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Significant Efficiency Enhancements in Non-Y Series
Acceptors by the Addition of Outer Side Chains

Qiao He, Wisnu Tantyo Hadmojo, Xiantao Hu, Subhrangsu Mukherjee,
Maryam Alqurashi, Wejdan Althobaiti, Catherine S. P. De Castro, Byongkyu Lee,
Bowen Ding, Joel Luke, Panagiota Kafourou, Zhuping Fei, Andrew J. P. White,
Julien Gorenflot, Florian Glocklhofer, Frédéric Laquai, Harald Ade,

Thomas D. Anthopoulos, and Martin Heeney*

Most current highly efficient organic solar cells utilize small

molecules like Y6 and its derivatives as electron acceptors in the photoactive
layer. In this work, a small molecule acceptor, SC8-IT4F, is developed through
outer side chain engineering on the terminal thiophene of a conjugated 6,12-
dihydro-dithienoindeno[2,3-d:2’,3’-d]-s-indaceno[1,2-b:5,6-b’]dithiophene
(IDTT) central core. Compared to the reference molecule C8-IT4F, which lacks
outer side chains, SC8-IT4F displays notable differences in molecule geometry
(as shown by simulations), thermal behavior, single-crystal packing, and

film morphology. Blend films of SC8-IT4F and the polymer donor PM6 exhibit
larger carrier mobilities, longer carrier lifetimes, and reduced recombination
compared to C8-IT4F, resulting in improved device performance. Binary
photovoltaic devices based on the PM6:SC8-IT4F films reveal an optimal
efficiency over 15%, which is one of the best values for non-Y type small
molecule acceptors (SMAs). The resultant devices also show better thermal
and operational stability than the control PM6:L8-BO devices. SC8-IT4F

and its blend exhibit a higher relative degree of crystallinity and = coherence
length, compared to C8-IT4F samples, beneficial for charge transport and
device performance. The results indicate that outer side chain engineering

on existing small electron acceptors can be a promising molecular

design strategy for further pursuing high-performance organic solar cells.

1. Introduction

Organic solar cells (OSCs) have emerged
as a promising technology for solar energy
conversion, yielding impressive power
conversion efficiencies (PCEs) surpassing
19% in recent advancements.!!) This signif-
icant progress in their device performance
can be attributed to the identification and
utilization of highly efficient photovoltaic
materials, primarily consisting of donor
and acceptor components.’l' Among the
various acceptor types, A-D-A and A-DA’D-
A (AJA’ = acceptor, D = donor) structured
small molecule acceptors (SMAs) are the
most promising candidates.’] In 2015,
Zhan et al. reported A-D-A-type SMAs,
represented by  3,9-bis(2-methylene-(3-
(1,1-dicyanomethylene)-indanone))-5,5,11,

11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:-

2’,3’-d']-s-indaceno[1,2-b:5,6-b’]dithiophe-

ne (ITIC), 2,2'-((2Z,2'Z)-((44,9,9-tetrah-
exyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b']di-

thiophene-2,7-diyl)bis(methanylylidene))bis
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(3-0x0-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile
(IDIC), and 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-
indanone))-5,5,11,11-tetrakis(5-hexylthienyl)-dithieno[2,3-
d:2',3'-d']-s-indaceno[1,2-b:5,6-b’|dithiophene (ITIC-Th).1*]
Benefitting from the strong intramolecular electron push-pull
effect in the A-D-A-type backbone, these ITIC-series materials
exhibited favorable optoelectronic properties, such as intensive
light absorption in the near-infrared (NIR) region, and appro-
priate frontier molecular orbital energy levels when matched
with wide bandgap (WBG) polymer donors.l) Consequently, the
growing set of ITIC-based materials promoted OSC efficiencies
to 11-15%.1%1 Zou et al. and Yang et al. proposed an A-DA’D-A-
type skeleton by incorporating an electron-withdrawing unit into
the middle of the central fused ring, resulting in the emergence
of the Y-series SMAs,l”] which exhibited increased absorption in
the near-infrared region. More significantly, a 3D charge trans-
port network was formed by z—r stacking of end-groups and
DA’D units, which helped alleviate charge recombination in the
active layer.®] Nowadays, Y-series SMAs are the indispensable
component in OSC devices reaching high-level efficiencies of
over 19%.0

SMAs, either ITIC- or Y- series, consist of a central conju-
gated core, terminal end groups, and side chains.[*%1% Subtle
molecular modifications on the conjugated core, end groups,
and side chains contribute to their diverse chemical properties
and morphological aggregation behavior and thus can impact
on the performance of SMA-OSCs. Compared to the other two
strategies, side-chain engineering has the unique advantage of
preserving the optoelectronic properties of SMAs while adjusting
their solubility and aggregation properties.['!] As an example, we
previously reported a fully alkylated 6,12-dihydro-dithienoindeno
[2,3-d:2',3’-d']-s-indaceno[1,2-b:5,6-b’]dithiophene (IDTT)-based
SMA (C8-ITIC) with high crystallinity.('?) By comparison of
its properties to a common analog with phenylalkyl chains,
ITIC, we showed that inner linear alkyl side chains reduced the
optical band gap, increased film absorptivity and its propensity
to crystallize, leading to a PCE up to 13.2%, higher than that
of ITIC. This tactic has also been successful in modifying the
high-performance SMA material 2,2'-((2Z,2'Z)-((12,13-bis(2-
ethylhexyl)-3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo(3,4-
eJthieno[2”,3":4’,5 |thieno[2’,3":4,5]pyrrolo[3,2-
glthieno[2’,3":4,5]thieno[3,2-blindole-2,10-
diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-
1H-indene-2,1-diylidene))dimalononitrile (Y6), either replacing
the inner side chains (on the pyrrole rings) or the outer
side chains (on the § position of thiophene).'"®!3] For exam-
ple, the Y6-derivative 2,2'-((2Z,2'Z)-((12,13-bis(2-ethylhexyl)-
3,9-(2-butyloctyl)-12,13-dihydro-[1,2,5]thiadiazolo[3,4-
eJthieno[2”,3":4',5'|thieno[2’,3":4,5]pyrrolo|3,2-
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glthieno[2’,3":4,5]thieno[3,2-blindole-2,10-
diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-
1H-indene-2,1-diylidene))dimalononitrile (L8-BO) with outer
branched alkyl side chains instead of linear alkyl chains shows
a tighter molecular stacking, weakened intermolecular interac-
tions and raised lowest unoccupied molecular orbital (LUMO)
energy level.l'* The reduced aggregation causes blue-shifted
light absorption, but the short circuit current density (Jqc) is
not sacrificed as the relatively narrowed total spectra coverage is
compensated by increased absorption at ~650-680 nm by the
polymer donor and SMA, enabling L8-BO-based OSC devices to
yield higher overall photovoltaic performance.

Both the PCEs and device stabilities are key performance
concerns in OSC research and their commercial applications.!*%]
However, unfortunately, Y6-based devices have been reported
to be morphologically less stable than ITIC-based devices, due
to the lower thermal transition of Y6 and its variants.'®] The
metastable blend morphology of Y6-based devices as well as
the complex synthesis of Y-series acceptors pose challenges for
achieving long-term stable and low-cost OSC devices.['’! To over-
come this possible limitation, continued efforts on ITIC-series
(“non-Y” acceptors) acceptors can help to promote efficiency
and enhance stability.’® In this contribution, following our
above mentioned C8-ITIC work, we introduce outer linear octyl
chains as a large steric hindrance between the conjugated core
and the end groups in an ITIC derivative, and design a SMA
{(2Z)-2-[(8-{(E)-[6,7-difluoro-1-(dicyanomethylidene)-3-oxo-1,3-
dihydro-2H-inden-2-ylidenejmethyl}-6,6,12,12-tetraoctyl-6,12-
dihydro-4-octyl-thieno([3,2-b]thieno[2”,3":4",5 thieno[2’,3":5,6]-s-
indaceno[2,1-d]thiophen-3-octyl-2-yl)methylidene]-6,7-difluoro-
3-0x0-2,3-dihydro-1H-inden-1-ylidene}propanedinitrile = (SC8-
IT4F, Scheme 1, bottom left), which has a red-shifted absorption
(Apae™ = 794 nm) and a similar LUMO level (1.4 eV)."")
The single crystal structure of SC8-IT4F shows high planarity
and strong z-r stacking. After blending with a WBG poly-
mer  poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-
benzo[1,2-b:4,5-b|dithiophene))-alt-(5,5-(1,3’-di-2-thienyl-5’,7’-
bis(2-ethylhexyl)benzo[1’,2'-c:4’,5'-c'|dithiophene-4,8-dione)]
(PM6), SC8-IT4F based OSC devices give an outstanding PCE
of 15.13%, which is among the best values of OSCs without
using Y-series acceptors. We further analyzed the origin of the
difference in photovoltaic performance of SC8-IT4F and C8-IT4F
via their crystalline properties and blend films morphology. We
also demonstrate that these IDTT-derivatives have better stability
than the corresponding L8-BO-based devices. This work offers
a new avenue for balancing the performance and longevity of
organic solar cells with the help of enhanced steric hindrance
induced by outer side chains.

2. Results and Discussion

The molecular structures of C8-IT4F and SC8-IT4F are shown
in Scheme 1. C8-IT4F was synthesized according to the liter-
ature method?l and SC8-IT4F was synthesized according to
the route shown. The commercially available precursor 1 was
deprotonated with lithium diisopropylamide (LDA) in the free
beta position at low temperature. Warming to room tempera-
ture resulted in a halogen-dance rearrangement to afford the
more stable isomer lithiated in the alpha position, which was
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Scheme 1. The chemical structures of C8-IT4F and SC8-IT4F (left), and the detailed synthetic route to SC8-IT4F (right): a) LDA/H, 0O, 80%; b) Nonanoyl
chloride/AICl;/DCM, 68%; c) Ethyl thioglycolate/K,CO3;/DMF, 76%; d) LiAlH,/THF; e) Dess—Martin periodinane/THF, 65%; f) 2-(5,6-difluoro-3-oxo-

2,3-dihydro-1H-inden-1-ylidene)malononitrile/pyridine/CHCl3, 78%.

quenched with water to afford isomer 2. Compound 3 was then
obtained via a Friedel-Crafts acylation with nonanoyl chloride
and aluminum chloride. Subsequent treatment with ethyl thio-
glycolate under basic conditions afforded IDTT-dicarboxylate
with outer octyl side chains 4. The ester groups on 4 were
readily converted to aldehyde groups via a two-step reduc-
tion/oxidation route using lithium aluminum hydride (LiAIH,),
followed by the oxidation with Dess—Martin periodinane to
afford compound 6. The final acceptor SC8-IT4F was prepared
by the Knoevenagel condensation reaction of 6 and 2-(5,6-
difluoro-3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile
(IC-2F). The chemical structures of C8-IT4F and SC8-IT4F
were verified by MALDI-TOF mass spectrometry and proton
nuclear magnetic resonance (NMR) spectroscopy (Supporting
Information).

UV-vis absorption and photon electron spectroscopy in air
(PESA) measurements were performed to correlate the optoelec-
tronic properties with their molecular structures. Compared to
the light absorption profile of C8-IT4F (Figure 1a), the maximum
absorption peak (A, ™) of SC8-IT4F neat film is slightly red-
shifted to 794 nm, which we believe stems from the more rigid
structure and better co-planarity of the end groups as a result of
the outer side chains. Furthermore, compared to C8-IT4F, both
solution and thin film absorptions for SC8-IT4F exhibit distinct
shoulders (Figure S13, Supporting Information). The HOMO
levels of both acceptors were estimated from the ionization po-
tential measured with PESA, and the LUMO levels were esti-
mated by the addition of the optical band gap (Figure 1b and
Table 1, and Figure S14, Supporting Information). Water contact
angle measurements on films of both acceptors (Figure S15, Sup-
porting Information) show that both are hydrophobic materials,
but only small differences exist (93.5° for C8-IT4F and 98° for
SC8-IT4F). The results suggest that the structural modification
of SC8-IT4F has a minor influence on the photo-electronic prop-
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erties and that both materials can be applied as SMAs to match
with high-performance donor PM6.

The glass transition temperature (T,) of the neat acceptors and
their blends were measured to predict their morphological stabil-
ity and mechanical properties. Differential scanning calorimetry
(DSC) is the most common technique to measure T, but tends
to work poorly with non-fullerene acceptors without clear signa-
tures, possibly due to the rigid backbone. Hence we employ a
technique based on the UV-vis deviation metric (DMT) results to
estimate the T, values of these thin films.["®*! Figure 1c shows
the analysis for C8-1T4F, SC8-IT4F, PM6:C8-1T4F, and PM6:SC8-
IT4F, with the Tg estimated to be ca. 100 — 110 °C from the inter-
section of the two dashed lines in all cases. Typically increasing
the alkyl chain density of an acceptor might be expected to lower
the Tg, but we do not see that for SC8-IT4F, which we believe
relates to the reduced conformational freedom as a result of the
bulky outer side chains. Interestingly, the pure SC8-IT4F film un-
dergoes two stages of film state transitions, at #102 and 162 °C.

The optimal molecular geometry and energy levels of C8-IT4F
and SC8-IT4F were calculated using density functional theory
(DFT). The inner octyl chains attached to cyclopentadiene units
were replaced with methyl chains for the sake of simplicity while
the outer octyl chains were retained in full. As shown in Figure
S16 (Supporting Information), the frontier molecular orbitals de-
localize over the whole molecular backbone for both C8-IT4F and
SC8-IT4F. C8-IT4F possesses a planar molecular backbone while
there is a modest twist angle of 1.2° between the end groups (IC-
2F) and adjacent thiophene of the conjugated core in SC8-IT4F.
To further reveal the influence of outer side chains, relaxed po-
tential surface energy scans were performed to illustrate the im-
pact on the rotatable C—C bonds between the central core and
the end groups. As shown in Figure le, this demonstrates that
the relative energy difference for the two conformers of C8-IT4F
was very small (<0.05 eV), with a relatively high barrier (0.6 eV)
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Figure 1. a) UV-vis absorption spectra in film and b) energy level diagrams of PM6, C8-IT4F, and SC8-IT4F. c) UV-vis deviation metric (DMT) results of
C8-IT4F and SC8-IT4F and their blend films. d) Optimal conformation simulated by DFT calculations for SC8-IT4F in simplified mode and in vacuum.

e) Potential energy surface scans of C8-IT4F and SC8-IT4F.

to their interconversion. In contrast, for SC8-IT4F the energy dif-
ference for the two conformers is large (ca. 0.35 eV), due to steric
clashes in one of the conformers with the outer side chain. The
full structures of both conformers are shown in Figure S17 (Sup-
porting Information). In addition, the conversion barrier from
the high-energy conformer to the low-energy conformer is rela-
tively small (ca. 0.2 eV), suggesting that the majority of SC8-IT4F
molecules adopt a single conformation whilst C8-IT4F is mixed.
The adoption of a single conformation would be expected to re-
duce energetic disorder in the resulting film.

Solid state order plays a vital role in defining the strengthand
directionality of electronic coupling interactions in organic
molecules.?!l Although the blend films of the photoactive layers
are often complex, the examination of molecular single-crystal
packing can offer complementary insights that assist in the un-
derstanding of charge transport properties. However, the single

Table 1. Optical and electrochemical properties of C8-IT4F and SC8-IT4F.

Material Ara®™ Ay o™ Erumo Eviomo
[nm]a) [nm]b) ishsol_aﬁ\m [eV]c) [ev]d) [ev]d)

[nm]
PM6 549 608 59 1.84 -3.57 —-5.50
C8-IT4F 698 778 80 1.46 —4.27 -5.73
SC8-IT4F 709 794 85 1.43 —4.30 -5.73

? In chloroform solution (10~ mol L~"); ” Spun-cast thin films; 9 Estimated from
the absorption edges (E,°P' = 1240/Aedgeﬁ""); 9 HOMO measured by PESA of spun-
cast films (error + 0.05 eV), and LUMO estimated by the addition of the optical band
gap to the HOMO.
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crystal resources for IDTT-based SMAs are scarce. Considering
their fundamental importance, the single crystals of C8-IT4F and
SC8-IT4F were grown via slow vapor diffusion. Dark red tabu-
lar needles were crystallized for the C8-IT4F sample. The crystal-
lization of SC8-IT4F was more problematic, as it tended to afford
very thin and easily deformed crystals which were difficult to ma-
nipulate. These crystals were also clearly twinned and scattered
weakly. After many attempts, we finally employed a solvent-phase
interfacial self-assembly method to form suitable dark brown
crystals (see supporting information for complete detail).

The crystal structures of C8-IT4F and SC8-IT4F are shown in
Figure 2. Both SMAs crystallize in triclinic unit cells but differ-
ences are observed in their conjugated IDTT core planarity and
intermolecular packing. First, the SMAs exhibit intramolecular
SeeeO=C interactions with smaller distances than the sum of
the S and O van der Waals radii (3.25 A), indicating a confor-
mational lock. While the central IDTT units are overall planar,
torsions between the terminal groups and IDTT cores are noted.
SC8-IT4F exhibits a relatively smaller torsion of 1.31° compared
to C8-IT4F (9.9°-11.53°). Both are larger than predicted by the
gas-phase DFT calculations, although the torsion for C8-IT4F is
similar to that previously reported for the single crystal of ITIC
and corroborated by simulation of thermal dynamic motions.!??!
Furthermore, large differences in intermolecular packing are
observed within the unit cells. Whilst the asymmetric unit in the
structure of C8-IT4F contains one unique molecule in a general
position, for SC8-IT4F the molecule sits across a center of sym-
metry and so only half of the molecule is unique. This means that
in SC8-IT4F, both end groups of the molecule will have exactly
the same geometry and packing environment, whereas in C8-

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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] SC8-IT4F

Figure 2. Single crystal structures of a) C8-IT4F and b) SC8-IT4F. (Top) z-face-on perspective of the single molecules highlighting the intramolecular
SeeeO distance. (Middle) A unit cell of the indicated SMAs. (Bottom) Crystal packing diagrams illustrate the relationships between an arbitrary central
molecule (colored) and near neighbors. Inner alkyl chains on the sp3-hybridized carbon of cyclopentadiene cores and all hydrogen atoms are omitted

for ease of viewing.

IT4F, the flanked end groups are crystallographically distinct and
so are not constrained to be identical. For example, in the struc-
ture of SC8-IT4F there is only one unique carbonyl oxygen atom,
and so the packing environments of every carbonyl oxygen atom
throughout the whole crystal will be the same. In C8-IT4F by con-
trast, the carbonyl oxygens atoms at each end of the molecule are
crystallographically occupying different environments, indicat-
ing geometric asymmetry of the molecule. Likewise, in Figure 2
(Middle), Figures S18 and S19 (Supporting Information), the

(b)

presence of the inversion center at the middle of the central Cg
ring in the structure of SC8-IT4F means that the environment
of the “top” face of this C; ring will be identical to the of the
“bottom” face, whereas in C8-IT4F no such symmetry exists. In
Figure 2 (Bottom) and Figures S20-S22 (Supporting Informa-
tion), both C8-IT4F and SC8-IT4F present face-to-face packings
in “brick-like” planes, separated by their alkyl substituents. In
C8-IT4F, z-m interactions between the adjacent end groups
with interplanar spacings are 3.418 and 4.321 A. For SC8-IT4F,

(c)

— 100 25
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Figure 3. Photovoltaic properties of PM6:SMA OSCs. a) Schematic diagram of the device structure. b) OSC current-voltage (J-V) characteristics. c)
Corresponding external quantum efficiency (EQE) data for the indicated blends.
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Table 2. Photovoltaic performance parameters of PM6:SMA OSCs.
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SMA Voc [V] Jsc [mMAcm™2 Cal. Jsc [mA cm™2]3) FF PCE (%]
C8-IT4F 0.80 (0.78 +0.01) 21.92 (21.96 + 0.17) 20.87 0.74 (0.73 +0.07) 12.97 (12.62 + 0.20)
SC8-IT4F 0.87 (0.86 + 0.01) 22.67 (22.59 + 0.35) 21.51 0.77 (0.76 + 0.01) 15.13 (14.83 + 0.22)

% Calculated from EQE profiles; b Average values were obtained from ten independent devices (in brackets).

the distances are 3.382 and 3.371 A. Thus, introducing outer
side chains on SMAs enhances the stacking of the neighboring
molecules in the crystallographic network by promoting z—z
end group interactions.

To investigate the photovoltaic performance of C8-IT4F and
SC8-IT4F, OSCs were fabricated with the conventional device
structure of ITO/(2-(9H-carbazol-9-yl)ethyl)phosphonic acid
(2PACz)/PM6:SMAs/PDINN/Ag, as shown in Figure 3a. PM6
was selected as the electron donor for its good processability,
matching energy levels, and complementary absorption with
both of the SMAs.[?*] Various device fabrication conditions,
such as photoactive layer thickness and annealing temperatures,
were screened to optimize the photovoltaic performance of
the OSCs. Figure 3b shows the current density-voltage (J-V)
characteristics of the optimized devices, and their photovoltaic
parameters are summarized in Table 2 for comparison. Notably,
the OSCs devices on PM6:SC8-IT4F exhibit a higher PCE of
15.13% compared to the C8-IT4F-based devices, mainly bene-
fiting from the increased V(¢ value. This trend is in agreement
with other reported work by introducing outer side chains on
Y6.21 We further note that the PCE of 15.13% with SC8-IT4F
as the acceptor in this work is among the highest values for

non-Y SMAs based OSCs. (Figure 4f and Table S3, Supporting
Information).

Examination of the external quantum efficiency (EQE) spectra
of the optimal devices (Figure 3c), shows that both C8-IT4F and
SC8-1T4F-based devices exhibit strong photo-response from 350
to 810 nm. The PM6:SC8-IT4F shows a slightly enhanced EQE
~500 nm, which might be due to better charge extraction origi-
nating from PM6, as a result of the higher blend hole mobility
(Figure S23, Supporting Information). In addition, slight varia-
tions of the layer thickness, nominally 110 nm for both films,
can play a role in the light incoupling. For example, a brief opti-
cal simulation of an ITO/PM6:IT4F/PDINO/Ag sample, reveals
that even a slight increase of the active layer thickness from 100
to 120 nm increases the absorptance in the 450-500 nm region
(Figure S24, Supporting Information). The J. values integrated
from the EQE spectra are 20.87 and 21.51 mA cm~2 for the OSCs
based on C8-IT4F and SC8-IT4F, respectively, which agrees well
with the measured values obtained from the -V curves.

Both IDTT-type SMA-based devices exhibited better thermal
and operational stability than PM6:L8-BO-based devices (Figure
S25, Supporting Information). However, the efficiency of SC8-
IT4F-based devices unexpectedly degraded faster than that of

a b c
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Figure 4. a) Photocurrent density (J,,) versus effective bias (V.g) characteristics, b) SCLC electron mobility, c) photo-CELIV, d) PDS, and e) EL of the
blend films and PL of neat SMAs excited at 690 nm. f) Scatter plots of PCE in the last 9 years of reported non-Y SMAs-based OSCs, including perylene
diimide, fused A-D-A type, non-fused SMAs, etc (details in Table S3, Supporting Information).
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C8-IT4F, especially upon thermal annealing at 85 °C. This result
is surprising and suggests the apparent two-phase T, transition
states of SC8-IT4F might have a detrimental influence on the
morphological stability of PM6:SC8-IT4F blends.

The exciton dissociation, charge transport, and recombination
characteristics in the blend films were investigated to further ex-
plore the reason for the different photovoltaic performance of
the C8-IT4F and SC8-1T4F-based OSCs. The dependence of pho-
tocurrent density (J;,) on the effective voltage (V.g) of the devices
was investigated, and the results are shown in Figure 4a. PM6:C8-
IT4F and PM6:SC8-1T4F-based OSCs show similar charge disso-
ciation probabilities under maximum power point (Py;pp) (*84%)
and under Jq condition (P¢) (296%). However, PM6:SC8-IT4F-
based devices reach a higher maximum charge generation rate
(Gn) (1.36 X 1028 m~3 s71) than that of PM6:C8-IT4F (1.28 X
10%® m~3 s7'). The charge transport properties of the neat and
blend films were investigated via the space charge limited current
(SCLC) method (Figure 4b and Figures S23 and S26, Support-
ing Information). The electron mobilities of neat films increased
upon moving from C8-IT4F to SC8-IT4F, with values of 4.53 x
10~* t0 5.69 X 10~* cm? V! s~1. For the blend films, PM6:SC8-
IT4F also displays a higher electron mobility (3.35 x 10~* cm? V!
s71) and hole mobility (1.72 x 10~* cm? V-! s7!) than PM6:C8-
IT4F (25X 10* cm? V71 st and 1.36 x 10~* cm? V! s7! respec-
tively).

The enhanced charge transport is further confirmed via photo-
induced charge-carrier extraction from linearly increasing volt-
age (photo-CELIV) measurements (Figure 4c). The mobility of
the charge carriers in OPVs with PM6:SC8-IT4F is 1.31 x 10~*
cm? V-1 57! which is higher than that in PM6:C8-IT4F cells (1.05
x 107 cm? V~! s7!). The higher electron mobility of the SC8-
IT4F cells is in agreement with the higher structural order and
reduced disorder arising from the preference for a single con-
former. Further support for the reduced disorder comes from the
determination of the Urbach energy using sensitive photother-
mal deflection spectroscopy (PDS) measurements.[?*] As shown
in (Figure 4d) films of SC8-IT4F exhibit a smaller Urbach energy
than C8-IT4F films.

The excellent performance of PM6:SC8-IT4F-based solar cells,
largely comes from the fact, that despite having a slightly smaller
optical bandgap (hence maximizing J.), SC8-IT4F enables a
larger Vo when associated with PM6 in the OSC. We further
characterized this combination by probing the energetics of the
PM6:SC8-IT4F and PM6:C8-IT4F interfaces with electrolumi-
nescence (EL), and calculating the additional energy losses lead-
ing to V. In EL, we inject electrons in the acceptor and holes in
the donor. Their recombination at the D:A interface emits pho-
tons whose energy informs us about the energetics of these in-
terface states. As seen in Figure 4e, the PM6:C8-IT4F interface
emits photons of lower energy than the PM6:SC8-IT4F, indica-
tive of lower energy interface states in the former, which is more
strongly constraining V.. Comparison with the photolumines-
cence spectra of pristine films (Figure S28, Supporting Informa-
tion) shows that the highest energy peak (x~1.5 eV) is actually
emitted from the acceptors — either by hybridization of the in-
terface charge transfer state with the acceptor’s exciton, or by
hole back transfer from the interface to the acceptor.?®l In con-
trast, the lower energy features (0.9-1.3 eV) are most likely due
to interface charge transfer state emission. We, however, cannot
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quantify the fraction of emission originating for the interface, as
experience shows that in the related acceptor phenyl(alkyl)ITIC-
4F (PhIT-4F) the pristine contribution to EL extends further in
low energies than its PL.[?’] For reference, our previous measure-
ments on PM6:PhIT-4F showed an even larger contribution of
CT states to EL, in line with the much larger energy losses ob-
served between PhIT-4F excitons and the V. of PM6:PhIT-4F-
based solar cells.?””] From those interface states energy, Vyc is
further reduced by recombination losses both radiative and non-
radiative.[?®! The differences in the EL in the 1.5-1.7 eV region
likely relate to small differences in film thickness which can af-
fect light outcoupling. The out-coupling efficiency is modeled in
a representative system in Figure S29 (Supporting Information).
It is notable that outcoupling in this region is much more sen-
sitive to thickness changes than in the low energy region ~1 eV,
suggesting thickness differences cannot explain the very differ-
ence of emission observed in that region.

The open circuit voltage that would be obtained with radiative
losses only (V¢ ,,4), for each device was determined to assess the
difference in Vi, loss between the systems using V.0 = kT/q
(Jsc/Jora +1)2°) Where J, ., indicates the radiative saturation
current density in thermal equilibrium at T = 300 K. J, ,; is
computed by calculating the solar cell response to the blackbody
spectrum (®p5) at 300K. As @, has most of its intensity in the
deeper infrared, the solar cell’s wavelength-dependent response
(sensitive EQE spectra in Figure S30, Supporting Information),
must be extended in that region. To that aim, it is calculated by
applying the reciprocity relation to the EL spectra. The losses
governed by the non-radiative recombination (A V) are calcu-
lated by the difference between the V., and the V. extracted
from the J-V measurement. Table S1 (Supporting Informa-
tion) summarizes the calculated V¢, and AV, .. Notably,
PM6:C8-IT4F exhibits a non-radiative V. that is 65 mV higher
than PM6:SC8-IT4F, potentially contributing to a decrease in
the V¢, and therefore, the PCE. Considering that non-radiative
recombination losses are expected to increase for lower optical
bandgaps following the energy gap law, this result seems to be
counterintuitive.?" It is rationalized however by the fact that
recombination proceeds through the interface states, which as
we have seen, have a higher energy in PM6:SC8-IT4F.

We further investigate the molecular orientation and in-
termolecular packing of PM6, C8-IT4F and SC8-IT4F neat
films and the two blends using grazing incidence wide-angle
X-ray scattering (GIWAXS). The 2D GIWAXS patterns are
shown in Figure 5a-e and 1D in-plane (IP) and out-of-
plane (OoP) profiles are shown in the SI (Figures S31 and
S32, Supporting Information). The data from the neat PM6
film (Figure 5a) shows the polymer backbone to be mostly
face-on with an IP lamellar peak at 0.3 A~' and an OoP
7—-n stacking peak at 1.74 A~ (spacing 3.61 A). The scattering
from the neat acceptors C8-IT4F and SCS8-IT4F are shown in
Figure 5b,c, respectively. Both acceptors show multiple peaks
indicating the presence of a complex 3D crystalline-like texture,
but they also show notable differences. The rings in the data from
C8-IT4F indicate a 3D powder. In contrast, the arcs in the data
from the SC8-IT4F sample alongside IP lamellar and OoP 7—7x
indicates the presence of partially oriented face-on 3D crystals.
Additionally, most of the reflections in the data from SC8-IT4F
neat sample have double peaks most likely due to reflection of the
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Figure 5. 2D GIWAXS images of neat a) PM6, b) C8-IT4F, c) SC8-IT4F, d) PM6:C8-IT4F, e) PM6:SC8-IT4F blend films and their corresponding f) in-plane

and out-of-plane intensity profiles.

scattered beam off the substrate or the scattering of the reflected
beam. In particular, the z—r stacking peak has some overlap
with peaks arising from other reflections as well as a strong
background. The strong face-on orientation of the molecules in
the film will result in the highest volume fraction of out-of-plane
m—r stacks. The z—z stacking peak was therefore identified by
taking azimuthal profiles of all peaks in the 1.5-2 A~! g-range
and choosing the peak with the maximum intensity in the
out-of-plane direction. Multipeak fitting of the OoP 1-D profile
revealed a 7—r stacking peak at 1.90 A~! (spacing 3.30 A) for C8-
IT4F sample, and at 1.69 A~" (spacing 3.72 A) for the SC8-IT4F
sample.

The blend samples retain all the scattering peaks of the poly-
mer as well as some of the acceptor peaks, but with less def-
inition, indicating a reduced ordering of the acceptor in the
blend samples. A notable feature that is present in both neat
and blend films of the SC8-IT4F acceptor is the strong peak
near 0.6 A~! corresponding to a spacing of 10.75 A in the out-
of-plane direction that likely originates from vertically stacked
face-on molecules as shown in Figure 2. A peak at a similar
q location is also observed in the C8-IT4F neat data but gets
vanishingly small in the C8-IT4F blend data, which suggests a
much smaller volume fraction of such ordered stacks in the C8-
IT4F blend film. The relative degree of crystallinity (rDoC), cal-
culated from the pole figure in the q-range 0.27-0.4 A~! cover-

ing the lamellar peaks, is significantly higher for the SC8-IT4F
blend compared to the C8-IT4F blend (ratio & 1:0.47) assuming
similar structure factors for the two systems, further confirming
the lower degree of ordering in the C8-IT4F blend. Both blend
samples show a prominent z—z stacking peak in the OoP direc-
tion suggesting predominantly face-on orientation of the poly-
mer as well as the SMA in the films. Analysis of the data sim-
ilar to the neat samples revealed the z—z stacking of the SMA
in the PM6:C8-IT4F and PM6:SC8-IT4F blends at q locations
1.88 A (spacing 3.34 A) and 1.83 A (spacing 3.43 A) respec-
tively. The results are summarized in Table 3. The Scherrer coher-
ence length in the SC8-IT4F neat and blend samples are higher
compared to C8-IT4F samples and correlated with the mobility
(Figure 5f) and with FF.?! The IP lamellar peak was also ana-
lyzed and similar correlation of the Scherrer coherence length
with the electron mobility was found (Figure S32, Supporting
Information).

These trends were supported by AFM analysis of neat films
of C8-IT4F and SC8-IT4F as well as their blends with PM6
(Figures S34 and S35, Supporting Information). Both neat films
appear highly crystalline but SC8-IT4F exhibits larger, more
fibril domains whereas C8-IT4F exhibits smaller, more consis-
tent domains. Blending clearly reduces ordering compared to
the neat films, with both blends exhibiting a similar surface
morphology.

Table 3. Spacings and coherence lengths from acceptor z—z stacking peak in GIWAXS data of C8-IT4F and SC8-IT4F neat and blend films. Coherence
length uncertainty values were calculated from error in FWHM in the fits and given in parenthesis.

Sample Peak type q location Spacing (A) Coherence Electron mobility
(A length (nm) (x 107 cm? V-1 s77)
C8-IT4F neat - 1.90 3.30 5.7 (1.6) 4.53
SC8-IT4F neat - 1.69 3.72 26.0 (2.9) 5.69
PM6:C8-IT4F m—m (SMA) 1.88 3.34 4.8 (0.2) 2.5
PM6:SC8-IT4F 7—1 (SMA) 1.83 3.43 26.1(0.5) 3.35
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3. Conclusion

In summary, a small molecule acceptor SC8-IT4F was designed
and synthesized by introducing outer linear octyl chains on the
p position of terminal thiophene units of the conjugated IDTT
core. This side chain engineering results in a small reduction in
optical band gap compared to the reference molecule C8-1T4F,
beneficial for achieving higher J.. Despite the band gap reduc-
tion, non-radiative losses are reduced in SC8-IT4F blends as a
result of higher energy interface states, resulting in higher V.
compared to C8-IT4F. The terminal side chains induce a strong
preference for a single conformer, reducing disorder and promot-
ing closer intermolecular packing and higher electron mobility.
The higher order was retained in blend films, with a higher av-
erage crystallite size observed for the PM6:SC8-IT4F blend film
compared to the PM6:C8-IT4F blend. Consequently, the blend
films based on PM6:SC8-IT4F display high charge carrier mobil-
ity, longer carrier lifetime, and reduced recombination. A cham-
pion PCE of 15.13% with a larger V. of 0.87 V was realized
for PM6:SC8-1T4F-based devices, demonstrating this outer side
chain modulation is an effective approach to improve the perfor-
mance of IDTT-analog SMAs.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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