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Isomers with small structural changes usually exhibit different properties. Rationally designing isomers of
some high-performance SMAs can further enhance their function. In this work, an asymmetrical small
molecule acceptor (SMA) MelCl isomerized from MelC is reported. Compared with the symmetrical
MelC, the asymmetrical isomer showed almost the same absorption range but an elevated LUMO energy
level and simultaneously enhanced m—m stacking and electron mobility by replacing the thieno[3,2-b]
thiophene unit with a larger sized dithienol[3,2-b:2’,3'-d]thiophene unit in the ladder-type core of MelC.
As a result, the MelC1-based PSCs achieved a higher PCE up to 12.58% with a promoted V. and Js. and
an unchanged FF compared with those of MelC-based PSCs when blended with PBDB-T. This work
reveals that asymmetrical isomerization is effective for PCE promotion.
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1. Introduction

In recent years, with the help of non-fullerene small molecule
acceptors (NF-SMAs),"” especially the 3,9-bis(2-methylene-(3-
(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexyl-
phenyl)-dithieno[2,3-d:2',3’-d'}-s-indaceno[1,2-b:5,6-b']-dithiophene
(ITIC) family,**° the overall power conversion efficiency (PCE) of
PSCs has broken through 12%."7** ITIC-like SMAs have shown
great promise as alternative acceptors that possess tremendous
advantages in terms of low production cost, tunable molecular
energy levels, a wide absorption range and high electron
mobility.*** Moreover, recently published works have revealed
that ITIC-like SMAs exhibit universal applicability with different
polymeric and small-molecule donors in binary,®"**3°
ternary">**** and tandem™"* PSCs.
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In general, ITIC-like SMAs are a perfect combination of
electron-withdrawing end groups (EGs), an electron-donating
core and outstretched side chains. Numerous endeavors have
been devoted to exploring the relationship between molecular
structure and performance.**"**° Interestingly, SMA isomers
with very small molecular structure changes may show great
differences in device performance. Li and coworkers performed
a side-chain isomerization on ITIC by replacing the para-alkyl-
phenyl with meta-alkylphenyl, PSCs based on the isomeric
counterpart m-ITIC showed remarkably promoted PCEs due to
the enhanced - stacking and higher electron mobility of m-
ITIC.?® Our group recently reported a novel SMA named ITCPTC
with 2-(6-ox0-5,6-dihydro-4H-cyclopenta[c]thiophen-4-ylidene)
malononitrile (CPTCN) as an EG," while Hou and coworkers
reported an EG isomer of ITCPTC (called ITCC).> Though
devices based on ITCPTC and ITCC achieved similar PCEs, their
open-circuit voltage (V,) and short-circuit current (Js.) differed
greatly, attributed to the different electron-withdrawing abilities
of the two EG isomers. Chen and coworkers modified ITIC with
heptacyclic benzodi(cyclopentadithiophene) as the donor core,
resulting in an increased J;. but a decreased V,. in PSCs
compared with those of ITIC-based devices.>® The different
device performances of SMA isomers in the side chain, end
group and donor core enlightened us to the idea that rationally
designing isomers of some high-performance SMAs may further
enhance the PCE of PSCs.

After ITCPTC, another high-performance SMA, namely
MelC, was designed and synthesized in our group by
substituting a hydrogen atom of CPTCN with a slightly electron-
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donating methyl (CPTCN-M) group to elevate the lowest unoc-
cupied molecular orbital (LUMO) energy level and enhance the
-1 stacking of ITCPTC."™ A MelC-based PSC realized a high
PCE up to 12.54% with a V,. of 0.918 V, a J, of 18.41 mA cm >
and a fill factor (FF) of 74.2% when blended with a famous
polymer donor J71.** Motivated by the high-performance of
MelC, we designed an asymmetrical isomer (MeIC1) of MeIC by
replacing two thieno[3,2-b]thiophenes with thiophene and
dithieno[3,2-b:2",3'-d]thiophene in the ladder-type core of MeIC,
respectively. Unexpectedly, the asymmetrical structure
promotes the LUMO energy level of MeIC1 by 0.05 eV relative to
its symmetrical counterpart, and the big dithieno[3,2-b:2/,3'-d]
thiophene moiety in MeIC1 helps effective stacking. Finally, the
PBDB-T:MeIC1-based PSCs achieved a higher PCE up to 12.58%
mainly due to an enhanced V,. and J;. compared with those of
PBDB-T:MelIC-based PSCs. Rationally designing asymmetrical
isomers of high-performance SMAs through introducing large
packing moieties can synchronously enhance the molecular
LUMO energy level and m—m stacking and thus achieve larger V.
and J,. and thus higher PCEs in non-fullerene PSCs.

2. Results and discussion

2.1. Synthesis and characterization

The synthesis route for MeIC1 is displayed in Scheme S1.7 An
asymmetrical intermediate 3 was synthesized through two
successive Negishi coupling reactions by utilizing thiophen-2-
ylzinc(u) chloride and dithieno[3,2-b:2',3'-d]thiophen-2-ylzinc(u)
chloride as organozinc reagents. Then, a double nucleophilic
addition reaction was carried out to convert the ester groups of 3
into hydroxyls, which, without further purification, were sub-
jected to an acid-mediated Friedel-Crafts reaction to obtain 4.
Then, two formyl groups were introduced into 4 and end-
capped with 2-(1-methyl-6-oxo0-5,6-dihydro-4H-cyclopenta[c]
thiophen-4-ylidene)malononitrile (CPTCN-M) resulting in
MelIC1. These two SMAs have been fully characterized and show
good solubility in commonly used solvents.

2.2. Theoretical calculation

The two isomeric counterparts of MeIC and MelIC1 show small
distinctions in the ladder-type core with the number and posi-
tion of thiophenes being different (Fig. 1). To gain deep insights
into the effects on molecule energy levels, optical bandgaps and
molecular packing induced by structural differences, theoret-
ical simulations of single and dimer molecules were performed
(Fig. S17). The geometries were optimized at the B3LYP/def2-
SVP level with a RIJCOSX*® approximation using the ORCA 4.0
program.” Grimme’s D3 dispersion correction with Becke-
Johnson damping®® and Grimme’s geometrical counterpoise
correction (gCP)* were used during the optimization. The wave
functions were obtained using the Gaussian09 program at the
B3LYP/6-31G(d,p) level. The transfer integral and electron
density overlap integral were evaluated by the J-from-g03 and
Multiwfn® programs, respectively. As calculated, the predicated
LUMO/HOMO energy levels of MeIC and MeIC1 were —3.547 €V/
—5.538 eV and —3.537 €V/—5.542 eV, respectively, and the
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corresponding bandgaps were 1.991 eV and 2.005 eV, respec-
tively. It can be seen that asymmetrical MeIC1 has a higher
LUMO energy level and a slightly enlarged optical bandgap
compared to the symmetric MeIC. Packing geometry configu-
rations of the two dimer molecules are displayed in Fig. 1. As
shown, asymmetrical MeIC1 exhibits three possible packing
forms: M11 (thiophene stacking on thiophene), M13 (thiophene
stacking on dithieno[3,2-b:2',3"-d|thiophene) and M33 (dithieno
[3,2-b:2',3'-d]thiophene stacking on dithieno[3,2-b:2',3’-d]thio-
phene), while symmetrical MeIC shows one form M22 (thieno
[3,2-b]thiophene stacking on thieno[3,2-b]thiophene). The
overlap lengths are positively correlated with the size of the two
stacked units, and these were 13.1 A, 14.6 A and 16.4 A for M11,
M13 and M33, and 14.4 A for M22. Obviously, the overlap length
of M13 and average overlap length of M11 and M33 were both
longer than that of M22. The intermolecular bonding energies
were calculated to be —2.36 eV, —1.99 eV, —2.05 eV and
—1.75 eV for M11, M13, M33 and M22, respectively. The larger
bonding energy of MeIC1 suggests that it has a stronger
tendency for intermolecular stacking during the course of self-
assembly. Combining the overlap lengths and the interaction
energies, we can speculate that the - stacking pattern of M11
and M33 is superior to that of M13 in MelIC1, but each -7
stacking in MeIC1 is better than that of M22 in MeIC. This
indicates that the asymmetrical isomerization of MeIC by
incorporating the larger dithieno[3,2-b:2',3'-d]thiophene unit
could enhance the - stacking in theory. Moreover, the elec-
tron transfer integral values of M11, M13, M33 and M22 were
352 em ', 466 cm ', 538 cm ' and 440 cm ', respectively,
which reveals that MeIC1 has a higher probability for charge
transfer from one molecule to another. As the electron transfer
integral is very sensitive to the relative position of the two 1
fragments, we also calculated the electron density overlap
integral and obtained the same trends (Table S17). The afore-
mentioned results reveal that the asymmetrical structure can
elevate the LUMO energy level of MeIC1, and the large dithieno
[3,2-b:2',3'-d]thiophene moiety in MeIC1 facilitates intermolec-
ular stacking and charge transfer compared to MelC.

2.3. Optical and electrochemical properties

Fig. 2a and b show the absorption spectra of MeIC and MeIC1.
In dilute chloroform solution, asymmetrical MeIC1 exhibited
a slightly blue-shifted absorption spectrum by 8 nm but
a stronger molar absorption coefficient (2.27 x 10° M~ cm ™)
compared with MeIC (2.09 x 10° M~ cm™"). From solution to
films, strong electronic vibration shoulder peaks were formed.
In neat films, MeIC1 and MeIC showed almost the same
absorption spectra, and the optical bandgaps of MeIC and
MelC1 were 1.53 eV and 1.54 eV, respectively (Table 1). Cyclic
voltammetry (CV) measurements were conducted using a Ag/
AgCl electrode as a reference and Fe/Fc' (0.435 V) as a stan-
dard to test the HOMO and LUMO differences between the two
isomers. As revealed in the CV plots (Fig. 2¢), the reduction
functional wave onset of MeIC1 obviously falls behind that of
MelC, thus MelIC1 possesses a higher LUMO energy level (—3.89
eV) than MelC (—3.94 eV) by approximately 0.05 eV, which is
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Fig. 1 The structures of the two isomers (left) and the geometry configurations of dimer molecules (right).

consistent with the density functional theory (DFT) calculation
results and results in a higher V,,. when applied in PSCs.

2.4. Photovoltaic performance

A series of PSC devices with a structure of indium tin oxide
(ITO)/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)

(PEDOT:PSS)/PBDB-T:acceptor/PDIN/Al  were fabricated to
investigate the photovoltaic performance of the two isomers
(Fig. S21). A wide-bandgap polymer PBDB-T was selected as
a donor due to its complementary absorption spectrum and
matched energy levels with MeIC and MeIC1. The optimal
fabrication conditions were as follows: chlorobenzene (CB) was
utilized as the processing solvent and 0.5% (v/v) 1,8-diio-
dooctane (DIO) was added; the weight ratio and blend solution
concentration of PBDB-T:acceptor were 1: 1 and 20 mg ml ™,
respectively; the optimal annealing temperature was 120 °C
(Fig. S3 and Table S21). The characteristic current density-
voltage (J-V) curves of MelIC- and MeIC1l-based PSCs were
measured under illumination of AM 1.5 G at 100 mW cm >
(Fig. 3a) and the key photovoltaic parameters are summarized
in Table 2. As shown, the PBDB-T:MelIC1-based PSCs achieved
PCEs up to 12.58% produced from a V,,. of 0.927 V, a J;. of 18.32
mA cm ™2 and a FF of 74.1%, while the PCE for PBDB-T:MeIC-
based PSCs was 12.03% along with a V. of 0.896 V, a J,. of
18.07 mA cm™ > and a FF of 74.3%. The higher PCE for asym-
metrical isomer-based PSCs is mainly attributed to their higher
Voe and Js. and almost unchanged FF compared to those of

8144 | Chem. Sci,, 2018, 9, 8142-8149

MelC-based PSCs. The asymmetrical structure of MeIC1 results
in LUMO energy level promotion which is 0.05 eV higher than
that of symmetrical MeIC. Thus, the V,,. of MeIC1-based PSCs is
0.03 V higher than that of MeIC-based PSCs. Furthermore, the
dithieno[3,2-b:2',3'-d]thiophene moiety in the asymmetrical
core enhances the intermolecular -7 stacking and charge
transfer of MeIC1 (this is discussed below), thus the FF of
MelC1-based PSCs can stay at a very high level. Though the
absorption range becomes narrower, the MeIC1-based PSCs still
achieve a larger J,. than MelIC-based PSCs, which can be
observed from the higher external quantum efficiency (EQE)
spectrum of MelIC1-based PSCs in the range of 400 nm to
700 nm (Fig. 3b). The two isomer based PSCs show great
repeatability and the PCE distribution histogram from 40
devices of different batches is displayed in Fig. 3c. The average
PCEs and mean square errors for PBDB-T:MeIC- and PBDB-
T:MeIC1-based PSCs were 11.80% =+ 0.11% and 12.38% =+
0.10%, respectively. The detailed photovoltaic parameters of the
typical 40 samples are shown in Fig. S47 and their average
values and mean square errors are shown in Table 2.

2.5. Hole and electron mobility

To evaluate the charge transport ability of MeIC and MeIC1 in
neat and blend films, space charge limited current (SCLC)
measurements were carried out. The electron-only device was
a stack of ITO/ZnO/active layer/Al while the hole-only device was
a stack of ITO/PEDOT:PSS/active layer/MoO;/Ag. As shown in

This journal is © The Royal Society of Chemistry 2018
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LUMO energy levels. (d) Active materials investigated in the studied PSCs.

Fig. S5, the electron mobilities of MeIC and MeIC1 neat films
were determined to be 2.03 x 10 > em®V ™' s " and 2.38 x 10>
ecm?® V™' s, respectively. The electron/hole mobilities (ue/ur) of
PBDB-T:MelC and PBDB-T:MeIC1 blend films were 3.63 x 10~ *
em?V's7Y7.61 x 107 em? V' s7  and 5.10 x 107" em® V!
s71/10.80 x 107* ecm?® V' s7! with uc/un as 0.47 and 0.48,
respectively. The two isomers both showed high electron
mobility up to 1072 em”® V™' s orders of magnitude in neat
films, which is comparable with that of fullerene derivatives. It
can be seen that the asymmetrical SMA exhibited slightly higher
electron mobility than its symmetrical isomer. This suggests
that the asymmetrical MeIlC1 was able to form better -7
stacking during the self-assembly process, which is in agree-
ment with the aforementioned theoretical calculations. When
the polymer donor PBDB-T was incorporated, the courses of
crystallization of the two isomers were restrained to different
degrees, and the electron mobilities of donor and acceptor

Table 1 Basic properties of MelC and MelC1

hybrids were dramatically decreased compared to those of
acceptor neat films. The PBDB-T:MeIC1 blend film showed
approximately 1.5 times the electron mobility relative to that of
PBDB-T:MeIC and a much higher hole mobility, indicative of
a more ordered blend film of PBDB-T:MeIC1. We speculated
that the big dithieno[3,2-5:2',3'-d|thiophene unit in MeIC1
induced a faster crystallization process than that of the thieno
[3,2-b]thiophene unit in MeIC. Thus, better phase domain sizes,
nanofibers and interpenetrating network structures can be
achieved in MeIC1-based blend films, which can be clearly
observed in the atomic force microscope (AFM) and trans-
mission electron microscope (TEM) images (Fig. 4) which we are
discussed in detail below.

2.6. Exciton dissociation and charge collection

The exciton dissociation and charge extraction of the two
isomer based optimal active layers were investigated by

ACCEPLOT Amay” (M) emax” (M em™) Aonser” (M) Amax’ (NM) Aonge” (nm) ESP™ (6V) HOMO? (eV) LUMO? (eV)

B (V) ud (em? V' s7Y)

2.09 x 10°
2.27 x 10°

MelC
MelC1

687
679

739
732

722
714

807
804

2.03 x 103
2.38 x 107°

1.53
1.54

—5.57
—5.59

—3.94
—3.89

1.63
1.70

% In chloroform solution. ? In the neat film. ° Calculated from the empirical formula: E" = 1240/Aonet- 4 Cyclic voltammetry (CV) method by
measuring the neat film in acetonitrile. ¢ E;v = Erumo — Enomo.” Measured by the space charge limited current (SCLC) method.
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measuring the photocurrent density (J,n) versus effective voltage
(Vege)- Jon is defined as J,i, = Ji, — Jp, where J;, and J;, are the
current densities under AM 1.5 G light illumination and in the
dark, respectively. Vg is defined as Vg = Vi — Vpias, Where Vj is
the voltage at which J,;, = 0 and Vy,s is the applied external
voltage bias. It is assumed that all the photoinduced excitons
can be separated into free charges and collected in corre-
sponding electrodes when Ve is high enough. As displayed in
Fig. 3d, the Jy, of PBDB-T:MelIC- and PBDB-T:MelC1-based
devices approached saturation (Jg,.) at a relatively low voltage
of about 0.5 V, indicating an efficient course of exciton sepa-
ration, charge transport and collection in PSCs, which accords
with their high FFs. The Js, of MeIC- and MeIC1-based PSCs
extracted from J,p-Vesr plots was 18.81 mA cm™2 and 18.91 mA
cm 2, respectively (Table S3f). The probability of exciton
dissociation calculated from values of J;,i//sac under short circuit
conditions was 96.06% and 96.88% for MeIC- and MelIC1-based
devices, respectively. Similarly, the probability of charge
collection of MelIC- and MelIC1-based devices calculated from
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values of Jpn/Jsae at maximal power output conditions was
84.79% and 84.45%, respectively. The results indicated that the
asymmetrical MeIC1 was the same or even superior to the
symmetrical MeIC in aspects of exciton dissociation and charge
collection.

2.7. Morphology study

To show the distinctions in superficial morphology of the blend
films based on MelIC and MeIC1, AFM and TEM measurements
were carried out. AFM height sensor images, AFM phase images
and TEM images are displayed in Fig. 4. As shown in Fig. 4a and
b, the MeIC- and MeIC1-based optimal blend films exhibited
quite smooth and uniform surfaces with root-mean-square
(RMS) roughness values of 2.18 nm and 2.37 nm, respectively.
AFM images (Fig. 4a-d) and TEM images (Fig. 4e and f) revealed
that MeIC- and MelC1-based blend films possess excellent
phase separation. It is generally acknowledged that good phase
separation is beneficial to exciton dissociation, thus the active

Table 2 Key photovoltaic parameters of PSCs based on the optimal devices

Active layers® Ve (V)

Js” (mA em™?)

FF’ (%) PCEpa (%)

PBDB-T:MeIC
PBDB-T:MeIC1

0.896 (0.890 =+ 0.003)
0.927 (0.922 =+ 0.003)

18.07 (18.05 + 0.08)
18.32 (18.29 + 0.10)

74.3 (73.4 £ 0.6)
74.1 (73.4 £ 0.4)

12.03 (11.80 + 0.11)
12.58 (12.38 + 0.10)

“ The area of active layers was 3.8 mm?. * The values in brackets are the average values and mean square errors calculated from 40 devices.
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Fig. 4 AFM height sensor images of (a) PBDB-T:MelC and (b) PBDB-
T:MelCl. AFM phase images of (c) PBDB-T:MelC and (d) PBDB-
T:MelC1. TEM images of (e) PBDB-T:MelC and (f) PBDB-T:MelC1.

layers fabricated with PBDB-T:MeIC and PBDB-T:MelIC1
exhibited high exciton separation probability, Js. and EQE
values. Moreover, the nanofiber structures in PBDB-T:MelC-
and PBDB-T:MeIC1-based blend films can be clearly observed
from the flocculent features in the AFM images (Fig. 4a-d) and
the capillary structures in the TEM images (Fig. 4e and f), while
the continuous interpenetrating network structures were also
well-developed, which is in favour of efficient charge transport
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Fig. 5
(dotted line) GIWAXS cutline profiles.

This journal is © The Royal Society of Chemistry 2018

10°
10° |
=
-1 2
Ay A7) g 10'F
vt
£
10° L
10" e
out-of-plane
......... in-plal'lle i

1.51.00.50.0
-1
Oy [A ]

View Article Online

Chemical Science

for achieving a large J;. and FF in PBDB-T:MelC and PBDB-
T:MeIC1 fabricated PSCs. It can be clearly observed that
MelC1-based blend films showed thicker nanofibers compared
with MeIC. This was very likely due to the faster crystallization
speed of MeIC1 which resulted from bigger dithieno[3,2-b:2,3'-
d]thiophene units leading to the more ordered condensed-state
and larger phase domain sizes in MelC1-based active layers,
which are beneficial to obtain higher phase purity to achieve
a larger Ji. and FF in PSCs. This phenomenon also supports
a smaller electron mobility loss from neat film to blend film and
a much higher hole mobility when compared to that of MeIC.
Grazing incidence wide-angle X-ray scattering (GIWAXS)
measurements were employed to survey the intermolecular -7
stacking of the two isomer based neat and blend films, and the
corresponding out-of-plane (solid line) and in-plane (dotted
line) cutline profiles are shown in Fig. 5e. As shown, MeIC1
showed a well-defined face-on orientation with a significantly
stronger (010) diffraction peak compared to MeIC in the out-of-
plane direction. The d-spacing and coherence length (CL)
calculated from the cutline profiles were 3.55 A and 23.7 A for
MelC-based neat films and 3.49 A and 28.2 A for MeIC1-based
neat films, which indicates the enhanced -7 stacking effect
between MeIC1 molecules and is consistent with the theoretical
simulation results and SCLC measurements. The strong crys-
tallization properties of MeIC1 also facilitate the effective -7
stacking of PBDB-T:MelIC1-based blend films. It can be clearly
observed that the (010) diffraction intensity coming from PBDB-
T:MelC1-blend films was significantly stronger than that of
PBDB-T:MelC-based blend films, which well accounts for the
higher charge mobility and Js. of PBDB-T:MelIC1-based PSCs.

3. Conclusion

In summary, an asymmetrical SMA isomer MeIC1 was designed
and synthesized to further boost the performance of MeIC by
replacing two thieno[3,2-b]thiophene units in the ladder-type
core of MeIC with thiophene and dithieno[3,2-b:2',3'-d]thio-
phene units, respectively. The asymmetrical ladder-type core

©"

-1.0 1 2
Q vector (A™)

(a—d) 2D GIWAXS patterns of MelC- and MelC1-based neat and blend films. (e) Corresponding out-of-plane (solid line) and in-plane
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enabled MeIC1 to show a higher LUMO energy level by 0.05 eV
compared to that of MeIC without sacrificing absorption.
Moreover, theoretical simulations and GIWAXS results reveal
that the bulk mass dithieno[3,2-b:2/,3"-d|thiophene unit in
MelC1 facilitates more effective - stacking than the thieno
[3,2-b]thiophene unit in MelC, which is beneficial for higher
charge mobility in MeIC1-based neat and blend films. Using
MelC1 as acceptors in fabricated PSCs resulted in PCEs up to
12.58% with a promoted V,. and Ji. and an unchanged FF
relative to MeIC-based PSCs (12.03%). The higher V,,. originates
from the higher LUMO energy level of MeIC1, and the larger J.
and unchanged FF are mainly attributed to the higher charge
mobility, more perfect morphology and more ordered
condensed state of MeIC1-based blend films. These results
showed us that rationally designing asymmetrical isomers by
introducing large packing units is an effective approach for PCE
promotion.
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