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Two new quinoxaline-functionalized Cgy derivatives with high LUMO levels have been
synthesized and applied in organic solar cells. BHJ-OSCs incorporating P3HT as donor and
TQMA (or TQBA) as acceptor exhibit open-circuit voltage (V) of 0.76 V (or 0.84 V), which

is about 0.12 V (or 0.20 V) higher than PCBM as electron acceptor.
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Two novel Cg, derivative acceptors (2,3-bis(5-tert-butylthiophen-2-yl)-6,7-dimethylquinoxaline-Cg-
monoadduct (TQMA) and 2,3-bis(5-tert-butylthiophen-2-yl)-6,7-dimethylquinoxaline-Cgy-bisadduct
(TQBA)) with high LUMO levels have been synthesized and employed as model systems to study their
interactions with donor poly(3-hexylthiophene) (P3HT) in bulk heterojunction organic solar cells (BHIJ-
OSCs). The optoelectronic, electrochemistry and the subsequent photovoltaic properties of these two
acceptors have been fully investigated. Although the power conversion efficiency remains to be
improved, BHJ-OSCs incorporating P3HT as donor and TQMA (or TQBA) as acceptor exhibit open-
circuit voltage (V,.) of 0.76 V (or 0.84 V), which is about 0.12 V (or 0.20 V) higher than PCBM as
electron acceptor. The different photovoltaic performance among these acceptors can be rationalized by

their different LUMO energy and molecular packing.

Introduction

Organic solar cells (OSCs) have become one of the most active
research areas because on top of being a clean and renewable
energy source, they have other promising advantages such as
simple structure, low cost, light-weight, and mechanical
flexibility.'® Normally, an OSC consists of a photoactive blend
active layer (this layer is typically made of conjugated polymers
as donors and fullerene derivatives or other molecules as
acceptors), which is sandwiched between a transparent indium-
tin-oxide (ITO) electrode and a low work function metal
electrode. There are many factors that may affect the final power
conversion efficiency (PCE) of OSCs devices, and some of the
critical ones are the device structures,”” morphology of active
layer,'""® the buffer layers'®'® and modification on the
%0 electrode.'”? Aside from these factors, design and synthesis of
novel materials for the active layer is also extremely important
and may be the most basic and efficient way to improve the
device performance.

With regards to donor materials, greater successes have been
witnessed in the syntheses of novel materials with broad light
absorptions (narrow bandgaps), high hole mobilities, and finely-
tuned electronic energy levels'” 2% and some systems have
already pushed the PCE to as high as 10%.” However, it seems
that the progress in the research of new acceptors is relatively
slow. Generally, the acceptors in OSCs can be divided into two
groups: non-fullerene and fullerene acceptors. For the non-
fullerene acceptors, there is great progress in recent years for both
small molecules®” *' and polymers,**>* but the PCE is still
comparatively lower compared to their fullerene counterparts
ss (below 3%).% 53¢ For the fullerene acceptors, the classical
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acceptor is [6,6]-phenyl-Cg;-butyric acid methyl ester (PC;BM).
Although it has been widely used in OSCs due to its high electron
mobility and compatibility  with conjugated
polymer/small molecule donor materials,?” there are two obvious
limitations associated with PCsBM compound: a) the Lowest-
Unoccupied Molecular Orbital (LUMO) energy level of PCs;BM
is relatively low when it is used in the OSCs coupled with some
conventional conjugated donor that has a fairly high Highest-
Occupied Molecular Orbital (HOMO) energy level;* b) PC¢;BM
has weak absorption in the visible region.

To address these problems, one strategy is to increase the
LUMO energy level of the acceptor materials, which could
increase the open-circuit voltage (Voc) of OSCs devices since
Voc is strongly related to the difference between the LUMO
energy level of the acceptor and the HOMO energy level of the
donor.* Recently, a series of fullerene derivatives with higher
LUMO levels than PC¢BM have been employed as acceptors
and poly(3-hexylthiophene) (P3HT) as the donor and under 1 sun
illumination, and the as-fabricated OSCs give promising results
with PCE > 4%. For example, Lenes et al*” *' used a new PCBM
bisadduct (bis-PC4;BM) as acceptor and P3HT as donor in OSCs,
resulting in PCE of 4.5%. Li et al*** also reported a new indene-
functionalized Cg, bisadduct (ICBA) and can reach a PCE as high
as 6.5%. Other successful examples such as dihydronaphthyl-C60
bisadduct (NCBA), dihydronaphthyl-C,¢bisadduct (NC,,BA),
thieno-o-quinodimethane-Cg (bis-TOQC) and di(4-
methylphenyl)methano-Cg, bisadduct (DMPCBA) have also been
reported.*** Our group has also employed this strategy and
synthesized the novel acceptor BTOQC recently.* The other way

various

75 is to widen the absorption of the acceptor in the visible range and

to enhance the whole absorption efficiency of the active layer.
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For instance, PC7;BM-based OSCs usually exhibit higher PCE
than PCqBM fabricated under similar conditions due to the
stronger absorption in the visible region.”® However, it suffers
from high cost and low production yield, etc. Recently,
Mikroyannidis et al®" 3 replaced the methoxy (-OMe) group of
the PCq;BM with 4-nitro-4’-hydroxy-a-cyanostilbene and found
that the PCE could be increased from 2.93% to 5.25%. Similarly,
Wang et al®® substituted methoxy group with a visible-light
sensitizer DR to enhance the absorption of device. Unfortunately,
the PCE is only 0.9%, which is much lower than that of
P3HT:PC4,BM BHIJ solar cells under similar condition due to the
suppression of interchain interaction of P3HT molecules in the
P3HT:PCBDR blend. Through further analyzing of the above two
systems, we can observe that one obvious limitation is that these
new acceptors retain the basic part (PCB) of the classical PCBM
acceptor and various absorption groups are introduced at the
outer end of the PCBM to replace methyl group. Thus, they
provide no useful information when the absorption groups are
directly attached on the Cg, molecules. With this regard, in 2012,
Saravanan et al®* reported fullerene-terthiophene (3T) dyads,
which contain terthiophene synthesized via 1,3-dipolar
cycloaddition of the corresponding azomethineylides. Although
there is a contribution of 3T excitons to the photocurrent, the
obtained PCE is only about 2.54%, which is still lower than that
of the standard PCq;BM system. However, it implies that the
strategy is promising and it is worth to try to keep the core Cg
unit while introducing other absorbing groups in the acceptor to
enhance the total absorption of the blend film while not
compromising the other device parameters.

In this work, we will explore the above-mentioned strategy
through designing and synthesizing novel quinoxaline-containing
fullerene derivatives, i.e., 2,3-bis(5-fert-butylthiophen-2-yl)-6,7-
dimethylquinoxaline-Cqp-monoadduct (TQMA) and 2,3-bis(5-
tert-butylthiophen-2-yl)-6,7-dimethylquinoxaline-Cgy-bisadduct
(TQBA) through Diels-Alder reaction. The thiophene-
functionalized quinoxaline moiety in the new acceptor is directly
attached on the surface of Cg and is thus expected to enhance the
whole absorption of the device. Meanwhile, the effect of the
novel acceptors on the device performance will also be
investigated. For comparison, the effect of the physical blending
of the quinoxaline compound with P3HT:C¢, blends will also be
presented. Our OSC device based on P3HT:TQMA exhibits a
higher Voc (~ 0.75 V) as compared to that of P3HT:PCyBM (~
0.64 V) with a reasonable PCE of 2.80%.

RESULTS AND DISCUSSION

We employed Diels-Alder reaction as the key reaction to
synthesize the target molecule™>® and the synthetic route of
TQMA is shown in Scheme 1. 2-fert-Butylthiophene (R1) was
synthesized according to the literature®, which was transformed
into  1,2-bis(5-tert-butylthiophen-2-yl)ethane-1,2-dione  (R2)
through double F-C reaction.’® The 2,3-bis(5-tert-butylthiophen-
2-yl)-6,7-dimethylquinoxaline (R3) could be obtained in almost
100% yield by reacting R2 and 4,5-dimethyl-1,2-
phenylenediamine in ethanol at room temperature.”® The 6,7-
bis(bromomethyl)-2,3-bis(5-tert-butylthiophen-2-yl)quinoxaline
(R4) was used as the precursor, which was prepared according to
the literature.*” TQMA and TQBA were prepared through the

[2+4]
generated

cycloaddition reaction between Cg, and the in-situ
2,3-bis(5-tert-butylthiophen-2-yl)-6,7-dimethene-

o0 quinoxaline.®** The yield is about 35% for mono-adduct TQMA

and 8% for bis-adduct TQBA.
Scheme 1 Structure and synthetic route of TQMA and TQBA
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s Absorption spectra of the acceptors

The spectra of the precursor R3, TQMA, TQBA and PC¢BM are
shown in Fig. 1 for comparison purpose. For the precursor R3,
there are three absorption peaks between 250 nm and 450 nm and
its fluorescence appears in the range of 410 — 570 nm.

70 Nevertheless, when R3 is attached on the surface of Cg, the

fluorescence quenches, which indicates a possible electron
transfer from the R3 to the Cg, suggesting its contribution to the
photocurrent.>* Consequently, TQMA and TQBA, which possess
R3 groups, show apparent enhanced absorption in the 300 — 450

75 nm range in comparison with PC¢ BM.
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Fig. 1 UV-Vis and PL spectra of the 2,3-bis(5-tert-butylthiophen-2-yl)-6,7-
dimethylquinoxaline (R3, top) and absorption spectra for TQMA, TQBA

50 and PCs:BM in chloroform (10 mol/L, bottom).
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Electrochemical Properties of the acceptors

The electrochemical properties of the acceptors, which are
typically studied by cyclic voltammetry (CV), are useful in
estimating their respective energy levels. The LUMO energy
level alignment of the acceptor, in combination with HOMO level
of the donor, affects the Vo of the OSCs devices and hence the
final PCE because the energy levels between the donor and
acceptor will have influence on the driving force of electron and
hole transfer.? Although bisadduct fullerene derivatives have been
reported to have higher Vpc, in certain circumstances, the
monoadduct variants may also have higher Voc when compared
with that of classic acceptor PCqBM.>! Fig. 2 shows the CV
scans of R3, TQMA, TQMA as well as PCs;BM. TQMA, TQBA
and PC¢BM all exhibit three quasi-reversible reduction waves in
the negative potential range from 0 to 2.0 V vs. Ag/Ag". On the
contrary, R3 only shows one group reduction waves around —2.0
V. Table 1 lists the half-wave potentials (defined as £ = 0.5(E,
+ E]D‘a)63 , where E, . is the cathodic peak potential and E,, is the
corresponding anodic peak potential) of the reduction processes
of the fullerene derivatives. The LUMO energy levels of the
fullerene derivatives can be calculated from the onset reduction
potentials (E4"") according to the following equation,(’4

Erumo= — €(Ereg™ +4.71)[eV]*™

where the unit of E,."" is V vs. Ag/Ag’. With this equation, the
LUMO energy levels of TQMA, TQBA and PCqBM are
calculated as —3.89, —3.76 and —3.91eV, respectively. It can be
observed that the first (E;), second (E,) and third (E3) reduction
potentials of TQMA are almost the same as those of PCqBM
while the onset reduction potential of TQBA is about 0.15 eV
higher than that of PCsBM. The CV data are summarized in
Table 1 and the schematics of the energy levels drawn according
to the CV and UV-Vis data is depicted in Fig. 3. The energy level
diagram shows that it is energetically favourable for the R3
excitons to be dissociated at R3/Cg, interface due to the large
Arumo- Nevertheless, the low LUMO level of R3 may also act as
electron trap. Therefore, we firstly investigate the effects of R3
on P3HT:Cg blend in the following section.
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Fig. 2 Cyclic voltammograms of TQMA, TQBA and PCes;BM in o-
dichlorobenzene: acetonitrile (5:1 v/v) with 0.1 M BusNPFg at 100 mV st

Table 1. Electrochemical properties of TQMA, TQBA and PCsBM.
E; E, E; Eed™  Ewmo Enomo® E™
Acceptor
(vi vl [Vl V] [eV] [eV]  [eV]
TQMA -0.90 -1.28 -1.81 -0.82 -3.89 -5.89 2.0
TQBA -1.04 -1.42 -1.90 -0.95 -3.76 -5.76 2.0
PCqBM -0.87 -1.26 -1.78 —0.80 -3.91 -5.93 2.02
R3 -1.90 —-1.80 291 —5.72 2.81
45 “: Enowo= Evumo — Eg™, " B = 1240/ hone
-2.91eV
-3 -32eVv
i -3.76 eV
-3.89 eV -3.91eV
-4 — -_—
-4.5eV
_5 —
-5.1eV
-5.72 eV
-5.76 eV
-6 -5.89 eV -5.93 eV
-6.2 eV
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Fig. 3 Energy level schematics of the photoactive materials used in this
study

The Effects of R3 on P3HT:C, Blends

Fig. 4 shows the UV-Vis absorption spectra of both as-cast (NA)
and thermally annealed (TA) blend films of P3HT:Cg. The other
set of spectra with the incorporation of R3 molecules are also
included for comparison. In the NA samples, the presence of R3
induces additional peak at 410 nm in the ternary P3HT:Cgy:R3
blend spectra, which corresponds to its characteristic absorption
(Fig. 1). Furthermore, it can also be observed that P3HT
absorption between 450 and 680 nm is slightly weaker in the
ternary blend as compared to its binary P3HT:C4y counterpart.
Thermal annealing typically prompts molecular diffusion leading
to self-assembly polymer backbones.® Consequently, both
spectra of the TA blends beyond 450 nm are more intense than
those of the NA blends with distinct vibronic “shoulders” at 560
and 610 nm, suggesting a heat-induced improvement in the
degree of order in the blends.®*%7 Nevertheless, the characteristic
absorption of R3 is no longer observed in the TA sample. It is
suggested that the heat treatment might have resulted in either
reorganization or conformational change of R3 molecules that
alters its absorption characteristics.

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 UV-Vis absorption spectra of as-cast (NA) and thermally-annealed
(TA) P3HT:Cg blend films with and without R3 incorporation.

The current density—voltage (J-V) characteristics under 1 sun
illumination (100 mW cm?) of various P3HT:Cg bulk
heterojunction BHJ-OSCs devices are demonstrated in Fig. 5(a).
Table 2 provides the summary of the corresponding device
parameters extracted from the J-V curves. The device
configuration is ITO/PEDOT:PSS/BHJ/TiOx/Al. The as-cast
(NA) P3HT:Cg, device generates short-circuit current density
(Jsc) of 1.95 mA cm™, open-circuit voltage (Voc) of 0.51 V, fill
factor (FF) of 0.42 and power conversion efficiency (PCE) of
0.42%. The poor PCE is expected since as-cast device tends to
have poor crystallinity, which results in poor photon harvesting
and charge transport. Meanwhile, the incorporation of R3 further
reduces the PCE by 6 fold to 0.07%. Although R3 has been
shown to improve light absorption of P3HT:Cg4y blend (Fig. 4),
the Jsc of the device decreases by more than 4 fold. This suggests
that the presence of R3 molecules may have impeded the charge
transport. In addition, the argument of a less efficient charge
transport is also supported by the poorer FF of P3HT:Cgy:R3
device and an increase in device series resistances (R;) by more
than 20 times. Heat treatment at 150 °C for 20 min induces
significant improvement in both Jsc and FF of P3HT:C¢ to 5.64
mA cm” and 0.55, respectively. Improved photon absorption and
charge transport are the primary factors of the Jsc increase in the
TA device. As a result, the PCE of the binary device improves by
more than 3 fold to 1.31%. The P3HT:Cy:R3 device also
experiences a similar improvement in device performance,
yielding a PCE of 0.66%, i.e. more than 9 times higher than its
original as-cast device. This also shows that heat treatment is
more effective to restore the degree of order in the ternary device.
However, it is also expected that the presence of R3 in the
thermally annealed blend will still contribute to the reduced
efficiency in charge transport. This can be clearly seen from the
higher R, of the P3HT:Cg:R3 device (28.31 Q cm?) as compared
to P3HT:Cq device (16.63 Q cm?). In both types of blends,
thermal annealing gives rise to a reduced Voc, which is itself an
indication of improved blend crystallinity.

The external quantum efficiency (EQE) spectra (Fig. 5(b))
correspond well with both Jsc and PCE trends. The thermally
annealed P3HT:Cq, device generates EQE as high as 40%, which
is approximately 1.7 times higher than its as-cast counterpart. On
the other hand, a 5-fold improvement in EQE,, is obtained from
P3HT:Cgy:R3 devices upon heat treatment. The spectra also do

50

55

not clearly exhibit any discernible contribution of R3 absorption,
suggesting that the adverse electrical effect outweighs the
improvement to its optical absorption when R3 is introduced into
the P3HT:Cq system.

8 T
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- o -P3HT:C60 (TA)
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Fig. 5 (a) J-V characteristics and (b) EQE spectra of as-cast (NA) and
thermally-annealed (TA) P3HT:Cq BHJ-OSC devices with and without R3
incorporation. The J=V characteristics were measured under AM 1.5G
(100 mW cm) illumination.

Table 2. Summary of device data of P3HT:Cg BHJ-OSC devices under
AM 1.5G (100 mW c¢m™) illumination.

ey, PC R [Rgfi

Blend Annealing  [mA \C/).C FF E [Q 2
em? V] (4] em]

5.50

P3HT:Cqo n/a 1.95 0.51 0.42 0.42 43.65 X
10?

6.08

150 °C 5.64 0.42 0.55 1.31 16.63 X

10?

1.47

P3HT:Cg:R3 n/a 0.42 0.62 0.27 0.07 889.49 X
10°

5.58

150 °C 3.32 0.41 0.49 0.66 28.31 X

10?

60

The blend morphology is further investigated to gain some
understanding on how R3 interacts with the donor and acceptor
molecules. Fig. 6 shows a series of tapping-mode atomic force
microscopy (AFM) images of both as-cast and thermally
annealed P3HT:Cy, blends with and without the incorporation of
R3 molecules. The topography image of P3HT:Cqy (NA) (Fig.
6(a)) reveals relatively smooth morphology with root-mean-

4|Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]
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square roughness (oryms) Of 0.34 nm. In addition, fibrillar
structures can be observed in its corresponding phase image (Fig.
6(b)). Upon thermal annealing at 150 °C, the morphology of
P3HT:C4 changes significantly following the emergence of
micron-sized aggregates on the blend surface (Fig. 6(c)).
Consequently, the blend surface roughens by a factor of 52 (orms
= 17.90 nm). The aggregates, which appear to be clusters of
smaller particles with height of < 50 nm, are often attributed to
the crystallization of Cgq molecules.®®* " The formation of such
aggregates tends to degrade device performance as they impose
some limitation on the efficiency of charge collection at the
electrodes. On the other hand, P3HT:C¢):R3 also demonstrates
similarly smooth morphology prior to any heat treatment (ogys =
0.30 nm) (Fig. 6(e)). However, thermal annealing does not trigger
15 the formation of any massive fullerene particles when R3 is
present in the blend (Fig. 6(g)). Hence, it is conjectured that R3
molecules are homogeneously distributed in the blend. While
such homogeneous system has a significant advantage in terms of
thermal stability of BHJ, it poses a crucial drawback in that the
crystallization of both donor and acceptor materials may be
significantly perturbed by the third blend component. As a result,
charge transport will be adversely affected due to the lack of
percolation pathways for both holes and electrons.

o

S

2

S

L 2

b A o =

[N}

b A o =

25 Fig. 6 Tapping-mode AFM images of: (a,b) P3HT:Cs (NA), (c,d) P3HT:Cgo
(TA), (e,f) P3HT:Ce0:R3 (NA) and (g,h) P3HT:Ce:R3 (TA) blend films. The
left images provide topography information, while the right ones reveal
phase information. The scan size is 2 x 2 ymz.

From the previous discussions, we argue that the incorporation
30 of an additional absorbing entity into a bulk heterojunction
system has remarkable potential in improving photon harvesting
and hence overall device performance. Nevertheless, such system
suffers from unoptimized morphological issues and presents a
significant drawback in the device performance when the dopant
is physically mixed with the other materials,. We infer that the
lack of solubilizing group in Cy molecule is often thought to be
the main reason of the poorer performance in OSC devices based
on Cgy as compared to its other more soluble derivatives (PCBM,
etc).”""” Furthermore, the energy levels of this entity have to be
40 carefully considered so that they are compatible with the main
BHJ materials. In the following section, a more effective way to
incorporate photoactive group, which is via chemical attachment
of the desirable moiety onto either the donor or acceptor materials
will be discussed. In this work, we explore the option of attaching
45 the R3 precursor directly onto Cg, either as TQMA or TQBA,
and using the modified fullerenes as alternatives to PCq;BM for
OSCs applications.

Photovoltaic Properties of PBHT:TQMA/TQBA

w
s

The UV-Vis absorption spectra of both as-cast (NA) and
thermally annealed (TA) blends of P3HT and various acceptors
are shown in Fig.7. For P3BHT:TQMA and P3HT:TQBA blends,
there are additional absorption “shoulders” at 410 nm
reminiscence of the peak in P3HT:C¢,:R3. These “shoulders” also
correspond well with the absorption of pure TQMA and TQBA
ss shown earlier in Fig.1(b). Surprisingly, unlike the pure
functionalized fullerene, P3HT:TQBA, despite having more R3
absorbing units attached to the fullerene groups, do not exhibit a
stronger absorption at 410 nm in comparison to P3HT:TQMA.
Therefore, P3HT:TQBA is not expected to outperform
o P3HT:TQMA in terms of light absorption. Comparing the spectra
of all as-cast blends, P3HT absorption in P3HT:TQMA is the
most blue-shifted (A, at 500 nm) with the least pronounced
vibronic “shoulders” at 560 and 610 nm, followed by
P3HT:PC4;BM and P3HT:TQBA (A at 520 nm). This indicates
65 that the presence of TQMA results in the most prominent degree
of disorder in the blend as compared to the other fullerene
derivatives. In other words, it can also be expected that TQMA is
the most uniformly distributed. On the other hand, the bisadduct
TQBA, which exists in mixture of isomers, induces the least
70 perturbation on the self-assembly of P3HT in the blend films.
Thermal annealing promotes further molecular reorganization in
the blends, which is noticeable from the bathochromic shifts in
their respective absorption spectra.®* Both P3HT:TQMA and
P3HT:PC4BM are more susceptible to the heat treatment than
75 P3HT:TQBA, experiencing a more extensive red-shift and an
increase in absorption intensity under heating conditions. It is
plausible that TQBA, being a bulkier molecule, has a more
limited mass transport and hence restricted ability in restoring its
crystallinity. Nevertheless, all BHJ blends exhibit similar post-
so heat-treatment UV-Vis absorption characteristics. The stronger
absorption in the thermally annealed blends may contribute to a
more efficient photon collection. Furthermore, the existence of
distinct “shoulders”, which are generally associated with degree
of order of P3HT lamellae, also indicates the possibility of a more
ss efficient charge transport.

93
S

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 0000 |5

Page 6 of 12



Page 7 of 12
0.4 —a— P3HT:TQMA (NA)
-o P3HT:TQMA (TA)
—e— P3HT:TQBA (NA)
s -0 P3HT:TQBA (TA)
S 03 —A— P3HT:PCBM (NA)
S $» -4 P3HT:PCBM (TA)
> "
‘@
c
(]
£ 02
c
o
=
]
a 0.1
<
0.0+

5

10

15

20

25

RSC Advances

T T T T =
300 400 500 600 700 800
Wavelength (nm)

Fig. 7 UV-Vis absorption spectra of as-cast (NA) and thermally annealed
(TA) blend films of P3HT with various acceptors. The donor-to-acceptor
ratio is 10:6.

Despite possessing similar absorption characteristics, it is
discovered that devices made with the different TA blends exhibit
different properties. Fig. 8(a) shows the light J—V characteristics
of both as-cast and thermally annealed devices fabricated with
P3HT in combination with different acceptors under 1 sun
illumination. The device structure used in this study is
ITO/PEDOT:PSS/BHJ/TiO,/Al. The corresponding device
parameters are summarized in Table 3. The as-cast P3SHT:TQMA
device exhibits poor PCE of 0.5%, with Jyc of 1.84 mA cm™, Voc
of 0.89 V and FF of 0.31. The substandard performance of
P3HT:TQMA (NA) is likely to be caused by the poor photon
absorption and charge transport due to unoptimized blend
morphology. However, the as-cast P3HT:TQBA device exhibits
an even worse performance with PCE of 0.06%. The poor Jgc and
FF imply that although P3HT:TQBA (NA) absorbs more light,
either the photons are not effectively converted into free carriers
or the charges thereof are not effectively transported across the
blend film. The subsequent analysis of the R, reveals that without
any heat treatment, P3HT:TQBA has internal resistance almost 4
times as high as that of P3HT:TQMA. It is also noteworthy to
point out that the Voc of PZHT:TQBA (NA) is slightly lower than
that of P3BHT:TQMA (NA) notwithstanding the fact that TQMA
has lower LUMO level than TQBA (Table 1). This discrepancy
could be related to the morphology adopted by TQBA molecules,
in which case the aggregated fullerene molecules in the blend

3 have the possibility of lowering effective Voc of the OSCs.”™

35

40 made

Comparing performance of the devices based on the different
acceptors, the as-cast PCBM-based OSCs outperforms the rest by
a huge margin with PCE of 2.71%.

Upon thermal annealing, the performance of P3HT:TQMA
device improves significantly and results in Js¢, Voc, FF and PCE
of 6.2 mA ecm™, 0.76 V, 0.51 and 2.4%, respectively. On the other
hand, P3HT:TQBA also experiences a 6-fold improvement in
device performance, mainly ascribing to the increase in Jsc.
Similar trend of performance was also observed in the devices
without any TiO, interlayer (ie.,
ITO/PEDOT:PSS/BHIJ/Al); J-V curves of which are shown in
ESI Fig. S1. However, the eventual PCE of P3HT:TQBA (TA)
device is only 0.36%, which is more than 6 times lower than
P3HT:TQMA (NA). The post-annealed P3HT:TQBA device still

45 exhibits exceptionally high R, approximately an order of

magnitude higher than the other TA devices. Even though there is
not much difference between both BHJs in terms of their
absorption characteristics, it is proposed that the different
chemical structure of the fullerene derivatives may have caused

so significant variation in their electrical properties or affected the

blend morphology or a combination of both. Thermal annealing
seems to be more effective in generating percolation pathways for
efficient hole and electron transport in P3HT:TQMA than in
P3HT:TQBA. Meanwhile, the thermally annealed P3HT:PC4,BM

ss device highly outperforms the remaining OSCs devices. It gives

Jsc of 9.34 m cm™, Vo of 0.64 V, FF of 0.68 and a remarkable
PCE of 4.1%. It can also be observed that the Vo of
P3HT:TQBA (TA) is higher than that of P3HT:TQMA (TA),
which now correlates well with the LUMO trend. This suggests

e that heat treatment may have triggered morphological change, in

which reducing the degree of crystallization of TQBA at elevated
temperatures as the BHIJ transforms into a more
thermodynamically stable system.

1
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s Fig. 8 (a) J-V characteristics and (b) EQE spectra of as-cast (NA) and

thermally annealed (TA) P3HT BHJ-OSC devices with various acceptors.
The device configuration is ITO/PEDOT:PSS/BHJ/TiO,/Al. The J-V
characteristics were measured under AM 1.5G (100 mW cm'z)
illumination.
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Table 3. Summary of device data of P3HT BHJ-OSC devices with
various acceptors under AM 1.5G (100 mW cm’) illumination.

R R
Blend  Amncaling ™A Yoo pp PCE 6 g
cm [V] [%] 2 2

2] cm’] cm’]

6.61

P3HT:TQMA n/a 1.84 0.89 0.31 0.50 269.62 % 10
) 1.10

150 °C 6.20 0.76 0.51 2.40 40.41 < 10°

2.63

P3HT:TQBA n/a 0.29 0.72 0.26 0.06 1041.74 < 10°
. 8.80

150 °C 1.34 0.84 032 0.36 207.75 % 10°

5.86

P3HT:PC¢BM n/a 7.06 0.70  0.55 2.71 19.48 % 102
. 151

150 °C 9.34 0.64 0.68 4.10 9.62 < 10°
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This set of data emphasizes the fact that the number of
functional groups attached to fullerene molecules has crucial
effect on the device properties. While most of other successful
fullerene functionalization often apply the bisadduct versions for
0SCs,* * our work shows that monoadduct-Cg, may still be
more beneficial if the structural issues, e.g., tendency to
aggregate, of the corresponding bisadduct are not fully addressed.
By adding R3 into P3HT:PCBM or P3HT: TQMA blend, it may
be feasible to improve the overall photon absorption and hence
the device performance. However, it may have potential negative
impacts on the blend morphology, which may in turn influence
the charge transport properties of the active materials. In addition,
adding R3 in to the devices requires an extensive amount of
optimization. We will attempt to incorporate the photoactive
molecule R3 in other types of established BHJ systems in our
future work. In the following section, we will demonstrate the
prospects of chemical attachment of absorbing units onto
fullerene molecules for solar cell applications.

Fig. 8(b) shows the EQE spectra of P3HT devices fabricated
with various acceptors corresponding to their J—J characteristics
in Fig. 9(a). The trends for both EQE and Jsc for the different
devices are similar. The thermally annealed devices of
P3HT:-TQMA, P3HT:TQBA and P3HT:PC¢;BM result in EQE,,,
of 54%, 15%, and 65% respectively. The lower EQE in
P3HT:TQMA device as compared to P3HT:PC¢BM could be
caused by the less efficient charge transport within the polymer
blend, due to either the poorer electron mobility in TQMA or less
efficient percolation pathways induced by suboptimal blend
morphology. To identify whether TQMA has any advantage in
terms of enhanced photon absorption, the EQE spectra of
P3HT:TQMA are normalized with respect to that of
P3HT:PCs;BM (ESI Fig. S2). It can be observed that the
normalized spectra of P3HT:TQMA exhibits slightly stronger
signal around 410 nm, which derives from the absorption of R3
unit in TQMA (Fig. 8). Therefore, it can be argued that if the
electron mobility in TQMA can be improved and/or the blend
morphology with TQMA as the acceptor can be optimized, it may
be possible to synthesize fullerene derivatives which are more
superior to the conventionally used PCs;BM.

45

w
=

75

The poor performance of P3HT:TQBA device is proposed to
derive from its morphological shortcomings. Fig. 9 demonstrates
the tapping-mode AFM height images of P3HT blends with
various functionalized Cgy. The corresponding phase images are
given in ESI Fig.S3. Both as-cast P3BHT:TQMA (Fig. 9(a)) and
P3HT:PC4BM (Fig. 9(e)) blends exhibit smooth morphology
with opyms of 0.64 and 0.39 nm, respectively. Distinct fibrillar
features can be observed in both samples. Thermal annealing of
these blends is expected to improve their crystallinity, which is
often correlated with an increase in surface roughness, i.e., orys =
096 and 0.88 nm for P3HT:TQMA (Fig. 9(b)) and
P3HT:PC4,BM (Fig.9(f)), respectively. In both types of blends,
thermal annealing does not cause any significant roughening of
the blend surface. As a result, these devices are not expected to
suffer from poor charge extraction. On the other hand,
P3HT:TQBA (Fig. 9(c)) adopts different morphology from that
of P3HT:TQMA. While the fibrillar features can still be
observed, there is a substantial roughening of the blend surface
with opps of 3.75 nm. It is likely that the aggregation of TQBA
contribute to the rougher morphology. If the acceptor molecules
aggregate severely, charge dissociation will be adversely affected
as there is less donor-acceptor interface. The heat treatment of
P3HT:TQBA sample (Fig. 10(d)) reduced the surface roughening
(orms = 2.63 nm). This suggests that the thermal diffusion of the
blend molecules triggers modification of blend morphology
leading to formation of fewer aggregates, which could be more
desirable for OSCs. This change is believed to be the main reason
behind the increase in Jsc, Voc and FF of P3HT:TQBA device.

Shdbonvaso

Fig. 9 Tapping-mode AFM height images of (a,b) P3HT:TQMA, (c,d)
P3HT:TQBA and (e,f) P3HT:PCs;BM. The left images are those of the as-
cast (NA) blends, while the right ones correspond to the thermally
annealed (TA) blends. The scan size is 1 x 1 um™.
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Even though OSCs devices made with TQBA generate poor
performance, it is obvious that TQMA could be a potential
alternative to PCgBM. Therefore, P3HT:TQMA system was
further optimized to expand the limit of its obtainable PCE.
Following this attempt, the P3HT:TQMA devices were fabricated
with blend solutions prepared in chlorobenzene (CB) with a range
of different donor-to-acceptor (D:A) ratios. Chlorobenzene was
chosen because its lower boiling point as compared to that of o-
dichlorobenzene (0-DCB) may assist in the formation of thicker
0 blend film, which in turn is beneficial in improving light

absorption. The UV-Vis absorption spectra of P3HT:TQMA

films with various D:A ratios are shown in ESI Fig. S4. As the
amount of acceptor (TQMA) increases, the absorption “shoulder”
at 410 nm expectedly also gets stronger. However, this is
15 followed by a decrease in absorption of P3HT (480 — 700 nm)
because there is less P3HT in the blend. Both light J~V
characteristics and EQE spectra of the P3HT:TQMA devices are
presented in ESI Fig. S5. Table 4 summarizes the corresponding
device properties. With the increase in acceptor loading in the
20 blend, both Jsc and Ve decrease monotonously. The
photocurrent reduction, as observed in lincar EQE drop, is
associated with the decrease in P3HT absorption in the blend,
which effectively lessens the amount of photons absorbed in the
high wavelength region. Both fill factor and series resistance
25 seem to improve with TQMA loading, suggesting the presence of
more acceptor molecules in the blend helps to accommodate a
more efficient electron transport without causing too much
perturbation on the hole transport. There is also no significant
variation in the surface morphology among P3HT:TQMA with
different D:A ratios (ESI Fig. S6). A compromise between the
improved charge transport and photon absorption is achieved at
D:A = 10:7, yielding a Jsc of 7.25 mA cm, a Voc of 0.75, an FF
0f 0.51 and a PCE of 2.8%.
Device stability is a very important feature for future
commercialization of organic solar cells. Unfortunately, we have
not done any relevant experiments on device stability using our
new materials. One reason is that our main aim in this work is to
prove whether introducing the absorption group onto the acceptor
(Cyp) is a feasible or practical strategy to improve the PCE of the
40 device. Another reason is that although the approach turns out to
be working, the result still has much room for improvement.

Hence, performing stability studies may not be very appealing at

this stage. However, we will perform the stability study with the

other novel acceptors should we observe significant improvement
4s in our future devices.

w

3

S

3
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Table 4. Summary of device data of PAHT:TQMA BHJ-OSC devices
with different D:A ratios under AM 1.5G (100 mW cm) illumination.

. Jse Voc PCE R, R,
Ratio  roaemy v FF 0 %] [Qemd  [Qemd]
10:6 776 077 042 250 5032 5.89x 10°
107 7.25 075 051 280  39.60  7.33x 10°
10:8 698 074 050 260 4106  831x10°
Conclusion

so In conclusion, we have demonstrated that functionalization of Cg,
with absorbing group such as quinoxaline yields a few benefits:
(1) enhanced absorption attributed to the presence of additional
photon harvesting moieties, (2) a more optimal morphology as
compared to the physically mixed blend with quinoxaline
derivatives, (3) a more compatible energetics of Cgqy derivative,
lessening the likelihood for charge trapping and (4) improved
solubility of Cgy, leading to a better dispersed photoactive
materials. The best device performance of this work is 2.8%,
which is not very high if considering >10% efficiency of the
current high level. Nevertheless, our work demonstrates that
attaching quinoxaline group on the Cg can be a promising
strategy for the development of new BHJ-OSCs acceptors. In the
future. to improve the performance, one of the most
straightforward strategies is to combine novel acceptors with
efficient low bandgap D-A structure donor materials. To further
push the result, much attention need to be paid to design and
synthesis of more novel fullerene or non-fullerene acceptor with
better aborption and appropriately high LUMO energy level.

w
o
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S
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Experimental section

7

S

Materials: Poly(3-hexylthiophene-2,5-diyl) (P3HT) (Sepiolid™
P200) (M = 20 kDa) was purchased from Rieke Metals. Phenyl-
Ceo-butyric acid methyl ester (PCsBM) was obtained from Nano-
C®. Both o-dichlorobenzene (0-DCB) and chlorobenzene were
purchased from Sigma-Aldrich. Poly(3.,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (P
VP Al 4083) was purchased from Clevios™. 1H NMR (Bruker
Avance DPX-400) spectra were recorded at 25 'C in deuterated
chloroform (CHCI;-d) and TMS as an internal standard.
Device Fabrication: P3HT:Cg, blend solution was prepared by
so mixing P3HT (10 mg) and Cg (10 mg) in 1 mL of o-DCB.
Quinoxaline R3 compound was added with the same molar ratio
as Cgp (R3:Cyo = 1:1). Unless otherwise stated, P3HT blends with
various fullerene derivatives (TQMA, TQBA or PCysBM) were
prepared in 0-DCB (10:8 wt%). The mixtures were stirred
ss overnight at 70 °C in an N, glovebox. The organic solar cell
devices were fabricated on pre-patterned ITO-coated glass
substrates. Initially, the substrates were sequentially cleaned by
ultrasonication in DI water, acetone and isopropanol each for 15
min. Subsequently, PEDOT:PSS was spincoated at 3000 rpm for
90 60 s. The substrates were then baked at 140 °C for 10 min

7:
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followed by spincoating of blend solutions at 700 rpm for 120 s
in N, environment. The blend films were annealed at 150 °C for
20 min, and were spincoated with TiO, solution (in isopropanol).
The hydrolysis of TiO, precursors occurred in ambient for
approximately 45 min. The samples were transferred to N,
glovebox again for Al deposition (10" mbar). The active area of
the device was 0.1 cn’.

Device Measurement and Film Characterization: The current
density—voltage (J-V) characteristics were measured in N,
environment with Agilent 4155C Semiconductor Analyzer both
in dark and under AM 1.5G illumination (100 mW cm™). The
light intensity was calibrated with an NREL-calibrated silicon
reference solar cell. External quantum efficiency (EQE)
measurement was performed with a Merlin radiometer (Newport)
under monochromatic light illumination. A calibrated silicon
photodiode (Hamamatsu) was used as a reference device in
counting the electrical signal generated by the devices. The film
thickness was measured with a surface profilometer (Alpha Step
200, KLA-Tencor™). The optical absorption spectra were
measured with a UV-Vis-NIR Spectrophotometer (UV-3600,
Shimadzu). Atomic force microscopy (AFM) was performed on
the blend surfaces with an Asylum Research (MFP-3D-BIO) to
study the surface morphology. Electrochemical cyclic
voltammetry (CV) was conducted on a CHI 660C
Electrochemical Workstation. In the CV measurement, a Pt disk
was used as the working electrode, Pt wire as the counter
electrode, and Ag/Ag™ electrode (0.01 M AgNO;, 0.10 M
BuyNPFg in acetonitrile) as the reference electrode were used in a
mixed solution of o-dichlorobenzene: acetonitrile (5:1 v/v) with
30 0.1 M tetrabutylammonium hexafluorophosphate (NBu,PFy) at
100 mV s™.
1,2-bis(5-tert-butylthiophen-2-yl)ethane-1,2-dione(R2): To a
solution of aluminium chloride (2.8 g, 21.0 mmol) in 1,2-DCE
(10 mL) cooled down to —20 'C was added dropwise, in
succession, a solution of oxalyl chloride (0.54 g, 4.3 mmol) in
1,2-DCE (1.5 mL), a solution of 2-fert-butylthiophene (R1, 1.4 g,
10.0 mmol) and pyridine (0.79 g, 10.0 mmol) in 1,2-DCE (3 mL).
After keeping the mixture for 20 minutes between —20 'C and —15
°C, the temperature was raised to 0 °C and the mixture was poured
over ice and extracted with methylene chloride. The extract was
washed to neutral reaction with water and dried over magnesium
sulfate. After removing the solvent under reduced pressure, the
residue was purified by column chromatography (eluent: hexane:
ethyl acetate = 5:1) to give product as an orange solid (1.17 g,
81%). Further purification can be obtained through
recrystallization (800 mg in 30 mL petroleum ether, reflux), the
yield can be up to 70%. '"H NMR (300 MHz, CDCl;) 7.85 (d, J=
3.0 Hz, 2H), 6.95 (d, J= 3.0 Hz, 2H), 1.42 (s, 18H); *C NMR
(300 MHz, CDCl,) &: 183.0, 171.3, 137.5, 135.8, 123.8, 35.5,
32.1; MALDI-TOF MS: calculated for C;sH,,0,S, + H',
335.1139; found: 335.1143 (M+).
2,3-bis(5-tert-butylthiophen-2-yl)-6,7-dimethyl
quinoxaline(R3): In a 50 ml flask, the 1,2-bis(5-tert-
butylthiophen-2-yl)ethane-1,2-dione (R2, 334 mg, 1.0 mmol) and
4,5-dimethyl-1,2-phenylenediamine (163 mg, 1.2 mmol) was
added subsequently. Then, 30 mL anhydrous ethanol was added
and the mixture was stirred at r.t. for about 24h. During this time,
large amount of the bright yellow solid would be produced in the
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S

solution. The reaction can be monitored by TLC and will

¢ complete until the dione disappears. Filtrate the solution and the

bright yellow solid can be obtained (412 mg, 95%). 'H NMR
(300 MHz, CDCl,) &: 7.79 (s, 2H), 7.04 (d, J= 3.0 Hz, 2H), 6.75
(d, J= 3.0 Hz, 2H), 2.46 (s, 6H), 1.42 (s, 18H); °C NMR (300
MHz, CDCl;) &: 161.0, 146.0, 140.3, 139.4, 138.7, 128.6, 127.8,
122.0, 34.8, 32.4, 20.3; MALDI-TOF MS: -calculated for
Cy6H300,S, + H', 435.1929; found: 435.1919 (M+).
6,7-bis(bromomethyl)-2,3-bis(5-tert-butylthiophen-2-
yDquinoxaline(R4): A mixture of 2,3-bis(5-fert-butylthiophen-2-
yl)-6,7-dimethylquinoxaline(R3, 434 mg, 1.0 mmol, 1.0 equiv),
NBS (427 mg, 2.4 mmol, 2.4 equiv to R3) and PCBO (24 mg, 0.1
mmol, 0.1 equiv to R3) was dissolved in anhydrous benzene at
reflux temperature for 6 h under an argon atmosphere. After
cooling to room temperature, the solvent was removed under
vacuum. Afterwards, the residual solid was purified by taking
solution (PE: CH,Cl, =3: 1) as the eluent through column
chromatography on silica gel. Orange sticky liquid: 350 mg, 59%.
"H NMR (300 MHz, CDCL3)3: 8.01 (s, 2H), 7.18 (d, J= 3.0 Hz,
2H), 6.75 (d, J= 3.0 Hz, 2H), 4.81 (s, 4H), 1.44 (s, 18H); *C
NMR (300 MHz, CDCl;) &: 162.2, 147.8, 140.2, 138.1, 137.9,
131.0, 129.5, 122.3, 35.0, 32.5, 29.8; MALDI-TOF MS:
calculated for C,HysBr,0,S, + H', 593.0118; found: 592.9991
M+).

TQMA and TQBA: A mixture of Cg (306 mg, 0.43 mmol, 1
equiv), 6,7-bis(bromomethyl)-2,3-bis(5-tert-butylthiophen-2-
yl)quinoxaline (R4, 300 mg, 0.51 mmol, 1.2 equiv to Cg),
potassium iodide (399 mg, 2.04 mmol, 4 equiv to R4), and 18-
crown-6 (539 mg, 2.04 mmol, 1.0 equiv to potassium iodide) was
dissolved in anhydrous o-dichlorobenzene at reflux temperature
for 48 h under an argon atmosphere in dark. After cooling to
room temperature, the solvent was removed under vacuum.
Afterwards, the solid was transferred into methanol (10 mL x 3),
sonicated and centrifuged. The residual solid was purified by
taking toluene as the eluent through column chromatography on
silica gel. The separated monoadduct TQMA was 170 mg, yield,
35%. '"H-NMR (300 MHz, CDCl3) &: 8.32 (s, 2H), 7.23 (d, J =
3.0Hz, 2H), 6.79 (d, J= 3.0 Hz, 2H), 5.07 (d, J = 15 Hz, 2H), 4.64
(d, J = 15Hz, 2H), 1.46 (s, 18H). MALDI-TOF MS: calculated
for CgstgNzSz + H+, 11531772, found: 1153.0865 (M+)
Bisadduct TQBA was 51 mg, yield, 8%.'H-NMR (300 MHz,
CDCl;) 6: 8.44-8.00 (m, 4H), 7.32-7.11 (m, 4H), 6.82-6.69 (m,
4H), 5.30-4.01 (m, 8H), 1.57-1.41 (m, 36H); MALDI-TOF MS:
calculated for Cy1,Hs0,4S, + H',1585.34; found: 1585.33.
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