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We report the first examples of carborane-containing non-fullerene acceptors (NFAs), and their use in
organic photovoltaic (OPV) devices. NFAs employing an A-D-A’-D-A type design centred around a
central electron withdrawing carborane unit (A’), using either para, meta, or ortho-carborane isomers
are reported. We demonstrate that the nature of the isomer has a major impact on device performance,
despite minor differences in optoelectronic and morphological properties, with the use of ortho-
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carborane resulting in the highest device efficiencies. We further show that end-group fluorination is an
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Introduction

Carboranes are a peculiar class of atom clusters: consisting of
hydrogen substituted carbon and boron atoms, they are held
together by delocalised electrons in a three-centre two-electron
fashion, sometimes referred to as “3-D aromaticity”." This
unique structure results in chemically and thermally very stable
compounds - properties which can sometimes be transposed
onto other materials and compounds by chemically incorpor-
ating carborane species.> ™ Due to their high boron density, and
the high neutron cross-section of '°B, carboranes may also be
particularly suitable for neutron capture applications, such as
neutron detection or boron neutron capture therapy to treat
cancer, in addition to other biomedical applications.>™

In recent years, attention has been drawn towards the use of
carboranes in various conjugated chemical scaffolds. Typically,
such species contain one of the three para, meta, and ortho
(p, m, o) isomers of the C,B;oH;, icosahedron, with conjugated
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efficient strategy to modulate energy levels and improve device performance of such NFAs.

substituents at one or both of the carbon atoms. Depending on
the substituent groups, such species may cover a wide range of
potential applications. Most prominent are perhaps light-
emitting compounds and applications, partly driven by inter-
esting aggregation induced emission (AIE) properties in many
o-carborane-containing species.’®"” Such properties can be
finely tuned through the choice of conjugated substituent
groups, and may result in responsivity to external factors such
as thermal or mechanical stimuli, or exposure to solvent
vapours.'®?” Emissive carborane species have also been
demonstrated as the photoactive component in organic light
emitting diodes on several occasions.**

Examples of emissive carborane-containing species also
include a number of conjugated polymers, with emissive prop-
erties depending on the selection of carborane isomer and
substituent site, and a certain tuneability based on the selection
of conjugated co-monomers.”*™® Different designs have been
explored regarding the incorporation of carborane into polymeric
species, including the use of carborane in the polymer backbone,
fusing carborane into conjugated monomers, and attaching car-
borane onto solubilising side chains.””** To further explore
potential applications of carborane-containing conjugated mate-
rials, we have previously shown that such polymers may be used
as the semiconductor layer in organic field-effect transistors:
polymers with fused benzocarborane and benzocarboranodithio-
phene monomers, as well as polythiophenes with pendant carbor-
anes, exhibited p-type behaviour, whilst P(NDI2OD-T2)-inspired
polymers with carborane in the backbone exhibited n-type
behaviour.*®**" Similar devices have also been made with a
phthalocyanine unit linked to a carborane moiety.**
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Furthermore, the aforementioned polythiophene and NDI
based polymers constitute, to the best of our knowledge, the
only two examples where carborane-containing materials have
been used in organic photovoltaic (OPV) devices. Carborane-
containing polythiophenes reached a maximum power conver-
sion efficiency (PCE) of 2.0% in devices employing PCBM as the
acceptor material, whilst carborane-containing NDI polymers
reached 1.8% with PM6 as the donor material.">"" Other
notable materials which have been used in the context of
photovoltaic technologies include o-carborane derivatives as
electron and hole transport layers in perovskite solar cells,
bis(dicarbollide) species as redox shuttles in dye-sensitised
solar cells (DSSCs), and o-carborane linked phthalocyanines
as photosensitisers in DSSCs.**™*°

In this work, we further explore design strategies of
carborane-containing materials in OPVs. With a series of four
carborane-centred conjugated small molecules, featuring each
of the three icosahedral isomers as well as one fluorinated
species, we present the first examples of carborane-containing
non-fullerene acceptors (NFAs). Device data confirms that this
is indeed a suitable strategy towards carborane-containing OPV
materials, with the fluorinated species exhibiting PCE values
above 5% - more than double the previous record for
carborane-containing OPV materials. By comparing the differ-
ent NFAs, it is clear that the choice of carborane isomer has a
great impact on device performance, with o-carborane exhibit-
ing the best performance.

View Article Online
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Results and discussion
Synthesis and molecular design

We based the design of our NFAs on the principles of alternating
electron accepting and donating moieties. The acceptor-donor—
acceptor (A-D-A) molecular architecture has proven hugely suc-
cessful and has become a leading design strategy towards high-
performing NFAs, encompassing a central electron rich core
flanked by two electron deficient end-groups.’®* The indaceno-
dithiophene (IDT) core is one of the most widely employed
electron donating moieties for such compounds.>®> Commonly
occurring examples include IDIC, IDTBR, and IEIC and their
many derivatives, as well as ITIC employing a structurally similar
indacenodithienothiophene (IDTT) core.>*®" Of those examples
IDIC, ITIC, and IEIC also feature the 2-(3-ox0-2,3-dihydroinden-1-
ylidene)-malononitrile (INCN) end-group. Recently, a number of
A-D-A’'-D-A and A-D-D’-D-A type NFAs have been reported
where electron rich IDT and electron deficient INCN moieties
are centred around a third component, of either electron rich (D’)
or electron deficient (A’) character.**” Efficiencies of OPVs
employing such materials have been reported between 2.7 and
11.9%, where the PBDB-T polymer was used as the electron
donating species in the highest performing devices.®> Overall,
the NFAs centred around an electron deficient moiety have proven
more successful than those with an electron rich moiety.
Inspired by these designs, we envisioned an A-D-A’-D-A
type NFA centred around an inductively electron withdrawing
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Scheme 1 Synthetic routes to the featured NFAs, and their molecular structures. For each NFA, stannylated compounds of the respective carborane

isomer (coloured) were used.
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carborane. Furthermore, the use of different carborane isomers
should reveal their impact on the overall performance of the
material, as well as significantly influence the molecular shape
of the resulting NFA, from linear (with p-carborane) to clam-
shell (with o-carborane). Therefore, we synthesised the three
isomeric NFAs pCb(T-IDIC),, mCb(T-IDIC),, and oCb(T-IDIC),.
Based on initial device performance, we also prepared a version
containing a fluorinated INCN end-group, to fine tune the
energetics of the frontier molecular orbitals (FMOs).

The synthetic route to the target NFAs is outlined in
Scheme 1. Starting from alkylated IDT (1), treatment with
phosphorous oxychloride in the presence of DMF afforded
the mono-aldehyde (2) in 79% yield following chromatographic
purification. Subsequent treatment with N-bromosuccinimide
afforded the key intermediate (3) in near-quantitative yield.®*°®
Intermediate 3 was reacted under Stille coupling conditions with
a stannylated di(5-(trimethylstannyl)thiophen-2-yl)carborane of
each of the three carborane isomers (4). Following purification
by recycling preparative gel permeation chromatography, the
three isomers (5) were isolated in similar yields (50-60%). The
stannylated carborane species (4) were prepared as we have
previously reported.*’ Briefly, carborane was substituted with
thiophene on the C positions through Ullmann (para, meta) or
Kumada (ortho) type reactions, followed by deprotonation of the
thiophene substituents with n-BuLi and subsequent stannylation
using trimethyltin chloride. Finally, the INCN end-group, or the
fluorinated equivalent, was reacted with the resulting dialdehyde
via a Knoevenagel reaction in high yields (65-94%), in accor-
dance with literature procedures.>®%?

The structure of all final compounds was confirmed with a
combination of 'H, "B and *C NMR spectroscopy, together
with mass spectrometry. Thermal gravimetric analyses (TGA) of
the resulting species were nearly identical (Fig. S1, ESIY),
proving high thermal stabilities, with a 5% loss of mass at
Tq,5% = 332 °C, and a second degradation step at 411 °C.

Optoelectronic properties

To gain insight into the optical properties of the synthesised
materials, absorption and photoluminescence spectroscopy
was performed. As seen in Fig. 1a, absorption and emission
properties of the four materials exhibited near identical beha-
viours in dichloromethane solution. As summarised in Table 1,
absorption and emission maxima are slightly blue-shifted when
progressing from the para to the meta to the ortho species,
although they remain within a range of 10 and 15 nm for
absorption and emission wavelengths respectively. Fluorina-
tion of the ortho species, however, causes a red-shift in
absorption of 12 nm, and a red-shift in emission of 13 nm.
Time-dependent density functional theory (TD-DFT) reveals
that the excitations which give rise to the main absorption
peaks of pCb(T-IDIC), and mCb(T-IDIC), originates from the
HOMO — LUMO (75-80%) and HOMO-1 — LUMO+1
(19-24%) transitions (Fig. S2a and b, ESIt). Whilst this excited
state makes a significant contribution to the main absorption
peak also in oCb(T-IDIC), and oCb(T-IDIC),-4F, the main con-
tribution comes from a different excited state with almost twice

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) Absorption and emission spectra of NFA solutions in DCM. (b)
Cyclic voltammograms of NFAs, scanning at 0.1V s~* and using the Fc/Fc*
couple as an internal reference. (c) Frontier molecular orbitals of pCb(T-
IDIC),, as predicted with DFT (B3LYP/6-311G**).

Table 1 Optoelectronic parameters of featured NFAs. Zox = 600 nm.
Cyclic voltammetry is referenced against Fc/Fc*

Stokes
jvabs,max )~abs,(ms ;“PL,max shift E%,red E%,()xl E%,oxz
-1
(mm)  (om)  (nm)  (emT) v) (V) (V)
PpCb(T-IDIC), 640 708 737 2056 —1.13 0.61 1.06
mCb(T-IDIC), 636 702 733 2080 —-1.18 0.58 1.03
0Cb(T-IDIC), 630 698 722 2023 —-1.21 0.59 1.04
0Cb(T-IDIC),-4F 642 709 735 1971 —1.00 0.72 —

the oscillation strength, resulting from HOMO—-1 — LUMO
(87%) and HOMO — LUMO+1 (12%) transitions (Fig. S2c
and d, ESIt).

To investigate the electrochemical properties of the materi-
als, cyclic voltammetry (CV) was performed, using the ferro-
cene/ferrocenium (Fc/Fc') couple as an internal reference, as
depicted in Fig. 1b and summarised in Table 1. Once again, the
isomeric differences of the molecular structures did not signifi-
cantly impact the electochemical properties of the species. p, m,
and oCb(T-IDIC), all exhibited very similar voltammograms:
one reduction peak around —1.17 V, and two reversible oxida-
tion peaks around 0.59 and 1.04 V. Fluorination of oCb(T-
IDIC),, however, resulted in a shift of the reduction and
oxidation peaks towards higher potentials, by up to 0.21 V.
The second oxidation peak of oCb(T-IDIC),-4F was not rever-
sible, and oxidation at high potentials seemed to cause film
degradation, and thus the analysis was limited to the first
oxidation peak.

Redox potentials acquired through CV are commonly
used to estimate the HOMO and LUMO energy levels of
organic semiconductors, using Fc/F¢" = 4.8 V as an electroche-
mical reference. As seen in Table 2, HOMO and LUMO
levels are estimated around —5.39 and —3.63 eV for p, m, and

J. Mater. Chem. C, 2023, 11, 3989-3996 | 3991
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Table 2 Molecular energy levels and bandgaps derived from CV, DFT, and
UV-vis data

HOMO (V)  LUMO (eV)  E, (eV)

CV DFT CV  DFT CV DFT UV-Vis
pCb(T-IDIC), —5.41 -5.58 -3.67 —3.36 1.74 222 1.75
mCb(T-IDIC), ~ —5.38 —5.62 —3.62 —3.38 1.76 224 1.77
0Cb(T-IDIC), —5.39 —573 —3.59 —3.45 1.80 228 1.78
oCb(T-IDIC),-4F —5.52 —5.84 —3.80 —3.61 1.72 223 1.75

0Cb(T-IDIC),. oCb(T-IDIC),-4F FMOs are estimated at slightly
lower at —5.52 and —3.80 eV, reflecting the very high electro-
negativity of the fluorine atoms. It can also be seen that the
energy differences between the estimated HOMOs and LUMOs
correspond very well to the optical bandgap, as obtained from
the absorption onset, at around 1.76 eV. The general trend is a
very slight bandgap increase when moving from the para to the
meta to the ortho isomer. The fluorinated oCb(T-IDIC),-4F
slightly narrows the bandgap, as was also indicated by a red-
shift in the absorption spectrum compared to its non-
fluorinated equivalent oCb(T-IDIC),.

Density functional theory (DFT) optimisation was used to
predict the structure of the synthesised NFAs, as well as the
electron density of their respective HOMOs and LUMOs, as
depicted in Fig. 1c and Fig. S3 (ESI{). As is typical for A-D-A
type NFAs, and by extension A-D-A’-D-A NFAs, the HOMO was
primarily located on the electron-rich IDT moiety, whilst the
LUMO was mainly located around the electron-deficient INCN
moiety. Notably, no electron density was observed around the
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Fig. 2
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carborane moiety in either FMO. Whilst this is typical for p- and
m-carborane species, it stands in contrast to many previously
reported aryl substituted o-carborane species, where intra-
molecular charge transfer (ICT) may result in a significant
portion of the LUMO being located on the carborane
cage.®®”® Such a mechanism is typically accompanied by AIE
behaviour, which was not observed for any of the NFAs pre-
sented herein. A plausible explanation for the absence of ICT is
the presence of the strongly electron withdrawing INCN end-
groups preventing electron transfer to the carborane cage.
Accordingly, DFT calculations predict a partial ICT between
the IDT and INCN moieties instead, as mentioned above. This
is similar to previous observations where strongly electron
withdrawing moieties are present in the conjugated
backbone.*'

Overall, DFT calculations predict deeper HOMOs and shal-
lower LUMOs compared to estimates derived from CV (Table 2),
resulting in considerably wider bandgaps around 2.24 eV. Once
again, this behaviour has been observed in the past, and a
common explanation for this discrepancy is the solvation effect
in electrochemical measurements, whilst DFT calculations
typically refer to a single isolated species in vacuum.”

Morphology comparison of isomers

To investigate how isomer variation impacts thin-film morphol-
ogy, atomic force microscopy (AFM) was employed. Fig. 2a
displays the resulting surface topography images of p, m, and
0Cb(T-IDIC),. As can be seen, film surfaces of pristine NFAs
were homogenous and overall featureless, with no noticeable
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(a) AFM images and (b) GIWAXS scans of pristine and polymer blend thin-films of NFAs featuring each of the three carborane isomers.
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differences between materials. All films were smooth with low
root mean square (RMS) roughness values within proximity of
each other (0.203-0.225 nm). On the other hand, films depos-
ited from 1:1 (weight) blends with the conjugated polymer
PBDB-T exhibited rougher surfaces (RMS = 2.35-2.38) with a
fibrous appearance, likely as a result of the polymeric structure
as previously noted.”” Again, no obvious difference between
NFA isomers could be identified.

Grazing-incidence wide-angle X-ray scattering (GIWAXS) of
the same films was also carried out, to investigate the existence
of ordered structures within the films. As shown in Fig. 2b, 2D
diffractograms of films of pristine NFAs and polymer blends
exhibited largely amorphous structures. The use of different
isomers did not induce any noticeable change between film
morphologies. Polymer blends gave rise to a peak at q =
2.95 nm ™!, which is assigned to the (100) lamellar stacking of
the polymer.”> This peak was enhanced upon annealing at
100 °C for 10 minutes, particularly in the ortho blend where
the peak was absent prior to annealing (Fig. S4, ESIT). The
amorphous morphology of pristine NFAs was further con-
firmed through differential scanning calorimetry (DSC), with
an absence of thermal transitions between 25 and 280 °C in all
materials, as depicted in Fig. S5 (ESIT).

Device performance

To test the suitability of our materials as electron acceptors in
OPVs, devices were fabricated using an inverted architecture, as
illustrated in Fig. 3a. The inverted architecture was based on
ITO/ZnO/polymer:NFA/MoO,/Ag, where PBDB-T was chosen as
the electron donor polymer, given its well matched energy
levels and success with similar materials in the past.5*°

The current-voltage (J-V) characteristics of devices under
AM 1.5G illumination are shown in Fig. 3b, and device perfor-
mance parameters are summarised in Table 3. It is clearly
apparent that the choice of carborane isomer in the NFA has a
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Fig. 3 (a) lllustration of the OPV device configuration (not to scale). (b) J—

V curves of fabricated devices. (c) Energy diagram, comparing FMO levels
of the donor polymer with the featured NFAs.
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Table 3 Performance parameters of OPV devices
Voc (V) Jsc (mA em™?) FF PCE (%)
pCb(T-IDIC), 0.93 5.36 0.39 1.93
mCb(T-IDIC), 0.92 6.48 0.37 2.22
oCb(T-IDIC), 0.95 7.40 0.43 3.00
0Cb(T-IDIC),-4F 0.92 10.27 0.54 5.07

major impact on device efficiency. Whilst devices made from
PCb(T-IDIC), had an average PCE of 1.93%, and mCb(T-IDIC),
had slightly higher 2.22%, oCb(T-IDIC), had considerably
higher 3.00%. The performance of all three materials are in
line with or higher than those previously reported for
carborane-containing materials, verifying that molecular
acceptors are a useful strategy in the synthesis of carborane-
containing OPV materials.*>*' Nevertheless, the overall perfor-
mance of these materials remains modest compared to other
non-carborane IDT-INCN flanked materials reported to
date.®>®” Although the open-circuit current (Voc) values of
the devices were high at around 0.93 V, the short-circuit current
density (Jsc) remained relatively low, ranging from 5.36 to
7.40 mAcm 2%, and J-V curves exhibited non-ideal behaviours
with fill factors between 37 and 43%.

High-performing OPVs require a sufficient energetic offset
between donor and acceptor FMOs to promote exciton-to-
charge separation, resulting in charge transfer from one mate-
rial to the other. The energy diagram in Fig. 3c illustrates the
offset between the reported LUMO of PBDB-T versus p, m, and
0Cb(T-IDIC),, which allows for efficient exciton splitting.”®
Meanwhile, the offset between HOMOs is much narrower, with
HOMOs of all three isomers being located around —5.39 eV.
Increasing the offset by lowering the HOMO of the NFA is
therefore a natural progression towards a higher Jsc.”* Fluor-
ination is an approach which has previously been used to lower
the FMOs of similar IDT-INCN flanked A-D-A’-D-A materials,
generally with great success in increasing Jsc.®>°® With that in
mind, we synthesised a fluorinated version of the highest
performing isomer, namely oCb(T-IDIC),-4F. As discussed in
Section 2.2, this resulted in deeper energies of both the HOMO
and the LUMO, resulting in larger energy offsets with respect to
the polymer. This had the desired effect of increasing Jsc from
7.40 to 10.27 mA cm ™2, and the corresponding EQE is shown in
Fig. S6 (ESIT). It is possible that Jsc could be improved further
by combining donor and acceptor materials with a lesser
spectral overlap (Fig. S7, ESIT).

In addition to increased Jsc, fluorination also improved
the FF from 43 to 54%. To understand this change, charge
carrier mobilities (1) of the NFA blends were derived by the
space charge limited current (SCLC) method.”® J-V character-
istics of single-carrier SCLC devices are depicted in Fig. S8 and
S9 (ESIt) and mobilities are shown in Table S1 (ESIT). The hole
mobilities of the blends are dominated by the p-type
PBDB-T, with values in the order of 10™> cm?® V™' s™'. Mean-
while, electron-only SCLC devices revealed a much higher
electron mobility of the blend with oCb(T-IDIC),-4F at 6 X
1077 em® V! 57!, compared to non-fluorinated NFAs in the

J. Mater. Chem. C, 2023, 11, 3989-3996 | 3993
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region 1-2 x 10”7 em® V™' s™. This resulted in a more favourable
Ue/up ratio and thus a higher FF.”® As a consequence, the overall
PCE was measured at 5.07% which, to the best of our knowledge,
is the highest PCE reported for carborane-containing OPVs, and is
more than double the best values previously reported.

Conclusions

In summary, we have synthesised four novel carborane-centred
NFAs in an A-D-A’-D-A fashion. DFT calculations show that
the carborane moieties do not participate in the n-conjugation,
however, as HOMOs are located primarily on the IDT moieties,
and LUMOs on the INCN moieties. Furthermore, we success-
fully fabricated OPV devices using PBDB-T:NFA blends, proving
their applicability in OPV technology. The use of different
carborane isomers (para, meta, and ortho) had a very limited
effect on the optoelectronic properties of the materials, and no
difference between isomers could be observed in thin-film
morphology. On the other hand, the choice of isomer had a
drastic impact on OPV performance, with the ortho isomer
demonstrating superior device characteristics. To further
increase the FMO offsets between the polymer donor and the
NFA, a fluorinated version of the ortho isomer was synthesised.
This increased the PCE from 3.00 to 5.07%, thus reporting the
highest OPV efficiencies of carborane-containing OPV materials
to date. Overall, our results demonstrate that carborane-
containing materials can be utilised as electron acceptors in
bulk heterojunction blends, and further highlight the viability
of A-D-A’'-D-A design strategies for such materials.
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