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Organic photovoltaics based on polymer blends have the potential for flexible solar cells with superior
mechanical and thermal resiliency. Recently, regioregular polymerized small molecule acceptors (PSMAs)
were synthesized and utilized as active acceptor materials to achieve record-breaking all-polymer solar
cells with power conversion efficiency approaching 20%. The reported experimental studies show
a systematic correlation between polymerization sites and the properties of the PSMA, where one of the
regioisomers (y-PSMA) displays more favorable optoelectronic and photovoltaic properties compared to
the other (3-PSMA). However, these experimental observations have not yet been rationalized. Here, we
used first-principles calculations to reveal that the substituents on the cross-conjugated terminal unit of
the SMA core are responsible for improving the optoelectronic properties of y-PSMAs, by extending the
conjugation length and enhancing favorable mesomeric effects. Importantly, we demonstrate that these
effects can be exploited as a universal molecular design principle, and we predict that functionalizing

PSMAs in selected positions with electron-withdrawing groups can further improve their optoelectronic
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Accepted 16th August 2024 properties. Our study provides a quantitative framework for understanding and rationalizing the

relationship between polymerization sites and optoelectronic properties in regioregular PSMAs; in

DOI: 10.1039/d4ta04192¢ addition, our results pave the way for a rational design principle to further improve the properties of
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Introduction

All-polymer solar cells (all-PSCs) with an n-type conjugated
polymer as the electron acceptor (A) and a p-type conjugated
polymer as the electron donor (D) are emerging as promising
candidates for highly efficient organic photovoltaics. They
feature low costs of production, light weight, and solution
processability. Furthermore, compared to solar cells with non-
fullerene small molecule acceptors (SMAs), the polymeric
nature of both donor and acceptor species enables higher
tolerance towards the donor/acceptor ratio in the devices,
improved solution processability, better scalability and higher
mechanical flexibility."* However, commonly used polymeric
acceptors usually exhibit low electron mobility, low electron
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these conjugated polymers and, in turn, the efficiency of all-polymer solar cells.

affinity, and a weak light harvesting ability, leading to low power
conversion efficiencies (PCEs) of the corresponding all-PSCs.*”

Hence, improving the performance of all-PSCs requires new
design strategies at the molecular level to finely tune the
photovoltaic properties of polymeric acceptors. To this end, in
2017 Li et al introduced the so-called polymerized small
molecule acceptor (PSMA) strategy to obtain efficient functional
n-type conjugated polymers for all-PSCs. Starting from the
fused-ring A-D-A-type non-fullerene SMA IDIC-16,* they poly-
merized the core unit with a thiophene m-linker obtaining the
PZ1 acceptor polymer (Fig. 1).°

The PSMA strategy leads to functional acceptors that retain
the finely tuned optoelectronic and photovoltaic properties of
non-fullerene SMAs,'*** while simultaneously taking advantage
of the stability of polymers under light irradiation, and of their
good film-forming properties, as well as improving the
morphology of the active layer."”** For PZ1, this strategy resul-
ted in an improved PCE of 9.18% for the PZ1-based device
compared to the SMA-based one (3.96%).° This promising result
prompted the exploration of the chemical space of available
SMA building blocks and m-conjugated linkers for the synthesis
of novel efficient acceptor polymers. This strategy led to a rapid
increase of the efficiency of PSMA-based all-PSCs, reaching
PCEs of over 18%,'>'® a value comparable to that of SMA-based
devices.
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Fig.1 Chemical structure of PZ1 as a representative polymerized non-
fullerene small molecule acceptor. Different colors are used for
highlighting the different constituting units of a PSMA, i.e. the non-
fullerene SMA core (orange) and the m-linker (cyan). Closeup: sche-
matic structure of the 1,1-dicyanomethylene-3-indanone (IC) SMA
terminal group with the y and & polymerization sites indicated in red.

The vast majority of the SMAs used as building blocks for
PSMAs (i.e. A-D-A'-D-A or A-D-A-type molecular architec-
tures)* feature the strongly electron-withdrawing 1,1-
dicyanomethylene-3-indanone (IC) as terminal acceptor group
(closeup Fig. 1)." In isolated SMAs this unit yields favorable
energy levels and improved intramolecular charge transfer.'® In
addition, as a building block of PSMAs, this unit provides
regioregularity control as an additional design variable, since
both v and 3 sites on the indanone backbone represent viable
polymerization sites. In general, previous studies showed that
controlling the regioselectivity of the polymerization process
improves the intrinsic properties of the polymers, and, in turn,
their efficiency as conducting units in organic electronics." In
this context, PSMAs are no exception. Indeed, it has been re-
ported that with no regioregularity control upon polymeriza-
tion, one obtains PSMAs with a regiorandom polymer
backbone, thus negatively affecting their intrinsic optoelec-
tronic and photovoltaic properties, including charge mobility
and transport, light absorption efficiency, intermolecular -
stacking and, ultimately, the device performance.'»**'*?*° Addi-
tionally, regiorandom PSMAs affect the batch-to-batch repro-
ducibility of the synthetic procedures.?*-** For all these reasons,
regioregularity control is rapidly emerging as an important
design strategy to obtain highly efficient PSMA-based devices
and several efforts have been made to ensure regioregularity
within polymerization, resulting in enhanced PCEs of the
related solar cells.”?*

Interestingly, several studies revealed a consistent trend
between the polymerization site and the optoelectronic and
photovoltaic properties of regioregular PSMAs. In all the cases
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presented in the literature, y-PSMAs display more favorable
optical and electronic properties compared to 3-PSMAs, often
leading to a remarkably higher PCE of the vy-based
devices.?**»**?% Spectroscopical, morphological and computa-
tional investigations revealed that, compared to 3-PSMAs, vy-
PSMAs have lower-lying and more delocalized lowest unoccu-
pied molecular orbitals (LUMOs), increased extended conjuga-
tion, higher electron transport and absorption wavelength red-
shifted towards the near-infrared region.”***** All these factors,
combined with improved morphological features, play a funda-
mental role in boosting the PCE of y-PSMA-based devices.

Even though recent results highlight remarkable improve-
ments of the efficiency of regioregular PSMA-based devices, the
microscopic origin of the relationship between polymerization
sites and their optoelectronic properties in regioregular PSMAs
has neither been elucidated nor systematically investigated. In
this work, we provide a quantitative framework to understand
and rationalize how regioregularity affects the properties of
PSMAs. Using Density Functional Theory (DFT) and Time-
Dependent Density Functional Theory (TDDFT) calculations,
we study the electronic structure and optical properties of
several experimentally reported PSMAs. We evaluate the effect
of the substituents in the IC unit on conjugation length and
mesomeric effects, by comparing the properties of realistic IC-
based regioisomers with those bearing symmetric indandione
(IND) SMA end groups,® where the dicyanomethylene group is
replaced by a keto group. Our results show that, upon symme-
trization, the properties of y and & isomers become quantita-
tively indistinguishable, demonstrating that the optoelectronic
properties of y-PSMAs are controlled and enhanced by the
presence of the dicyanomethylene group in the IC unit.
Furthermore, we show that the optoelectronic properties of y-
PSMAs can be further improved by, for instance, vicinal func-
tionalization of the IC unit with an electron-withdrawing
substituent, which we predict will further enhance the proper-
ties of y-PSMAs via favorable mesomeric effects.

Results and discussion

As mentioned in the Introduction, most of the SMA cores in
PSMAs feature terminal IC units. In this molecular scaffold, the
electron-withdrawing dicyanomethylene and keto groups exert
simultaneously negative inductive (—I) and negative mesomeric
(—M) effects, rendering the IC unit electron-deficient. As shown
in Fig. 1, the IC unit is cross-conjugated: both the keto and
dicyanomethylene unsaturated groups on the cyclopentene
moiety of IC are conjugated to a third unsaturated center (the
fused phenyl double bond); however they are not conjugated to
each other.***' Cross-conjugation is ubiquitous in organic
conjugated polymers* and, in this specific case, it has two
important effects on the electronic properties of PSMAs. Firstly,
it preserves conjugation in the polymers without full single-
double bond alternation patterns (formally associated to
extended conjugation). Secondly, because of IC's cross-
conjugation, the extended conjugation patterns at the two
polymerization sites are different, depending on the IC
substituents (see Scheme 1).

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Schematic representation of the extended conjugation
patterns along the terminal IC group for d- (a) and y-PSMAs (b),
together with representative Lewis resonance structures along the
pattern induced by the —M effect of the keto and dicyanomethylene
groups, respectively. In the & isomer the —M effect of the electron-
withdrawing keto group leads to the delocalization of a positive charge
along the d conjugation pattern and, as a result, a Lewis structure is
formed, with the positive charge localized at the 3 site, enabling further
delocalization towards the conjugated m-linker. In the case of the y
isomer, the —M effect of the dicyanomethylene group leads to delo-
calization of two positive charges along the y conjugation pattern and,
as a result, two Lewis structures with the positive charge localized at
the vy site are present, namely twice the number of those associated
with the mesomeric effect of the keto substituent along the & conju-
gation pattern.

As shown in Scheme 1a, the extended conjugation pattern
through the 3 site of the IC group (i.e. the one relevant for
conjugation in 3-PSMAs) is controlled directly by the keto group,
whereas the conjugation pattern at the v site is controlled by the
dicyanomethylene group (Scheme 1b). Hence, one relevant
difference between the two polymerization sites is that y-PSMAs
have a longer conjugation length than 3-PSMAs. A longer
conjugation length in narrow band gap conjugated polymers is
usually associated with smaller fundamental and optical gaps,*
and hence it is reasonable to expect it may contribute to the red-
shifted optical absorption revealed experimentally for y-PSMAs.

Additionally, the keto and dicyanomethylene groups have
a different structure, and therefore they exert a quantitatively
different negative mesomeric effect on the two isomers, as can
be inferred by applying classical mesomerism theory on the
extended conjugation patterns in the IC end group (Lewis
resonance structures in Scheme 1). The comparison of the
Lewis resonance structures reported in Scheme 1a and 1b (and
of all the relevant resonance structures reported in Schemes S1
and S2 in the ESIT for the d and y isomers, respectively) reveals
that the branched nature of the dicyanomethylene group
induces an enhanced negative mesomeric effect along the vy
conjugation pattern. In fact, each of the cyano groups of the
dicyanomethylene substituent can independently induce posi-
tive charge delocalization along the conjugation pattern and, as
a result, twice the number of Lewis structures representing

This journal is © The Royal Society of Chemistry 2024
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positive charge delocalization along the y conjugation pattern
are obtained. This effect is associated with the lowering of the
frontier energy levels and of the HOMO-LUMO and optical gaps
of the molecular unit; it is also associated with an increased
LUMO delocalization and enhanced m-conjugation resulting
from increased m-delocalization.**

The qualitative analysis reported above suggests that the
optoelectronic properties of y-PSMAs are controlled (and
enhanced) by the nature of the dicyanomethylene substituent.
To verify quantitatively this hypothesis derived from our anal-
ysis, we carry out (TD)DFT calculations at the B3LYP level of
theory (see Computational Details for the full computational
protocol) on the eleven experimentally reported PSMAs shown
in Fig. 2.

The chosen computational protocol yields good agreement
with previously reported experimental results for optical and
electronic properties (see Computational Methods section for
details). The selected PSMAs sample a relatively large chemical
space, thus providing a general set of results. For each PSMA we
optimize the structure of both 8 and y isomers and we compute
several key optoelectronic properties related to their perfor-
mance in all-PSCs. Then, for each PSMA and each isomer we
substitute the IC unit with a symmetric indandione (IND)
terminal unit (see inset Fig. 2) and repeat all our calculations.
When replacing the dicyanomethylene group with a keto group
in IND, we obtain PSMAs with identical mesomeric effects and
conjugation length at the y and 3 sites. Therefore, the hypoth-
esis discussed above—that the optoelectronic properties of y-
PSMAs are controlled by the nature of the dicyanomethylene
substituent—will be verified if, after the IC group replacement,
v- and 3-PSMAs exhibit qualitatively similar optoelectronic
properties. We show below that this is indeed the case.

We start our analysis by considering the extent of the back-
bone delocalization of the LUMOs in the two isomers, using PY-
2T as a representative case. The extent of the LUMO delocal-
ization in PSMAs is a relevant property, since it impacts the
intramolecular charge transfer along the polymer backbone
and, in turn, enhances the charge transport and helps sup-
pressing charge recombination in the related solar cell devices.
Furthermore, the LUMO delocalization is tightly connected to
the mesomeric model discussed earlier. It is known that
enhanced mesomeric effects in the w-conjugated building
blocks of semiconducting polymers are accompanied by an
increased delocalization of the LUMO towards the neighboring
conjugated units.** Therefore, the increased —M effect in vy-
PSMAs should be accompanied by an increased LUMO delo-
calization (and m-conjugation) along the polymer backbone,
compared to 3-PSMAs. Indeed, we find that the LUMO is more
efficiently delocalized in the IC unit of y-PY-2T, following the
pattern dictated by the respective resonance structures (see
Fig. S3 in the ESIT and discussion therein). Upon inspection of
the LUMO isosurfaces (Fig. 3a-d) for the PY-2T isomers, we find
them to be consistent with the mesomeric control of the LUMO
delocalization along the polymer backbone. We indeed observe
a clear difference between IC-terminated 3- and y-PY-2T: while
the LUMO of the latter (Fig. 3b) is fully delocalized on the whole
molecular unit, that of 3-PY-2T is only localized on the two Y5

J. Mater. Chem. A, 2024, 12, 25837-25849 | 25839
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Fig. 2 Chemical structures of the eleven PSMAs featured in this study. The experimental studies where each regiorandom (top line) and/or
regioregular PSMA (bottom line, when applicable) has been experimentally characterized are listed. We use PY-T (i.e. Y-type core with a thio-
phene linker)® as a PSMA featuring Y-series A—-D-A'—=D-A core units; we consider core-fused rings modifications by including PZT,? and
terminal group functionalization by including PY-T-F.2¢ We include PSMAs with Y-type cores polymerized with bithiophene (PY-2T),33¢ sele-
nophene (PY-Se), biselenophene (PY-BiSe),? fluorinated bithiophene (PY-2F2T),? as well as the efficient PY-BTz we recently reported,’
featuring a dialkoxy-bithiazole linker. Finally, we consider PSMAs with A—D—A-type cores, such as PZ1,° MBTI,*® which also contains a func-
tionalized bithiophene diimide linking group, and the recently reported non-fused core-based PBTO.?® Inset: schematic structure of the 1,1-
dicyanomethylene-3-indanone (IC) and indandione (IND) terminal groups used in this study.

units with no LUMO localization on the linker (Fig. 3a). This
effect can be quantified by computing the reduced atomic
LUMO populations on the atoms of the =-linker (p), which give
a measure (in percentage) of the extent of the LUMO localiza-
tion on the bithiophene linker. Indirectly, p values allow to infer
quantitatively the extent of LUMO delocalization on the
molecular units of & and y isomers: negligible p values suggest
poor LUMO delocalization, whereas higher p values indicate
that the LUMO is fully delocalized on the polymer backbone. As
shown in Fig. 3a and b, the p values we find for 3- and y-PY-2T
are consistent with the conclusions inferred from the LUMO
isosurfaces: 6.7% of the LUMO is localized on the linker of y-PY-
2T, while only 0.6% of the LUMO is localized on the bithiophene
unit of 3-PY-2T. Notably, for IND-terminated PY-2T isomers, the
LUMO:s of 8- and y-PY-2T-IND are similarly delocalized over the
respective molecular units (Fig. 3c and d). Accordingly, the
LUMOs of 3- and y-PY-2T-IND feature practically identical p
values (4.4% and 4.6%, respectively).

25840 | J Mater. Chem. A, 2024, 12, 25837-25849

To verify the generality of the descriptor used above, we
computed the p values and LUMO isosurfaces for all IC- and
IND-terminated d and y isomers of the PSMAs reported in Fig. 2,
and we quantified the effect of regioregularity on p for IC- and
IND-terminated PSMAs as follows:

Ap=p" —p° (1)

where pY and p® are atomic LUMO populations on the atoms of
the m-linker for y and § isomers, respectively.

The computed Ap values for IC-terminated PSMAs (red bars
in Fig. 3e) are consistent with the trend discussed for PY-2T. In
all cases, d isomers feature negligible p values (no linker LUMO
localization and poor backbone LUMO delocalization) and vy
isomers have higher p values (increased linker localization and
more efficient backbone delocalization). As a result, Ap values
are positive throughout the series of IC-terminated PSMAs, with
an average value of 5.5 £ 3.0%. Instead, upon introduction of
the symmetric IND group, Ap values are considerably smaller

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 LUMO isosurfaces (isodensity value: 10 me/ag®) for IC-terminated 8- and y-PY-2T (a and b) and IND-terminated 8- and y-PY-2T-IND (c
and d). For each isosurface, the percentage of LUMO localization on the linker unit (p) is reported. (e) Effect of regioregularity on the LUMO
localization on the linker unit (Ap) for IC- (red) and IND-terminated (blue) 3- and y-PSMAs.

for all IND-terminated PSMAs (blue bars in Fig. 3e) with an
average of 0.4 £ 3.0%, indicating a similar extent of LUMO
delocalization (and m-delocalization) along the backbone of the
two isomers. A comparison between the LUMO isosurfaces of
IC- and IND-terminated PSMAs supports the conclusions drawn
from the computed Ap. Despite the localization patterns of the
LUMO of the 3-PSMAs may appear at first sight different, we
note that the LUMO and LUMO+1 are quasi-degenerate orbitals
(see Fig. S5 in the ESIt and discussion therein); hence one
should consider their linear combination to analyze localization
patterns. Such linear combination yields an effective LUMO. By
doing so, we observe that the effective LUMOs are poorly delo-
calized on all 3-PSMAs but fully delocalized on all y-PSMAs,
while the character of the LUMOSs of IND-terminated y- and d-
PSMAs becomes indistinguishable (see Fig. S4 and S6 in the
ESIt).

These results provide a proof of concept of the mesomeric
effect on the electronic structure of regioregular PSMAs. In

This journal is © The Royal Society of Chemistry 2024

essence, as a direct consequence of the enhanced —M effect on
the vy conjugation pattern, a more delocalized LUMO is found
for all y-PSMAs. This result highlights the connection of our
mesomeric model with a distinctive feature of the electronic
structure of the polymers; we can expect that, at least qualita-
tively, the different nature of the LUMOs of 3- and y-PSMAs may
also impact some of their optoelectronic properties. For
instance, we can expect that, due to an increased LUMO delo-
calization, y-PSMAs display LUMO levels at lower energies,
leading to lower fundamental and possibly optical gaps.

Hence, we quantitatively evaluate the extent of the meso-
meric control of some key optoelectronic properties of regiore-
gular PSMAs such as the HOMO-LUMO (Ey;,) and the optical
(E¢) gaps, vertical electron affinities (VEA) and exciton binding
energies (Ep). To do so, we compute these properties for IC- and
IND-terminated y- and 3-PSMAs and we evaluate the regior-
egularity effect as follows:

J. Mater. Chem. A, 2024, 12, 25837-25849 | 25841
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AE‘HL = E?—IL - EIZIL (2)
AE, = Eg — EY (3)
AVEA = VEA® — VEAY (4)
AE, = Ey — E} (5)

where “y” and “8” superscripts refer to properties computed for
v and d isomers, respectively.

The quantities defined above are reported in Fig. 4. The AEyy;,
values are always positive throughout the series for IC-
terminated PSMAs (red bars in Fig. 4a), with an average value
of 43 £+ 22 meV, indicating that the fundamental gap of y-
PSMAs is always smaller than that of 3-PSMAs, in agreement
with previous theoretical and experimental findings.'*->"%2627
Interestingly, the replacement of the dicyanomethylene with the
keto substituent in the IND group leads to AEyy, values that are
consistently smaller throughout the series (blue bars in Fig. 4a).
The average value of AEy; is approximately one order of
magnitude smaller (5 £ 4 meV) than that of IC-PSMAs; this
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result indicates that IND-terminated y- and J3-PSMAs have
similar HOMO-LUMO gaps, due to the identical mesomeric
effect exerted by the two keto groups on the IND unit. We also
evaluated the effect of regioregularity on the absolute HOMO
and LUMO energies of regioregular PSMAs separately (Fig. S7 in
the ESIt). Our results indicate that IC-terminated y-PSMAs have
lower-lying HOMO and LUMO levels (negative AEy and AE;,
values); however, the effect of regioregularity on the two
molecular orbitals is quantitatively different. As can be inferred
from Fig. S7a,} for each IC-terminated PSMA the absolute value
of AE;, is larger than AFEy. Upon symmetrization, we find that
AEy and AE, values are similar for each IND-terminated PSMA
(see Fig. S7bt). These results are consistent with those of Fig. 4a,
and, most importantly, with the known relationship between
mesomeric effects and energy levels, where —M effects are ex-
pected to lower LUMO energies to a bigger extent compared to
HOMO energies. Overall, our results indicate that the energy
levels of PSMAs are modulated by the substituents on the IC
terminal group and that the enhanced —M effect of dicyano-
methylene group lowers the LUMO energy (and, likely, to
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a lesser extent the HOMO energy) of y-PSMAs, hence reducing
their HOMO-LUMO gap.

We turn to analyzing the optical properties of the PSMAs. We
find that the qualitative features of the computed absorption
spectra are not affected by regioregularity (see Fig. S8 in the ESIT
and discussion therein). Our calculations, however, show a clear
regioregularity effect on the optical gaps of all PSMAs (Fig. 4b).
Consistent  with  experimental data from  UV-vis
spectroscopy,'®**2%?” we find that AE, is positive throughout
the series, indicating a smaller optical gap (and thus a bath-
ochromic shift of the absorption wavelength) for y-PSMAs, with
an average value of 68 + 15 meV. Upon end-group symmetri-
zation, all IND-terminated PSMAs feature much smaller AE,
values (average of 7 £ 4 meV), indicating that the increased
mesomeric effect of the dicyanomethylene groups also controls
the optical gap of y-PSMAs, further shifting their absorption
wavelengths towards the near-infrared region. This result is
particularly significant, indicating that enhanced —M effects in
v-PSMAs are a crucial factor for controlling the enhancement of
the photon absorption range, which is key to improve the
performance of the related all-PSCs.

Interestingly, —M effects impact significantly vertical elec-
tron affinities as well. Both 3- and y-PSMAs have negative VEAs
but the electron affinity of y-PSMAs is lower than that of &-
PSMAs (see red bars in Fig. 4c). This result is interesting, as
a high electron affinity is crucial for high-performing acceptors
in all-PSCs to ensure high electron mobility and charge sepa-
ration. Our data indicate that the enhanced electron affinity of
v-PSMAs could be one of the factors that boost the performance
of y-based devices. Furthermore, end-group symmetrization
indicates that —M effects are likely the origin of the improved
electron affinity: AVEA values are sizably smaller for IND-
terminated PSMAs (blue bars in Fig. 4c). On average, AVEA
decreases by roughly one order of magnitude from IC- (59 + 17
meV) to IND-terminated (6 £ 6 meV) PSMAs, indicating that
their electron affinity is controlled by conjugation length and
negative mesomeric effects.

Notably, the trend observed for exciton binding energies is
not as simple as that of the other optoelectronic properties.
Firstly, since lower exciton binding energies are associated with
an increased photovoltaic performance, allowing for a reduc-
tion of energy losses and favoring charge separation, one would
expect that the more efficient y-PSMAs exhibit smaller E, values
compared to 3-PSMAs. However, AE}, values for IC-terminated
PSMAs (red bars, Fig. 4d) are negative in most cases, indi-
cating on average slightly lower E}, values for d isomers. The only
exception is y-MBTI, featuring a slightly smaller E;, value
compared to 3-MBTI. End-group symmetrization affects AEj,
(blue bars, Fig. 4d): for most acceptors its value decreases for
IND-terminated PSMAs. However, this effect is not systematic:
PY-Se-IND, for instance, has a higher |AE,|, and AE;, values for
MBTI and MBTI-IND are very similar. These heterogeneous
trends found for the exciton binding energies may be caused by
several factors. Several physical phenomena that are not
accounted for in our calculations (e.g. electron-phonon
coupling) can sizably affect the computed values of E;, and
modify the trends reported in Fig. 4d.***' Furthermore, E}, is

This journal is © The Royal Society of Chemistry 2024
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related to the dielectric constant of the material (¢), where
higher ¢ values correspond to lower exciton binding energies. It
has been shown that, for non-fullerene SMAs, ¢ is linearly
related to the ratio between the isotropic polarizability (o) and
the molecular volume of the acceptor.*”” We computed « for IC-
and IND-terminated d and y isomers and we evaluated the effect
of regioregularity on its value (Aa). As shown in Fig. S9 in the
ESI, T while no strong correlation between A« and AE, is found,
the two quantities seem to be at least qualitatively related,
indicating that the isotropic polarizability of regioregular
PSMAs is likely one of the factors controlling their exciton
binding energy; however, the latter is affected by a multitude of
factors that go beyond just mesomeric effects and are therefore
difficult to disentangle and rationalize within the model dis-
cussed in the present work.

The results discussed so far establish a clear relationship
between favorable mesomeric effects and the enhanced prop-
erties of y-PSMAs, relative to 3-PSMAs, naturally raising the
question of how to identify design rules and strategies for the
selective functionalization of acceptor polymers, so as to
enhance —M effects in the IC unit. It has been recently sug-
gested that the engineering of the IC terminal SMA group could
potentially represent a strategy to further improve the proper-
ties of functional regioregular PSMAs. So far, the main efforts in
terminal group engineering consist of end-group halogena-
tions.*® In fact, halogens (e.g. fluorine), with their high electro-
negativity, induce a negative inductive effect that makes the
terminal IC unit even more electron-deficient, thus favoring
intra-molecular charge transfer in the polymeric acceptor and
overall enhancing the properties of the PSMA. PY-T-F (see Fig. 2)
is an example of this type of functionalization in regioregular
PSMAs, where the “parent” PY-T has been fluorinated at the B-
position of the terminal IC unit. Based on the results discussed
in the previous section, end-group functionalization could
simultaneously favor a negative inductive effect and a negative
mesomeric effect, thus leading to a more efficient tuning of the
optoelectronic properties of PSMAs. Halogens, however, induce
a positive mesomeric (+M) effect due to their lone pair, indi-
cating that fluorinated PSMAs exclusively take advantage of —I
effects. Electron-withdrawing groups such as the cyano group
are highly electronegative (thus exerting a —I effect) and, as
shown in Fig. 5a, they can also exert a favorable —M effect when
the IC group is functionalized in a vicinal (ortho) position with
respect to the polymerization site (for instance the B position of
the IC unit in y-PSMAs).

A comparison between y-PY-T, y-PY-T-F (i.e. fluorination at
the IC B position inducing favorable —I and unfavorable +M
effects) and y-PY-T-CN (i.e. cyanation at the IC B position
inducing favorable —I and —M effects) reveals that indeed the
properties of y-PSMAs could be further improved by simulta-
neously accounting for —I and —M effects. As shown in Fig. 5b-
d, the fundamental and optical gaps and the vertical electron
affinities of y-PY-T-CN are systematically improved upon (-
cyanation not only compared with “parent” PY-T, but also
compared with PY-T-F. Interestingly, once again, controlling the
exciton binding energies via IC functionalization appears to be
a less straightforward strategy, as indicated by the only
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marginal improvement of E}, upon B-cyanation (Fig. 5e). Ulti-
mately, it is worth noting that B-cyanation and B-fluorination
appear to have a comparable effect on the backbone coplanarity
of the PSMAs. As shown in Fig. S10,T y-PY-T-F, which has been
experimentally reported and integrated in a high-PCE device,*®
displays a linker-SMA dihedral angle of 19.0°. Notably, y-PY-T-
CN, despite the bigger size of the cyano substituent, displays
a very similar linker-SMA dihedral angle (23.8°), suggesting that
B-cyanation could be a viable functionalization strategy also
from a morphological standpoint.

To evaluate the generality of the design principle identified
here, all IC-terminated y-PSMAs shown in Fig. 2 have been
functionalized with a cyano group at the B position of the IC
unit and the effect of B-cyanation on their optoelectronic
properties has been evaluated as follows:

25844 | J Mater. Chem. A, 2024, 12, 25837-25849

AERY = Efit™ — Efn (6)
AEN = EfN — EY (7)
AVEA®Y = VEAY — VEAY N (8)
AESN = BN — EY ©)

where the “y” and “y-CN” superscripts refer to real and B-
functionalized vy isomers.

As expected, the data reported in Fig. 6 indicate that the effect
of B-cyanation is beneficial for all y-PSMAs. Both the fundamental
and optical gaps (Fig. 6a and b, respectively) of y-PSMAs are found
to be sensitive to the B-cyano functionalization of the IC unit. The
fundamental gaps of all PSMAs are smaller upon cyanation, with
negative AEgG; values throughout the series (average value of

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta04192e

Open Access Article. Published on 16 August 2024. Downloaded on 4/17/2026 12:07:00 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
AE,, °N = -52 + 23 meV
a) o
— -25
>
)]
E =0
N
=z
o
d 75
T
Ll
< -100
ST SARPR O » L
9*9 AQ« AQ.\ q*'@ & P Ag* & Q'C\ A‘\&@
X =y \\Q
y-PSMA
AVEA®N =174 £ 16 meV
C) 200
; 150
)]
§, 100
z
3
<L 50
11}
>
| 0
& L L & A O _\;\ S ,1‘} Q
L AU S S AR M SR A2
-\ & A %
Aq AQ A’Q *9{ X {9 K 49.\ ¢

y-PSMA

View Article Online

Journal of Materials Chemistry A

AEgCN =-39 £ 25 meV

=z

— -20
>
O
£ 4
N
8
o 60
=
-80
P I R (B N I AT
L2 CARRCA RS R A S A4
5\ Q < A\’ X Q % ¥ 3
Q K Y X S\ K\
X & \\2 \\9

AE,°N = -14 + 16 meV

AE,°N (meV)
&

y-PSMA
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—52 =+ 23 meV). We also find that LUMO energies are more
sensitive than HOMO energies to the introduction of a cyano
group in the B position (Fig. S11 in the ESI}), consistent with the
simultaneous —I and —M effect exerted by the cyano group, which
lowers the LUMO energy more than the HOMO energy. Similarly,
we predict smaller optical gaps upon functionalization, with
AEfOEN values negative throughout the series (average value of —39
=+ 25 meV). This indicates that the vicinal functionalization of the
IC terminal unit is potentially able to and tune the energy levels of
the acceptor, and, as a result, to further shift the light absorption
region towards longer wavelengths.

We find that the B-functionalization has a highly beneficial
effect on vertical electron affinities (Fig. 6c): we computed
positive AVEA®N values for all y-PSMAs, indicating a noticeable
enhancement of their electron affinity upon functionalization
with a cyano substituent. On average, the electron affinity of
PSMAs is sensibly improved by 174 + 16 meV. Again, in general,
these results indicate that tackling simultaneously both —I and
—M effects by selective end-group functionalization of y-PSMAs
can systematically improve the electron affinity of the polymeric
acceptors and, in turn, their efficiency in all-PSCs.

Finally, we evaluated the effect of cyano functionalization on
the exciton binding energies of y-PSMAs (Fig. 6d). Notably, we
find a smaller exciton binding energy for cyano-functionalized

This journal is © The Royal Society of Chemistry 2024

PSMAs, with AERY values consistently negative throughout the
series. This result is consistent with the increased electron-
withdrawing ability of the cyanated IC unit, which has been
shown to be beneficial to lower Ey,.*> However, the complexity of
the trends discussed earlier for the exciton binding energies is
reflected in a high variability of the magnitude of AES" along
the series, where in several instances the —I/—M effect of the
cyano group is only marginally beneficial for lowering Ej.
Hence, we conclude that the selective IC functionalization
combining —M and —I effects may be a viable strategy to lower
the exciton binding energies of regioregular PSMAs, to extents
that vary with the molecular structure of the PSMA.

Conclusions

In this work, using DFT and TDDFT simulations, we investigated
the influence of regioregularity on the optoelectronic properties of
experimentally reported polymerized small molecule acceptors for
all-polymer solar cells. We showed that the optical and electronic
properties of 3- and y-PSMAs are controlled by the conjugation
length and mesomeric effects of the substituents on the cross-
conjugated terminal 1,1-dicyanomethylene-3-indanone group of
the SMA core, Le. the keto and dicyanomethylene groups, respec-
tively. Specifically, we found that the dicyanomethylene group
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extends the conjugation length of the IC unit and induces stronger
negative mesomeric effects along the extended conjugation
pattern of y-PSMAs, thus improving their optoelectronic proper-
ties. We computed several properties of d- and y-PSMAs, consid-
ering IC- and IND-terminated isomers; these properties include
the extent of LUMO delocalization over the polymer backbone,
fundamental and optical gaps, vertical electron affinities, and
exciton binding energies. Our findings show that IC-terminated
v-PSMAs have a more delocalized LUMO, and increased 7t-delo-
calization, smaller fundamental and optical gaps, and higher
vertical electron affinities compared to 8-PSMAs. For IND-
terminated PSMAs, where the dicyanomethylene group is
replaced by another keto group, the properties of 8- and y-PSMAs
become quantitatively undistinguishable, confirming the essential
role of the dicyanomethylene group in boosting the optoelectronic
properties of y-PSMAs via favorable enhanced mesomeric effects.

Based on these results, we proposed design rules to further
boost the optoelectronic properties of regioregular y-PSMAs.
Our calculations indicate that vicinal functionalization on the
B position of the terminal IC unit with an electron-withdrawing
group (e.g. cyano substituent) is a potentially effective way to
improve the optoelectronic properties of regioregular PSMAs,
including smaller optical and fundamental gaps, higher elec-
tron affinities and lower exciton binding energies. Our results
also suggest that functionalizing regioregular PSMAs by simul-
taneously enhancing negative inductive and mesomeric effects
allows for a desirable control of several of their optoelectronic
and photovoltaic properties, thus providing an effective design
principle to further enhance their efficiency in all-PSCs.

It is worth emphasizing that the -cyanation of the IC unit of
v-PSMAs is the most immediate and effective way of realizing
functionalization strategies that can boost the properties of
PSMAs via mesomeric control. However, the principle described
here is general, and it could be exploited in a multitude of
different ways accessible via molecular design. For instance,
a very large number of available SMAs featuring various IC
derivatives have been reported in the literature.*> Among those,
SMAs with r-extended IC units (for instance where the phenyl
group of IC is replaced with a naphthyl group),***® would offer an
ideal platform to tailor the properties of the resulting y-PSMAs
via mesomeric control. In fact, the m-extension offers a larger
number of viable sites along the y conjugation pattern to be
favorably functionalized with electron-withdrawing substituents,
thus providing multiple possibilities to boost their optoelectronic
properties via joint and tunable —I/—M effects. Similarly,
m-linkers, whose molecular design remains relatively unexplored,
could be functionalized following an analogous principle. For
instance, functionalizing the 3-position of commonly used thio-
phene linkers with a cyano substituent would, in principle,
enable favorable and simultaneous —I/—M effects along the
polymer backbone. Notably, selectively cyano-functionalized
dialkoxy-bithiophene linkers have been reported to yield func-
tional n-type conjugated polymers featuring a low-lying LUMO as
a consequence of the mesomeric control exerted by the cyano
group.**** Ultimately, it is worth noting that cross-conjugation is
ubiquitous in 7-conjugated polymers: notable examples include
the p-type donor polymer PM6 (ref. 52) and the n-type acceptor
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polymer P(NDI2OD-T2).** Since the design principles discussed
here are derived from the general framework of classical meso-
merism theory, we expect that analogous design strategies based
on mesomeric control can be directly extended to tune the
properties of a broader class of conjugated polymers for appli-
cations in organic electronics.

In sum, in this study we elucidate the systematic effect of
regioregularity on the optoelectronic properties of regioregular
PSMAs, while also providing practical suggestions on their
molecular engineering of regioregular PSMAs. We foresee that by
integrating a rational design principle based on mesomeric control
with the vast library of reported building blocks, the optoelectronic
properties of PSMAs may be substantially improved, paving the
way for an efficiency boost of PSMA-based devices.

Computational methods

Computational protocol

All DFT calculations have been carried out with the ORCA
quantum chemistry program package (5.0.3 version).** All
geometry optimizations have been carried out in vacuo using the
B3LYP hybrid exchange-correlation functional,”*” the double-
zeta quality def2-SVP basis set,>® and the D3 atom-pairwise
dispersion correction with the Becke-Johnson damping
scheme (D3BJ).>** All PSMAs (ie. & and vy isomers, IC-
terminated, IND-terminated and cyano-functionalized struc-
tures) have been simplified as dimers and the different alkyl
side chains have been replaced with methyl groups to ensure
the computational feasibility of the calculations. HOMO and
LUMO energies have been evaluated by carrying out a single
point calculation on the optimized structures using the same
computational protocol but using a larger triple-zeta quality
def2-TZVPP basis set. Vertical electron affinities have been
calculated at the same level of theory as the energies associated
to the PSMA + e — PSMA™ process. Optical gaps have been
computed with TDDFT, by carrying out calculations on opti-
mized structures at the same level of theory described above.
For consistency with experimentally determined optical gaps in
solution from previous works, the conductor-like polarizable
continuum model (CPCM)** has been used to account for
solvent effects. For each PSMA, implicit solvation accounting for
the solvent used experimentally for UV-vis spectra has been
chosen. As a result, TDDFT calculations for IC-terminated, IND-
terminated and cyano-substituted isomers of PY-2T and PY-BTz
have been computed using CPCM settings for toluene, whereas
all the other TDDFT calculations have been carried out using
CPCM settings for chloroform.

From TDDFT and DFT data, exciton binding energies have
been computed as follows:

Eb = EHL — Eg (10)

Validation of the chosen computational setup

To ensure that the chosen computational setup and that the
structural approximations introduced do not affect the accuracy

This journal is © The Royal Society of Chemistry 2024
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of the results reported, the computed optical gaps have been
compared to available literature data from UV-vis spectroscopy
for regioregular PSMAs. As shown in Fig. S1 in the ESI,{ the
optical gaps computed well compare with experimental ones:
TDDFT data are found to only slightly overestimate E, values
systematically. We also compared AE, values with available
experimental ones and the results indicate a qualitative agree-
ment with similarly small variations (Fig. S2 in the ESIY),
capturing the sign of the variations, which is central to the
discussion here reported.

Additionally, the B3LYP functional suffers from high self-
interaction error, which can lead to over-delocalization of the
frontier molecular orbitals wavefunctions and errors in the
estimation of fundamental gaps.®*® This has been reported to
be detrimental for the study of optoelectronic properties of low-
bandgap conjugated organic polymers, whereas gap-tuned long-
range corrected hybrid functionals have been suggested for
minimizing all these sources of error and obtaining more
accurate results.***¢

To ensure that the chosen setup does not affect the consis-
tency of the results discussed, we compare the performance of
B3LYP with the w*B97XD gap-tuned long-range corrected
exchange-correlation functional® (for which the range-separa-
tion parameter w has been optimized via a non-empirical gap
tuning procedure,® see the ESI for more information and Table
S1t for optimal w* values). We compared the performance of
the two functionals for representative IC- and IND-terminated 8-
and y-PY-2T. As shown in Table S2,T both B3LYP and w*B97XD
capture the same relative trends upon isomerization and
symmetrization, with Eyy, and E, values being smaller for y-PY-
2T compared to 3-PY-2T and predicting very close values for
symmetrized d- and y-PY-2T-2CO. Most importantly, BALYP and
w*B97XD predict analogous values and trends for p (i.e. the
extent of LUMO delocalization along the backbone), meaning
that the high self-interaction error in B3LYP does not affect the
extent of LUMO delocalization along the backbone and there-
fore the related discussion on the relationship between meso-
meric effects and electronic structure of regioregular PSMAs.
Notably, however, B3LYP outperforms w*B97XD in absolute
terms: the latter predicts very large Ey, E, and Ej values,
yielding a notably worse agreement with the available experi-
mental data. This is most likely due to error compensation
between the approximations in B3LYP and the structural
approximations used in this work (i.e. using dimers models
with methyl side chains). We also note that the effect of the
basis set on the computed optoelectronic properties is small
(less than 0.1 eV) for both functionals (see Table S3 in the ESIT).
Therefore, comparative analyses with both available experi-
mental data and long-range corrected hybrid functionals reveal
that the chosen computational protocol is accurate and
predictive to describe the phenomena discussed in this work for
this class of polymers.
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