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Abstract

Core engineering of perylene diimide (PDI)-based small molecular acceptors has
played a critical role in boosting the device performances in the field of organic solar
cells (OSCs). In this work, two regio-isomeric PDI-based acceptors (named oCP-FPDI4
and pCP-FPDI4) based on a novel [2.2]paracyclophane core were designed and
synthesized. Due to the subtle variations in the functionalization positions on the
[2.2]paracyclophane moiety, the two PDI acceptors exhibit different molecular
geometry and absorption properties. When blended with the donor polymer named
P3TEA, oCP-FPDI4 and pCP-FPDI4 showed dramatic differences in photovoltaic
performances (2.42% vs. 9.06%). In-depth studies on nano-scale morphology of the
respective blend films revealed that the P3TEA:pCP-FPDI4 blend exhibited suitable
phase segregation, thus contributing to the better charge dissociation and less charge
recombination. The marked variations in photovoltaic performances between oCP-
FPDI4 and pCP-FPDI4 highlight the importance of regulating the spatial orientations

in the design of PDI-based acceptors using cyclophane derivatives.
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1. Introduction

Over the past few years, organic solar cells (OSCs) have been considered as one of the
promising alternatives to the traditional inorganic solar cells, due to their low cost, light
weight and mechanical flexibility.!-* Enormous efforts have been devoted to developing
non-fullerene electron acceptors, especially small molecular acceptors (SMAs).”13
Among various types of non-fullerene acceptors, perylene diimides (PDI) derivatives
are one of the most investigated families with readily tuned energy levels and
absorption, excellent stability and also high electron-transporting ability.!*!7 Most
progress made in the development of novel PDI-based SMAs has been propelled by
rational design of the aromatic central cores to construct PDI oligomers having twisted
molecular geometry, either with non-fused'®3° or ring-fused structure’” 34!, Fine-
tuning the spatial orientation of PDI subunits can be achieved by proper
functionalization of aromatic central cores, which is the key to resolve the long-standing
dilemma between suitable phase segregation and efficient charge transport of PDI-
based SMAs. So far, PDI-based OSC devices have obtained power conversion
efficiencies (PCEs) surpassing 10% through substantial research work on core

engineering.”> 42

Among numerous building blocks for constructing functional m systems, the
cyclophanes family (CP, Figure 1) containing two or more aromatic rings locked into
a face-to-face geometry by certain linkages is of great research interest, especially in
the field of supramolecular chemistry and optoelectronic materials.*3-*> The functional
materials based on cyclophanes exhibit unique optoelectronic properties owing to their
transannular w-m interactions, or so-called through-space conjugation, between the
cofacially n-stacked aromatic systems. For example, in a [2.2]paracyclophane molecule
the distance between two phenyl rings is 3.10 A, while the typical n-n stacking distance
of graphite is 3.35 A. The shorter n-n stacking distance in [2.2]paracyclophane leads to
strong orbital overlap, thus enabling ©t electron delocalization through the two phenyl

rings. As a result, charge transport and energy transfer occur efficiently within the
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molecules containing [2.2]paracyclophane as the skeleton via not only through-bond
but also through-space channels.*>! In addition to these intriguing properties, the
synthetic diversity and convenience of [2.2]paracyclophane derivatives provides an
opportunity to investigate the structure-property relationships in terms of spatial
orientations and functionalization, as through-space conjugation is highly sensitive to
molecular geometry and electronic structures. Whereas, although cyclophane chemistry
has been developed rapidly into a vibrant and multifaceted field of study, cyclophane
derivatives have not yet been applied as a building block for constructing electron

acceptors in the OSC field to the best of our knowledge.

In this work, we for the first time examined the use of [2.2]paracyclophane for
constructing electron acceptors for OSC operations. Two novel tetrathienyl
[2.2]paracyclophane constitutional isomers, which differ in the functionalization
positions of the cyclophane moiety (i.e., ortho- and para-positions), were designed and
synthesized (Figure 1). After ring fusion of four PDI wings, two tetrameric PDI-based
SMAs named oCP-FPDI4 and pCP-FPDI4 were obtained and systematically studied.
When blending with a donor polymer P3TEA, both PDI-based SMAs yielded high
open-circuit voltages (Voc) of up to 1.17 V associated with voltage losses as low as
0.49 V. However, the pCP-FPDI4-based devices showed dramatically enhanced short-
circuit current density (Jsc) and fill factor (FF) compared with the oCP-FPDI4-based
ones, resulting in the highest PCE of 9.06%. Morphological studies revealed that one
of the prime reasons for the higher performances of the pCP-FPDI4-based devices is
the suitable nano-scale phase segregation formed in the P3TEA:pCP-FPDI4 blends,
leading to suppressed charge recombination and more efficient charge dissociation. Our
work provides insights into the constitutional isomeric effects of the
[2.2]paracyclophane-PDI electron acceptors and highlights the potential applications of

cyclophane derivatives in the design of photo-active materials for OSC devices.
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Figure 1. Chemical structure of [2.2|paracyclophane (CP) and the isomeric PDI-based
derivatives (0CP-FPDI4 and pCP-FPDI4).
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2. Results and Discussions
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Scheme 1. Synthetic route to oCP-FPDI4 and pCP-FPDI4.

The synthetic route to 0CP-FPDI4 and pCP-FPDI4 is illustrated in Scheme 1. Starting

from bromination of [2.2]paracyclophane, two regio-isomeric tetrebromo-

[2.2]paracyclophane, 0CP-Bry and pCP-Br, were obtained. oCP-Bry has two bromine

atoms at the ortho-positions of each benzene ring, while pCP-Br, has the bromine atoms

at the para-positions. The oCP-Br, and pCP-Br, cores were subsequently subjected to a

three-step procedure, i.e., Stille cross-coupling with 2-(tributylstannyl)thiophene,

stannylation and Stille cross-coupling with C¢-PDI-Br, to prepare the non-fused

tetrameric PDI precursors, oCP-PDI4 and pCP-PDI4. Finally, the precursors were

dissolved in toluene with a catalytic amount of I, and exposed to irradiation under a

6
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500 W mercury lamp to yield the ring-fused tetrameric PDI acceptors, oCP-FPDI4 and
pCP-FPDI4, in decent yields. All the compounds were unambiguously characterized by
'"H NMR, '*C NMR and mass spectra, and summarized in the Supporting Information.
The thermal decomposition temperature (7;) are measured to be 306 °C for both PDI

molecules from thermogravimetric analysis (TGA, at 5% weight loss, Figure S1).

To investigate the isomeric effects between oCP-FPDI4 and pCP-FPDI4, theoretical
calculations were performed using density-functional theory (DFT) with B3LYP/6-
31(d,p) basis set to study the molecular geometries and frontier molecular orbitals
(FMO). The long branched alkyl chains were replaced by methyl groups to simplify the
calculations. As shown in Figure 2a and 2b, both oCP-FPDI4 and pCP-FPDI4 exhibit
twisted optimized molecular geometry. However, the PDI units of oCP-FPDI4 attached
to the ortho-positions apparently show larger steric hindrance than those of pCP-FPDI4
at the para-positions. As a result, the dihedral angles between the PDI units and the
[2.2]paracyclophane core are dramatically different between oCP-FPDI4 (64.8°) and
pCP-FPDI4 (24.2°), which will alter the conjugation along the molecular skeletons and
thus the FMO of the molecules. As expected, both HOMO and LUMO of oCP-FPDI4
locate only on the four PDI units with a gap lying on the [2.2]paracyclophane core that
may disrupt the electron transfer channel (Figure 2¢). In contrast, the HOMO and
LUMO of pCP-FPDI4 distribute through the entire molecular backbone, indicating a
better conjugation between the [2.2]paracyclophane core and the PDI units (Figure 2d).
More interestingly, through-space conjugation between the two benzene rings of pCP-
FPDI4 can be observed. The better conjugation of pCP-FPDI4 is supported by the
smaller HOMO-LUMO gap of pCP-FPDI4 (-5.73/-3.35 eV) than that of oCP-FPDI4 (-

6.05/-3.35 eV), considering the two isomeric molecules have the same composition.
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Figure 2. Optimized molecular geometry of (a) oCP-FPDI4 and (b) pCP-FPDI4 and
frontier molecular orbitals of (¢) oCP-FPDI4 and (d) pCP-FPDI4 calculated at the
B3LYP/6-31+(d,p) level.

As depicted in Figure 3a, the UV-Vis absorption spectra of oCP-FPDI4 and pCP-

FPDI4 were recorded in diluted solution state with a concentration of 1x10° M. oCP-
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FPDI4 exhibits an absorption peak centered at 501 nm with an extinction coefficient of
1.68x10° M-'em'!, while pCP-FPDI4 shows a slightly hypsochromic absorption peak
centered at 493 nm with an extinction coefficient of 1.79%10° M-'cm!. Interestingly,
there is a shoulder peak appearing at ~520 nm in the spectrum of pCP-FPDI4, which is
not seen in that of oCP-FPDI4. This shoulder peak can be assigned as HOMO-LUMO
excitation from [2.2]paracyclophane to PDI, which can also be observed for PDI
acceptors with strong intramolecular charge transfer features in literature.” > 53 Upon
excitation at 500 nm, the photoluminescence spectra of oCP-FPDI4 and pCP-FPDI4
show broad and featureless peaks located at 547 and 597 nm, respectively. Therefore,
bathochromic shifts in both absorption and emission spectra of pCP-FPDI4 are
observed, suggesting its longer conjugation than oCP-FPDI4 as discussed above. In
thin-film state, oCP-FPDI4 and pCP-FPDI4 exhibit absorption onsets of 544 and 590
nm, corresponding to optical bandgaps (E,) of 2.31 and 2.18 eV, respectively. Both
oCP-FPDI4 and pCP-FPDI4 can form complementary absorption when blended with
P3TEA, covering the solar spectrum in the range of 300-750 nm (Figure S2).
Regarding the electrochemical properties, cyclic voltammetry (CV, Figure 3c)
measurements in film state were conducted to estimate the energy levels of the SMAs.
As shown in Figure 3d, the LUMO levels of oCP-FPDI4 and pCP-FPDI4 were
calculated to be -3.63 eV, which is close to that of P3TEA (-3.56 eV). Therefore, it is
expected that the energetic offsets between P3TEA and these two SMAs should be very

small, and the Vyc of the devices would be high.
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Figure 3. (a) UV-Vis absorption spectra of oCP-FPDI4 and pCP-FPDI4 in diluted

chloroform solutions with a concentration of 1x10- M. (b) Normalized UV-Vis

absorption spectra of P3TEA, oCP-FPDI4 and pCP-FPDI4 in the thin-film state. (c)

Cyclic voltammetry curves of oCP-FPDI4 and pCP-FPDI4. (d) Energy alignment of

P3TEA, oCP-FPDI4 and pCP-FPDI4.

Table 1. Optical and electrochemical properties of oCP-FPDI4 and pCP-FPDIA4.

T Mmaxsol  Memsol Olmax,sol Amaxim  Et  LUMOP  HOMO*®

[°C] [mm] [nm] [M'em']  [nm]  [eV]  [eV] [eV]
oCP-FPDI4 306 500 547  1.68x10° 483 2.31 -3.63 -5.94
pCP-FPDI4 306 493 598 1.79 x 103 493 2.18 -3.63 -5.81

2 calculated from the absorption onset of the films.

b estimated from the reduction onset of the CV curves.

¢estimated by LUMO-E,.

10
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Table 2. Photovoltaic parameters of the solar cell devices based on P3TEA:0CP-FPDI4

and P3TEA:pCP-FPDI4 with the inverted structure under illumination of 100 mW/cm?..

Material Voc Jsc FF PCE Mnlpe
combinations W) (mA/cm?) (%) (%) (cm?/Vs)
P3TEA: 8.76+0.14 2.1x10%
1.16+£0.01 13.47+0. +1
pCP-FPDI4 6+0.01 13.47+0.37 36 (9.06) 1.8x107
P3TEA: 2.294+0.17 8.4x103/
17%0. .88£0. +
oCPFppl4 174002 588:025 33kl ) 1.1x10°6

2 Average values from 20 devices with the highest values shown in parentheses.

To investigate the photovoltaic performances of the two polymers, PSCs were
fabricated with the inverted device structure of indium tin oxide
(ITO)/ZnO/BHJ/Mo0Os/Al. The current density versus voltage (J-V) curves of the
devices based on P3TEA:0CP-FPDI4 and P3TEA:pCP-FPDI4 are displayed in Figure
4a, and the photovoltaic parameters of the optimized devices are summarized in Table
2. Both material combinations generate remarkably high Voc of 1.17 and 1.16 V for the
P3TEA:0CP-FPDI4 and P3TEA:pCP-FPDI4 devices, respectively. As the optical
bandgap of P3TEA is calculated to be 1.66 eV from its thin-film absorption onset, the
voltage losses (defined as Viys = E4/q -Voc) based on the oCP-FPDI4 and pCP-FPDI4
systems are derived to be 0.49 and 0.50 V, respectively, which are among the lowest
for PDI-based OSCs. Despite the comparable Vo, these two devices show dramatic
differences in Jgc and FF. The Jsc of the pCP-FPDI4-based devices is 2.3 times higher
than that of the oCP-FPDI4-based ones (13.47 vs. 5.88 mA/cm?). In addition, the FF of
the oCP-FPDI4-based devices is only 33%, which is also inferior to that of the pCP-

FPDI4-based ones (56%). As a result, the P3TEA:pCP-FPDI4 devices exhibit the
11
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highest PCE of 9.06% owing to the simultaneously improved Jsc and FF, while the
P3TEA:0CP-FPDI4 ones show the highest PCE of only 2.42%. Moreover, we tested
the shelf life stability of the encapsulated devices based on the two PDI acceptors, both

showed good stability as shown in Figure S3.

To verify the difference in Jsc between the oCP-FPDI4 and pCP-FPDI4-based devices,
the external quantum efficiency (EQE) spectra based on the two blends were recorded.
As shown in Figure 4b, the shapes of both EQE curves are similar with a broad light

response in the range of 300-750 nm. The maximum EQE value is only 32% for the

P3TEA:0CP-FPDI4 blend, while significant enhancement of EQE response of up to 68%

was achieved by the P3TEA:pCP-FPDI4 one. Consequently, the integrated Jsc of the
pCP-FPDI4-based blend is much higher than that of the oCP-FPDI4-based one (13.11
vs. 6.01 mA/cm?), and this is consistent with the Jsc attained from the J-V characteristic
curves. Furthermore, photoluminescence quenching experiments were performed to
evaluate the charge dissociation process based on these two blends. Lasers with the
wavelengths of 514 and 633 nm were chosen to excite the PDI-based molecules and
P3TEA, respectively. As shown in Figure S4, the quenching efficiency of the
P3TEA:pCP-FPDI4 blend relative to the pristine P3TEA film are much higher than that
of the P3TEA:0CP-FPDI4 one (85.0% vs. 46.4%). Similar situations were also
observed in the comparisons between the blend films and the pristine PDI-based films,
where the quenching efficiencies of the pCP-FPDI4 and oCP-FPDI4-based systems
were calculated to be 87.7% and 66.7%, respectively. Therefore, the
photoluminescence quenching experiments suggest that the P3TEA:pCP-FPDI4 blend
showcases more efficient hole as well as electron transfer processes, contributing to the

higher Jgc of the devices.

The remarkable differences in Jsc and FF of the oCP-FPDI4 and pCP-FPDI4-based
devices are further investigated by the charge recombination experiments. Figure 4¢

and 4d show the results of the light-intensity-dependent Jsc and Ve measurements.

The relationship between Jsc and light intensity (P) can be described as Jsco< P If o

12

Page 12 of 21



Page 13 of 21

Journal of Materials Chemistry A

(the slope of the curve) reaches 1, it implies that the bimolecular recombination is
effectively suppressed. The a values of the oCP-FPDI4 and pCP-FPDI4-based blends
are calculated to be 0.96 and 0.98, respectively, indicating that the pCP-FPDI4-based
blend exhibits weaker bimolecular recombination. Moreover, Figure 4d depicts the
semi-logarithmic plots of the light-intensity-dependent Voc experiments based on these
two systems. The slopes extracted from the plots are 1.78 kT/q and 1.18 kT/g for the
P3TEA:0CP-FPDI4 and P3TEA:pCP-FPDI4 devices, respectively, where k is the
Boltzmann constant, T is the absolute temperature and g is the elementary charge. A
slope larger than kT/g, indicating a stronger dependence of Voc on the light intensity,
can be observed if more trap-assisted recombination occurs. In other words, the pCP-
FPDI4-based device shows less trap-assisted recombination than the pCP-FPDI4-based
one. Therefore, both light-intensity-dependent experiments demonstrate more
effectively suppressed charge recombination in the P3TEA:pCP-FPDI4 blend, which

can partly explain the higher Jsc as well as FF achieved by this material combination.
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Figure 4. (a) J-V characteristics, (b) EQE spectra, (¢) Light-intensity-dependent Jsc
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plots and (d) Light-intensity-dependent Voc plots of the P3TEA:0CP-FPDI4 and
P3TEA:pCP-FPDI4 devices.

Grazing incidence wide-angle X-ray scattering (GIWAXS) measurement were carried
out to provide insights into the molecular packing of oCP-FPDI4 and pCP-FPDIA4.
Figure S displays the two-dimensional GIWAXS patterns and the corresponding one-
dimensional line-cut scattering profiles in the in-plane (black line) and out-of-plane (red
line) directions of the pristine and blend films. The (010) or n- & stacking peaks of the
pristine oCP-FPDI4 and pCP-FPDI4 films are located at 1.45 and 1.47 A-!, respectively,
corresponding to a - m stacking distance of 4.26 and 4.33 A. In the blend films, both
systems exhibit predominant face-on orientation with the n- w stacking peaks of PSTEA
located at 1.74 A-l. The (010) coherence lengths of P3ATEA are extracted to be 28.94
and 36.94 A when blended with oCP-FPDI4 and pCP-FPDI4, respectively, which is in
agreement with the hole mobilities (uy,: 8.4%10 vs. 2.1x104 cm?/Vs) measured by the
space-charge-limited current (SCLC, Figure S5) method. Interestingly, although the
coherence length of oCP-FPDI4 is slightly larger than that of pCP-FPDI4 (12.54 vs.
8.69 A), oCP-FPDI4 show electron mobilities that are two orders of magnitude lower
than pCP-FPDI4 (u: 1.1x10vs. 1.8x104 cm?/Vs). As a result, the PSTEA:pCP-FPDI4
device exhibits higher charge mobilities, as well as more balanced hole/electron charge
transport, than the P3TEA:0CP-FPDI4 one, which accounts for the higher FF of pCP-
FPDI4-based systems.

To figure out the reason for the marked contrast in charge dissociation and transport
between the oCP-FPDI4 and pCP-FPDI4-based systems, resonant soft X-ray scattering
(RSoXS) techniques were adopted to study the nano-scale phase segregation of these
two blends. The Lorentz-corrected RSoXS profiles of the P3TEA:0CP-FPDI4 and
P3TEA:pCP-FPDI4 blend films acquired at 285.8 eV are shown in Figure 6. The
domain spacing of the P3TEA:pCP-FPDI4 blend is 22.02 nm, which is in the optimal

range of 20-40 nm for OSC operations. On the contrary, the RSoXS profile of the

14
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P3TEA:0CP-FPDI4 shifts to a lower g, indicating a larger domain spacing of 89.18 nm.
The surprisingly large domain spacing of the P3TEA:0CP-FPDI4 blend severely
deviates from the optimal range, which can well explain its low EQE response,
photoluminescence quenching efficiency and electron mobility mentioned above. The
larger phase segregation of the P3TEA:0CP-FPDI4 blend is also reflected by the atomic
force microscopy (AFM, Figure S6) images, where the oCP-FPDI4-based blend shows
a rougher surface morphology than the pCP-FPDI4-based one.

— in plane
—— out of plane

P3TEA:pCP-FPDI4

Intensity

P3TEA:0oCP-FPDI

30

oCP-FPDI4
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28 10 4
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Figure 5. 2D GIWAXS patterns of (a) the pristine oCP-FPDI4 film, (b) the pristine
pCP-FPDI4 film, (¢) the P3TEA:0CP-FPDI4 blend film, (d) the P3TEA:0CP-FPDI4
blend film, and (e) the corresponding 1D GIWAXS profiles of the in-plane and out-of-

plane directions.
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Figure 6. Lorentz-corrected RSoXS profiles of the P3TEA:0CP-FPDI4 and
P3TEA:pCP-FPDI4 blend films acquired at 285.8 eV.

3. Conclusions

In summary, we designed and synthesized two isomeric PDI-based SMAs based on a
novel [2.2]paracyclophane core for non-fullerene OSC operations. Due to the variations
in the functionalization positions on the [2.2]paracyclophane moiety, oCP-FPDI4 and
pCP-FPDI4 exhibits different molecular geometry and absorption properties. More
importantly, the comparisons in their blend film morphology with P3TEA revealed that
the P3TEA:pCP-FPDI4 blend formed suitable nano-scale phase segregation, thus
leading to a lower extent of charge recombination and more efficient charge
dissociation. Consequently, the P3TEA:pCP-FPDI4 devices obtained the highest PCE
0of 9.06% with a high Voc of 1.16 V and a small voltage loss of 0.50 eV, which was far
superior to the P3TEA:0CP-FPDI4 ones (2.42 %). The dramatic differences in
photovoltaic performances between oCP-FPDI4 and pCP-FPDI4 highlight the
importance of regulating the spatial orientations in the further molecular design of
cyclophane-based SMAs to achieve the optimal absorption, electrical and

morphological properties for OSCs.
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