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1. Introduction

Organic photovoltaics (OPVs) are an emerging third-generation
class of solar cells that have proven to be an advantageous PV
harvesting method due to their potential low cost, flexibility,
lightweight, and color tunability, combined with simple and scal-
able manufacturing.[1–3] The active layer of OPVs usually consists
of an electron donor and electron acceptor, which are blended
together to form a so-called bulk heterojunction (BHJ) structure.
Normally, the electron donor is a p-type conjugated polymer

while the electron acceptor is an n-type ful-
lerene or nonfullerene derivative.[4–6] In
recent years, research on nonfullerene
acceptors (NFAs) has been strongly intensi-
fied as they enable overcoming the critical
disadvantages of fullerene-based acceptors,
such as the complex syntheses, poor light
absorption properties, limited tunability
of the energy levels, and chemical
instability.[7–10] A variety of donor polymers
has been blended with the numerous NFA
proposed designs, with poly(3-hexylthio-
phene) (P3HT) being one of the most
commonly reported donors.[4,11–15]

Linear-shaped π-conjugated acceptor (A)—
donor (D)—acceptor (A) structures are
among the most extensively investigated
NFAs.[16–19] On the other hand, 1D lin-
ear-shaped structures exhibit anisotropic
optical and electrical properties, thus pos-

ing a challenge for the development of high-performance
devices.[20–25] The development of star-shaped NFAs offers a
possible solution to the drawbacks of linear NFAs. Star-shaped
A–π–D–π–A NFAs consist of a central donor core linked to sev-
eral linear chains arranged in a 3D geometry.[26–28] In contrast to
their linear analogs, star-shaped NFAs ensure 1) tunability of the
lower unoccupied orbital levels (LUMO) through modification of
the acceptor units, with a direct effect on the open-circuit voltage
(VOC) of the corresponding OPVs; 2) possible broadening of the
absorption spectrum (and thus improved solar absorption) up to
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The design and synthesis of three star-shaped nonfullerene (NFA) acceptors,
TPA-2T-INCN, TPA-2T-BAB, and TPA-T-INCN, based on a triphenylamine (TPA)
core and linked through π-conjugated thiophene (T) spacers to different terminal
units (3-oxo-2,3-dihydro-1H-inden-1-ylidene) malononitrile, INCN, and 1,3-
dimethylbarbituric acid, BAB), are reported. These materials are blended with the
widely used poly(3-hexylthiophene-2,5-diyl) (P3HT) donor polymer and tested in
flexible organic photovoltaics (OPVs). The NFAs capped with the strong electron-
withdrawing INCN unit perform best in OPVs. Both P3HT:TPA-T-INCN and
P3HT:TPA-2T-INCN blends also show the highest photoluminescence quench-
ing efficiency (95.8% and 92.6%, respectively). Surprisingly, when reducing the
number of T spacers from 2 to 1, the solubility of the NFAs in o-dichlorobenzene
increases, leading to easier processing during the OPV fabrication and better
surface morphology. This explains the best performance of TPA-T-INCN-based
blends in OPVs, with a champion power conversion efficiency of 1.13%.
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the near-infrared region; and 3) minimization of the molecular
aggregation and enhancement of the exciton dissociation due to
the 3D structures that may lead to high short-circuit current den-
sity (JSC) in OPVs.[29–31] For a high-performance star-shaped
NFA, choosing the central core and the attached arms is crucial.
Triphenylamine (TPA) offers excellent hole transport and elec-
tron donation properties, and it is widely used as hole-transporting
material for perovskite solar cells or organic light-emitting devi-
ces.[32,33] Hence, it can serve as the effective central core of a
star-shaped NFA. Key examples of TPA-based NFAs have been
reported by Lin et al.[11] and Liu et al.[12]. In the study by Lin
et al.,[11] the authors designed an NFA molecule with diketopyrrolo-
pyrrole (DPP) arms, which displayed good optical properties, suit-
able energy levels, and excellent thermal stability. In OPVs, a
high VOC of 1.18V was achieved. Some years later, Liu et al. showed
that the replacement of a benzene core with TPA in an NFA design
with isoindigo arm leading to more efficient OPVs.[12] Indeed, for
benzene- and TPA-core NFAs blended with P3HT donor, the cor-
responding devices displayed a power conversion efficiency (PCE)
of 0.19% and 0.81%, respectively.

Thiophene (T) is also a well-known and readily synthesized
electron-rich unit for high-performance organic electronic mate-
rials. The incorporation of T units between the central covalent
core and the terminal electron acceptor unit typically contributes
to improving the solubility of the star-shapedmolecules as well as
the expansion of the π-conjugation system.[34] Recently,
Luponosov et al. reported four TPA-based star-shaped small mol-
ecules end capped with dicyanovinyl electron-withdrawing
groups connected to the core through a varying number of
T units in the arms (from 0 to 4). The authors found that the
length of the π-bridge could significantly affect the highest occu-
pied molecular orbital (HOMO) level and the optical absorption,
in turn increasing the performance of the corresponding
OPVs.[35] Owing to the A–π–D–π–A structure of star-shaped mol-
ecules, LUMOs are primarily located at the electron-acceptor ter-
minal units, while HOMOs tend to occupy the electron-donating
central core units. Consequently, the selection of the electron-
acceptor terminal units enables the tuning of optical absorption
in the long-wavelength range and the adjustment of the LUMO
level to maximize the VOC.

[29] Thus, the acceptor groups in the
star-shaped molecules play a crucial role for high-performing
OPVs. In the past few years, (3-oxo-2,3-dihydro-1H-inden-1-

ylidene)malononitrile (INCN) electron-withdrawing unit was
widely used in the design of NFA materials, the most popular
INCN-based NFA being ITIC.[36] Recently, Bo’s group designed
linear-shaped materials, whose ends were both capped with
INCN acceptor units. Using the molecule as NFAs in OPVs
led to a PCE up to 12.04%.[37] The introduction of 1,3-dimethyl-
barbituric acid (BAB) electron-accepting unit enabled the effec-
tive adjustment of the lowest unoccupied molecular orbital
(LUMO) in NFAs.[38,39] However, to the best of our knowledge,
molecules combining TPA core, T bridge, and INCN or BAB
moieties as electron-withdrawing capping ends in the same
material are yet to be reported. Herein, we pioneered the synthe-
ses of NFAs with A–π–D–π–A configuration, TPA-2T-INCN and
TPA-2T-BAB, in which electron-withdrawing INCN or BAB
groups are connected to TPA through two T spacers, respectively.
Alkyl side chains are added to both TPA-2T-INCN and
TPA-2T-BAB to increase the solubility of the NFAs in nonpolar
organic solvents. Upon blending with P3HT donor, the NFAs
were tested in the active layer of flexible organic solar cells.
The INCN-based blends appeared more promising than the
BAB-based analogs, although the very modest PCE values were
related to the low JSC values, as the solubility of the NFAs in the
typically used o-dichlorobenzene solvent was rather limited.
Furthermore, when reducing the number of T spacers
(from 2 to 1) in the molecule TPA-T-INCN, we achieved
increased solubility that eased processing during OPV fabrica-
tion. Indeed, TPA-T-INCN in P3HT blends led to the most effi-
cient OPV (PCE¼ 1.13%) as a result of the increased JSC and FF.
These findings could be partially explained by the reduced aggre-
gation in the solid state for TPA-T-INCN compared with the
other NFAs, as suggested by our theoretical study. Finally, the
morphological analysis of the blends and the interfacial charge
transfer dynamics study further support the superior perfor-
mance of P3HT:TPA-T-INCN-based OPVs.

2. Results and Discussion

2.1. Synthesis

The chemical structures of three new star-shaped NFA mole-
cules, namely, TPA-T-INCN, TPA-2T-INCN, and TPA-2T-BAB,
are shown in Figure 1. The materials were synthesized according

Figure 1. Chemical structures of TPA-T-INCN, TPA-2T-INCN, and TPA-2T-BAB star-shaped NFAs.
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to Scheme S1, Supporting Information. The reaction intermedi-
ates were prepared by following a literature procedure.[40]

Compound TPA reacted with T or 2T under palladium-mediated
Suzuki coupling reaction conditions to prepare the intermediate
compounds TPA-T or TPA-2T. Subsequently, Knoevenagel con-
densation of TPA-T or TPA-2T with 3-(Dicyanomethylidene)
indan1-one or 1,3- Dimethylbarbituric acid resulted in the target
molecules TPA-T-INCN, TPA-2T-INCN, and TPA-2T-BAB with a
yield of 83%, 85%, and 90%, respectively. The synthetic proce-
dures and fundamental chemical analyses are thoroughly pre-
sented in Supporting Information.

2.2. Optical and Electrochemical Properties

The UV–vis absorption spectra of the star-shaped NFAs in solu-
tion (solvent is distilled dichloromethane) and film state (spin-
coated films of NFAs and their blends with, P3HT, donor) are
depicted in Figure 2. The corresponding optical data are summa-
rized in Table 1.

As shown in Figure 2a, TPA-T-INCN solution absorbs
between 350 and 700 nm with the first exciton peak at
563 nm. The UV absorption peaks in the short-wavelength region
correspond to the π � π� transition and the ones in the longer
wavelength region can be attributed to the intramolecular charge
transfer (ICT) transition between the TPA-thiophene electron-

donating and electron-withdrawing INCN units.[41] As shown
in Figure 2a,b, by increasing the number of thiophene spacers
(from TPA-T-INCN to TPA-2T-INCN), the absorption is red-
shifted due to the extended conjugation.[42] Consequently, the
first exciton peak of TPA-2T-BAB shows a blueshift compared
with those of the other two NFAs, that is, at 491 nm. The
enhanced absorption in the blue region upon the replacement

Figure 2. Normalized UV–vis absorption spectra of NFAs: a) solution and b) corresponding film. c) Extinction coefficients of NFAs, calculated based on
the corresponding absorption spectra in (a). d) UV–vis absorption spectra of thin-film NFAs blended with P3HT donor polymer (the same ratio between
P3HT and NFA was used for comparison). The absorption of P3HT film and P3HT:PCBM blend is also included for comparison.

Table 1. Optical and electrochemical properties of the target NFAs in
solution and film phase. The wavelength corresponding to the first
exciton peak is denoted as λabs;exciton.

NFA λabs;exciton
(solution)

λabs;exciton
(film)

λonset
a)

Eoptg
b) EHOMO

c) ELUMO
c) EDPV

g
d)

[nm] [nm] [nm] [eV] [eV] [eV] [eV]

TPA-T-INCN 563 575 643 1.93 �5.4 �3.6 1.8

TPA-2T-INCN 488 665 726 1.71 �5.2 �3.6 1.6

TPA-2T-BAB 491 498 595 2.08 �5.2 �3.2 2.0

a)Long-wavelength onset of absorption, λonset, from the absorption spectrum in
solution; b)Optical bandgap, Eopt

g , calculated from the absorption onsets;
c)EHOMO=LUMO energy was calculated from DPV voltammograms:
�EHOMO=LUMO ¼ EonsetðoxÞ=ðredÞ þ 4.8eV, where EonsetðoxÞ=ðredÞ is the onset potential
for the oxidation/reduction versus ferrocene internal standard; d)Electrochemical
bandgap estimated from the DPV data.
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of INCN with BAB groups is explained by the lower electron-
withdrawing ability of TPA-2T-BAB, which is in agreement with
the differential pulse voltammetry (DPV) data presented in
Table 1. Indeed, from DPV analysis, the highest LUMO level
(�3.2 eV) is achieved for TPA-2T-BAB NFA, confirming it as
the weakest electron acceptor. The LUMO trend for the NFAs
(Table 1) also helps explaining the superiority of INCN-based
solar cells over the ones containing TPA-2T-BAB in the active
layer (see Section 2.4). The optical bandgaps (Eg) are 1.93,
1.71, and 2.08 eV for TPA-T-INCN, TPA-2T-INCN, and TPA-
2T-BAB, respectively, as determined from their absorption
onsets. The values are quite comparable with the Eg calculated
from the DPV data (see Table 1). We further calculated the molar
extinction coefficients (Figure 1c) for each NFA based on the cor-
responding absorption spectra in the solution phase (Figure 1a).
It is noted that only TPA-2T-BAB exhibits a relatively low extinc-
tion coefficient at lower energies compared with the other two
cases, which further supports the low electron-withdrawing abil-
ity of this material.

As shown in Figure 2b, the absorption spectra of TPA-T-INCN
and TPA-2T-INCN films are remarkably redshifted compared
with the corresponding spectra of the materials in the solution
phase. This may indicate J-aggregation of adjacent molecules in
the solid state, which enables us to harvest more photons in the
near-infrared region (NIR).[43] TPA-2T-INCN exhibits the most
pronounced redshift of 70 nm among the studied NFAs (see
Table 1). On the other hand, TPA-2T-BAB displays negligible
changes in its absorption spectrum when switching from the
solution to the film form, suggesting negligible molecular aggre-
gation in the solid state. The lower degree of aggregation in TPA-
2T-BAB and TPA-T-INCN compared with TPA-2T-INCN can be
explained at molecular level by our density functional theory
(DFT) study (details in Supporting Information). The additional
thiophene unit in the branch backbone induces a high degree of
coplanarity and a small twisting angle (3.89° for TPA-T-INCN,
0.37° for TPA-2T-INCN, and 0.05° for TPA-2T-BAB,
Figure S5, Supporting Information) between the donor unit
(i.e., thiophene) and the acceptor (INCN or BAB). This might
be caused by the higher flexibility of the side chain due to the

additional thiophene units. Pursuing a high degree of coplanarity
of the branch chain is beneficial for promoting the intra- and
intermolecular charge transport.[44–47] On the other hand, copla-
narity may easily induce J-type aggregation.[48,49] A significant
aggregation in the solid state can negatively influence the perfor-
mance of these NFAs in photovoltaics (see Section 2.4), as
expected based on earlier reports.[50,51] The films of
TPA-T-INCN, TPA-2T-INCN, and TPA-2T-BAB blends with
P3HT exhibit a wide absorption between 350 and 650 nm
(Figure 2d). In the case of TPA-T-INCN and TPA-2T-INCN blend
films, the absorption extends till 700–800 nm, with the P3HT:
TPA-2T-INCN sample showing the highest absorbance in
this region (see Figure 2d). The absorption spectrum of TPA-
2T-BAB overlaps with that of P3HT. As a result, no broadening
of the absorption is observed for the P3HT:TPA-2T-BAB film.
When comparing the absorption spectra of P3HT:PBCM,
P3HT:TPA-2T-INCN, and P3HT:TPA-2T-BAB blends (all in the
same donor:acceptor ratio, Figure 2d), we note that NFA-based
blends absorb more light than P3HT:PCBM counterpart,
particularly between 455 and 620 nm. This suggests that these
new NFAs could potentially lead to OPVs with higher JSC than
the widely adopted fullerene derivative (PCBM).

2.3. Interfacial Charge Transfer Dynamics

We studied the charge transfer at the interface between P3HT and
the different NFAs by conducting steady-state photoluminescence
(PL) and time-resolved PL (TRPL) measurements. Figure 3a com-
pares the PL spectra of pristine P3HT film and P3HT:NFA blend
films with that of reference P3HT:PCBM blend film. All the sam-
ples exhibit the characteristic PL peak at about 725 nm due to the
conjugated π-system.[52] A clear PL quenching effect was observed
for all P3HT:electron acceptors blend films, revealing that the
charge transfer occurs between P3HT and NFAs or PCBM in
the bulk heterojunction. The PL quenching efficiencies, calculated
by comparing the PL amplitudes with that of the pristine P3HT
film, are 75.9%, 92.6%, and 95.8% for the blend films with TPA-
2T-BAB, TPA-2T-INCN, and TPA-T-INCN (see Table 2), respec-
tively, which are lower than that (98.1%) for the reference

Figure 3. a) Steady-state PL spectra (excitation at 515 nm) and b) TRPL decays (samples excited at 483 nm and monitored at 720 nm) of pristine P3HT
film, reference P3HT:PCBM (20:20mgmL�1) blend film, and P3HT:NFA (15:10mgmL�1) blend films with TPA-T-INCN, TPA-2T-INCN, and TPA-2T-BAB.
Instrument response file (IRF) in cyan color is also included in (b). Solid lines show the fitting results with a biexponential function:
IðtÞ ¼ A1 � expð�t=τ1Þ þ A2 � expð�t=τ2Þ. All measurements were conducted in ambient conditions.
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P3HT:PCBM film. Among all NFAs, the highest quenching effi-
ciencies of TPA-2T-INCN and TPA-T-INCN suggest that the elec-
tron affinities (LUMOs of TPA-2T-INCN and TPA-T-INCN:
�3.6 eV vs. LUMO of TPA-2T-BAB: �3.2 eV) of these materials
enable effective acceptance of the injected electrons from the
LUMO level (�2.8 eV) of P3HT. Further understanding of the
charge transfer dynamics at the P3HT/NFA interface is acquired
via TRPL measurements. The corresponding PL decays are shown
in Figure 3b. All the decay curves can be fitted well with a biex-
ponential decay function and the fitting results are summarized in
Table 2. We assign the fast component (A1, τ1) and the slow com-
ponent (A2, τ2) to the trap-assisted nonradiative recombination
and the charge carrier radiative recombination, respectively.[53]

The average PL lifetime (τAVG ¼ 500.8 ps) of the pristine P3HT
film in its excited state is comparable with what has been reported
earlier.[54] The reference P3HT:PCBM blend film shows the most
accelerated PL decay with an average lifetime of 129.7 ps, is cor-
responding to the highly efficient electron injection efficiency, that
is, PL quenching efficiency of 98.1%, leading to the generation of
high photocurrent that will be discussed in the following section.
For the case of NFAs, the incorporation of TPA-T-INCN into the
active layer leads to the shortest lifetimes for both fast (τ1 ¼ 134.5
ps) and slow (τ2 ¼ 187.6 ps) decay components compared with the
other two cases, suggesting that TPA-T-INCN can indeed promote
an efficient charge extraction process, that is, electron transfer,
while limiting the charge recombination at the interface. It is note-
worthy that the P3HT:TPA-2T-INCN blend film exhibits a PL life-
time (τAVG ¼ 238.1 ps) longer than that (τAVG ¼ 165.1 ps) of the
P3HT:TPA-T-INCN film, which is consistent with the difference
in their PL quenching efficiencies. This is the result of the more
favorable hole-blocking ability of TPA-T-INCN (HOMO: �5.4 eV)
compared with TPA-2T-INCN (HOMO:�5.2 eV), which is crucial
to hinder the interfacial charge recombination.

2.4. Flexible Organic Photovoltaics (OPVs)

The newly designed star-shaped NFAs were tested in BHJ OPVs
with P3HT electron donor. The OPV active layers were deposited
by spin coating the P3HT:NFA blends under investigation (in
o-dichlorobenzene solution) with a subsequent annealing step
at a relatively low temperature (120 °C). Hence, we focused on
low-cost and easily scalable device fabrication, as it involves an
inexpensive donor polymer (P3HT), which is the cheapest and
most easily synthesizable on a large scale among the available

donors for OPVs.[55] Moreover, the P3HT OPV devices are
designed as a proof of concept to provide corroboratory evidence
of the photophysics results. When preparing the OPVs, the
adopted low annealing temperature enabled the use of ITO-
coated polyethylene terephthalate (PET) substrates (see the pho-
tographs of representative devices in Figure 4b). We fabricated
OPVs with the inverted ITO/SnO2/P3HT:NFA/MoO3/Ag device
architecture (n–i–p), in which tin oxide (SnO2) and molybdenum
trioxide (MoO3) act as electron and hole transport layers, respec-
tively (ETL and HTL). A reference solar cell was also fabricated by
blending P3HT with the standard [6,6]-phenyl-C61butyric acid
methyl ester (PCBM) fullerene derivative instead of the NFA.
The schematic energy band diagram for all the constituents of
our OPVs, with the energy values reported with respect to the
vacuum level, is shown in Figure 4a. As known, the compatibility
between the energy levels of the donor and acceptor constituents
of the BHJ blend is crucial for highly efficient OPVs.[5] Figure 4a
shows that the new NFAs are all energetically compatible with
P3HT, as well as with the other device components. However,
a significant difference between the LUMOs of the various elec-
tron acceptors is noted (the highest LUMO value, �3.2 eV, is for
TPA-2T-BAB vs. �3.6 eV for TPA-2T-INCN/TPA-T-INCN and
�3.9 eV for PCBM). This is a key reason for the significant dif-
ference in the performance of the corresponding OPVs, as will be

Table 2. PL properties of pristine P3HT film and P3HT:NFA
(15:10mgmL�1) blend films.

Film PL quenching
efficiency [%]

A1 [%] τ1 [ps] A2 [%] τ1 [ps] τAVG
a) [ps]

Pristine P3HT – 32 297.8 68 552.4 500.8

P3HT:PCBM 98.1 51.5 126.9 48.5 132.5 129.7

P3HT:TPA-T-INCN 95.8 50.6 134.5 49.4 187.6 165.1

P3HT:TPA-2T-INCN 92.6 64 231.1 36 241.8 238.1

P3HT:TPA-2T-BAB 75.9 87 279.1 13 830.9 448.7

a)τAVG ¼ A1τ
2
1þA1τ

2
2

A1τ1þA2τ2
.

Figure 4. a) Energy band schematic diagram of the used components in
OPVs. Data for ITO, SnO2, P3HT, PCBM, MoO3, and Ag are from the
study by Huang et al.[58] HOMO and LUMO energy levels of NFAs were
calculated from DPV voltammograms. b) J–V curves of champion flexible
OPVs with the photo of one of our typical devices in the inset.
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discussed. For the device development, the donor/acceptor ratio
in the binary P3HT:NFA blend was thoroughly fine tuned to
enhance the film quality (Table S1, Supporting Information).
The solubility limit for TPA-T-INCN, TPA-2T-INCN, and TPA-
2T-BAB into o-dichlorobenzene was 20, 10, and 20mgmL�1,
respectively. In this case, TPA-T-INCN displayed the highest sol-
ubility in o-dichlorobenzene compared with TPA-2T-INCN,
allowing us to use a higher concentration of TPA-T-INCN. As
TPA-2T-INCN and TPA-2T-BAB contain two octyl side chains,
beneficial for materials solubility, we may have expected that
these molecules would be more soluble than TPA-T-INCN.
However, as shown in Figure 2a,b, a redshift in the absorption
spectra of the films of the three molecules versus their absorption
in solution is noted (redshift of 10 nm for TPA-T-INCN, 70 nm
for TPA-2T-INCN, and 12 nm for TPA-2T-BAB). As discussed
above, this indicates a more significant aggregation for TPA-
2T-INCN molecule with respect to the other two, in turn leading
to poorer solubility. The current density (J) –voltage (V ) curves of
the champion devices based on the optimized P3HT:TPA-T-
INCN (20:20mgmL�1), P3HT:TPA-2T-INCN (15:10mgmL�1),
and P3HT:TPA-2T-BAB (15:10mgmL�1) blends are shown in
Figure 4b. The corresponding photovoltaic parameters of
the flexible OPVs are summarized in Table 3. First, the reference
OPV comprising the P3HT:PCBM active layer (20:20mgmL�1)
shows a reasonable PCE of 3.19% with an open-circuit voltage
(VOC) of 0.58 V, a short-circuit current density (JSC) of
8.55mA cm�2, and a fill factor (FF) of 64% (Table 3,
Figure S6, Supporting Information), which are in good agree-
ment with the observed most efficient interfacial charge transfer
dynamics based on our TRPL data. This performance is in
agreement with the state-of-the-art P3HT:PCBM solar cells,
showing PCE slightly above 3% and 4% on flexible and rigid sub-
strates, respectively.[56,57] Among the P3HT:NFA blends, P3HT:
TPA-T-INCN led to the best performance with PCE¼ 1.13%,
VOC ¼ 0.6 V, JSC ¼ 3.82mA cm�2, and FF¼ 49%. The JSC value
(3.82mA cm�2) of TPA-T-INCN cells is 16% and 62% higher
than that of TPA-2T-INCN (JSC ¼ 3.20mA cm�2) and TPA-2T-

BAB (JSC ¼ 1.45mA cm�2) devices, respectively. The signifi-
cantly lower JSC for TPA-2T-BAB cells could be related to the
optical properties of P3HT:TPA-2T-BAB, which has the widest
optical bandgap (2.08 eV) and shows the narrowest absorption
range among the three NFA blends (Figure 2d). This may be
attributed to the overlapping of TPA-2T-BAB with the absorption
area of P3HT, as shown in Figure 2d, as well as its higher optical
bandgap (2.08 eV). On the other hand, the highest JSC is obtained
with TPA-T-INCN NFA, which has also the strongest absorption
due to its highest concentration, as discussed earlier. The PL
quenching and TRPL studies also support the lowest perfor-
mance of the OPVs with P3HT: TPA-2T-BAB blend. Indeed,
in this case, the lowest quenching efficiency and slowest electron
transfer rate were achieved, which are directly related to the JSC.
The PL trend is consistent also for TPA-2T-INCN and TPA-T-
INCN blends, with the latter leading to the highest quenching
efficiency and longest average PL lifetime (and highest PCE).
The PL properties can be connected to the molecular structures
of the NFAs. The closest proximity of the functional groups to the
central group of the INCNmolecules may also result in improved
intramolecular charge transport. However device based on
P3HT:TPA-2T-INCN achieved the moderate performance PCE
of 0.86% (VOC ¼ 0.64 V, JSC ¼ 3.20mA cm�2, and FF¼ 42%).
P3HT:TPA-2T-BAB 15:10mgmLbased device presents lowest
PCE of 0.41% (VOC ¼ 0.82 V, JSC ¼ 1.45mA cm�2, and
FF¼ 34%). Despite the P3HT:TPA-2T-BAB-based device show-
ing a higher VOC than other star-shaped NFA-based devices,
the remarkably low JSC and FF drastically reduce the PCE.
Even though the P3HT:TPA-2T-BAB blend appears to provide
a very high VOC, due to a lower FF, the TPA-2T-BAB does not
show efficient electron acceptor behavior with P3HT, and the
device function is mostly resistive.

Overall, when looking at the solar cell performance, both the
INCN-based NFAs appear as more promising electron acceptors
than the BAB-based counterpart. The better solubility of TPA-T-
INCN enables the strongest absorption and the highest JSC,
which is the predominant reason for the best PCE of the
OPVs employing this material in the BHJ blend.

2.5. Surface Morphology of the Active Layers

The surface morphology of the investigated BHJ blends was stud-
ied by atomic force microscopy (AFM) to obtain high spatial res-
olution images. Figure 5a–d shows 2D images of the P3HT:
acceptor blend films, with the electron acceptor being PCBM,
TPA-T-INCN, TPA-2T-INCN, or TPA-2T-BAB with blend ratios
of 20:20, 20:20, 15:10, and 15:10mgmL�1, respectively. The 3D
projections of the same images are in Figure S7, Supporting
Information. The films for AFM imaging were spin coated on
silicon wafer substrates under the same conditions as for the
device active layers (speed of 600 rpm followed by thermal
annealing inside a nitrogen-filled glovebox at 120 °C for
10min). It is known that the morphology of the active layer is
affected by several factors, such as the type and ratio of the
donors and acceptors, film processing conditions, and the device
architecture. Notably, the different solubility and miscibility
behavior of donor and acceptor in a single solvent, during active
layer film formation, may result in different micro- and

Table 3. Performance of the tested star-shaped NFAs with the optimized
blend ratios (20:20mgmL�1, 15:10mgmL�1, and 15:10mgmL�1 for
TPA-T-INCN, TPA-2T-INCN, and TPA-2T-BAB, respectively).

Blenda) JSC [mA cm�2] VOC [V] FF [%] PCE [%]

3HT:PCBMb) Average 8.24� 0.35 0.58� 0.005 61� 2 2.95� 0.17

Best 8.55 0.58 64 3.19

P3HT:TPA-T-INCN Average 3.23� 0.41 0.61� 0.007 47� 4 0.91� 0.14

Best 3.82 0.6 49 1.13

P3HT:TPA-2T-INCN Average 2.75� 0.26 0.60� 0.032 40� 3 0.66� 0.11

Best 3.2 0.64 42 0.86

P3HT:TPA-2T-BAB Average 1.27� 0.18 0.72� 0.101 35� 4 0.32� 0.08

Best 1.45 0.82 34 0.41

a)The optimized blend ratios of the P3HT:acceptor: 1) PCBM, 2) TPA-T-INCN,
3) TPA-2T-INCN, and 4) TPA-2T-BAB with blend ratios of 20:20, 20:20, 15:10,
and 15:10 mgmL�1 respectively. The data in represent the average values
(from 16 independent devices) with the corresponding standard deviations;
b)Reference cell.
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nanostructures that could affect the OPV performance. In our
case, it is evident that the blends with the studied electron acceptors
present a quite different texture (Figure 5), which can be also linked
to their photovoltaic performance (Table 3), assuming that the
detected surface morphology carries through the film. A notable
difference in the blend morphology was observed between
P3HT:TPA-T-INCN sample (similar to that of P3HT:PCBM)
and the other two blend films (i.e., P3HT:TPA-2T-INCN and
P3HT:TPA-2T-BAB), as shown in Figure 5, most probably account-
ing for the different performances. The moderate phase separation
and more uniform distribution of P3HT:TPA-T-INCN and P3HT:
PCBM films are definitely beneficial for the charge transport and
lead to the highest PCE value among the three NFA-based blend
films. On other hand, a fibrillar network is observed for P3HT:
TPA-2T-INCN and P3HT:TPA-2T-BAB blend films, which we sus-
pect to be caused by lower P3HT:NFA ratios and by the tendency of
2T molecules to aggregate, as hinted by the DFT study. This, in
turn, is detrimental for the exciton dissociation and charge trans-
port and results in poor device performance.[59,60]

3. Conclusion

We designed and synthesized three novel star-shaped NFA mol-
ecules based on TPA core and linked through π-conjugated

thiophene spacers to different terminal units (INCN and
BAB), namely, TPA-2T-INCN, TPA-2T-BAB, and TPA-T-INCN.
The optical and electrochemical properties of the NFAs were
investigated. When the electron-acceptors were blended with
the P3HT donor polymer, the samples displayed a large differ-
ence in the PL quenching efficiency. The highest values were
obtained with TPA-T-INCN and TPA-2T-INCN blends. This indi-
cates that INCN-based NFAs possess more energetically suitable
electron affinities (�3.6 eV) than BAB-based materials (�3.2 eV)
for efficiently accepting the injected electrons from the LUMO
level (�2.8 eV) of P3HT. Furthermore, the TRPL outcomes
showed that the TPA-T-INCN indeed promotes an efficient
charge extraction process while limiting the charge recombina-
tion at the interface. Furthermore, P3HT-based BHJ OPVs
with TPA-T-INCN acceptor confirmed this and showed the best
performance in flexible OPVs (PCE¼ 1.13%, FF¼ 49%,
VOC ¼ 0.6 V, and JSC 3.82mA cm�2). This was explained by both
the energy level/charge transfer and the improved solubility of
the TPA-T-INCN in o-dichlorobenzene with respect to the other
NFAs. Assuming that the observed surface morphology carries
through the blend films, the AFM study supports the photovol-
taic results, as P3HT:TPA-T-INCN showed a more uniform dis-
tribution of P3HT and TPA-T-INCN in the blend compared to
P3HT:TPA-2T-INCN, and P3HT:TPA-2T-BAB samples, for
which a fibrillar network morphology was found.

Figure 5. 2D AFM images of the P3HT:acceptor blend films: a) PCBM, b) TPA-T-INCN, c) TPA-2T-INCN, and d) TPA-2T-BAB with blend ratios of 20:20,
20:20, 15:10, and 15:10mgmL�1, respectively.
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