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1. Introduction

The power conversion efficiency (PCE) of
bulk-heterojunction (BHJ)-based organic
solar cells (OSCs) depends on the design
of donors and acceptors and this area has
attracted significant attention owing to
the low cost, flexibility, lightweight, semi-
transparency, and simplicity of such
devices.[1–7] The recent developments in
nonfullerene acceptors (NFAs), particularly
the Y6 series,[8–14] and device engineering
and morphology have led to PCE values
that exceed 19%[15–21] and 20%[22,23] for
single-layer and tandem structures, respec-
tively. All of these high-performance OSCs
are based on conjugated polymers, which
suffer from some limitations due to the
uncertain molecular structures and batch-
to-batch variations.[24–26] The former limita-
tions have been addressed by using small-
molecule donors (SMDs) as these offer

notable advantages such as defined molecular structures,
relatively simple synthesis and purification processes, and sim-
ple tailoring of the absorption and energy levels.[27–33] Recently,
all-small-molecule OSCs (ASM-OSCs) have shown PCE values
close to 17%,[34–40] which is very close to the values obtained
for polymer-containing devices and highlights their potential
commercial applications. In order to improve the PCE values
of ASM-OSCs, it is necessary to develop new SMDs with appro-
priate absorption and energy levels.

The porphyrin ring is an archetypical planar aromatic macro-
cycle that can host a metal in the center and this system acts as a
light harvester in photosynthesis, e.g., chlorophylls. This ring
system has been extensively investigated in the OSC active layers
(electron donor or acceptor) owing to its efficient electron trans-
fer, broad absorption, and high absorption coefficient in the
UV–vis region of the solar spectrum.[41–44] The porphyrin absorp-
tion range is around 400–450 nm in the Soret (blue) band and
500–650 nm in the Q (red) band region of the visible spectrum.
These ranges can be easily extended to the near-infrared (NIR)
region by using an acceptor–donor–acceptor or donor–acceptor–
donor configuration in which the porphyrin is the donor core in
the center or at the terminus. There are several efficient ways to
tune the electronic properties of materials, and these include
extending the π-conjugated backbone length, changing the
end-capping moieties, or inserting different metal atoms into
the central position of the porphyrin macrocycle, as well as
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Porphyrin derivatives are widely used as donors in organic solar cells (OSCs) due
to their excellent optical and electrochemical properties. Although porphyrins can
be functionalized at the meso- and β-positions, only meso-functionalized por-
phyrins have been reported as OSCs. Consequently, a direct comparison of the
properties of porphyrins functionalized at these two positions is needed. The
synthesis of two similar D–π–A–π–D materials is described herein and these
compounds contain benzothiadiazole as the acceptor core and two Ni-porphyrins
as donors functionalized at the meso- and β-positions to give RC19 and RC20,
respectively. The optical and electrochemical properties of these compounds are
reported. All-small-molecule OSCs based on RC19:TOCR1 and RC20:TOCR1
active layers show power conversion efficiencies (PCEs) of 13.72% and 5.20%,
respectively. It should be noted that the PCE of 13.72% obtained for RC19:TOCR1
devices is, to one’s knowledge, the highest value reported for porphyrin-based
binary OSCs. The higher PCE obtained for RC19 is due to its higher photon
harvesting ability, more efficient exciton dissociation and charge transfer, bal-
anced charge transport, and lower bimolecular and trap-assisted recombination.
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introducing different functional groups in the meso- or
β-positions of the porphyrin. Intense research has been
devoted to the development of effective porphyrin-based
SMDs for OSCs owing to their advantageous optical and electri-
cal properties.[45–53] Indeed, OSCs based on the BHJ active layer
with porphyrin as a donor and non-fullerene small molecule accep-
tor (NFSMA) have provided record PCE values of 12.06%[54] and
16%[34] for binary and ternary structures, respectively. In all cases,
the porphyrin macrocycle is linked to the conjugated backbone
through the meso-position and the use of the β-position of the
macrocycle to synthesize the donor–acceptor–donor or acceptor–
donor–acceptor SMD has not been reported.

Organic semiconducting materials usually consist of a
π-conjugated backbone that contains electron donors (D) alter-
nated with electron acceptors (A). The development of appropri-
ate D and A units is a reasonable approach to alter photophysical
properties (optical and electrochemical), facilitate efficient carrier
transport to obtain higher charge carrier mobility in organic
semiconducting materials, and attain higher PCE values in
the resultant OSCs.

Typically, SMs acting as electron donors exhibit an A–D–A
structure. However, several studies reported in the literature
demonstrate that D–A–D systems, utilized as electron donors
in OSCs, yield good PCE values, sometimes even surpassing
those of the conventional A–D–A structure.[52]

Besides, the 2,1,3-benzothiadiazole (BTDA) unit is considered
to be a good electron acceptor in small-organic molecules for
organic electronics due to its strong intramolecular charge trans-
fer (CT). The BTDA benzene ring has four reactive sites than can
be coupled with various conjugated units to build extended
π-conjugated systems and this approach is widely employed in
polymer donors, SMDs, and NFAs.[55–58] The use of BTDA as
an acceptor can lead to a decrease in both highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular

orbital (LUMO) energy levels and this, in turn, leads to intense
light absorption and good photochemical stability, with this unit
often coupled with a variety of electron-rich groups to form low
bandgap polymers and SMs.[55]

Ni-porphyrins exhibit a HOMO energy level deeper than that
of Zn-porphyrin-based systems. This characteristic results in
improved VOC values, leading to higher PCEs.[59,60]

The work described here concerns the design and synthesis
of two D–π–A–π–Ds SMs that contain the same donor
(Ni-porphyrin), thiophene (π-linkers), and core acceptor benzo-
thiadiazole (BTDA). The difference between these SMs lies
in the linking positions, i.e., the meso- and β-position of Ni-
porphyrin for RC19 and RC20, respectively. The optical and
electrochemical properties were studied in depth to obtain infor-
mation about the effect of the linking position on the absorption
and frontier molecular orbitals. A NFA, namely, TOCR1,[61] was
employed to produce devices and the optimized BHJ-OSCs
fabricated under ambient conditions based on RC19 and RC20
(Figure 1) gave PCE values of 13.72% and 5.20%, respectively.
It should be noted that 13.72% represents the highest efficiency
reported to date for binary OSCs based on porphyrins (Figure S28
and Table S3, Supporting Information).

2. Results and Discussion

2.1. Synthesis of Porphyrin Donor Materials

The structures of RC19 and RC20 consist of a D–A–D architec-
ture in which two nickel porphyrins act as donors and a BTDA
acts as an acceptor with two 2,5-bis-ethynylthiophene linkers as
π-spacers to connect the Ni-porphyrins and BTDA. The two
D–A–D systems differ in the linking position of the porphyrin.
In RC20, the porphyrin is linked through the β-position whereas
in RC19 the link is at the meso-position.

Figure 1. Structures of the target D–A–D systems based on porphyrins, namely, RC19 and RC20, and the acceptor TOCR1.
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The synthesis of D–A–DsRC19 andRC20 involved a convergent
method, and this is depicted in Scheme 1. 2-Bromo-3,4-dihexyl-5-
iodothiophene (1)[62] was reacted with 4,7-diethynylbenzo[c]-1,2,5-
thiadiazole (2)[63] under Sonogashira conditions to give 3 in 53%
yield. The remaining bromo-substituents in the α-positions of the
thiophene units were reacted with ethynyltrimethylsilane under
Sonogashira coupling conditions to give 4 in 72% yield. The final
D–A–Ds were obtained by in situ deprotection of the trimethyl-
silyl groups with tetrabutylammonium fluoride, followed by cou-
pling with the corresponding Ni-porphyrin (5 or 6) under
Sonogashira conditions. D–A–Ds RC19 and RC20 were obtained
in 31% and 5% yield, respectively. Both D–A–Ds are soluble in
common organic solvents and their purity was determined to be
over 99% by high-performance liquid chromatography (see
Figure S17 and S18 in Supporting Information). The target com-
pounds were fully characterized by spectroscopic techniques and
the spectra and synthetic procedures are provided in the
Supporting Information.

2.2. Theoretical calculations

By using density functional theory at the B3LYP/6-31 G* calcu-
lation method (Gaussian 09), the most stable geometry, and the
HOMO and LUMO levels of RC19 and RC20 were calculated and
shown in Figure S19 and S20, Supporting Information. To
reduce the computational cost, alkyl chains on the thiophene
rings were changed by methyl groups. Both compounds show
an almost planar geometry along the conjugated system,
although the dihedral angle between the porphyrin macrocycle
and the triple bond is lower for RC19 (2.36°) than for RC20

(6.80°). The higher planarity of RC19 agrees with the more red-
shifted maxima observed for RC19 absorption spectrum.

Molecular orbital analysis of compound RC19 reveals that the
HOMO and LUMO orbitals are distributed throughout the entire
conjugated system (Figure S19, Supporting Information). This
suggests that the first singlet excited state (S1) likely exhibits local
excitation character, as the excitation does not lead to significant
charge separation. In contrast, regarding compound RC20
(Figure S20, Supporting Information), its HOMO orbital is also
distributed along the entire conjugated system, while the LUMO
is concentrated on the BTDZ unit. This indicates that upon exci-
tation, a CT process occurs from the β-substituted porphyrins to
the BTDA fragment, resulting in a CT character of the S1 state.

2.3. Optical and Electrochemical Properties

The optical properties of RC19 and RC20 were studied in solid
state (film, Figure 2a) and in chloroform solution at a concentra-
tion of 10�6 M (Figure S21, Supporting Information). The data
are summarized in

Table 1. The main features in the spectra of the D–π–A–π–Ds
are due to the Ni-porphyrin; in the case of RC19, the Soret band
of the porphyrin is observed at 439 nm and one of the Q-bands
appears at 546 nm. The absorbance of the BTDA and the thio-
phene spacers can be observed at 512 nm. A new band attributed
to a CT process is observed at 607 nm due to the interaction of the
porphyrins, the spacer, and the BTDA units. The same features
are observed for RC20: the Soret band appears at 427 nm, one of
the Q-bands at 536 nm, the BTDA-spacer unit at 509 nm, and,
finally, the CT band appears at 586 nm. Comparison of the

Scheme 1. Synthetic procedure for the synthesis of RC19 and RC20.
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absorption profiles of the two D–π–A–π–D systems shows that
there are some differences, and these are attributed to effective
conjugation along the backbone. For RC19, in which the porphy-
rin is linked by the meso-position, the absorption bands are
shifted bathochromically and are wider when compared to those
of RC20. Furthermore, the intensity of the CT band is markedly
lower for RC20. The extent of the π-conjugation through the
meso-position of the porphyrin leads to more changes than
the conjugation through the β-position, with the latter compound
being less effective for light harvesting purposes.

The thin film absorption spectra of these materials when cast
from toluene are shown in Figure 2a. It can be observed that both
porphyrins gave absorption spectra that are similar to those
obtained in dichloromethane solution. Both porphyrins showed
absorption spectra that are complementary to that of TOCR1,
thus indicating that the BHJ active layer may harvest photons
in the range from 300 nm to 910 nm. It can be seen that
RC19 presents an extensive bathochromic shift for all bands
when compared to RC20 and this is attributed to a more effective
J-aggregation in the film. The optical bandgaps estimated from
the absorption onsets in thin films are 1.64 and 1.85 eV for RC19

and RC20, respectively. This trend is consistent with that
obtained in the theoretical calculations.

The electrochemical properties of RC19 and RC20 were stud-
ied by cyclic and Osteryoung square-wave voltammetries
(Table 1, Figure S23–S26, Supporting Information). Both com-
pounds present reversible first oxidation and reduction poten-
tials. In both cases, the first reduction potentials are attributed
to the reduction of the BTDA where the LUMO level is located,
as predicted in the theoretical calculations. The first oxidation
potential in both D–A–Ds is attributed to the oxidation of the por-
phyrin macrocycle and this potential is lower for RC19. Thus, the
HOMO/ LUMO energy levels were calculated to be �5.66 eV/
�3.49 eV and �5.74 eV/�3.44 eV for RC19 and RC20, respec-
tively (Figure 2b). The HOMO–LUMO gaps are 2.17 eV for
RC19 and 2.30 eV for RC20 and this follows the trend observed
in the optical measurements.

The LUMO offsets between these porphyrins and TOCR1 are
in the range 0.53–0.58 eV, which is higher than the driving force
needed for the dissociation of excitons generated in the porphy-
rin phase of the BHJ active layer and subsequent electron trans-
fer from the LUMO of the porphyrins to the LUMO of TOCR1.
The HOMO offsets between TOCR1 and RC19 and RC20 are
0.11 and –0.01 eV, respectively.

The photoluminescence (PL) spectra of pristine TOCR1 and
its blends with donors were recorded in order to obtain informa-
tion about the dissociation of excitons generated in the TOCR1
acceptor phase of the BHJ active layer and subsequent hole trans-
fer from the HOMO of TOCR1 to the HOMOs of donors. The
resulting spectra are displayed in Figure 2c. Excitation of the pris-
tine TOCR1 film at a wavelength of 720 nm gave rise to a PL peak
at 874 nm and this was almost completely quenched for the
TOCR1:RC19 blend and only 70% quenched for the TOCR1:
RC20 blend. This observation demonstrates that there is efficient
dissociation of excitons generated in the TOCR1 phase of
TOCR1:RC19 and subsequent transfer of holes from TOCR1
to RC19 and that the dissociation of exciton generated in
TOCR1 in TOCR1:RC20 and subsequent hole transfer from
TOCR1 to RC20 is restricted in this active layer as the HOMO
offset for TOCR1/RC20 is lower than that for TOCR1/RC19
(Figure 2c). Effective CT is possible in nonfullerene-based
OSCs, even with low energy offsets between the donor and
acceptors used in the BHJ active layers.
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Figure 2. a) UV–vis absorption spectra (in film) of RC19 and RC20; b) HOMO and LUMO energy levels of electron donors RC19 and RC20, and electron
acceptor TOCR1; and c) thin film PL spectra of pristine TOCR1 and its corresponding blends with RC19 and RC20.

Table 1. Optical and electrochemical properties of RC19 and RC20.

λmax [nm]
(log ε)a)

λmax

[nm]b)
Eg

opt

[eV]c)
Eox
[V]d)

Ered
[V]d)

EHOMO

[eV]e)
ELUMO

[eV]f )
Eg

eq

[eV]g)

RC19 439 (5.40)
512 (4.97)
546 (4.81)
607 (5.02)

467
526
630

1.64 0.56 –
1.61

–5.66 –3.49 2.17

RC20 427 (5.44)
536 (4.88)
586 (4.76)

433
539
591

1.85 0.64 –
1.66

–5.74 –3.44 2.30

a)10�6 M in chloroform solution. b)Thin film spin-cast from dichloromethane
solution. c)Optical bandgap determined from the λonset of the lower energy band of
the absorption spectrum in film using the formula Eg

opt= 1240/λonset.
d)Measured by

OSWV: 5� 10�4 M in ODCB-acetonitrile (4:1) versus Fc/Fcþ glassy carbon,
Pt counter electrode, 20 °C, 0.1 M Bu4NClO4, scan rate= 100mV s�1.
e)Estimated from EHOMO=�5.1� E1ox.

f )Estimated from ELUMO=�5.1� E1red.
g)Eg= EHOMO� ELUMO.
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2.4. Photovoltaic Performance

The Ni-porphyrins RC19 and RC20 were employed as donors in
conjunction with TOCR1 as the acceptor to build OSCs under
ambient conditions. The OSCs were fabricated by depositing
the BHJ active layer from toluene solutions and using the con-
ventional ITO/PEDOT:PSS/active layer/PFN-Br/Al structure.
The details and optimization of the device fabrication are
described in the Supporting Information. In brief, the photovol-
taic performance was initially optimized by varying the weight
ratio between donor and acceptor. It was found that a donor:
acceptor (1:1.2) active layer gave the best performance (Table S1
and Table S2, Supporting Information). The solvent additive
approach (0.5% pyridine in toluene solvent) was then applied,
and this led to a slight improvement in the photovoltaic perfor-
mance. The thin filmwas then subjected to solvent vapor annealing
(exposing the active layer to THF vapor for 40 s). The current–
voltage (J–V ) characteristics under illumination (AM1.5 G,
100mWcm�2) of the optimized OSCs are displayed in Figure 3a.

The OSCs based on RC19 and RC20 gave PCE values of
13.72% and 5.20%, respectively. RC20 gave a VOC of 0.98 V
whereas RC19 gave a value of 0.91 V. The higher value obtained
for RC20may be a consequence of its deeper HOMO value when
compared to RC19 as the VOC is directly related to the energy
difference between the HOMO of the donor and LUMO of
the acceptor. The JSC and full factor (FF) values for the RC19-
based OSCs are higher than for the RC20 counterpart
(Table 2)—a difference that may be due to the different external
quantum efficiency (EQE) values for these devices. It can be seen
from Figure 3b that the EQE values of RC20-based OSCs in the
wavelength range 600–900 nm are lower than those at
300–600 nm. As the absorption of TOCR1 lies in the range of
600–900 nm, the excitons generated by the absorption of photons
within this wavelength region are not fully dissociated into free
charges and all of the holes are not transferred from the TOCR1
to RC20 as the HOMO offset is not sufficient for these processes
in the OSCs based on RC20. The EQE spectra of the OSCs closely
resemble the corresponding absorption spectra of blended films
(Figure S22, Supporting Information). The JSC values estimated
from the integration of the EQE spectra are 9.86 and

21.12mA cm�2 for RC20- and RC19-based devices, respectively,
and these values are in good agreement with those obtained from
the J–V curves under illumination. The higher FF value obtained
for RC19-based OSCs when compared to the RC20 counterparts
may be due to the different charge transport properties, which
will be discussed later. The lower values of FF obtained compared
to those reported in the literature for porphyrin-based devices[54]

may be attributed to the fact that we fabricated the devices under
ambient conditions, which can affect the charge transport in the
devices. The higher VOC for the OSCs based on RC20:TOCR1 is
higher than that for the RC19:TOCR1, may be attributed to the
deeper HOMO energy level of RC20 as compared to RC19,
because the VOC of the OSCs based on BHJ active layer is linked
with the energy difference between the HOMO of donor and
LUMO of acceptor. Furthermore, the HOMO offset for RC20/
TOCR1 is lower than that for RC19/TOCR1 (Figure 2b), which
may reduce the energy loss in the OSCs.

The photovoltaic performance of the OSCs depends on the
generation of excitons and their dissociation into free charge car-
riers, charge transport through the active layer, and subsequent
collection. As a consequence, the dependence of the photocur-
rent density ( Jph) on the effective voltage (Veff ) was analyzed

[64,65]

and the results are represented in Figure 4a.
Herein, Jph= JL – JD, where JL and JD are the photocurrent

under illumination and in the dark, respectively. Veff= Vo� V,
where Vo is the voltage at which Jph is zero and V is the applied
external bias voltage. In the case of the RC19-based device, Jph
approaches saturation ( Jsat) at a Veff greater than 1.5 V, which
signifies complete exciton dissociation and charge collection.
However, in the RC20 counterpart, the Jph does not saturate even
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Figure 3. a) J–V curves and b) EQE and the integrated JSC spectra of the studied binary systems (RC19:TOCR1 and RC20:TOCR1).

Table 2. Photovoltaic data for the BHJ-OSCs based on donors RC19 or
RC20 and TOCR1 as the acceptor.

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

RC19 21.36 (21.12)a) 0.91 0.706 13.72 (13.48)b)

RC20 10.02 (9.86)a) 0.98 0.53 5.20 (4.96)b)

a)Estimated from the integration of EQE spectra. b)Average of eight devices.

www.advancedsciencenews.com www.solar-rrl.com

Sol. RRL 2024, 8, 2400069 2400069 (5 of 9) © 2024 Wiley-VCH GmbH

 2367198x, 2024, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/solr.202400069 by U

niversidad C
astilla-L

a M
ancha, W

iley O
nline L

ibrary on [24/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.solar-rrl.com


with a high Veff of 3.5 V, thus indicating that the internal electric
field is sufficient to achieve efficient exciton dissociation and
charge transport. The exciton generation rate Gmax is estimated
as Gmax= Jsat/ qL, where L is the thickness of active layer and
q is elementary charge. The Gmax values are 1.27� 1028 and
0.75� 1028 m�3s�1 for RC19- and RC20-based devices, respec-
tively. The exciton dissociation probability (Pdiss) and charge
collection probability (Pcoll) values are estimated as Jph/Jsat under
short-circuit conditions and maximum power point, respectively.
The Pdiss/Pcoll values for RC19- and R20-based devices are calcu-
lated to be 0.972/0.745 and 0.76/0.62, respectively. These values
indicate that the device based on RC19 has more efficient exciton
dissociation as well charge transport when compared to the
RC20 counterpart, as deduced from the higher FF value of
the RC19-based OSC. Meanwhile, the low Pdiss value obtained
for the RC20-based device may be associated with the low
HOMO offsets between TOCR1 and RC20, which restrict the dis-
sociation of excitons generated in the TOCR1 phase and hole
transfer from TOCR1 to RC20, thus resulting in low JSC values
for the RC20-based OSC.

The charge recombination in these devices was investigated by
considering the variation of JSC or VOC with illumination inten-
sity (Pin) (Figure 4b and Figure 4c).[66,67] The dependence of JSC
with Pin follows the power law equation JSC ∝ (Pin)

α, where expo-
nent α gives information about the degree of bimolecular recom-
bination. As shown in Figure 4b, the α values for the RC19- and
RC20-based devices are 0.974 and 0.84, respectively. The α value
for the RC19 device is very close to unity and this is consistent
with a low degree of bimolecular recombination and effective
charge collection when compared to the RC20 counterpart.
The variation of VOC with Pin is shown in Figure 4c and follows
the equation VOC = (nkT/q) ln (Pin), where n, k, and T are the
diode ideality factor, Boltzmann’s constant, and temperature
in Kelvin, respectively. The fitted slopes for the RC19- and
RC20-based OSCs are 1.29 and 1.43, respectively, where a slope
(n) close to unity indicates a low degree of trap-assisted charge
recombination in the OSCs. These results suggest that both the
bimolecular recombination and trap-assisted recombination pro-
cesses are suppressed significantly in the RC19-based OSCs and
this results in higher FF and JSC values.

The transient photocurrent (TPC) and transient photovoltage
(TPV) decay curves for these devices are shown in Figure 5a,b,
respectively.[68,69]

The charge extraction times, as estimated from the exponen-
tial fitting of the TPC curve (Figure 5a), are 1.42 and 1.57 μs for
RC19 and RC20, respectively. The shorter charge extraction time
for the RC19-based device suggests that faster charge transport
occurs in this device when compared to the RC20 counterpart.
The photogenerated charge lifetimes estimated from the expo-
nential decay of TPC are 6.71 and 4.67 μs, respectively, for
RC19- and RC20-based devices and this indicates that charge
recombination has been suppressed in the RC19-based OSC.

The hole and electron mobilities of the active layer were
measured by fitting the dark J–V characteristic of hole-only
and electron-only devices using the space charge limited current
(see Figure 5c,d).[70,71] The hole mobility and electron mobility of
the RC19:TOCR1 blend are calculated to be 2.92� 10�4 cm2 V s�1

and 3.67� 10�4 cm2V s�1, respectively (with an electron to hole
mobility ratio of 1.27), both of which are higher than the values
calculated for RC20:TOCR1 (hole and electron mobilities are
2.45� 10�4 cm2 V s�1 and 3.53 v 10�4 cm2 V s�1 with an electron
to hole mobility ratio of 1.44). The higher and more balanced hole
and electron mobilities for the RC19:TOCR1 blend may originate
from its faster charge sweep-out process, a possibility that is con-
sistent with the TPC and TPV results and also with the FF values
obtained for these devices. Moreover, the differences in FF values
for these OSCs, as well as the series resistance (Rs) and shunt resis-
tance (Rsh), were estimated from the J–V characteristics (Figure 3a
and Table 2). It is apparent than the RS value of the device based on
RC19 is lower than that for RC20 and the Rsh value for RC20 is
higher than that for RC19, thus indicating more effective charge
transport in the RC19-based device.

X-Ray diffraction (XRD) was employed to investigate the crys-
tallization properties of the pristine RC19 and RC20 films
(Figure S27, Supporting Information). It can be seen from
Figure S27, Supporting Information that both RC19 and RC20
exhibit the same lamellar peak at 2θ= 5.49° (with a d-spacing
of 1.64 nm) in plane but they have different π–π stacking peaks,
i.e., 2θ= 24.67° (stacking distance = 0.361 nm) and 23.34°
(stacking distance = 0.379) for RC19 and RC20, respectively.
The different π–π stacking peaks may be attributed to the
different linking positions, i.e., the meso-position for RC19 and
β-position for RC20. After blending with TOCR1, the π–π stack-
ing diffraction peaks are located at 2θ= 24.53° and 23.43° for
RC19 and RC20, respectively (Figure 6a). The π–π stacking dis-
tance is shorter for the RC19 blend (0.363 nm) as compared to
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Figure 4. Variations of the binary blends RC19:TOCR1 and RC20:TOCR1: a) photocurrent density ( Jph) with effective voltage (Veff ); b) JSC with illumination
intensity (Pin); and c) VOC with illumination intensity (Pin).
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RC20 (0.376 nm) and the crystal coherence length for the RC19
blend is longer (3.72 nm) than that for RC20 (2.82 nm). The smaller
π–π stacking distance along with the larger CCL in the RC19:
TOCR1 blended film is advantageous for charge transport and

suppressed recombination processes—a situation in good agree-
ment with the high FF and JSC values for the RC19-based OSCs.

The morphologies of the active layers were examined by trans-
mission electron microscopy (TEM) and the results are
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Figure 5. a) Charge extraction ability by TPC; b) charge recombination ability by TPV for the RC19- and RC20-based devices; dark J–V plots for hole c) and
electron d) mobilities of the studied binary devices (RC19:TOCR1 and RC20:TOCR1).
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Figure 6. a) XRD patterns of the active layers (RC19:TOCR1 and RC20:TOCR1) and b) TEM images of RC19 (b) and RC20 (a) blends (scale bar: 100 nm).
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represented in Figure 6b. It can be seen that both blends show a
nanofiber morphology with a slightly more pronounced
morphology for the RC19:TOCR1 blend. This leads to more effi-
cient phase separation in this blend and this is beneficial for the
suppression of recombination and, as a consequence, gives a
higher FF.

3. Conclusion

Two D–π–A–π–D SMs have been designed and synthesized. The
compounds are denoted as RC19 and RC20 and they contain the
same BTDA acceptor core and Ni-porphyrin donor terminal
units linked by thiophene π-linkers but with different linking
positions, i.e., RC19 (meso-position) and RC20 (β-position).
The effects of the linking position on the optical and electro-
chemical properties, as well as the molecular packing, were
examined. It was found that the optical bandgap for RC19 is
lower than that for RC20 with a deeper HOMO energy level
for RC20. A low bandgap NFSMA, TOCR1, was employed to pro-
duce the optimized OSCs fabricated under ambient conditions.
The devices based on RC19 and RC20 gave PCE values of 13.72%
and 5.20%, respectively. The HOMO offset between RC20 and
TOCR1 is very small, and this hampers dissociation of excitons
generated in TOCR1 and hole transfer from the TOCR1 to RC20,
which result in a low photocurrent and a low PCE for these
OSCs. The high PCE value obtained for RC19 may be due to
the higher photon harvesting ability of RC19:TOCR1, efficient
exciton dissociation and T, balanced charge transport, and
reduced bimolecular and trap-assisted recombination. RC20
should be used as a donor in conjunction with acceptors that
have a deeper HOMO energy level than RC20, so that more exci-
tons in the acceptor can dissociate and more efficient CT can be
attained. It should be noted that 13.72% represents the highest
efficiency reported to date for binary OSCs based on porphyrins.
Although RC20 gave a low PCE on using TOCR1 as the acceptor,
it can be used as donor with another appropriate acceptor with a
deeper HOMO energy level than RC20, so that the exciton gen-
erated in that acceptor can be dissociated and subsequently hole
can be transferred from acceptor to RC20.

4. Experimental Section
All synthetic details and characterization data for new donor materials

and PSC device fabrication are provided in the Supporting Information.
1H, 13C NMR, MALDI-TOF absorption spectra, theoretical calculations,
electrochemical and photovoltaic curves, and XRD data can be found
in the Supporting Information.
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