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New Polymerized Small Molecular Acceptors with
Non-Aromatic 7-Conjugated Linkers for Efficient
All-Polymer Solar Cells

Zhe Zhang, Zhixiang Li, Peiran Wang, Hongbin Chen, Kanggiao Ma, Yunxin Zhang,
Tainan Duan, Chenxi Li, Zhaoyang Yao, Bin Kan,* Xiangjian Wan, and Yongsheng Chen*

. , . 1. Introduction
Developing new polymerized small molecular acceptor (PSMA) is pivotal

for improving the performance of all-polymer solar cells. On the basis of In recent years, all-polymer solar cells
this newly developed CH-series small molecule acceptors, two PSMAs are (all-PSCs), composed of a p-type polymer
reported herein (namely PZC16 and PZC17, respectively). To reduce the clectron donor and an n-type polymer

. " . . . electron acceptor, have drawn tremendous
molecular torsion caused by the traditional aromatic 7-bridges, non-aromatic X . ;
attention because of their outstanding

conjugated units (ethynyl for PZC16 and vinylene for PZC17) are adopted as mechanical flexibility, and excellent
the linkers and their effect on the photo-physical properties as well as the morphological and thermal stability.')
device performance are systematically investigated. Both polymer accep- Despite of these impressive merits, the
tors exhibit co-planar molecular conformation, along with broad absorp- power conversion efficiencies (PCEs) of

all-PSCs lag far behind the small-molecule
acceptor-(SMA) based solar cells.*8 To
overcome the shortcomings of traditional

tion ranges and suitable energy levels. In comparison with the PM6:PZC16
film, the PM6:PZC17 film exhibits more uniform phase separation in

morphology With a distinct bi-Continuous network and better Crysta"inity. donor.acceptor po]ymer acceptors (low
The PM6:PZC17-binary-based devices exhibit a satisfactory PCE of 16.33%, extinction coefficient, strong crystalliza-
significantly higher than 9.22% of the PZC16-based devices. Impressively, tion tendency, etc),”l Li et al. proposed

a creative strategy by polymerizing the
acceptor-donor-acceptor ~ (A-D-A)  type
SMA (PSMAs) with conjugated linkers.?!
cells (all-PSCs). The resulting polymer acceptors combine
the merits of A-D-A SMAs as well as the
polymers and consequently exhibit easily
tunable absorption range and energy
levels, excellent film quality, and mechanical flexibility.22-23]
After the emergence of Y6, the state-of-the-art PSMAs based on

PM6:PZC17-based large area device (ca. 1 cm?) achieves an excellent PCE of
15.14%, which is among the top performance for reported all-polymer solar
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could introduce some intramolecular twisting between linker
and terminal group, which would further cause the disorder
of polymer backbone orientation, and weaken the molecular
packing and crystallinity of the PSMAs. As an alternative, the
non-aromatic ethynyl or vinylene unit could help PSMA to
achieve better coplanarity and rigid conformation,3%34 in favor
of obtaining narrow bandgaps and good charge transporting.
For example, Yan et al. recently reported a vinylene-based
polymer acceptor (PY-V-),2?) which exhibited less twisting
between the end group and the linkers, better intramolecular
conjugation, and tighter inter-chain packing. As a result, the
vinylene-based PSMA offered a better PCE compared to its
thiophene-based counterpart.

With these in mind, two new PSMAs based on a CH-series
SMA were designed and synthesized, named PZC16 and
PZC17, which contained ethynyl and vinylene linkers, respec-
tively. Both PSMAs exhibited negligible twists between the ter-
minal group and the linkers, and thus good co-planarity of the
conjugated backbones. While the non-aromatic linkers slightly
affected the light absorption and energy levels of PSMA, they
significantly impacted the miscibility when blending with the
polymer donor PM6. Compared with PZC17, the poor misci-
bility between PZC16 and PM6 resulted in large phase separa-
tion of the blend film, which led to inferior carrier transport.
Consequently, the PM6:PZC16-based devices exhibited a low
PCE of 9.22% with an open-circuit voltage (V) of 0.859 V,
short-circuit current density (Ji) of 19.14 mA cm™, and fill
factor (FF) of 55.75%. As a contrast, PM6:PZC17-based devices
exhibited a high PCE of 16.33% with simultaneously improved

Ve (0.926 V), Joc (23.35 mA cm?), and FF (75.54%). The better
photovoltaic performance of PZC17-based device was bene-
fitted from its more efficient exciton dissociation, faster charge
transportation, less charge recombination, and reduced energy
loss. Besides, PZC17-based large-area device (1 cm?) obtained
a high PCE of 15.14% which is among the best performance
of the reported large-area all-PSCs. These results demonstrate
the potential of CH-series SMAs and the importance of non-
aromatic linkers in designing high-performance PSMAs.

2. Results and Discussion

2.1. Materials and Characterization

The chemical structures of PZC16 and PZC17 are depicted in
Figure 1, and their detailed synthetic routes are displayed in
Scheme S1 (Supporting Information). The key intermediate
2 was prepared according to our previous reports.?*2¢ Then,
the Konevenagel condensation of compound 3 with 2-(5-bromo-
3-0x0-2,3-dihydro-1H-inden-1-ylidene)malononitrile (IC-Br)
afforded compound 4 with a high yield. The commercial mono-
brominated terminal unit (IC-Br) without isomer was evidenced
by 'H NMR spectrum!®! (Figure S17, Supporting Information).
Lastly, PZC16 and PZC17 were obtained by copolymerizing
compound 4 with ethynyl and vinylene via the Stille coupling
reaction, respectively. The number-average molecular weights
of PZC16 and PZC17 were 12.0 and 78 KDa with a polydisper-
sity (PDI) index of 1.68 and 1.53, respectively. Both polymer
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Figure 1. a) The molecular structures of PZC16 and PZC17, respectively; b) The calculated optimized trimers structures of PZC16 and PZC 17 in front
view (the dihedral angle between two adjacent terminal groups); c) The normalized absorption spectra of PM6, PZC16, and PZC17 in neat film; d) The
energy level diagrams of PM6, PZC16, and PZC17.
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acceptors can be easily dissolved in chloroform (CF) and chlo-
robenzene (CB) which guarantees the solution-processability.
Revealed by the density of functional theory (DFT) calculations
(Figure 1b), the dihedral angle between two adjacent terminal
groups is quite small (2.92° for PZC16 and 6.36° for PZC17,
respectively), which is consistent with the expectation. Besides,
the thermogravimetric analyses (TGA) demonstrate that both
PZC16 and PZC17 exhibit good thermal stability with decom-
position temperatures of 355 and 344 °C (Figure S1, Supporting
Information), respectively.

2.2. Optical Properties and Energy Levels

UV-vis absorption spectra of PZC16 and PZC17 in diluted chlo-
roform solutions and neat films were measured (Figure S2,
Supporting Information; Figure 1c), and the corresponding
optical and electrochemical parameters were summarized
in Table 1. PZC16 and PZC17 display similar absorption pro-
files in solution with the different maximum absorption
peaks located at 776 and 765 nm, respectively, which can be
attributed to the more electron-deficient property of ethynyl
group. In neat film, PZC16 displays a main absorption peak
of 799 nm, while the absorption maximum of PZC17 locates
at 793 nm. Compared with PZC16, PZC17 shows larger
degree of red-shift from the solution state to the film state,
implying that the existence of more condensed aggregation
and stronger intermolecular interaction. To further investi-
gate the molecular aggregation of these two polymers, their
temperature-dependent UV-vis absorption spectra were meas-
ured. As shown in Figure S2 (Supporting Information), the
main absorption peak of PZC16 and PZC17 both blue-shifted
for only ca. 5 nm from 20 to 100 °C.[?23% This indicates that
their polymer chains are rigid and experience negligible disag-
gregation upon heating.?’!

The frontier orbital energy levels of both polymer accep-
tors were measured by cyclic voltammetry (CV) (Figure S3,
Supporting Information). The highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) energy levels of PZC16 were estimated to be
—5.61 and —3.81 eV, respectively. Due to the slightly enhanced
electron-donating property of vinylene unit, PZC17 shows a
little up-shifted HOMO and LUMO energy levels of —5.60 and
—3.79 eV, respectively. The energy level diagrams of PZC16,
PZC17, and PM6 are displayed in Figure 1d. It can be seen
that these polymer acceptors can be well-matched with
polymer donor PM6 in terms of the energy levels. The calcu-
lated HOMO/LUMO levels were —5.53/-3.50 eV for PZC16
and -5.50/-3.46 eV for PZC17, respectively (Figure S4, Sup-
porting Information), which are consistent with the experi-
mental results.

Table 1. Summary of the physicochemical features of PZC16 and PZC17.

2.3. Photovoltaic Properties

To evaluate the photovoltaic performance of two polymer accep-
tors, all-PSCs were fabricated with the conventional structure
of ITO/PEODT:PSS/active layers/PNDIT-F3N/Ag (Figure 2a),
in which PM6 was used as the electron donor.””! The current
density-voltage (J-V) curves of their optimal all-PSCs devices
are displayed in Figure 2b, and the corresponding photovoltaic
data were summarized in Table 2. The variation of linkers
in PZC16 and PZC17 (ethynyl vs vinylene) leads to their dis-
tinct device performance (Tables S1-S8, Supporting Infor-
mation). The PZC16-based device yields a moderate PCE of
9.22% with a V,. of 0.861 V, a J, of 18.98 mA cm™2, and an
FF of 56.65%. As a contrast, the PZC17-based device demon-
strates essentially enhanced V., J, and FF, which are 0.926 V,
23.35 mA cm™?, and 75.54%, respectively. As a result, a high
PCE of 16.33% was realized by the PZC17-based device. To our
knowledge, this result with efficiency over 16% represents very
few polymer acceptors featured with new SMA units. In addi-
tion, the thermal stability of the PM6:PZC17-based devices was
characterized under continuous heating of 65 °C without encap-
sulation in the nitrogen-filled glove box. As shown in Figure S5
(Supporting Information), PZC17-based device maintains 74%
of its initial PCE after 300 h, suggesting its satisfactory thermal
stability. To demonstrate the potential of PZC-17 in fabricating
large-area devices, all-PSCs with an effective area of 1 cm? were
fabricated. The resultant device achieved an excellent PCE
of 15.14% (Figure 2d), which is, to our knowledge, one of the
highest values reported?®3%-3 for all-PSCs with a device area as
large as 1 cm?, suggesting its capability for practical applications.

External quantum efficiency (EQE) spectra of the PZC16 and
PZC17-based devices were recorded to verify their quite dif-
ferent |, values. As shown in Figure 2¢, though both devices
show similar and broad photo-response from 300 to 900 nm,
the PZC17-based device displays much higher EQE response
with a maximum EQE value of 85% compared with the
PZC16-based device in the range of 350-850 nm, indicating
more efficient photon-electron conversion for PZC17-based
device. The integrated J. calculated from the EQE spectra was
19.29 mA cm™? for PZC16-based device and 23.04 mA cm™ for
PZC17-based device, respectively, which are fairly consistent
with the J,. values obtained from their J-V curves.

2.4. Charge Dynamic Investigation

To investigate the exciton dissociation process in the blend
films of PM6:PZC16 and PM6:PZC17, steady-state photolumi-
nescence (PL) spectroscopy was performed. As can be seen in
Figure S6 (Supporting Information), the PL quenching efficiency
of donor was calculated to be 96.5% in the PM6:PZC16 blend,

Comp Asol max [nm] 2film max [nm] Afilm edge [nm] Eonset gleV] HOMOa) [eV] LUMOa) [eV] HOMODb) [eV] LUMOD) [eV]
PZCl6 776 799 868 1.43 -5.53 -3.50 -5.61 -3.81
PzC17 765 793 864 1.44 —5.50 —-3.46 -5.60 -3.79

3 Calculated by the DFT simulations; P Obtained from CV.
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Figure 2. a) Device architecture of all-PSCs; b) J--V curves and c) EQE spectra of the all-PSCs; d) J-V curve of PM6:PZC17-based device with an active
area of 1 cm?; e) Jou—Veq curves of PM6:PZC16 and PM6:PZC17 blend films; f) J,. versus light intensity of PM6:PZC16 and PM6:PZC17.

and 96.9% in the PMG6:PZC17 blend, respectively. The PL
quenching efficiency of acceptor was 80.0% in the PM6:PZC17
blend, which was higher than that of PM6:PZC16(68.8%).
Overall, PL results indicate that more efficient exciton disso-
ciation occurred in the PM6:PZC17 blend, which is consistent
with the increased J. value in devices. To better understand
the disparity in photovoltaic performance of two PSMAs, the
dependence of the photocurrent density (J,) on the effective
voltage (V.g) was measured (Figure 2e).! The exciton disso-
ciation efficiency (n4;s) and charge collection efficiency (7.n)
can be assessed from the ratio of J,,//s under the short-circuit
condition and maximum power output point, respectively.
Accordingly, the 7y;s/Mon are calculated to be 9703%/85.71%
for the PZC17-based device, higher than those for the PZC16-
based device, indicating more efficient charge generation and
collection process in the PZC17-based device. The depend-
ence of J, on light density was further measured to investi-
gate the bimolecular recombination in both optimal devices.[*!
The relation between the J. and the Py, (light density) can be

Table 2. Summary of photovoltaic parameters of all-PSCs.

Active layer Ve [V] Jse [MA cm™? FF [%] PCE [%]
PM6:PZC16 0.861 18.98 56.65 9.22
(0.862+0.0003)  (19.06 +0.16)  (55.69+0.82) (9.16 +0.06)
PM6:PZC17 0.926 23.35 75.54 16.33
(0.925+£0.0003) (23.38£0.08)  (75.19+0.30)  (16.26 £ 0.04)
PM6:PZC17%) 0.929 22.70 71.79 15.14

Aall-PSCs with 1 cm? active area. The average parameters were calcu-
lated from 15 independent devices.
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described by the equation: Jyo< Py, As displayed in Figure 2f,
the S values obtained by fitting J,. as a function of the light
density are 0.97 for the PZC16-based devices and 0.98 for the
PZC17-based devices, respectively. The S value of the PZC17-
based device is closer to 1, indicating less bimolecular recom-
bination in the corresponding device. Besides, the PZC17-based
device exhibits less trap-assisted recombination as revealed by
investigating the relationship between the V. and the Py,
(Figure S7, Supporting Information).

The transient photocurrent (TPC) and the transient photo-
voltage (TPV) characterizations were performed to investigate
the charge extraction and recombination process in all-PSCs
devices (Figure S8, Supporting Information). Compared with
the PZCl6-based device, the PZC17-based device demon-
strates a faster charge extraction time of 0.30 ps. Meanwhile,
the longer carrier lifetime of 9.2 us observed in the PZC17-
based device suggests its weaker charge recombination behav-
iors.1224243 Space charge-limited current (SCLC) method was
used to evaluate their charge transport abilities (Figures S9
and S10, Supporting Information). The electron mobility (u.)
of PZC17 neat film (5.54 x 10~ cm? V7! s7}) is larger than that
of PZC16 (3.85 x 10™* cm? V™! s7), which is consistent with its
tighter smaller 7-7 stacking distance and larger crystal coher-
ence lengths (CCLs) as revealed by the grazing incidence
wide-angle X-ray scattering (GIWAXS) results. The electron
mobility (1.) and the hole mobility (u,) of the PM6:PZC16
blend film were estimated to be 1.72 x 10™* cm? V! s7! and
8.55 x 10> cm? V7! 57, respectively. The p. and p, of the
PM6:PZC17 blend film were increased to 1.76 x 10~ and
1.19 x 10~ cm? V7! 571, respectively. The higher and more bal-
anced the p./u, of PM6:PZC17 blend film is beneficial to the
charge extraction and collection.* The above analyses reveal

© 2023 Wiley-VCH GmbH
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the facts that more efficient charge generation, faster charge
transport, and less charge recombination occurred in the
PZC17-based device, which improved its ;. and FF values.

2.5. Morphology Analysis

The atomic force microscopy (AFM) was used to investigate the
effect of different linkers on the morphological characteristics
of blend films. As illustrated in Figure 3a,d, compared with the
PM6:PZC16 blend film, the PM6:PZC17 film shows smoother
surface with a smaller value of root-mean-square (RMS) rough-
ness of 1.49 nm. The smoother surface could favor the contact
between the interfacial layer and active layer. As presented in
the AFM phase images (Figure S11, Supporting Information),
the PM6:PZC17 blend film shows a smaller and more uniform
phase separation morphology with a more distinct bi-contin-
uous network,*! which is beneficial for exciton dissociation
and charge transportation. In order to better understand the
difference in the morphology of the active layer, the contact-
angle measurements of the neat films were carried out to esti-
mate the Flory-Huggins interaction parameters ».“8 The y
is calculated by the equation: x = K(y/ys —[7.)’, where K is a
constant, 7 is the surface energy of the polymer donor and , is
the surface energy of the polymer acceptor. A higher value of ¥,
meaning lower miscibility of donor and acceptor, would usually
result in larger size phase separations. As shown in Table S9
(Supporting Information), the smaller y value (0.18 K) between
PM6 and PZC17 (0.47 K for PM6 and PZC16) demonstrates a
higher miscibility of PM6 and PZC17, likely leading to a more

(b) 2.0

7.7 nm 15

-7.7 nm

A ~ 7'{‘/

L PMBPZEAT £
" B SEscWeE 5.0 nm 15

-5.0 nm
0.0
-0.5 0.0

400.0 nm

Height Sensor

suitable size phase separation, which is also consistent with the
results of the AFM.

Besides, the crystallization and orientation of polymer chains
also considerably affect exciton dissociation and charge trans-
port in devices. Therefore, the grazing incidence wide-angle
X-ray scattering (GIWAXS) measurement was further con-
ducted to provide structural information of the blend films.[*->1l
The 2D patterns of the neat films are presented in Figure S12
(Supporting Information) and the 1D extracted profiles of the
neat film are shown in Figure 3c. Clear (010) diffraction peak
in the out-of-plane (OOP) direction and (100) diffraction peak in
the in-plane (IP) direction were observed in both the PZC16 and
PZC17 neat film, implying their preferred face-on molecular ori-
entations. The (010) peaks of PZC16 and PZC17 films located at
g =162 A" and q = 1.65 A7, indicating the corresponding 77
stacking distance of 3.88 and 3.81 A, respectively (Table S10, Sup-
porting Information). Besides, the CCLs of (010) orientation,
which can be calculated by the Scherrer equation, are 14.2 A
for PZC16 and 20.9 A for PZC17, respectively. The smaller d,,
along with larger CCL of PZC17 would indisputably facilitate the
charge transportation. After blending with PM6, both blend films
still exhibit more dominant face-on orientations, as evidenced by
the clear (010) diffraction peak in the OOP direction and (100)
peak in the IP direction. In the OOP direction, both blend films
exhibit similar 77 stacking distances (3.70 A for PM6:PZC16,
3.69 A for PM6:PZC17), which is consistent with the 77 stacking
distances of PM6 in neat films (3.69 A). In addition, in compar-
ison with the PM6:PZC16 blend film, the PM6:PZC17 blend film
shows a larger CCL of (010) peak region in the OOP and IP direc-
tion, further indicating its better charge transporting properties.

(c)
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Figure 3. a,d) AFM height images of PM6:PZC16 and PM6:PZC17; b,e) 2D GIWAXS patterns of the optimized blend films of PM6:PZC16 and PM6:PZC17;

¢,f) Line cuts of GIWAXS images of the neat films and the blend films.
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Figure 4. a,b) Normalized optical absorption and EL spectra of PM6:PZC16 and PM6:PZC17; c) EL quantum efficiencies of PM6:PZC16 and PM6:PZC17
under different injected current densities; d) E,ss and its detailed three parts of AE;, AE;, and AE; values.

2.6. Energy Loss Analysis

Large energy loss severely limits the efficiency of organic solar
cells. Hence, the detailed energy loss analysis was conducted to
quantify the voltage loss in two PSMAs-based devices (Figure 4).
The band gaps (E,) of two blend films, determined by the crossing
point between optical absorption and electroluminescence (EL)
spectra of the blend film,?®°% are =1.460 eV. The energy loss in
the first part of two polymer acceptors-based devices is same
(0.265 eV) due to their identical E,. The second part (AE,) of the
PM6:PZC16-based device was calculated to be 0.068 eV, which
is slighlty larger than 0.063 eV for the PM6:PZC17-based device.
Meanwhile, the PM6:PZC17-based device shows a higher EQEg;
of 1.09 x 10™* compared to the PM6:PZC16-based device with
the EQEg; of 1.3 x 10™°. The corresponding AE; were estimated
to be 0.291 and 0.236 eV for the PM6:PZC16-based devices and
the PM6:PZC17-based devices, respectively, similar to those
determined from the sensitive EQE measurements (Table 3).
Therefore, the higher V,. of the PM6:PZC17-based devices can
be attributed to the decreased radiative recombination loss and
non-radiative recombination loss.

3. Conclusion

In summary, we reported two PSMAs constructed with a new
SMA along with different non-aromatic linkers. The non-
aromatic linkers enabled good coplanarity and intramolecular
conjugation. Compared with PZC17, PZC16 showed slightly
red-shifted and down-shifted energy which can be ascribed to
the electron-withdrawing property of ethynyl unit. However, the
PM6:PZC16-based device gave an inferior PCE of 9.22%. The
morphology analysis revealed that the poor miscibility between
PM6 and PZC16 led to the oversized phase segregation which
resulted in unfavorable exciton dissociation and charge trans-
port, severe charge recombination, and large energy loss
for the corresponding all-PSC devices. On the contrary, the
PM6:PZC17-based device achieved more suitable phase separa-
tion and exhibited simultaneously improved V. of 0.926 V, ]
of 23.35 mA cm™2, and FF of 75.54%, which led to an impres-
sive PCE of 16.33%. Moreover, the PM6:PZC17-based large-area
device of 1 cm? also achieved an excellent PCE of 15.14%, which
represents one of the best results for all-polymer large-area
devices. Our work highlights the great potential of CH-series

Table 3. Total energy loss values and different contributions in organic solar cells based on the SQ limit theory.

Device Eg“) [eV] Voc [V] Vocysqb) V] Vocrad® [V] AE, [eV] AE,; [eV] AE;Y [eV] AE:®) [eV] Ejoss [€V]
PM6:PZC16 1.460 0.861 1.195 1.127 0.265 0.068 0.266 0.291 0.599
PM6:PZC17 1.460 0.926 1.195 1.132 0.265 0.063 0.206 0.236 0.534

a)Eg was determined by the crossing point between optical absorption and EL spectra of the blend film; b)voc,sq is calculated according to the SQ limit; 9V, o4 is the Ve
when there is only radiative recombination and is calculated from the EQE, FTPS-EQE, and EL measurements; 9AE; was calculated by q(Vocrad-Voc); 9AE; was obtained

from the equation gAV,,, = -kTInEQEg, by measuring the device EQEg,.
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SMAs and the importance of non-aromatic linkage units in
constructing high-performance PSMAs.
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