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ABSTRACT: The two-dimensional side groups on benzodithiophene, especially thiophene derivatives, play a critical role in
tailoring the bandgap, interchain packing, and photovoltaic outcomes of the most successful polymer donors. In light of the highly
similar five-membered ring but vastly different electron-deficient properties, thiazole is expected to not only inherit the ability of the
thiophene side group in conformation control but also be beneficial for constructing wide-bandgap polymer donors with deeper
highest occupied molecular orbitals (HOMOs). Herein, two isomeric polymers (PBDT-oTz and PBDT-iTz) with different thiazolyl
orientations on benzodithiophene are explored. A systematic investigation reveals that PBDT-oTz, featuring thiazolyl nitrogen far
from benzodithiophene, achieves a deeper HOMO and appropriate molecular aggregation compared with its PBDT-iTz counterpart.
Consequently, the PBDT-oTz-based device affords an excellent power conversion efficiency of 15.02%, much better than the 6.39%
for PBDT-iTz. These results manifest the great effectiveness of thiazole in constructing high-performance wide-bandgap polymer
donors.

■ INTRODUCTION
As an emerging photovoltaic technology, polymer solar cells
(PSCs) have unique advantages, such as being lightweight,
flexible, bendable, and easy to fabricate by low-cost solution
processing.1−5 Therefore, PSCs have aroused extensive
attention from both academia and industry. Recently, profiting
from the rapid development of fused-ring nonfullerene
acceptors (Y series),3,5 PSCs have significantly improved
power conversion efficiencies (PCEs) by over 20%.6 However,
in sharp contrast to the plenty of high-performance non-
fullerene acceptor (NFA) materials, the development of donor
materials is relatively lagging behind.7,8 The main reason is that
the structure−property relationship between the polymer
structure and optoelectronic properties is a challenging topic;
in addition, the batch problem of polymer materials is difficult
to control.9 Currently, the most widely used polymer donor
materials are PBDB-T and its derivatives. PBDB-T-type
polymers include two parts: the electron-donating (D) moiety
based on benzodithiophene (BDT) and the electron-accepting
(A) moiety based on benzodithiophenedione (BDD).10 In the

era of fullerene acceptor, Hou and co-workers introduced the
concept of two-dimensional (2D) conjugated side group on
BDT units.11,12 The study found that introducing the
conjugated side groups could make polymers exhibit red-
shifted absorption spectra, lower highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energy levels, better thermal stabilities, and
significantly higher hole mobility, further realizing high PCE
values. At present, researchers generally use thiophene and
their derivatives, such as fluorinated thiophene, as the
conjugated side chains of BDT. Although fluorinated
thiophene is very efficient, obtaining the target monomers
usually causes a tedious and costly procedure.10 Therefore, the
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development of easier and cheaper chemical building blocks is
also of great importance.

In light of the much-enhanced light absorption of NFAs
compared to fullerenes, at present, it will be better if polymer
donors could possess a broad absorption spectrum at short
wavelengths and deep HOMO.2,13,14 In this way, the resulting
polymer donors will better match the current high-perform-
ance NFAs at the aspect of both absorption and energy levels.5

Compared with thiophene, the thiazolyl unit has a highly
similar five-membered ring but vastly different electron-
deficient properties. Therefore, thiazole is expected to not
only inherit the ability of the thiophene side group in
conformation control but also be beneficial for constructing

wide-bandgap polymer donors with deeper HOMOs, which is
beneficial for obtaining larger open-circuit voltages in the
resulting PSCs. However, only a few studies have reported
using thiazolyl as the conjugated side group of BDTs thus far.15

In our group’s previous work, the thiazolyl-substituted BDT
units were applied to construct A−D−A-type small-molecule
donor materials and achieved an excellent photoelectric
conversion performance.16,17 In fact, the design principles of
small molecules and polymer optoelectronic materials are
interconnected. Therefore, it is also quite promising to develop
highly efficient polymer donor materials based on thiazolyl side
groups.

Figure 1. (a) Molecular structure of two polymer donors. (b) Optimized molecular geometries of oTz and iTz. (c) Absorption spectra of PBDT-
oTz and PBDT-iTz in chloroform solutions and solid films. (d) Energy alignments of PBDT-oTz, PBDT-iTz, and BTP-eC9.

Scheme 1. Synthetic Route of Two Polymer Donors
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In this study, the alkylthio-substituted thiazoles were first
introduced into the BDT units. As a result, two isomeric
polymer donors PBDT-oTz and PBDT-iTz were afforded by
adjusting the orientation of the N atom in thiazolyl rings
(Figure 1a). Interestingly, despite their similar conjugated
skeletons, the inherent properties of PBDT-oTz and PBDT-
iTz, such as optical and aggregation properties, are markedly
different. In particular, PBDT-oTz shows more blue-shifted
absorptions, lower HOMO levels, and appropriate preaggre-
gation behavior in solutions. When blended with a BTP-eC9
acceptor, the PBDT-oTz-based PSCs yield a superior PCE of
15.02%. On the contrary, the PCE of PSCs based on PBDT-
iTz is quite low (only 6.39%). The success of PBDT-oTz
preliminarily suggests that thiazolyl is another highly efficient
conjugated side group of BDT after the thiophene and benzene
rings. Furthermore, two structurally similar thiazole isomers
exhibit great differences in performance, demonstrating that
polymer properties can be effectively improved by adjusting
the orientation of the nitrogen atom.

■ RESULTS AND DISCUSSION
Synthesis and Characterizations. The synthetic routes

to the two polymer donors are presented in Scheme 1.
Compounds 1, 3, 4, 7, and 12 were purchased and used
without any additional purifications. Compound 2 was
synthesized according to the literature with excellent yield.18

Compounds 5 and 6 were synthesized through a nucleophilic
substitution reaction between compound 2 and compounds 3/
4. Then, compounds 5/6 and 7 underwent a Michael addition
reaction to yield compounds 8 and 9. Afterward, compounds 8
and 9 were treated with trimethyltin chloride and n-
butyllithium to obtain the corresponding stannide. Unfortu-
nately, pure stannide cannot be obtained through recrystalliza-
tion, which will affect the high-quality polymerization greatly.
Therefore, we further synthesized bromides 10 and 11 from
compounds 8 and 9, respectively. Finally, stepwise polymer-
ization based on the Stille-coupling process reaction was
carried out successfully between compounds 10/11 and
compound 12 to afford polymer donors PBDB-oTz and
PBDB-iTz, respectively. The polymerization progress was
monitored by the molar amounts of monomers and the
system viscosity. The ideal target polymer was obtained when
the system color turned dark blue and was slightly soluble in
dichloromethane. Both polymers have good solubility in
chloroform and chlorobenzene. The detailed synthetic
procedures are described in the Supporting Information. As
shown in Figure S1, the molecular weight (Mn) and
polydispersity index (PDI) of PBDT-oTz and PBDT-iTz
were determined to be 43.7/3.45 and 49.4/2.59 kDa,
respectively, by a high-temperature gel permeation chromatog-
raphy (GPC). Thermogravimetric analysis (TGA) measure-
ments demonstrate that the two polymers exhibit outstanding
thermal stability with 5% weight loss at 350 and 354 °C for
PBDT-iTz and PBDT-oTz, respectively (Figure S2).

Optical and Electrochemical Properties. To reveal the
influence of the isomer-thiazolyl on the torsion of conjugated
backbones, density functional theory (DFT) calculations were
performed on D units (iTz and oTz) using the B3LYP/6-31G
(d) level of theory. As shown in Figure 1b, the optimal
conformation of oTz exhibits a dihedral angle of 59° between
thiazolyl and BDT. However, iTz exhibits a significantly
smaller dihedral angle of 24°, which should be attributed to
smaller spatial hindrances caused by removed hydrogen atoms.

The significant difference in the planarity of this conjugated
skeleton may lead to significant variations in optoelectronic
properties, which we will investigate in detail below. The
ultraviolet−visible (UV−vis) absorption spectra of two
polymers in solutions and film states are shown in Figure 1c,
and the relevant data are summarized in Table 1. The PBDT-

iTz shows an absorption peak at 612 nm and indistinct
shoulder peaks at approximately 578 nm in diluted chloroform
solutions. After the nitrogen atom is moved in thiazolyl,
PBDT-oTz exhibits slightly blue-shifted absorption peaks at
609 nm and distinct shoulder peaks at 568 nm in diluted
chloroform solutions. Compared to the PBDT-oTz, the
PBDT-iTz shows a red-shift absorption spectrum in diluted
chloroform solutions, which should result from the PBDT-iTz
exhibiting a small dihedral angle between BDT and thiazolyl
side groups, resulting in a better delocalization of electrons on
the iTz unit.19 In addition, the two polymers exhibit shoulder
peaks at long wavelengths, which indicates that both polymers
have appropriate preaggregation behavior in diluted chloro-
form solutions. Such polymer preaggregation is beneficial for
forming pure domains with appropriate molecular packing
structures in blend films.20 In the solid film state, PBDT-iTz
shows absorption peaks at 636 nm, and PBDT-oTz shows
significant blue shift absorption peaks at 619 nm, which can
better match with high-performance narrow bandgap acceptors
currently. From the solution to film state, the absorption
spectra of PBDT-oTz and PBDT-iTz show significant red
shifts, which is the result of intermolecular stacking in the solid
state. Note that the absorption properties of molecules in the
solid film state depend not only on the molecular structure but
also on the intermolecular interactions caused by the spatial
configuration of molecules.21 Therefore, the significant
variation in the absorption spectra between PBDT-iTz and
PBDT-oTz should be related to the planarity of the molecules.
In particular, PBDT-iTz has stronger intermolecular inter-
action and aggregation ability than PBDT-oTz. This should be
one of the reasons that PBDT-iTz has a significant red-shifted
absorption spectrum compared to PBDT-oTz in solid films.
The energy levels of PBDT-iTz and PBDT-oTz were also
measured by employing cyclic voltammetry (CV) (Figure S3).
Despite the quite different dihedral angles between thiazolyl
and BDT, similar HOMO/LUMO energy levels for PBDT-iTz
and PBDT-oTz could be observed, being −5.38/−3.53 and
−5.43/−3.48 eV, respectively (Figure 1d and Table 1). The
same acceptor unit and very similar donor unit comprising
PBDT-iTz and PBDT-oTz polymers do not change their
electron-donating and electron-deficient capacities greatly,
which should account for the insignificant HOMOs and
LUMOs. It was found that the LUMO level of PBDT-oTz was
slightly higher than that of PBDT-iTz, resulting in sufficient
driving force to enhance the exciton dissociation at the
interfaces of the donors and acceptors. In addition, the upward

Table 1. Optical and Electrochemical Properties of PBDT-
oTz and PBDT-iTz

materials
λmax
sol.

(nm)
λmax
film

(nm)
λonset
film

(nm)
aEg

opt

(eV)
bEg

cv

(eV)
HOMO
(eV)

LUMO
(eV)

PBDT-oTz 609 619 683 1.82 1.95 −5.43 −3.48
PBDT-iTz 612 636 701 1.77 1.85 −5.38 −3.53
aEg is estimated by the equation Eg = 1240/λonset.

bEg is estimated by
the difference between HOMO and LUMO energy levels.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.4c01474
Macromolecules 2024, 57, 8392−8400

8394

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c01474/suppl_file/ma4c01474_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c01474/suppl_file/ma4c01474_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c01474/suppl_file/ma4c01474_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c01474/suppl_file/ma4c01474_si_001.pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.4c01474?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


orientation of the nitrogen atoms in thiazolyl rings lowers the
HOMO energy level of PBDT-oTz than PBDT-iTz.
Furthermore, the PBDT-oTz exhibits a much wider electro-
chemistry bandgap than PBDT-iTz, which should result from
the former exhibiting a more nonplanar conjugate skeleton.
This is consistent with the blue-shifted absorption spectrum in
the PBDT-oTz polymer.

We further tested the hole mobility of PBDT-iTz and
PBDT-oTz neat films, and the results are shown in Figure S4.
The hole mobility of PBDT-iTz is 1.03 × 10−3 cm2 V−1 s−1,
while it is 7.67 × 10−4 cm2 V−1 s−1 for PBDT-oTz. The higher
hole mobility of PBDT-iTz may be due to its more planar
molecular structure and enhanced intermolecular stacking.8

Furthermore, grazing incidence wide-angle X-ray scattering
(GIWAXS) experiments were implemented to reveal the
stacking orientations of polymer donors. As shown in Figure
S5, both polymer films exhibited observable π−π stacking
(010) diffraction peaks in the out-of-plane (OOP) directions,
as well as lamellar stacking (100) diffraction peaks in the in-
plane (IP) directions. These indicate that a face-on orientation
occurred in both pristine polymer films.22 Although the two
polymers showed almost identical π−π stacking distance of
3.72 Å, PBDT-iTz showed a tighter lamellar stacking distance
of 25.12 Å than that of 27.30 Å for PBDT-oTz (Table S1),
which may account for the higher hole mobility of PBDT-iTz.

Photovoltaic Performance. Traditional device structures
(ITO/PEDOT/PSS/Polymer/BTP-eC9/PDINO/Ag) were
fabricated to evaluate the photovoltaic performance of the
two polymers (Figure 2a). The polymers PBDT-iTz and
PBDT-oTz were used as the donor, and BTP-eC9 was selected
as the acceptor.23 We prepared the active layer of the device
using both blending and layer-by-layer strategies,24 finding that
the layer-by-layer process is more suitable for our polymers
(Table S2). This may be related to their strong aggregation
characteristics. The optimized J−V curves and device perform-
ance parameters for PBDT-iTz/BTP-eC9- and PBDT-oTz/
BTP-eC9-based PSCs are exhibited in Figure 2b and Table 2.
Unexpectedly, PSCs based on the more planar PBDT-iTz
actually obtained an inferior PCE of 6.39% with a VOC of 0.833
V, JSC of 19.47 mA cm−2, and FF of 39.39%. Compared with
PBDT-iTz, although PBDT-oTz has suboptimal conjugate
skeleton planarity, the corresponding device achieves a
dramatic improvement in JSC and FF after tuning the nitrogen
atom position in thiazolyl, leading to a higher PCE of 15.02%
(Figure 2c). These results manifested that nitrogen atom
position isomerism regulation in thiazolyl is quite important to
obtain more efficient polymer donors. In addition, the
photoresponse spectra were evaluated by an external quantum
efficiency (EQE) test. The EQE curves of PBDT-iTz/BTP-
eC9 and PBDT-oTz/BTP-eC9-based devices are shown in
Figure 2d. The weak photoresponse of PBDT-iTz-based

Figure 2. (a) Device structure studied here. (b) J−V characteristics, (c) statistical distribution results of PCE from 10 independent devices, and (d)
EQE spectra of PBDT-oTz and PBDT-iTz-based devices.

Table 2. Optimized Device Performance Data of PBDT-oTz- and PBDT-iTz-Based Devices with BTP-eC9 as Acceptor under
the Illumination of 100 mW cm−2a

active layers VOC (V) FF (%) JSC (mA cm−2) bJSCcal. (mA cm−2) PCE (%)

PBDT-oTz 0.830 (0.832 ± 0.006) 68.56 (68.48 ± 1.29) 26.41 (25.82 ± 0.47) 25.45 15.02 (14.81 ± 0.18)
PBDT-iTz 0.833 (0.831 ± 0.003) 39.39 (39.12 ± 0.16) 19.47 (19.03 ± 0.29) 18.17 6.39 (6.19 ± 0.11)

aThe average photovoltaic parameters were calculated from 10 independent devices. bCurrent densities were calculated from EQE plots.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.4c01474
Macromolecules 2024, 57, 8392−8400

8395

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c01474/suppl_file/ma4c01474_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c01474/suppl_file/ma4c01474_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c01474/suppl_file/ma4c01474_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c01474/suppl_file/ma4c01474_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c01474/suppl_file/ma4c01474_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01474?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01474?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01474?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01474?fig=fig2&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.4c01474?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


devices results in relatively low JSC and performance. The
better photoelectric conversion capability of PBDT-oTz-based
devices should be related to the more ideal carrier dynamics
transport process in the blended films.

Charge Dynamic Analysis. The charge recombination
process of the two systems was investigated by measuring the
JSC and VOC under light of different intensities (Plight) as shown
in Figure 3a,b. The relationship between JSC and Plight was
defined as JSC ∝ Plight

α, in which the value of α closing to 1
suggests lower bimolecular recombination.25 The α values of
PBDT-iTz/BTP-eC9 and PBDT-oTz/BTP-eC9 were deter-
mined to be 0.91 and 0.98, respectively. These results indicate
that bimolecular recombination in the PBDT-oTz/BTP-eC9
device could be more effectively suppressed than that in
PBDT-iTz-based devices. In the mensuration of the Plight

dependence of VOC, the slope value could be recognized as a
reasonable estimate of the trap-state assisted charge recombi-
nation.26 The PBDT-iTz- and PBDT-oTz-based devices
showed slopes of 1.26kT/q and 1.12kT/q, respectively. The
smaller slope for PBDT-oTz-based devices unmasks the
suppressed Shockley-Read-Hall recombination under the
open-circuit condition.27 Thus, it is reasonable that PBDT-
oTz-based devices obtained higher JSC and FF. Then, the
photogenerated current density (Jph) against effective voltage
(Veff) is shown in Figure 3c to reveal the behaviors of exciton
dissociation. The exciton dissociation probabilities (Pdiss) of
PBDT-iTz- and PBDT-oTz-based devices can be estimated as
69.4 and 94.6%, respectively, which are consistent with the
enlarged JSC and FF of PBDT-oTz-based PSCs.

Figure 3. (a) Dependences of JSC on Plight of optimized OSCs. (b) Dependences of VOC on the Plight of optimized OSCs. (c) Plots of Jph−Veff. (d)
Transient photocurrent and (d) transient photovoltage measurement for optimized OSCs. (e) Hole and electron mobilities of PBDT-oTz- and
PBDT-iTz-based devices.

Figure 4. (a) AFM height images of PBDT-oTz and PBDT-iTz blended films. (b) 2D GIWAXS images and (c) 1D GIWAXS profiles of PBDT-
oTz and PBDT-iTz blended films.
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Transient photocurrent (TPC) and transient photovoltage
(TPV) were measured to shed light on charge recombination
and extraction behaviors in devices further.28 As shown in
Figure 3d, the PBDT-oTz-based device shows a slightly faster
charge extraction time of 0.43 μs than the device based on
PBDT-iTz (0.65 μs). The charge carrier lifetime (τ) derived
from TPV measurements is 59.7 μs for PBDT-oTz/BTP-eC9,
but only 17.8 μs for PBDT-oTz/BTP-eC9 (Figure 3e),
suggesting greatly suppressed charge recombination in
PBDT-oTz-based devices. We further resorted to SCLC to
evaluate the hole (μh)/electron mobilities (μe) of PBDT-oTz-
and PBDT-iTz-based blended films,29 being 1.46 × 10−4/7.78
× 10−4 cm2 V−1 s−1 and 2.25 × 10−4/6.05 × 10−4 cm2 V−1 s−1,
respectively (Figures 3f and S6). Similar to the situation in
polymer pure films, the hole mobility of PBDT-iTz blends is
higher than that of PBDT-oTz blends. However, the electron
mobility of PBDT-oTz blends is larger than that of PBDT-iTz
blends, which may be related to the more proper phase
separation in PBDT-oTz blends. In addition, the electron and
hole mobilities in both devices are highly imbalanced, which
may be an important reason that their efficiency is still lower
than that of the current high-performance polymer donor
material system.

Morphology Analysis. Atomic force microscopy (AFM)
was applied to unveil the surface morphologies of the blended
films. As shown in Figure 4a, both blend films exhibit similar
and small root-mean-square (RMS) roughness values.
Furthermore, the high image pattern of PBDT-oTz/BTP-
eC9 blends exhibits more homogeneously textured aggregated
clusters, suggesting better domain connectivity. However,
excessive phase separation could be observed in the PBDT-
iTz/BTP-eC9 blends, which may be due to the stronger
aggregation property of PBDT-iTz. As illustrated in Figure S7,
the phase image pattern of two blends exhibits typical fibril
networks, which are beneficial for the efficient charge transfer/
transport processes in theory.7,30,31

The 2D GIWAXS patterns of PBDT-oTz:BTP-eC9 and
PBDT-iTz/BTP-eC9 blended films are shown in Figure 3b,
and the corresponding one-dimensional (1D) profiles are
presented in Figure 3c. Similar to the polymer donors’ pristine
film stacking behaviors discussed above, both system-blended
films exhibit prior face-on orientation, favoring efficient charge
transport in devices. Although identical π−π stacking distances
(3.69 Å) can be observed for PBDT-oTz and PBDT-iTz after
blending with BTP-eC9, the PBDT-iTz/BTP-eC9 blends still
possess a tighter lamellar stacking distance of 23.26 Å than the
25.12 Å for PBDT-oTz/BTP-eC9 blends. However, the π−π
stacking and lamellar stacking coherence length (CCL) for
PBDT-oTz/BTP-eC9 blends is significantly larger than PBDT-
iTz/BTP-eC9 blends (Table S3), suggesting more ordered
molecular packings for PBDT-oTz/BTP-eC9.32,33 These
measurements could account for the more efficient charge
transfer/transport dynamic processes and eventually improved
photoelectric conversion performances in PBDT-oTz-based
devices.34,35

We further performed contact angle experiments to
investigate the miscibility of two polymer donors and BTP-
eC9. The water and glycerol droplets on active layer pristine
films are imaged in Figure S8, and the corresponding
parameters, including the surface tensions (γ) and Flory−
Huggins interaction parameters (χ),36,37 are summarized in
Table S4. The γ values for PBDT-oTz, PBDT-iTz, and BTP-
eC9 are estimated to be 21.71, 18.43, and 28.12 mN m−1,

respectively. The calculated χ values for PBDT-oTz- and
PBDT-iTz-based blends are 0.41, and 1.02, respectively. The
smaller χ value indicates better miscibility between the donor
and acceptor. Thus, the miscibility of PBDT-oTz and BTP-
eC9 is better than that of PBDT-iTz and BTP-eC9, which is
consistent with the increased phase separation from PBDT-
oTz/BTP-eC9 to PBDT-iTz/BTP-eC9.

The energy conversion efficiency of polymer solar cells
depends on VOC, JSC, and FF. In our study, the VOC values of
devices PBDT-oTz and PBDT-iTz are almost identical.
However, the efficiency is significantly different due to JSC
and FF, which should be caused by the quite different
intermolecular interactions and blended film morphology.
Specifically, compared with PBDT-iTz, the conjugated
skeleton of PBDT-oTz is significantly more distorted, which
can prevent it from excessive aggregation. After the mixture
was blended with the acceptor, appropriate phase separation
was formed to obtain the more ideal carrier dynamics transport
process in the blended films. However, in the PBDT-iTz-based
blended films, inhibited charge generation and transport
processes were obtained due to the form of excessive phase
separation, ultimately leading to lower energy conversion
efficiency.

Energy Losses Analysis. As we discussed above, PBDT-
oTz possesses a deeper HOMO energy level compared with
PBDT-iTz. However, the slightly smaller VOC for PBDT-
oTz:BTP-eC9-based devices can be observed. Therefore, a
detailed energy loss (Eloss) analysis was performed and is
summarized in Table S5. First, the optical bandgaps (Eg) of
blended films were estimated to be 1.392 and 1.393 eV for
PBDT-oTz and PBDT-iTz, respectively (Figure S9). The total
Eloss of photovoltaic devices can be determined by the energy
offset between the optical bandgap of active layer (Eg) and
qVOC.

38,39 Therefore, the overall Eloss values for PBDT-oTz-
and PBDT-iTz-based devices could be calculated as 0.562 and
0.560 eV, respectively. PBDT-iTz-based devices have a slightly
smaller energy loss, which should account for the correspond-
ing device having a higher VOC. Furthermore, Eloss can be
divided into three parts (Eloss = ΔE1 + ΔE2 + ΔE3).

40 Resulting
from very similar Eg, PBDT-oTz- and PBDT-iTz-based devices
afford identical radiative recombination energy losses above
the bandgap (ΔE1) of 0.262 eV. Note that PBDT-oTz-based
devices show a slightly lower radiative recombination energy
loss below the bandgap (ΔE2) of 0.050 eV compared to that of
0.067 eV for PBDT-iTz. This is generally related to the higher
CT state of PBDT-oTz derived from higher LUMO levels.
Lastly, the comparable nonradiative recombination energy
losses (ΔE3) for all devices based on PBDT-oTz and PBDT-
iTz have been determined to be 0.250 and 0.231 eV,
respectively. In addition, ΔE3 can also be obtained from the
EQE of EL (EQEEL) according to the equation ΔE3 = −kTln
(EQEEL) (Figure S10).38,41 As summarized in Table S5, the
ΔE3 values calculated from two different methods show similar
variation tendencies for the two PSCs. PBDT-iTz-based
devices have significantly smaller nonradiative recombination
energy losses, which should derive from a closer stacking of
PBDT-iTz.

■ CONCLUSIONS
Two isomeric polymer donors, PBDT-oTz and PBDT-iTz,
were constructed by employing the thiazole unit as the
conjugated side group of the BDT unit and adjusting the
orientation of the N atom in the thiazolyl rings. Quite different

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.4c01474
Macromolecules 2024, 57, 8392−8400

8397

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c01474/suppl_file/ma4c01474_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c01474/suppl_file/ma4c01474_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c01474/suppl_file/ma4c01474_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c01474/suppl_file/ma4c01474_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c01474/suppl_file/ma4c01474_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c01474/suppl_file/ma4c01474_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c01474/suppl_file/ma4c01474_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c01474/suppl_file/ma4c01474_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c01474/suppl_file/ma4c01474_si_001.pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.4c01474?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


dihedral angles (59° for PBDT-oTz; 24° for PBDT-iTz)
between thiazolyl and BDT can be afforded, which significantly
affect the physicochemical properties of polymers. In
particular, PBDT-oTz shows a blue-shifted absorption, down-
shifted HOMO energy level, and appropriate preaggregation
behavior, as well as a suitable phase separation after blending
with BTP-eC9. As a result, PBDT-oTz-based devices yielded a
superior PCE of 15.02%, a VOC of 0.830 V, a JSC of 26.41 mA
cm−2, and an FF of 68.56%. On the contrary, the device
efficiency of PSCs based on PBDT-iTz is only 6.39%. The poor
performance of PBDT-iTz-based devices is mainly due to the
unsatisfactory phase separation morphology caused by
excessive intermolecular interactions. Our results have
manifested that thiazolyl is another highly promising
conjugated side group of the BDT unit after thiophene and
benzene rings. Especially, benefiting from the electron-
withdrawing feature, the thiazolyl group could tune the energy
levels of polymer donors effectively. Furthermore, the great
importance of thiazolyl orientation relative to the BDT unit
has also been revealed. Different thiazolyl orientations can
significantly impact the planarity of molecules, the packing
density, and the orderliness between molecules, effectively
improving the photovoltaic performance of OSCs. This work
could stimulate more researchers to optimize the aggregation
ability of polymers by selecting appropriate thiazolyl isomers,
thus providing new insights into the development of polymer
donor materials.
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H.; Yuan, J.; Hülsbeck, M.; Zhang, M.; Zou, Y.; Sun, Y.; Li, Y.; Hou,
J.; Inganäs, O.; Coropceanu, V.; Bredas, J.-L.; Gao, F. A Unified
Description of Non-Radiative Voltage Losses in Organic Solar Cells.
Nat. Energy 2021, 6, 799−806.
(39) Qian, D.; Zheng, Z.; Yao, H.; Tress, W.; Hopper, T. R.; Chen,

S.; Li, S.; Liu, J.; Chen, S.; Zhang, J.; Liu, X.-K.; Gao, B.; Ouyang, L.;
Jin, Y.; Pozina, G.; Buyanova, I. A.; Chen, W. M.; Inganäs, O.;
Coropceanu, V.; Bredas, J.-L.; Yan, H.; Hou, J.; Zhang, F.; Bakulin, A.
A.; Gao, F. Design Rules for Minimizing Voltage Losses in High-
Efficiency Organic Solar Cells. Nat. Mater. 2018, 17, 703−709.
(40) Rau, U.; Blank, B.; Müller, T. C. M.; Kirchartz, T. Efficiency

Potential of Photovoltaic Materials and Devices Unveiled by Detailed-
Balance Analysis. Phys. Rev. Appl. 2017, 7, No. 044016.
(41) Nikolis, V. C.; Benduhn, J.; Holzmueller, F.; Piersimoni, F.;

Lau, M.; Zeika, O.; Neher, D.; Koerner, C.; Spoltore, D.; Vandewal,
K. Reducing Voltage Losses in Cascade Organic Solar Cells While
Maintaining High External Quantum Efficiencies. Adv. Energy Mater.
2017, 7, No. 1700855.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.4c01474
Macromolecules 2024, 57, 8392−8400

8400

https://doi.org/10.1021/jacs.0c09542?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c09542?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c09542?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41560-021-00843-4
https://doi.org/10.1038/s41560-021-00843-4
https://doi.org/10.1038/s41563-018-0128-z
https://doi.org/10.1038/s41563-018-0128-z
https://doi.org/10.1103/PhysRevApplied.7.044016
https://doi.org/10.1103/PhysRevApplied.7.044016
https://doi.org/10.1103/PhysRevApplied.7.044016
https://doi.org/10.1002/aenm.201700855
https://doi.org/10.1002/aenm.201700855
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.4c01474?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

