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ABSTRACT

Four new conjugated polymers based on benzodithiophene, thiophene and 2,1,3-benzothiadiazole or 5,6-di-
fluoro-2,1,3-benzothiadiazole were synthesized and investigated as absorber materials for organic photovoltaics.
The effect of (bi)thiophene m-spacers and fluorine substitution on the physicochemical and optoelectronic
properties of the polymers was revealed and correlations were drawn with their electrical characteristics in
organic solar cells. In particular, introducing either thiophene spacers or fluorine substituents does not affect
much the photovoltaic performance of the polymers, while the combination of both routes was found to be a
promising strategy for improving the charge carrier mobilities and morphology of the polymer-fullerene blends
as well as light power conversion efficiency in solar cells based on these materials. The bulk heterojunction
organic solar cells based on the w-bridged and fluorinated polymer P4 showed the highest short-circuit current
density and power conversion efficiency of 7 %, which is an inspiring value for fullerene-based organic pho-
tovoltaics. Most importantly, our findings provide important insights into rational design of high-performance
conjugated polymers while pursuing a combination of two efficient backbone functionalization strategies based
on introduction of fluorine substituents and s-spacers to control the geometry and electronic characteristics of
the polymer chains.

1. Introduction

morphology of their blends with acceptor components.
Within the last years, a particular attention is paid to the in-

Organic solar cells (OSCs) are actively investigated over the past
two decades due to their potential to become lightweight, flexible and
low cost source of solar energy for a broad range of applications [1].
The power conversion efficiency (PCE) of OSCs depends mainly on the
properties of the materials used in the active layer, e.g. conjugated
polymers. Various approaches are currently implemented to design
high performance conjugated polymers for photovoltaic applications
[2-6]. Incorporation of alternating electron donor (D) and electron
acceptor (A) moieties into the polymer backbone represents one of the
most widely used strategies to design absorber materials with tailored
optical and electronic properties. In particular, this so-called “push-
pull” approach allows one to control frontier energy levels, band gap,
charge carrier mobility of conjugated polymers as well as nanoscale
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troduction of electron-withdrawing fluorine substituents in the polymer
backbone while modifying either donor or acceptor units or even both
of them [7]. Fluorine substitution was shown to be an efficient ap-
proach to optimize the optoelectronic properties of conjugated poly-
mers, e.g. by lowering HOMO energy and thus enhancing the open-
circuit voltage (Voc) of organic solar cells [8-12].Moreover, introduc-
tion of the fluorine atoms makes polymers less miscible with acceptor
counterparts thus suppressing the formation of disordered mixed phases
contributing strongly to the recombination of charge carriers [13].
Thus, using fluorine-loaded polymers improves active layer mor-
phology and photovoltaic performance (mainly due to increased cur-
rent density) owing to the blocked loss channel. Di-
fluorobenzothiadiazole represents one of the most popular fluorine-
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Scheme 1. Synthesis of the monomers M1-M4. Conditions: i - tributyl(thiophen-2-yl)stannane, Pd(PPhs),, toluene, reflux; ii - N-bromosuccinimide, 1,2-di-

chlorobenzene.
i, M1 or M2
CioH21 CaoHoq
— —_—
S A
CioH
S 1052t P1, Ry=2-hexyldecyl, X=H
\ 1
Me3zSn—Q J SnMe; P2, Ry=2-hexyldecyl, X=F
g i, M3 or M4
p— —_—
CioH21 CqoHa
P3, R4=2-hexyldecyl, X=H
P4, R4=2-hexyldecyl, X=F
Scheme 2. Synthesis of conjugated polymers P1-P4. Conditions: i — Pdy(dba)s, (4-MeCgHs)3P, toluene, reflux.
Table 1
Physicochemical and optoelectronic properties of polymers P1-P4.
M,,, kDa My/M, Ta,"C T/ Te,"C EQNer, V vs. Fc™ /Fc HOMO/ LUMO," eV Xmax,h nm Amax,” M Eg, eV
P1 152 1.6 449 249/217 0.58 —5.68/-4.01 606 644 1.67
P2 134 1.5 444 243/272 0.61 —5.71/-3.98 602 610 1.73
P3 168 1.5 380 - 0.37 —5.47/-3.84 538 628 1.63
P4 235 2.2 433 - 0.41 —5.51/-3.85 623 624 1.66

? Eromo = Enomo + EgP%
> 1n 1,2-dichlorobenzene solution.

¢ In thin film.

containing building blocks for conjugated copolymers due to its avail-
ability, high photostability and attractive optoelectronic properties
[14,15].

The introduction of additional s-spacers between the D and A units
is commonly used to modulate and optimize planarity of the conjugated
backbone, aggregation behavior of polymeric chains and miscibility of
the electron donor polymers with the acceptor counterparts, e.g. full-
erene derivatives [16-22]. Conjugated st-spacers crucially affect the
geometry of the macromolecules and hence their optical, electro-
chemical, charge transport and photovoltaic properties [23].

In our previous works, we reported the design of (X-DADAD),
conjugated polymers with the extended DADAD donor-acceptor mole-
cular framework. These polymers demonstrate considerably improved

optoelectronic properties as compared to the well-known and easily
accessible (X-DAD), structures [24]. Moreover, (X-DADAD), polymers
usually demonstrate good photostability comparable to that of PCDTBT
known as one of the most robust conjugated polymers [25,26]. Ac-
cording to the Scharber theoretical model, this type of donor materials
with optimal optoelectronic properties can provide 13-15% efficiency
in single-junction OSCs [27].

In this work, we synthesized four novel (X-DADAD),, polymers based
on benzodithiophene (X), thiophene (D), and benzothiadiazole (A) units
and investigated the effects of the thiophene si-spacer and fluorine
loading in the polymer backbone on the optoelectronic and photo-
voltaic properties of the designed materials. The aim of the study was to
evaluate the effects of each of the aforementioned modifications and
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Fig. 1. Absorption spectra of polymers P1-P4 in solution (a) and in thin films
(b). Cyclic voltammograms for thin polymer films (c).

find a proper balance to enable further rational design of promising
materials for efficient and stable organic photovoltaics.

2. Results and discussion

The synthesis of key monomers is shown in Scheme 1. Briefly,
compounds 1a and 1b were prepared using Stille cross-coupling reac-
tions between the monomers M1 or M2 [28,29] and tributyl(thiophen-
2-yl)stannane (i). Further bromination of 1la-b with N-
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bromosuccinimide (ii) in 1,2-dichlorobenzene afforded the monomers
M3 and M4.

Conjugated polymers P1-P4 were synthesized via palladium-cata-
lyzed (i) Stille polycondensation reaction using monomers M1-M4 and
D1 (Scheme 2). The synthesis of D1 was reported previously [30].

The resulting polymers were precipitated with methanol and pur-
ified in Soxhlet apparatus by extraction with acetone, hexane, di-
chloromethane, and finally with chlorobenzene. The molecular weights
of polymers were measured by gel permeation chromatography (GPC)
as described previously [31]. All polymers possess high weight-average
molecular weights (M,,) ranging from 134 to 235kDa and low poly-
dispersity indexes (M,,/M,) of 1.5-2.2 (Table 1).

Thermal properties of conjugated polymers were studied by thermal
gravimetry (TGA) and differential scanning calorimetry (DSC) in inert
atmosphere (N,) with a heating rate of 15 °C/min. TGA and DSC curves
are shown in Fig. S1 (Supporting Information), the results are listed in
Table 1. The decomposition temperatures (Tq, at 5 % weight loss) for
P1-P4 were over 350 °C thus indicating a good thermal stability of
these polymers more than sufficient for their application in OSCs. The
melting and crystallization peaks were registered for polymers P1 and
P2, that might indicate more ordered structure of these compounds in
solid state as compared to polymers P3 and P4.

Optical properties of polymers P1-P4 were investigated in dilute
1,2-dichlorobenzene solutions and in thin films (Fig. 1). The long-wa-
velength absorption bands (550—760nm) correspond to HOMO—
LUMO transition and are associated with the intramolecular charge
transfer in the polymer backbone (see also Fig. 1 and discussion below)
[32-34].

The optical spectra of polymer P3 in solution and thin films are very
different because of the remarkable low energy absorption band offset
by ~100nm (Fig. S2). The observed spectacular bathochromic shift
while going from the solution to the film suggests that polymer P3 can
undergo efficient supramolecular assembling in solid state [32,35]. At
the same time, P3 chains might undergo most complete disaggregation
in solution and have a substantial degree of freedom with respect to
backbone tilting and twisting. This is also confirmed by temperature-
dependent UV-vis spectra (Fig. S3). Absorption edge in spectra of P3 is
much less affected by the temperature increase from 30 °C to 100 °C as
compared to other polymers. Similar though less pronounced effect was
also observed for polymer P1. In contrast, P2 and P4 showed nearly
identical spectra in solutions and thin films (Fig. S2). Increase in the
temperature of P2 and P4 solutions resulted in a pronounced blue-shift
of the absorption bands (Fig. S3) thus implying that these polymers
undergo a strong aggregation already in solution [36].

The optical band gaps (Eg°"t) for polymers P1-P4 were estimated
from the low energy absorption onsets in the spectra of thin films
(Table 1). It should be noted that the introduction of additional thio-
phene spacers into polymer backbones leads to a slight decrease in their
band gaps as can be concluded from the comparison of the optical
properties of P3 and P4 ys. P1 and P2.

Cyclic voltammetry (CV) was employed to investigate the electro-
chemical behavior of conjugated polymers. The CV curves obtained for
thin polymer films are shown in Fig. 1c. Energies of the highest occu-
pied molecular orbital (HOMO) of polymers were estimated considering
the onset potentials of the oxidation wave (Egxse) and using the value of
—5.1eV as the potential of the Fc™ /Fc redox couple in the Fermi en-
ergy scale [37]. The energies of the lowest unoccupied molecular or-
bital (LUMO) were calculated based on the HOMO and optical band gap
values as Erymo = Enomo + Eg*®' (Table 1).

Notably, the HOMO/LUMO levels of fluorinated polymers P2 and
P4 are lying 30 —40 meV deeper as compared to that of polymers P1
and P3. Similar electronic effects of the fluorine substitution in con-
jugated polymers were also reported previously [13,38]. The electron
donating effect of thiophene m-bridges on frontier energy levels was
found to be much more significant: HOMO levels of P3 and P4 are
positioned ~ 200meV higher than those of polymers P1 and P2.



A.V. Akkuratov, et al.

a ) HOMO

P1

P2

P3

P4

b)

2,5

4,0 - e —
3
>; '4,5'
2
(0]
0 -5,0

5,5

P1 P2

Synthetic Metals 259 (2020) 116231

LUMO

— _EA (DFT)
= LUMO (Eg+ECV

HOMO)

HOMO (CV)
— -IP (DFT)

P4

Fig. 2. The HOMO and LUMO distribution for polymers P1-P4 shown for one repeating unit with reduced alkyl chains (a). Frontier molecular orbital energy levels as
estimated from CV measurements and predicted by CAM-B3LYP/6-31G* calculations (b).

Table 2

Parameters of OSCs based on the blends of polymers P1-P4 with [70]PCBM.
Polymer Vog, mV Jsc, mA/cm? Jscseor MA/cm? FF, % PCE, % e, cm?V! st up, em?vt st
P1 843 8.5 7.3 48 3.4 4.1 x 10 6.0 x 10*
P2 872 3.3 3.9 52 1.5 2.7 x 10° 6.3 x 10°
P3 723 9.1 9.9 53 3.5 9.3x10* 8.0 x 10*
P4 720 15.7 13.6 62 7.0 9.7 x 10 8.1 x 10

Similar changes associated with the introduction of the thiophene
spacer units were also reported earlier [23].

Considering that the achievable open-circuit voltage (Voc) of or-
ganic solar cells is proportional to the energy offset between the HOMO

of donor and the LUMO of the acceptor, polymers P1 and P2 are ex-
pected to deliver higher Vo¢ in organic solar cells as compared to P3
and P4.

Density functional theory (CAM-B3LYP/6-31G*) calculations were
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Fig. 3. J-V characteristics (a) and EQE (b) spectra of solar cells based on the
blends of P1-P4 with [70]PCBM.

carried out to gain a deeper understanding of the electronic structure
and rationalize measured optoelectronic properties of P1-P4 polymers
using the Gaussian 16 program package [39] (see Section S3 for details,
Supporting Information). The electron density distributions of HOMO
and LUMO are shown in Fig. 2a. As can be seen, the HOMOs of poly-
mers are delocalized along their entire backbones, while the LUMOs are
largely localized on the electron withdrawing benzothiadiazole units.
The calculated HOMO energy levels (Fig. 2b) agree well with the ex-
perimentally measured values (CV) except for a small variation across
the set of polymers P1-P4, which is mainly because of the accuracy of
the used approximation of the idealized polymer model in DFT simu-
lations. At the same time, the typical accuracy of electrochemistry
measurements used to probe the oxidation potentials stays within
20—30meV, which introduces additional uncertainty and possible
scattering of the experimental data [40].

Electronic properties of polymers P1-P4 (Fig. S8) in the ideal planar
geometry are very similar: the variation of HOMO/LUMO energies stay
within tens of meV (Table S22). The analysis of localized molecular
orbitals (LMO) fully explains this picture: all the considered polymers
contain the same pairwise interconnections of key building blocks, and
thus the variation of LMO energies and inter-block couplings across the
set of considered polymers is small (Table S17 and Fig. S7).

Since all the considered polymers are nearly isoelectronic, the ex-
perimentally observed large differences in their optoelectronic and
photovoltaic (see below) properties might be attributed to the effects of
the chain geometry. The set of intramolecular descriptors correlating
with the material morphology is a potential energy surface (PES) for
flexible dihedrals connecting monomer units into a polymer (Table
$18).
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Since thiophene is the most flexible unit of a free polymer, P3 and
P4 structures are more flexible than P1 and P2, which might affect
significantly the real nanoscale morphology of the films at the stage of
their formation from solution.

Fluorine substitution also substantially changes PES for benzothia-
diazole (c.f. columns 'T + B'and 'T + F'in Table S18 where T represents
thiophene, B — benzothiadiazole, and F - 5,6-difluorobenzothiadiazole
units): while 'T + F' interconnections are planar with 2:1 ratio of ro-
tamer population at the room temperature, 'T + B' connections are
nonplanar for the metastable rotamer, and the population ratio is
higher, 3:1.

As a consequence, the fluorine-loaded block is more flexible with
respect to a 180-degree flip, especially in 'FTF' connections, where the
long range electrostatic effects can also play a role. A simplified con-
formational sampling of P3 polymer confirms that the observed large
absorption shift (~ 0.5 eV) between solution and thin film is largely due
to conformational disorder of the conjugated backbone in the solution
(Fig. S13). A part of the shift is probably due to intermolecular delo-
calization of excitations in thin films [41].

Photovoltaic properties of polymers P1-P4 were investigated in
organic solar cells with the standard configuration: ITO/PEDOT:PSS
(60 nm)/active layer (100—180nm)/Mg (60nm)/Al (50 nm). The
current-voltage characteristics of the devices were measured using the
simulated AM1.5G (100 mW/cm?) illumination. Device fabrication
conditions were optimized to achieve the best performance of OSCs
based on each of the polymers. In particular, the weight ratio of
polymer and PCBM and the thickness of blend films were varied.
Additionally, we used 1,8-octanedithiol (ODT) as a processing additive
and solvent vapor annealing (SVA) technique [42-44] for post-treat-
ment of the deposited blend films. The electrical characteristics of the
optimized solar cells are presented in Table 2. The corresponding J-V
curves and EQE spectra are shown in Fig. 3. Details on optimization of
processing conditions and corresponding photovoltaic parameters of
devices are summarized in Tables S1-S15.

The Jsc values obtained from the J-V measurements are in a good
agreement with the values estimated by integration of EQE spectra over
the reference AM1.5 G solar spectrum. On the one hand, the solar cells
based on polymers P1 and P2 demonstrated higher open circuit vol-
tages (Voc) of 840—870mV as compared to the devices based on
thiophene-n-bridged polymers P3 and P4 (~720 mV).

This result is fully consistent with the lower HOMO energies of
polymers P1-P2 vs. P3-P4. On the other hand, conjugated polymers P3
and P4 with additional thiophene fragments provided much higher
short-circuit current densities (Jsc). Interestingly, OSCs based on the
fluorine-loaded polymer P4 showed higher currents than devices based
on non-fluorinated P3, while for the polymers P1 and P2 introduction
of fluorine substituents has an opposite effect. The best PCE of 7 % was
achieved in solar cells based on polymer P4, which could be mainly
attributed to the higher Jgc of 15.7 mA/cm? and FF of 62 %. It is rea-
sonable to assume that the photovoltaic performance of polymers P1-
P4 is strongly impacted by the charge transport characteristics of the
polymer-fullerene blends and their nanoscale morphology. In order to
gain a better understanding of these effects, the charge carrier moblities
were estimated for optimized polymer-fullerene blends using the space-
charge-limited current (SCLC) technique. To perform the measure-
ments, the hole-only (ITO/PEDOT:PSS(60 nm)/blend/F,TCNQ(1 nm)/
MoO3(22nm)/Ag(120nm) and the electron-only (ITO/Yb(15nm)/
blend/Ca) devices were fabricated. The thickness of the blend was
varied from 100 to 250 nm to reveal realistic mobility values with
minimal impact of the interfacial effects induced by the adjacent charge
transport layers. The charge carrier mobilities were estimated using a
pulsed measurement mode and considering the part of the current-
voltage characteristic after the trap filling threshold [45]. It is note-
worthy that the blends based on P3 and P4 demonstrate higher charge
carrier mobilities in comparison with the composite films comprising
P1 or P2 (Table 2), which might be associated with more planar chain
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Surprisingly, loading the fluorine into P1 backbone resulted in a
drastic deterioration of hole and electron mobilities in the P2/[70]
PCBM blend. On the contrary, a shift from non-fluorinated thiophene-
bridged polymer P3 to the fluorine-containing P4 resulted in a sub-
stantial increase in charge carrier mobilities in polymer-fullerene
blends. This phenomenon might be explained by different morphology
of the blend films as described below. The highest mobilities of
9.7 x 10° em?v's! and more balanced /. ratio of 0.84 were
achieved for the P4/[70]PCBM, which is consistent with the best
photovoltaic performance of this system. On the contrary, the worst
performing in solar cells system P2/[70]PCBM is also characterized by
the lowest and unbalanced mobilities of holes and electrons (y,/
Ue > 2). Thus, there is a clear correlation between the photovoltaic
performance of the fullerene-polymer blends and their transport char-
acteristics.

Other important features affecting the performance of organic solar
cells might be the microstructural parameters of conjugated polymers
and nanoscale morphology of the active layer. We assessed crystallinity
of polymers using X-ray diffraction (XRD, Fig. S4) [46-48], while the
surface topography of the polymer-fullerene blends was studied using
atomic force microscopy (AFM, Fig. 4). All polymers are amorphous
according to powder XRD results, with XRD patterns displaying the
typical wide amorphous halos at high 20 angles of 15-35 deg. The
worst-performing P2/[70]PCBM system showed clear signatures of a
large-scale phase separation as can be concluded from the appearance
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Fig. 4. AFM topography images for thin films of the fullerene-polymer blends.

of large grains approaching 200 — 300 nm in size. Moreover, the highest
root-mean-square (RMS) roughness of 0.87 nm for P2/[70]PCBM was
observed. Such morphology and high RMS implies inhomogeneous
distribution of the fullerene and polymer phases in the films due to their
poor miscibility. Considering short exciton diffusion lengths in organic
semiconductors, so large phase segregation is not favorable for efficient
exciton dissociation [49,50] resulting in their massive recombination
and hence low Jsc values. Similar effects were generally observed for
multiple fullerene-polymer blends [51-53]. Interestingly, polymer P1
forms much more homogeneous blends with [70]PCBM as compared to
P2 (RMS = 0.51 nm), therefore poor compatibility of the components is
induced by the introduction of fluorine substituents in benzothiadiazole
acceptor units. On the contrary, both P3/[70]PCBM and P4/[70]PCBM
blends displayed uniform and well-organized film structure with no
signs of large-scale phase segregation between the conjugated polymers
and [70]PCBM. RMS values for P3/[70]PCBM and P4/[70]PCBM blend
films were 0.40 nm and 0.48 nm, respectively, thus indicating better
miscibility of these polymers with the acceptor component.

This observation suggests that insertion of thiophene s-bridges in
the polymer structure improves miscibility of the blend components
presumably owing to charge transfer interactions of the electron rich
thiophene units and electron deficient fullerene cages. [54] Optimal
blend morphology enables significantly improved current densities in
solar cells based on the polymers P3 and P4 as compared to the devices
comprised of P1 and P2 blends with [70]PCBM.
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3. Conclusion

We synthesized and investigated four novel conjugated polymers
based on benzodithiophene, thiophene and 2,1,3-benzothiadiazole or
5,6-difluoro-2,1,3-benzothiadiazole. The effects of fluorine substitution
and introduction of m-spacer on the optoelectronic properties, charge
carriers mobility, blend morphology, and photovoltaic performance
were revealed. While comparing the photovoltaic characteristics of
polymers P1 and P2, one can conclude that incorporation of fluorine
substituents into polymer structure without thiophene st-bridge results
in a significant deterioration of charge carrier mobilities caused by
large-scale phase separation of the fullerene and polymer components
in the active layer. Thus, loading the polymer with fluorine changes its
surface energy and reduces its miscibility with the fullerene acceptor.
Comparing polymers P1 and P3 suggests that introduction of thiophene
st-spacers does not improve photovoltaic performance of the material
presumably due to a voltage loss (because of higher HOMO energy of
P3) and still unbalanced blend morphology. However, a combination of
the two aforementioned approaches was shown to be a promising
strategy for improving the charge carrier mobilities and nanoscale
morphology of polymer-fullerene blends leading to twice higher power
conversion efficiencies (PCE~7 %) achieved in solar cells based on
polymer P4 in comparison with the reference devices based on P1. The
presented here results for the model (X-DADAD),-type conjugated
polymers pave a way to further rational design of new materials for
efficient and stable organic solar cells.
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Supporting Information

Effects of m-spacer and fluorine loading on the optoelectronic and photovoltaic
properties of (X-DADAD), benzodithiophene-based conjugated polymers

Alexander V. Akkuratov,* llya E. Kuznetsov, Petr M. Kuznetsov, Nikita V. Tukachev, llya
V. Martynov, Sergey L. Nikitenko, Artyom V. Novikov, Alexander V. Chernyak, Andriy
Zhugayevych and Pavel A. Troshin

Materials and instrumentation

All solvents and reagents were purchased from Sigma-Aldrich or Acros Organics and used as
received or purified according to standard procedures. Compounds (4,8-bis(4,5-
didecylthiophen-2-yl)benzo[1,2-b:4,5-b"ldithiophene-2,6-diyl)bis(trimethylstannane) (D1) [1],
M1 [2] and M4 [3] were synthesized according to the previously reported methods.
Absorption spectra were measured on Avantes AvaSpec-2048 optical fiber spectrometer. The
optical spectra of thin films were recorded using 2-channel AvaSpec-2048-2 optical fiber
spectrometer integrated inside the glove box. The *H and *C NMR spectra were obtained
using Bruker AVANCE 600 instrument.

AFM images were obtained using a NTEGRA PRIMA instrument (NT-MDT, Russia).

Cyclic voltammetry measurements were performed for thin films (150-250 nm) of polymers
P1-P4 deposited on a glassy carbon disc electrode following the previously reported
procedure [4].

Organic bulk heterojunction solar cells were fabricated using the composites of conjugated
polymers P1-P4 (7 mg) with [60]PCBM or [70]PCBM (721 mg) following a general
procedure reported previously [4]. Active area of devices was 30 mm?.

Thermal (TGA and DSC) measurements were carried out on METTLER TOLEDO
TGA/DSC 3+ instrument (Mettler-Toledo AG, Analytical, Switzerland) under nitrogen flow
with a heating rate of 15°C min™.

X-ray diffraction analysis was performed using Bruker D8 Advance X-Ray diffractometer
with CuKa radiation and LYNXEYE XY Detector in the 26 range 5-45°.

Synthesis of compound la

Compound M1 (1.0 g, 0.89 mmol) and tributyl(thiophen-2-yl)stannane (0.665 g, 1.78 mmol)
were placed under argon in a two-necked flask equipped with a reflux condenser. Then
toluene (50 mL) and tetrakis(triphenylphosphine)palladium(0) (10 mg) were added. The
mixture was heated at reflux within 24h, then cooled down to the room temperature and
poured into methanol. The formed precipitate was collected by filtration and washed with
methanol. The vield of the dark purple crystalline powder of 1a was 96%. ‘H NMR (CDCls,
600 MHz, 3): 8.25 (s, 2H), 8.02 (s, 2H), 7.99 (d, J=7.63 Hz, 2H), 7.90 (d, J=7.63 Hz, 2H),
7.38 (d, J=5.12 Hz, 2H), 7.27 (d, J=3.51 Hz, 2H), 7.14 (t, J=3.61 Hz, 2H), 2.81 (d, J=7.33 Hz,
4H), 1.83 (m, 2H), 1.27 (m, 48H), 0.90 (t, J=7.03 Hz, 12H) ppm. *C NMR (CDCl3,126 MHz,
d): 152.67, 152.63, 140.60, 139.90, 136.78, 136.03, 133.09, 131.35, 128.48, 127.45, 126.49,
125.95, 125.74, 125.20, 38.84, 34.18, 33.94, 33.49, 33.44, 31.96, 30.09, 29.67, 29.39, 29.27,
29.15, 26.47, 26.46, 24.94, 22.73, 14.15 ppm.
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Synthesis of compound 1b

Compound 1b was prepared following the procedure given for compound 1a using compound
M2 (1 g, 0.84 mmol) and tributyl(thiophen-2-yl)stannane (0.624 g, 1.67 mmol). The yield of
1b was 94%. 'H NMR (CDCls, 600 MHz, 8): 8.25 (s, 2H), 8.00 (s, 2H), 7.36 (d, J=5.12 Hz,
2H), 7.21 (d, J=3.51 Hz, 2H), 7.10 (dd, J=1.61 Hz, J=3.61Hz, 2H), 2.72 (d, J=7.23 Hz, 4H),
1.77 (m, 2H), 1.28 (m, 48H), 0.91 (m, 12H) ppm. *C NMR (CDCl;,126 MHz, §): 151.13,
150.66, 149.22, 148.65, 148.44, 138.88, 135.55, 135.40, 134.61, 130.68, 129.15, 127.44,
126.54, 125.92, 111.65, 110.71, 38.70, 33.72, 33.99, 31.97,30.12, 29.79, 29.70, 29.42, 26.44,
22.75, 14.15 ppm

Synthesis of compound M3

Compound 1a (1 g, 0.88 mmol) was dissolved in 20 mL of 1,2-dichlorobenzene and N-
bromosuccinimide (0.315 g, 1.77 mmol) was added in small portions. The mixture was stirred
at room temperature for 60 min, then the solvent was evaporated and the product was washed
with ethanol and acetone. Yield =98%. 'H NMR (CDCls, 600 MHz, §):8.26 (s, 2H), 8.02 (s,
2H), 7.99 (d, J=5.71 Hz, 2H), 7.90 (d, J=7.65 Hz, 2H), 7.08 (d, J=3.77 Hz, 2H), 7.02 (d,
J=3.77 Hz, 2H), 2.77 (d, J=7.14 Hz, 4H), 1.81 (m, 2H), 1.28 (m, 48H), 0.90 (m, 12H) ppm.
3C NMR (CDCl3,126 MHz, 8): 152.65, 140.42, 137.56, 137.31, 132.01, 131.13, 130.29,
129.89, 129.16, 126.70, 125.74, 125.34, 124.05, 38.92, 34.18, 31.95, 30.07, 29.72, 29.68,
29.38, 29.26, 29.15, 26.50, 26.48, 24.94, 22.73, 22.71, 14.16, 14.14 ppm.

Synthesis of compound M4

Compound M4 was synthesized following the procedure given for compound M3 using 1b (1
g, 0.83 mmol) and N-bromosuccinimide (0.296 g, 1.66 mmol). Yield =96%. *H NMR (CDCls,
600 MHz, 8): 8.02 (s, 2H), 7.80 (s, 2H), 6.96 (d, J=3.71 Hz, 2H), 6.85 (d, J=3.71 Hz, 2H),
2.57 (d, J=7.23 Hz, 4H), 1.69 (m, 2H), 1.30 (m, 48H), 0.92 (m ,12H) ppm. *C NMR
(CDCl3,126 MHz, 6): 148.94, 148.56, 148.31, 148.22, 138.98, 137.08, 134.74, 134.33,
134.25, 130.18, 129.37, 126.36, 112.50, 111.12, 110.51, 38.62, 33.69, 33.37, 32.07, 29.83,
29.75, 29.46, 26.43, 26.39, 22.79, 22.74, 14.27, 14.24, 14.17 ppm.

Synthesis of polymers P1-P4

Polymers P1-P4 were synthesized and purified following the general procedure reported
previously [5].

Polymer P1

Polymer P1 was synthesized using monomers M1 (0.225 g, 0.2 mmol) and D1 (0.248 g, 0.2
mmol). Yield — 82%. M,,= 152 kDa, M,,//M,=1.6

Polymer P2

Polymer P2 was synthesized using monomers M2 (0.239 g, 0.2 mmol) and D1 (0.248 g, 0.2
mmol). Yield — 86%. M,,= 134 kDa, M,,/M,=1.5

Polymer P3

Polymer P3 was synthesized using monomers M3 (0.256 g, 0.2 mmol) and D1 (0.248 g, 0.2
mmol). Yield — 82%. M,,= 168 kDa, M,,/M,,=1.5

Polymer P4

Polymer P4 was synthesized using monomers M4 (0.272 g, 0.2 mmol) and D1 (0.248 g, 0.2
mmol). Yield — 87%. M,,= 235 kDa, M,,/M,=2.2
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Optimization of devices based on P1/[70]PCBM blends

Table S1. Parameters of devices based on P1/[70]PCBM blends processed with different D:A

ratio.
D:A ratio Voc, mV Jsc, mA/cm?® FF, % Nmax, %0 Naver 2, %
1:0.5 761 3.4 36 1.0 0.9
1:1 824 5.8 58 2.8 2.7
1:2 787 5.4 32 1.3 1.2

% Average PCE obtained from eight devices

Table S2. Parameters of devices based on P1/[70]PCBM blends processed with fixed D:A
ratio of 1:1 and different active layer thicknesses.

tﬁli]n‘fs: 'r:"m Voe, MV Jsc, MA/cm? FF,% | Moo % | Naver™s %
130 813 6.8 57 3.2 3.1
180 816 7.4 56 3.4 3.2
220 832 5.8 57 2.8 2.6

% Average PCE obtained from eight devices

Table S3. Parameters of devices based on P1/[70]PCBM blends processed with fixed D:A
ratio of 1:1, blends film thickness of 180 nm and different annealing temperature (annealing

time 10 min).

TEMmPETALIE | Voo, mv Jsc, MAC? FE% | Mowe % | T, %
60 827 7.2 52 3.1 3.0
95 812 7.4 56 3.3 3.2
120 745 53 47 1.8 1.6

% Average PCE obtained from eight devices

Table S4. Parameters of devices based on P1/[70]PCBM blends processed with fixed D:A
ratio of 1:1 blends film thickness of 180 nm, annealing temperature (annealing time 10 min)

95°C and SVA post treatment.

SVA Voc, mV Jsc, mMA/cm? FF, % Nrmax, %0 Naver >, %6
w/o 817 7.6 50 3.1 3.0
CHClI;4 810 8.5 49 3.4 3.1

% Average PCE obtained from eight devices




Optimization of devices based on P2/[70]PCBM blends

Table S5. Parameters of devices based on P2/[70]PCBM blends processed with different D:A

ratio.
D:A ratio Voc, MV Jsc, MAlem? FF, % Nras %0 Naver 2, %
1.05 849 2.6 59 1.3 1.1
1:1 860 3.2 52 14 1.3
1.2 828 1.8 51 0.8 0.7

% Average PCE obtained from eight devices

Table S6. Parameters of devices based on P2/[70]PCBM blends processed with fixed D:A
ratio of 1:1 and different active layer thicknesses.

trilceljn(iss: Irr1nm Voc, MV Jsc, mA/em?® FF,% | Nmao % Naver ), %
140 803 2.3 41 0.8 0.7
185 841 3.4 52 15 1.4
220 817 2.7 42 1.0 0.8

? Average PCE obtained from eight devices

Table S7. Parameters of devices based on P2/[70]PCBM blends processed with fixed D:A
ratio of 1:1, blends film thickness of 185 nm and different annealing temperature (annealing

time 10 min).

Tempféat“re' Voe, MV Jsc, MA/cm? FF,% | Mmoo % | Mawer ™, %
wio 801 2.9 37 0.9 0.8
60 826 3.0 48 12 0.8
95 872 3.3 52 15 14
120 796 2.4 47 0.9 0.9

% Average PCE obtained from eight devices

Optimization of devices based on P3/[70]PCBM blends




Table S8. Parameters of devices based on P3/[70]PCBM blends processed with different D:A

ratio.
D:A ratio Voc, mV Jsc, mA/em? FF,% | Mo % Naver >, %0
1:1 731 8.7 45 2.8 2.7
1:2 736 8.6 52 3.3 3.2
1:3 696 4.1 38 1.1 1.0

® Average PCE obtained from eight devices

Table S9. Parameters of devices based on P3/[70]PCBM blends processed with fixed D:A
ratio of 1:2 and different active layer thicknesses.

Blends film

2 0 0 a g
thiCknESS, nm VOC’ mV JSC’ mA/cm FF! %0 MNmax: %o Naver s %!
120 730 7.8 54 3.0 2.8
155 726 8.6 55 3.5 34
180 649 8.6 53 3.0 3.0

% Average PCE obtained from eight devices

Table S10. Parameters of devices based on P3/[70]PCBM blends processed with fixed D:A
ratio of 1:2, blends film thickness of 155 nm and different annealing temperature (annealing

time 10 min).

Tempf(l’jature, Voc, MV Jsc, mA/cm? FF, % Nra % Naver a), %
60 683 9.0 48 2.9 2.6
95 723 9.1 53 35 3.4
120 714 9.3 39 2.6 23

% Average PCE obtained from eight devices

Optimization of devices based on P4/[70]PCBM blends




Table S11. Parameters of devices based on P4/[7T0]PCBM blends processed with different

D:A ratio.
D:A ratio Voc, mV Jsc, mA/ecm? FF, % Nimax, %0 Naver ? %
1:0.5 750 10.9 45 3.6 3.5
1:1 762 11.2 43 3.7 3.6
1:2 731 8.7 45 2.8 2.7

® Average PCE obtained from eight devices

Table S12. Parameters of devices based on P4/[70]PCBM blends processed with fixed D:A
ratio of 1:1 and different active layer thicknesses.

trilceljniss: II:nm Voc, mV Jsc, mA/em’” FF,% | Mmax %0 Naver ), %0
115 755 7.8 60 3.6 3.4
150 766 8.9 56 3.8 3.7
180 726 8.6 55 3.5 3.4

® Average PCE obtained from eight devices

Table S13. Parameters of devices based on P4/[70]PCBM blends processed with fixed D:A
ratio of 1:1, blends film thickness of 150 nm, and different annealing temperature (annealing

time 10 min).

Tempféat“re’ Voo, MV Jsc, MA/C? FE% | Mmoo % | M, %
60 751 12.3 53 4.9 4.8
95 759 11.9 55 5.0 4.9
110 742 114 58 4.9 4.8

? Average PCE obtained from eight devices

Table S14. Parameters of devices based on P4/[70]PCBM blends processed with fixed D:A
ratio of 1:1, blends film thickness of 150 nm, annealing temperature of 95°C, and different

additives 0.5% vol.

Additives Voc, mV Jsc, mA/cm? FF, % Nmax, %0 Naver 2, %0
w/o 738 10.8 50 4.0 3.8
CN 731 9.9 51 3.7 3.6

oDT 766 12.1 55 5.1 5.0
DIO 723 12.3 54 48 4.7

% Average PCE obtained from eight devices

CN — 1-chloronaphthalene; ODT — 1,8-octanedithiol; DIO — 1,8-diiodooctane.

Table S15. Parameters of devices based on P4/[70]PCBM blends processed with the fixed
D:A ratio of 1:1, blends film thickness of 150 nm, annealing temperature of 95°C, and using
additive ODT with various concentrations.

Additives

Voc, mV

Jsc, mA/Cm2

FF, %

nma)ﬂ %

Naver a), %

w/o

740

10.6

51

4.0

3.9




ODT 0.5 vol% 731 13.2 52 5.0 49
ODT 1 vol% 720 15.7 62 7.0 6.5
ODT 3 vol% 738 115 52 4.4 4.2

% Average PCE obtained from eight devices




S2. Structural definitions

Fig. S5 Fragment of a polymer showing all considered building blocks in their energetically
most favorable interconnection (in some polymers fluorine atoms are replaced by hydrogens).
Note that inter-thiophene dihedrals are nonplanar in the energy minimum. Block notations: 'D'
for benzodithiophene, T' for thiophene, 'F for fluorinated benzothiadiazole, 'B' for
benzothiadiazole. In these notations the shown fragment can be written as 'DTTF' or 'DT2F.

Fig. S6a. Reference polymers Q1=T2FT2FT2 (top) and Q2=T2FDFT2 (bottom). These
polymers are minimal structural variations of P4 with linear structure.
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Fig. S6b. Reference polymers T1=TFT=PffBT2T (left) and T2=T2FT2=PffBT4T (right). The

polymer T2 is currently the best performing polymer [6,7] based on the considered set of
building blocks. The T1 is the variation of T1 with the smallest repeating unit.

BDT-BT-2T

BDT-FBT-2T

Fig. S6c. Reference polymers U1=DTBT (left) and U2=DTFT (right) [8]. These polymers are
minimal structural variations of P1-P4 with the smallest repeating unit.

S3. PCE parameters

Table S16. PCE parameters: measurements and analysis [9] (blue stands for experiment, black
- for theory). For polymers P1-P4 the LUMO energy is estimated from HOMO energy (by

CV) and optical gap.

parameter units P1 P2 P3 P4 Ul uz2 T2
Amax(Solution) nm 606 602 538 623 609 631 -
Eq(optical) eV 167 173 1.63 166 168 172 1.65
PCEmax(Eg) % 389 374 402 392 386 376 395
PCE % 3.4 15 3.5 7.0 5.4 7.7 113
Voc V 0.843 0.872 0.723 0.720 0.750 0.850 0.784
VoclEqg % 505 504 444 434 446 494 475
Jsc mA/cm* 85 33 91 157 112 133 198
Jscllsc™ % 365 153 36.9 66.4 487 608 827
FF % 48 52 53 62 64 68 73
4.15+LUMO eV 025 017 031 0.3 0.61 0.53 -



S4. Computational methodology

All computations are carried out in Gaussian 16 program suite [10]. Density Functional
Theory (DFT) and time-dependent DFT (TDDFT) frameworks are used for calculations of
ground and excited state electronic properties, respectively. Used for the majority of
calculations in present work, CAM-B3LYP is a long-range corrected hybrid functional known
to provide a correct description of molecular and electronic structure of extended =-
conjugated systems [11-13]. Majority of computations for free molecules is made in 6-31G*
basis set. The solvent effects are taken into account using the conductor-like polarizable
continuum model [14-17] (CPCM) with the dielectric constant gggiic=4.7 (Chloroform) close
to upper limit of typical dielectric environment of bulk conjugated polymers [6]. Electronic
absorption spectra were modeled using TD-DFT results and gaussian broadening (Fig. S10).

In order to model electronic properties of polymers studied in present work, we use
donor- and acceptor-centered oligomers as shown in Fig. S9. Aliphatic chains have been
removed since they have minor impact on electronic excitation / charge transfer energies for
the lowest state relevant for experimental investigation (frontier molecular orbitals are
localized on conjugation backbone only). All geometry optimizations were performed
supposing planar conduction backbone as a model of a statistically averaged conformation.
Values for dihedrals were chosen to a) correspond to the lowest-energy planar configuration
for the dimer (Table S18) and b) not introduce considerable steric effects. Thiophenes
attached by single C-C bond to benzodithiophene fragment have also been omitted since
taking them into account does not introduce significant changes in electronic properties of
polymer (look at Table S21 - and compare with differences for dithiophenylbenzodithiophene
molecule) but reduce conformational rigidity; moreover, those rings won't allow for planar
structure thus reducing the symmetry of those oligomers. Main descriptors for electronic
structure used in present work are frontier orbitals energies, ionization potential and electron
affinity, energy gap (So-S; Vvertical transition energy). Since changes in HOMO closely follow
those in IP as shown in Table S19 (as should be expected), for the latter study charge-related
phenomena could be described using just frontier orbitals. Taking into account solvent effects
does not induce considerable changes in trends for energy gap and ionization potential. Thus,
in zero approximation these could be omitted.



S5. Properties of building blocks and their interconnections

Table S17. Variation of the energy (in eV, sign is ignored) of LMOs (localized molecular
orbitals) of the building blocks in different interconnections sampled over a set of several
polymers (DF, DFT2F, DFTF, DTFT, DTFTFT, DTFT2FT, DT2FTFT2, DT2FT2FT2D,
DT2FDFT2). Root mean square deviations in geometry do not exceed 0.005 A. The column
"free” lists MO energies for the corresponding free molecule in vacuum; "nodes™ column
shows nodal pattern of the wave-function (number of lobes in along-polymer and across-

polymer directions). The first non-t MO of the free molecule is also listed.

#  free min average max sym  nodes localization
benzoDithiophene
1 6.77 6.92 6.97(3) 7.03 Bg 3x2
2 756 776  7.80(3)  7.87 Bg 4x1
3 838 8.53 8.58(3) 8.64 Au 2x2
4  9.76 9.87 9.91(3) 9.96 Bg 1x2
5 998 1013 10.16(3) 10.21 Au 3x1
10.63 non-n
6 1202 1215 12.18(3) 12.23 Bg 2x1
7 1317 1328 13.32(3) 13.36 Au 1x1
Thiophene
7.87 8.49 8.57(3) 8.63 A2 2x1 double bonds
8.22 8.47 8.59(4) 8.68 Bl 1x2 S and single bond
10.90 non-mt
3 1210 1239 12.46(3) 1253 B1 1x1 delocalized
Fluorinated benzothiadiazole
1 837 8.72 8.77(4) 8.85 A2 2x3
2 8.62 8.82 8.86(2) 8.91 Bl 1x4
10.17 non-m
3 1108 1131 11.353) 1141 A2 2Xx2
4 1137 1154 1158(3) 11.64 Bl 1x3
5 1450 1470 14.74(3) 14.80 Bl 1x2
6 1466 1477 1481(2) 14.86 A2 2x1
7 1575 1590 15.94(3) 16.00 Bl 1x1
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Fig. S7a. LMO interaction diagram for all possible interconnections between the building
blocks sampled in the polymer with the repeating unit 'DT2FDFT2'. Numbers indicate
renormalized electronic couplings (in eV) for holes: those in black color show couplings to
the highest LMO of the adjacent block, numbers in blue colors show couplings to or between
the blue-colored LMOs. Electronic coupling t between a pair of orbitals with energy
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Fig. S7b. LMO interaction diagram of P3 (black and blue colors) vs. P4 (gray color)
polymers.



Table S18. Conformational properties (calculated by CAM-B3LYP/6-31G*) of all reasonable
interconnections of the considered building blocks. The two possible rotamers are denoted as
1 and 2, where 1 corresponds to the lowest energy rotamer. Abbreviation "in clf" means PCM
calculations with dielectric constant of chloroform. AE=E2-E1 where E1,2 is the energies of
the two rotamers at fully relaxed geometry. AHOMO/LUMO are defined in the same way.

parameter units D+D D+T T+T T+B T+F D+F
dihedral 1 (stable) deg. 9 19 26 10 0 0
dihedral 2 (metastable) deg. 31 31 35 21 0 0
dihedral 1 dispersion at 300K  deg. 25 28 38 23 18 19
dihedral 2 dispersion at 300K  deg. 35 36 32 28 21 23

planarization energy 1 0.1 25 7.8 0.3 0 0
planarization energy 2 meV 233 210 249 6.7 0 0
rotational barrier meV 148 124 99 170 187 179
barrier in clf meV 148 126 103 141 154 147
AE=E2-E1 meV 48 36 28 33 28 36
AE in clf meV 43 32 25 13 21 26
rotamers ratio at 300K 5.8 3.9 3.0 3.3 2.2 3.0
frequency 1 mevV 1.1 3.2 4.7 2.0 3.7 2.2
frequency 2 meV 3.1 4.4 5.6 3.9 1.0 0.7
frequency 1 planar mev -08 -25 -39 -16 37 2.2
frequency 2 planar mev -35 45 54 36 10 0.7
frequency at barrier mevV -40 -53 60 -54 -46 -29
AHOMO eV +0.02 +0.03 +0.07 +0.00 -0.02 -0.03

ALUMO ev -011 -0.08 -0.08 -0.03 -0.00 -0.01




S6. Electronic properties

Fig. S8. Types of oligomers considered in electronic properties calculations for P1-P4 and
U1-2 systems.

P1-2 P3-4

U1-2 [8]




Fig. S9a. Natural transition orbitals (for So-S; transition) for donor-centered oligomer of P4
polymer in vacuum and in chloroform.
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Fig. S9b. Natural transition orbitals (for Sp-S; transition) for acceptor-centered oligomer of P4
polymer in vacuum and in chloroform.
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Fig. S9c. Natural orbitals for P4 oligomers computed at cation (for donor-oriented oligomer)
and anion (for acceptor-oriented oligomer) geometries in gas and in chloroform.

in vacuum

Hole NO

Electron
NO

in chloroform

Hole NO

Electron
NO




Fig. S10. Electronic absorption spectra for different fragments of P1-P4 conjugated polymers
computed by TD-DFT CAM-B3LYP/6-31G* in vacuum. Differently coloured lines
correspond to differently centered oligomers (see Fig. S9).
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Table S19. Experimental and calculated (CAM-B3LYP /6-31G* for different oligomers)
trends for energy gap and frontier orbital energies (in eV). Here "clf" means that solvent
(namely, chloroform) effects were taken into account using CPCM solvation model, whereas
"vac" means that calculations were made for isolated molecule.

parameter P1 P2 P3 P4 U1 U2
AE, 0.01 0.07 -0.03 0 0.02 0.06
AE(Sp-S;)invac  -0.04(1)  0.03(1)  -0.06(3)  0.00@3)  0050)  0.08(0)
AHOMO by CV 0.06 0.2 -0.04 0 -0.33 -0.18
-AHOMO -0.01(1)  0.09(0)  -0.08(0)  0.00(1)  -0.01(1)  0.07(1)
-ALUMO 0.05 0.13 -0.01 0 -0.35 -0.24
-ALUMO -0.08(1)  0.01(1)  -0.093)  0.002) -0.16(1)  -0.08(1)

Table S20. Experimental and calculated (CAM-B3LYP /6-31G* for different oligomers)
absolute values of energy gap and frontier orbital energies (in eV).

parameter P1 P2 P3 P4 Ul U2
Egap optical 1.67 1.73 1.63 1.66 1.68 1.72
E(S0-S1) in vac 2.39-2.41 | 2.46-2.48 | 2.35-2.40 | 2.41-2.46 2.48 2.52
-HOMO by CV 5.57 5.71 5.47 5.51 5.18 5.33
-HOMO 6.15-6.16 | 6.25-6.26 | 6.09-6.10 | 6.16-6.18 | 6.15-6.18 | 6.22-6.25
IP in vacuum 6.32-6.33 | 6.42-6.46 | 6.26-6.27 | 6.33-6.37 | 6.33-6.36 | 6.41-6.43
IPin clf 5.60-5.62 | 5.67-5.77 | 5.56-5.57 | 5.59-5.73 5.62 5.67-5.72
-LUMO by Egap 3.90 3.98 3.84 3.85 35 3.61
-LUMO 1.92-1.95 | 2.01-2.04 | 1.89-1.94 | 1.99-2.04 | 1.84-1.86 | 1.93-1.94
-EA in vacuum 1.72-1.77 | 1.81-1.85 | 1.71-1.78 | 1.81-1.86 | 1.65-1.66 | 1.73-1.74
EA in clf 2.35-2.61 | 2.41-2.67 | 2.29-2.60 | 2.35-2.66 | 2.32-2.60 | 2.38-2.65
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Fig. S1la. Band structure and effective masses for holes in ideal planar reference polymers:

(@) 'TT' or polythiophene, (b) 'DD' or polybenzodithiophene, (c) T1=TFT=PffBT2T, (d)
U2=DTFT.
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Fig. S11b. Band structure and effective masses for holes in ideal planar polymers: (a,b)
PA=DT2FTFT2, (c,d) Q1=DT2FT2FT2. The right panels (b,d) show the band structure
unfolded one time. Unit cells of polymers P1-P4 are so large that the band structure of a
single conformer is not meaningful statistically. In particular, the width of the top valence
band for P4 is only 0.15 eV and its separation from the next band is 0.14 eV, so that the band
transport is hardly possible even in the ideal polymer. For comparison, 'DT2FT2FT2' has also
narrow top valence band (0.14 eV), but the gaps to the lower branches are much smaller: 0.07,
0.04, 0.06, and the total width of the resulting "superband" is 1.1 eV.



S7. Side chains sampling
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Fig. S12. 1D PES section for di(1,4)thiophenylbenzodithiophene molecule corresponding to
internal rotation of on thiophene ring around benzodithiophene core.

Table S21. Changes (related to planar conformation) in HOMO/LUMO levels (in eV) induced
by internal rotation of thiophene ring related to benzodithiophene unit.

HOMO, eV LUMO, eV
gas | cIf gas | cIf

benzodithiophene molecule
no side thiophenes -0.31 | -0.25 0.68 0.74

dihedral, deg.

0.0 0.00 0.00 0.00 0.00
594 -0.08 | -0.09 0.31 0.31
90.0 -0.17 | -0.18 0.38 0.38

benzodithiophene-centered oligomer of P4
no side thiophenes -0.02 | -0.01 0.01 0.02
0.0 0.00 0.00 0.00 0.00
59.4 0.01 -0.02 | 0.02 0.01
90.0 0.00 -0.04 | 0.02 0.01




S8. Structural properties

Table S22. Structural descriptors and basic electronic properties of ideal polymers. The
lineariry RMS' is defined as RMS deviation of centers of bridging bonds from ideal linear
polymer in the energetically lowest conformation (for example, it is zero for polythiophene).
The 'linearity penalty' is defined as the energy penalty per unit length to make the most linear
conformer. Note that for the rod group pmcm the translation period is two times larger than
the polymer repeating unit.

DTBTBT DTFTFT DT2BTBT2 DT2FTFT2 DT2FT2FT2 T2FDFT2 DTBT DTFT TFT T2FT2

Descriptor  P1 P2 P3 P4 Q1 Q2 uir U2 T29
Rod group pmcm  pmcm pmcm pmcm pll2/m pl1l2/m pmcm pmcm pmem pmll
Repeating
unit length  24.2 25.0 334 34.2 40.0 411 189 192 120 200
(A)
Linearity
RMS (A) 5.36 5.00 4.82 4.25 0.93 049 297 281 0.30
-L(:J\I)/I)O 2.03 2.11 1.98 2.07 2.02 205 193 201 1.98
—H(S\I;;IO 6.10 6.20 6.04 6.12 6.10 6.16 6.11 6.18 6.00
-EA in clf
V) 2.58 2.62 2.51 2.56 - - 2.54 259 -
IPin cIf
eV)? 5.55 5.66 5.52 5.61 - - 557 5.64 -
HOMO-
LUMO gap 4.07 4.09 4.06 4.05 4.08 411 418 4.17 4.01
(eV)
% Not the lowest-energy conformation.
®) Estimations are obtained by the following expression: IP (polymer) [IP

+HOMO](oligomer) - HOMO(polymer). -EA is estimated accordingly.
Linearity penalty estimation made for P4 structure is 1.45 meV/ A.
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Fig. S13. Conformational sampling of (a) P1 and (b) P3 absorption spectra in solution in the
independent rotation approximation. More specifically, we optimize the planar conformation
of the donor-centered oligomer of 13 rigid building blocks (TBTBT2DT2BTBT) without side
chains, then sample all 12 flexible dihedrals in Boltzmann statistics (10 samples) using PES
of the corresponding dimers, and calculate 8 excited states for each conformer in the
simulated ensemble (line broadening is 0.2 eV). The temperature of ensemble is given in the
legends: here OK corresponds to the fully planar conformer, whereas 3000K corresponds to
almost random distribution of dihedrals. Since side chains and polymer self-intersections
effectively increase disorder, 300K sampling gives only the lower limit for the effects of
disorder in a solution. Also, as discussed in the manuscript inclusion of additional thiophenes
makes P3 polymer more flexible than P1, which is clearly seen on this picture.
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