
Journal of
Materials Chemistry A

PAPER

Pu
bl

is
he

d 
on

 2
8 

Fe
br

ua
ry

 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
/1

9/
20

26
 1

1:
16

:5
7 

PM
. 

View Article Online
View Journal  | View Issue
Aggregation stat
aDepartment of Polymer Science and Engin

Materials, MOE Key Laboratory of Macrom

Zhejiang University, Hangzhou 310027, P. R

hzchen@zju.edu.cn
bDepartment of Chemistry, Zhejiang Univers
cDepartment of Physics, Chinese University o

999077, P. R. China

† Electronic supplementary information
synthesis, device fabrication, measur
calculations; charge mobilities; AFM; I
patterns. See DOI: https://doi.org/10.1039

‡ S. Wang and T. Chen contributed equal

Cite this: J. Mater. Chem. A, 2023, 11,
6997

Received 22nd December 2022
Accepted 28th February 2023

DOI: 10.1039/d2ta09936e

rsc.li/materials-a

This journal is © The Royal Society o
e tuning via controlling molecular
weights of D–A1–A2 type polymer donors for
efficient organic photovoltaics†

Shanlu Wang,‡a Tianyi Chen,‡a Shuixing Li,*a Lei Ye,b Yuang Fu,c Xinhui Lu,c

Haiming Zhu,b Lijian Zuo, a Minmin Shi a and Hongzheng Chen *a

Thiophene ring-based polymer donors generally face the challenges of high-lying energy levels and

unfavorable aggregation states, thus limiting the performances of thiophene-based organic

photovoltaics (OPVs). Herein, different from the traditional donor–acceptor (D–A) structure, we

proposed a novel molecular design strategy of polymer donors by constructing a D–A1–A2 structure to

achieve deep-lying energy levels, yielding PQC-TL, PQC-TM and PQC-TH, whose aggregation states in

films could be controlled via molecular weights. A comparable study was performed by pairing these

polymer donors with a newly synthesized monochlorinated non-fullerene acceptor L8-Cl. It's found that

increasing the molecular weights of polymer donors leads to strengthened aggregation and reduced

miscibility between the donor and acceptor, thus manipulating the domain sizes and crystallinity in

polymer donor:L8-Cl blend films. An OPV device based on a PQC-TM donor with a medium molecular

weight achieves a good balance between high crystallinity for efficient charge transport and suitable

domain sizes for least charge recombination, thus enabling the highest efficiency of 15.0%, much higher

than those (12.7% and 11.3%) of PQC-TL and PQC-TH-based devices. Anyway, this work demonstrates

D–A1–A2 as a feasible molecular structure for designing efficient thiophene ring-based polymer donors

and shows the critical role ofmolecular weight in controlling the aggregation state and device performance.
1 Introduction

Organic photovoltaics (OPVs) have increasingly attracted the
interests of researchers due to their inherent advantages, such
as light weight, solution processability, and exible large-area
manufacturing.1–10 Owing to the continuous development of
polymer donors and non-fullerene acceptors (NFAs), such as
state-of-the-art Y-series molecules,11–14 the power conversion
efficiency (PCE) of OPVs has gradually exceeded 19%.10,15–21 A
key factor in determining the efficiencies of OPVs is the bulk-
heterojunction (BHJ) blend morphology, which requires the
formation of interpenetrating networks with suitable domain
sizes and superior charge transport properties.22–24 According to
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intrinsic material properties, polymer donors play the main role
in constructing the basic framework of an interpenetrating
network via the temperature-dependent aggregation (TDA)
behavior.25–30 However, to obtain the optimized device perfor-
mance, different TDA situations of polymer donors are required
when pairing with varied electron acceptors. The preag-
gregation properties of a polymer donor, normally character-
ized by solution absorption change at varied temperatures, play
an important role in affecting the domain sizes for balancing
efficient charge separation and charge transport.31–33 For
example, to match small molecule NFAs normally featuring
over-aggregation, polymer donors with strong solution preag-
gregation properties even at high temperatures, e.g., PM6, are
good choices, so as to tune the domain sizes for avoiding the
over aggregation of NFAs.34 For polymer acceptors that tend to
over-mix with polymer donors, the preferred polymer donors
should have medium aggregation ability, e.g., PQM-Cl, so as to
avoid over mixing for maintaining good domain purity.30

Obviously, aggregation state turning of polymer donors plays
a critical role in affecting the device performance.35–38

In the design of donor–acceptor (D–A) type polymer donors
with TDA behavior, the benzodithiophene (BDT) unit is the
most popularly used D building block but requires complex
synthetic procedures. Relatively, the thiophene unit is a more
economic D building block. Recently, thiophene rings as D
J. Mater. Chem. A, 2023, 11, 6997–7005 | 6997
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building blocks also showed their potential in achieving high
efficiencies.39–43 Duan et al. reported that by combining
a terpolymer with a ternary strategy, PCE over 17% could be
realized in polythiophene derivative based OPVs.42 On the other
hand, the choices of A building blocks are diverse. When Y-
series molecules became state-of-the-art NFAs, large p-conju-
gated electron-decient units, such as dithieno[3′,2′:3,4;2′′,3′
′:5,6]benzo [1,2-c][1,2,5]thiadiazole (DTBT), emerged as
outstanding units to construct polymer donors, such as D18.44

Such large p-conjugated electron-decient units not only help
tune the TDA behavior, but also bring high luminescent prop-
erties, thus being a good choice as an A building block to design
polymer donors.37 The above two aspects inspire us to explore
the possibility of combining a simple thiophene ring with
a large p-conjugated electron-decient unit for designing
polymer donors and unveil the relationship between the
aggregation state and device performance.

Generally, thiophene ring-based polymer donors will face the
issue of high-lying energy levels, thus limiting the achievement
of high voltage.40 To solve such a problem, based on the tradi-
tional D–A structure, we here propose the combination of two
different electron decient units A1 and A2 as a whole “A” part to
form D–A1–A2 type molecular structure arrangement. Herein,
Fig. 1 (a) Molecular structures of PQC-TL/M/H and L8-Cl. (b) Geometri
level diagram of the donors and L8-Cl acceptor. (d) Normalized absorp
Temperature-dependent absorption spectra of PQC-TL, PQC-TM, and P

6998 | J. Mater. Chem. A, 2023, 11, 6997–7005
ester functionalized thiophene45–48 and dithieno[3,2-f:2′,3′-h]
quinoxaline (DTQx) units28,30 are selected as A1 and A2, respec-
tively, and connected together as the whole electron-
withdrawing part. Aer polymerizing the above whole
electron-withdrawing part with a single thiophene ring, a novel
wide bandgap polymer donor PQC-T was obtained and three
different batches of PQC-T were synthesized with increased
molecular weights of 22.0 kg mol−1, 44.2 kg mol−1 and 59.1 kg
mol−1, which are then named PQC-TL, PQC-TM and PQC-TH,
respectively, to perform a systematic study on how molecular
weight affects the aggregation state of polymer donors and
relevant device performance. And their molar-mass dispersities
(ĐM = Mw/Mn) were measured to be 2.44 for PQC-TL, 3.22 for
PQC-TM and 3.08 for PQC-TH. It's unveiled that molecular
weight is a critical factor in tuning the aggregation state of
polymer donors, thus manipulating properties including the
miscibility between the donor and acceptor, domain sizes, and
crystallinity, nally having an effect on device performance.
Aer optimization, an optimal PCE of 15.0% was achieved in
PQC-TM:L8-Cl-based OPVs, representing D–A1–A2 as a feasible
strategy for designing efficient thiophene ring-based polymer
donors and the importance of controlling the molecular weight
of polymer donors.
c structures and ESP of trimer QC-T determined using DFT. (c) Energy
tion spectra of the polymer donors and L8-Cl acceptor films. (e)–(g).
QC-TH in toluene.

This journal is © The Royal Society of Chemistry 2023

https://doi.org/10.1039/d2ta09936e


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
8 

Fe
br

ua
ry

 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
/1

9/
20

26
 1

1:
16

:5
7 

PM
. 

View Article Online
2 Results and discussion
2.1. Synthesis and characterization

Fig. 1a shows the chemical structures of the designed D–A1–A2

type polymer donors, which are named PQC-TL, PQC-TM, PQC-
TH, respectively, according to their varied molecular weights
(22.0 kg mol−1 for PQC-TL, 44.2 kg mol−1 for PQC-TM, and 59.1
kg mol−1 for PQC-TH, Fig. S1†), and synthesized Y-series NFA
L8-Cl for pairing with. The synthetic details of polymer donors
and L8-Cl are described in the ESI.† Density functional theory
(DFT) calculations were performed to obtain the geometry and
electrostatic potential (ESP) information of the trimer for rele-
vant polymer donors (Fig. 1b). It's found that such D–A1–A2

arrangement enables a planar backbone with dihedral angles of
15.00° between D and A1 and 24.96° between A1 and A2. Besides,
the main backbone of the trimer presents an overall negative
ESP, reecting its electron-donating properties as a donor
(Fig. S2†).

To examine the effects of molecular weight on the photo-
physical properties of polymer donors, cyclic voltammetry (CV)
measurement was rst performed to check the energy levels
(Fig. S3†). A gradual li of the highest occupied molecular
orbital (HOMO) level was observed from −5.49 eV to −5.48 eV,
and then to −5.46 eV for PQC-TL, PQC-TM and PQC-TH with
sequentially increased molecular weights. As for the lowest
unoccupied molecular orbital (LUMO) level, PQC-TM and PQC-
TH possess the same value of −3.57 eV, a bit deeper than that
(−3.53 eV) of PQC-TL. Obviously, these three batches of polymer
donors can match well with the NFA L8-Cl in energy levels
(Fig. 1c).
Fig. 2 (a) J–V characteristics, (b) EQE curves, (c) Jph–Veff curves, and (d)
PQC-TL:L8-Cl, PQC-TM:L8-Cl and PQC-TH:L8-Cl. (e) Time-resolved
TM:L8-Cl, PQC-TH:L8-Cl and L8-Cl films excited at 550 nm. (f) TRPL d
550 nm.

This journal is © The Royal Society of Chemistry 2023
Then absorption properties were studied to explore the
aggregation state variation of these polymer donors (Fig. 1d and
S4†). It's found that these three polymer donors have the same
absorption edge of 651 nm in lm, corresponding to an optical
bandgap of 1.90 eV, complementary to the absorption of L8-Cl
(Fig. S5†), but a stronger 0–0 peak and a narrower absorption
window are presented for PQC-TM, indicating better molecular
packing for PQC-TM. It's also well known that TDA behavior in
solution is an important factor in the design of polymer
donors.49 We then checked temperature-dependent absorption
spectra in toluene (0.0125 mg mL−1) for these polymer donors
(Fig. 1e–g). With the increase in temperature from 20 °C to 100 °
C, PQC-TL undergoes the most obvious blue-shiing in
absorption, representing strong preaggregation only at room
temperature but not at high temperature, while PQC-TM shows
the least blue-shiing in absorption, representing stronger
preaggregation at both room temperature and high tempera-
ture. The above results indicate that molecular weight is a crit-
ical factor in tuning the aggregation state of polymer donors.
2.2. Photovoltaic properties

To investigate the photovoltaic performance of OPVs based on
these three polymer donors and NFA L8-Cl, a conventional
device architecture of ITO/PEDOT:PSS (poly(3,4-
ethylenedioxythiophene) poly(styrene sulfonate))/active layer/
PDINN/Ag was applied. The optimized conditions were found
to be a D : A weight ratio of 1 : 1.2, the addition of 0.5% 1-
chloronaphthalene (CN), and thermal annealing of 90 °C for
10 min (Tables S1–S3†). The champion J–V curves of the opti-
mized devices are displayed in Fig. 2a, and the relevant
dependence of current density on light intensity of the OPVs based on
photoluminescence (TRPL) decay kinetics of PQC-TL:L8-Cl, PQC-
ecay kinetics of PQC-TL, PQC-TM, and PQC-TH neat films excited at

J. Mater. Chem. A, 2023, 11, 6997–7005 | 6999
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Table 1 Photovoltaic parameters of optimized OPVs based on PQC-TL:L8-Cl, PQC-TM:L8-Cl and PQC-TH:L8-Cl blends

Blend VOC
a (V) JSC (mA cm−2) Jcal

b (mA cm−2) FF (%) PCE (%) Eloss
c (eV) Rs (U) Rp (U)

PQC-TL:L8-Cl 0.921 (0.918 � 0.002) 20.84 (20.53 � 0.32) 20.00 66.06 (65.77 � 0.41) 12.7 (12.4 � 0.2) 0.48 131.92 62 158.71
PQC-TM:L8-Cl 0.906 (0.900 � 0.003) 24.73 (24.53 � 0.21) 23.93 67.05 (66.76 � 0.50) 15.0 (14.7 � 0.2) 0.49 115.64 23 757.46
PQC-TH:L8-Cl 0.889 (0.887 � 0.003) 22.93 (22.69 � 0.42) 22.85 55.31 (54.90 � 0.61) 11.3 (11.0 � 0.2) 0.51 166.49 8379.05

a Average values with standard deviation in brackets were acquired from at least ten independent devices. b Calculated current density from the EQE
curve. c Energy loss calculated with the equation Eloss = Eg − qVOC.
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photovoltaic parameters are summarized in Table 1. With
increasing molecular weight, a sequentially decreasing open-
circuit voltage (VOC) from 0.921 V to 0.906 V, and then to
0.889 V was observed for devices based on PQC-TL, PQC-TM and
PQC-TH, which conform to the variations in the HOMO levels of
these polymer donors.We then determined the energy loss
(Eloss) values with the equation Eloss = Eg − qVOC, in which Eg is
determined using the absorption onset of narrower bandgap
material, L8-Cl here (1.40 eV).50,51 Correspondingly, Eloss values
were calculated to be 0.48 eV, 0.49 eV and 0.51 eV for PQC-
TL:L8-Cl, PQC-TM:L8-Cl, and PQC-TH:L8-Cl-based OPVs,
respectively. The gradually increased energy loss might be
attributed to the reduced offset between the HOMO level of the
donor and LUMO level of the acceptor.

Besides the effect of VOC on device performance, obvious
differences are also present in the short-circuit current density
(JSC) and ll factor (FF). PQC-TM:L8-Cl-based OPVs demon-
strated the highest JSC of 24.73 mA cm−2 as well as the highest
FF of 67.05%, thereby the highest PCE of 15.0%, while lower
efficiencies of 12.7% and 11.3% were presented in PQC-TL:L8-
Cl-based and PQC-TH:L8-Cl-based OPVs, respectively. As
shown in Table 1, the lower series resistance (RS) or higher
parallel resistance (RP) for the PQC-TL:L8-Cl-based device and
PQC-TM:L8-Cl-based device could be the reason why these two
devices possessed an obviously better FF than the PQC-TH:L8-
Cl-based one.52 The above results indicate that the molecular
weight of a polymer donor plays a critical role in affecting the
photovoltaic parameters, especially JSC and FF.

External quantum efficiency (EQE) spectra were measured
for cross-checking the photocurrent generation as detected in J–
V curves. It's found that PQC-TM:L8-Cl-based and PQC-TH:L8-
Cl-based devices show obvious higher photo-response in the
broad range of 450–800 nm, thus enabling higher photocurrent
than the PQC-TL:L8-Cl-based device, representing that a rela-
tively high molecular weight is required for ensuring high
photocurrent. The integrated current densities (Jcal) are found
to be 20.00, 23.93 and 22.85 mA cm−2, consistent with the JSC
values obtained from J–V curves.

Mobility properties were studied through the space-charge-
limited current (SCLC) method by applying an architecture of
ITO/PEDOT:PSS/active layer/MoO3/Ag for hole-only devices and
an architecture of ITO/ZnO/active layer/PDINN/Ag for electron-
only devices, and the results are provided in Fig. S6 and Table
S4.† The PQC-TM:L8-Cl-based device possesses the highest
electron mobility of 10.14 × 10−5 cm2 V−1 s−1 and also the most
balanced hole/electron mobility ratio, which should be partly
7000 | J. Mater. Chem. A, 2023, 11, 6997–7005
responsible for the achievement of higher JSC and FF, relative to
PQC-TL:L8-Cl-based and PQC-TH:L8-Cl-based devices.

To investigate the exciton dissociation and charge collection
processes in the devices, the photocurrent density (Jph) versus
effective voltage (Veff) curves were measured and the results are
shown in Fig. 2c. The Jph was determined using: Jph = JL − JD,
where JL and JD are the current density under light and dark
conditions, respectively. Veff is dened as V0 − Vbias, where V0
corresponds to the voltage where Jph = 0 and Vbias is the applied
voltage.53 Here, saturation photocurrent density (Jsat) was
reached when Veffwasz2.9 V for all devices. The OPVs based on
PQC-TL:L8-Cl, PQC-TM:L8-Cl, and PQC-TH:L8-Cl blends
showed Pdiss/Pcoll values of 90.77%/87.59%, 98.96%/96.92% and
90.46%/85.31%, respectively (Table S5†). Obviously, the PQC-
TM:L8-Cl-based device presented the highest Pdiss/Pcoll values,
indicating more efficient exciton dissociation and charge
collection.54 Thus, the PQC-TM:L8-Cl-based devices exhibited
better performance.

Charge recombination situations were then examined by
measuring the J–V curves at various light intensities (Plight) (see
Fig. S7†). The relationship between JSC and Plight is dened as JSC
f Plight

a; a higher a value means less bimolecular recombina-
tion.55 As shown in Fig. 2d, a values were calculated to be
0.993,1.00 and 0.995 for PQC-TL:L8-Cl-based, PQC-TM:L8-Cl-
based and PQC-TH:L8-Cl-based devices, respectively, which
suggests less bimolecular recombination loss in the PQC-
TM:L8-Cl-based devices. Furthermore, the relationship
between VOC and Plight can be dened as VOC f nkT/q ln(Plight),
where k, T, and q are the Boltzmann constant, absolute
temperature and elementary charge, respectively. When the n
value is close to 1, the bimolecular recombination is the major
recombination pathway, while trap-assisted recombination
dominates when the n value is close to 2.56 As shown in Fig. S8,†
the n values were 1.114, 1.109 and 1.234 kT/q for the devices
based on PQC-TL:L8-Cl, PQC-TM:L8-Cl and PQC-TH:L8-Cl,
respectively. The lowest n value demonstrated that the trap-
assisted recombination was most efficiently suppressed in the
PQC-TM-based device, which is well consistent with the higher
charge carrier mobility and higher FF in the PQC-TM-based
device. The more efficient exciton dissociation and charge
collection, higher charge transport, and lower charge carrier
recombination synergistically contribute to the better device
performance of PQC-TM:L8-Cl-based OPVs.

To investigate the charge behavior in D:A blends, we
measured time-resolved photoluminescence (TRPL) decay
kinetics for neat and blend lms and the results are shown in
This journal is © The Royal Society of Chemistry 2023
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Fig. 2e and f. Obviously, compared to the long PL lifetime of the
L8-Cl neat lm (0.886 ns), all three blends show similar shorter
PL lifetimes of 0.103 ns, conrming the high exciton dissociation
efficiency in D:A blends as discussed before. What's more, as
depicted in Fig. 2f, the PQC-TM neat lm reveals a longer PL
lifetime (0.602 ns) than the PQC-TL (0.346 ns) and PQC-TH (0.481
ns) neat lms, suggesting less defect state mediated charge
recombination in the PQC-TM:L8-Cl blends,57 which agrees well
with the optimized charge recombination behaviors in PQC-
TM:L8-Cl-based devices, and thus achieved a higher PCE.
2.3. Morphological analysis

Atomic force microscopy (AFM) was applied to investigate the
surface morphological properties, and the results are depicted
Fig. 3 SNOM images of the corresponding D:A blend films based on pea
1712 cm−1 (PQC-TL component in the PQC-TL:L8-Cl blend), (d) 1531 cm−

TM component in the PQC-TM:L8-Cl blend), (g) 1531 cm−1 (L8-Cl co
component in the PQC-TH:L8-Cl blend). (c) The combined image of (a)
(e) for the PQC-TM:L8-Cl blend. (i) The combined image of (g) and (h) f

This journal is © The Royal Society of Chemistry 2023
in Fig. S9.† With increasing molecular weight, the bril feature
becomes more and more obvious, especially for PQC-TH,
implying improved crystallinity. In blend lms, PQC-TM:L8-Cl
shows the best bi-continuous interpenetrating network with
the smallest root-mean-square (RMS) roughness of 0.89 nm,
relative to PQC-TL:L8-Cl and PQC-TH:L8-Cl blends.

To further evaluate the detailed donor/acceptor phase
segregation in the blend lms of PQC-TL:L8-Cl, PQC-TM:L8-
Cl,and PQC-TH:L8-Cl, we conducted the scanning near-eld
optical microscopy (SNOM) measurement.38 For distinguish-
ing the donor or acceptor components, we rst measured the
infrared (IR) absorption spectra of the donor and acceptor
individually (Fig. S10†) and found correlative characteristic
peaks at wavenumbers of 1712 cm−1 for PQC-T and 1531 cm−1
ks at (a) 1531 cm−1 (L8-Cl component in the PQC-TL:L8-Cl blend), (b)
1 (L8-Cl component in the PQC-TM:L8-Cl blend), (e) 1712 cm−1 (PQC-
mponent in the PQC-TH:L8-Cl blend), and (h) 1712 cm−1 (PQC-TH
and (b) for the PQC-TL:L8-Cl blend. (f) The combined image of (d) and
or the PQC-TH:L8-Cl blend.

J. Mater. Chem. A, 2023, 11, 6997–7005 | 7001
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for L8-Cl, respectively.58 Then, combined with the AFM results,
mapped SNOM images were obtained as shown in Fig. 3.
Obviously, the PQC-TH:L8-Cl blend shows larger domain sizes
than the PQC-TL:L8-Cl and PQC-TM:L8-Cl blends, which origi-
nated from the aggregation of polymer donor PQC-TH.
Considering the increased crystallinity from PQC-TL:L8-Cl to
PQC-TH:L8-Cl blends as indicated in AFM images (Fig. S9†), the
PQC-TM:L8-Cl blend not only possesses high crystallinity, but
also reserves suitable domain sizes in a reasonable range.
Table 2 Surface free energy (SFE) characteristics of the neat films

Film qCH2I2 (°) qwater (°) gd (mJ cm−2

PQC-TL 61.61 99.87 27.06
PQC-TM 63.50 99.56 25.72
PQC-TH 65.34 98.79 24.31
L8-Cl 42.97 94.53 38.10

a cD�A ¼ ð ffiffiffiffiffiffi

gD
p � ffiffiffiffiffiffi

gA
p Þ2.

Fig. 5 (a–c) 2D GIWAXS patterns of D:A blend films. (d–e) The correspo
directions extracted from 2D GIWAXS patterns.

Fig. 4 Contact angle images of various films with water and diiodo-
methane droplets on top.

7002 | J. Mater. Chem. A, 2023, 11, 6997–7005
To explore the reasons causing the above phase separation
situations, contact angle experiments were performed to study
the miscibility between the donors and acceptor. The results
can be found in Fig. 4 and Table 2. The miscibility properties
between the donor and acceptor are characterized using the
Flory–Huggins parameter (c), and a higher value of c represents
a reduced miscibility.59,60 It's found that the value of cD–A is
increased from 0.88 for the PQC-TL:L8-Cl blend to 1.10 for the
PQC-TM:L8-Cl blend, and then to 1.34 for PQC-TH:L8-Cl, indi-
cating that higher molecular weight of a polymer donor will lead
to lower miscibility with an acceptor, thus benecial for higher
crystallinity, nally resulting in various situations in domain
sizes. However, overly large domain sizes should also be avoi-
ded for reducing monomolecular recombination as shown
above.

Furthermore, grazing-incidence wide-angle X-ray scattering
(GIWAXS) characterization was conducted to understand how
the molecular weight of a polymer donor affects crystallinity
and orientation.61,62 The results are depicted in Fig. 5, S11 and
Table S6.† For neat lms, all three polymer donors adopt
dominant face-on orientation with the p–p stacking peaks
) gp (mJ cm−2) SFEg (mJ cm−2) cD–Aa

0.68 27.74 0.88
0.87 26.59 1.10
1.20 25.51 1.34
0.43 38.53 —

nding intensity profiles along the out-of-plane (OOP) and in-plane (IP)

This journal is © The Royal Society of Chemistry 2023

https://doi.org/10.1039/d2ta09936e


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
8 

Fe
br

ua
ry

 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
/1

9/
20

26
 1

1:
16

:5
7 

PM
. 

View Article Online
located at 1.79 Å−1 (d = 3.51 Å) for PQC-TL and 1.78 Å−1 (d =

3.53 Å) for both PQC-TM and PQC-TH, respectively, in the out-
of-plane (OOP) direction, while in the in-plane (IP) direction,
besides the (100) lamellar peak at 0.25 Å−1 (d = 25.12 Å), both
(200) and (300) high ordering diffraction peaks can be observed,
representing high crystallinity for these three batches of poly-
mer donors. In terms of crystallinity, PQC-TM and PQC-TH
lms are stronger than PQC-TL. As for the L8-Cl lm, it also
shows a face-on orientation with the p–p stacking peak located
at 1.73 Å−1 (d = 3.63 Å). When polymer donors are blended with
L8-Cl, face-on orientation is retained with the p–p stacking
peaks at 1.77 Å−1 (d = 3.55 Å) for both PQC-TL:L8-Cl and PQC-
TM:L8-Cl blends and 1.78 Å−1 (d= 3.53 Å) for the PQC-TH:L8-Cl
blend. In terms of crystallinity, PQC-TM:L8-Cl and PQC-TH:L8-
Cl blends possess higher crystallinity than the PQC-TL:L8-Cl
blend, conforming to the results shown in AFM images.
Besides, grazing-incidence small-angle X-ray scattering
(GISAXS) measurement was also performed to detect whether
varied aggregation states of polymer donors affect the acceptor
domain sizes, and the results are displayed in Fig. 5f, S12 and
Table S7.†62 Although all three blend lms show a similar size of
pure acceptor domains, as indicated by their similar 2Rg values,
the size of amorphous intermixed domains (Xdab) decreases
monotonically from 21 nm to 14.7 nm with increasing Mn of
polymer donors. This implies that the enhanced crystallinity of
polymer donors suppresses the formation of intermixed
domains, consistent with the suppressed recombination.
Notably, the PQC-TM based system with a suitable degree of
crystallinity and interfacial area achieves a balance between
charge generation and transport, resulting in its superior JSC
and FF, and thus a highest PCE among the three blend systems
studied. It can be seen that controlling molecular weights of
polymer donors enables the tuning of the aggregation state and
miscibility, thus resulting in various crystallinities and domain
sizes. A suitable molecular weight polymer donor should be the
one with a good balance between high crystallinity and suitable
domain sizes.

3 Conclusions

In summary, we here propose a novel design of polymer donors
with a D–A1–A2 type molecular structure, and three batches of
polymer donors were synthesized with low, medium and high
molecular weights, yielding PQC-TL, PQC-TM and PQC-TH,
respectively. Besides, a monochlorinated NFA L8-Cl was also
developed to pair with the designed polymer donors. It was
found that aggregation states of polymer donors were well
manipulated by controlling the molecular weight. A reduced
miscibility between the donor and acceptor was achieved with
increased molecular weights of polymer donors, due to which
crystallinity and domain sizes were thereby regulated. PQC-TM
with a medium molecular weight of 44.2 kg mol−1 was found to
be a better choice in both maintaining high crystallinity for
charge transport and forming suitable domain sizes for charge
separation, relative to low molecular weight PQC-TL or high
molecular weight PQC-TH. As a result, an optimal PCE of 15.0%
was achieved in PQC-TM:L8-Cl-based OPVs, much higher than
This journal is © The Royal Society of Chemistry 2023
those (12.7% and 11.3%) of PQC-TL:L8-Cl-based and PQC-
TH:L8-Cl-based OPVs. This work not only demonstrates D–A1–

A2 as a feasible molecular structure for designing polymer
donors, but also veries the critical role of molecular weight in
aggregation state tuning of polymer donors.
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