
electronic structure governing the optical properties of D—A;—D—A; has not previously been
studied in a systematic way. We here use a DFT-based computational strategy to assess the
electronic and optical traits of 15 D—A—D—A, copolymer candidates, with careful comparison to

selected experimental spectra warranting the validity of the calculations.

All polymers show intense primary absorption peaks originating from electronic transitions
HOMO—LUMO, where LUMO mainly corresponds to the LUMO of the stronger acceptor.
Copolymer LUMO+1 predominantly displays character of the weaker acceptor LUMO, and

electronic transitions to this orbital are responsible for additional absorption features ~450—650
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nm. The intensity and wavelength of these secondary features are shown to be strongly dependent
on the respective acceptor LUMOs’ separation in space (R(A;—A,)) and energy (AELumo,4). This
is rationalized from a MO argument: the two acceptor LUMOs interact and mix, forming the
copolymer LUMO and LUMO+1, where the degree of mixing is proportional to e -

A)/AELUMO, A, affecting the Anay splitting between the 1% and nd absorption peaks. The second
peak/shoulder intensity is positively influenced by a small LUMO(A|)-LUMO(A;) interaction, to
the point where for weak interactions, the absorption profile of the D—A;—D—A, polymer appears
similar to a combination of the corresponding two D—A polymer spectra. For the strong LUMO-
LUMO mixing cases conversely, the first transition dominates and the addition of the second
acceptor loses its effect on the optical response of the polymer. Consequently, copolymers with
the weak BTz acceptor and an adequately strong acceptor such as II or BT display excellent
spectral coverage via dual peak absorption, and are expected to result in efficient OPVs, in

particular if combined with a spatially separating donor segment such as terthiophene.

In a broader perspective, strictly alternating D—A—D—A, polymers are still uncommon, although
the motif has proven its ability to yield efficient solar cells due to an enhanced spectral coverage
with potential for additional absorption features = 450 nm, where the solar emission is intense.
These features derive from optically allowed charge-transfer transitions to the LUMO+1 of the
copolymers, an excitation which normally is forbidden in D—A polymers. The D-A;-D-A,
concept thus constitutes a fundamentally advantageous fourth strategy to extend the spectral
coverage of polymer solar cells, beyond tandem, ternary, or polymer—polymer solar cells. We
demonstrate the usefulness of quantum chemical calculations, offering deeper insight into the
structure—property relation with respect to the choice of acceptors and donor, and the resulting

optical and electronic properties of copolymers. The accuracy of the calculations is furthermore
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demonstrated to approach the level required for quantitative prediction of absorption spectra. Our
computational approach serves to guide the development of new D—A |—D—A; polymers with
superior light-harvesting capabilities. Specifically, we advise the design of copolymers with three
key parameters: 1) a similarly strong intrinsic absorptivity of D—A; and D—A,, and a weak
LUMO(A|)-LUMO(A,) interaction as achieved by 2) extended donor segments and 3)
substantial difference in LUMO energy between the two acceptors. The success of this approach
for rational design of polymers with superior spectral coverage was, to conclude, demonstrated
through the proof-of-concept synthesis and characterization of two new D—A;—D—A; polymers

with excellent light-harvesting capabilities.
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