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ABSTRACT: The asymmetric thienobenzodithiophene (TBD) 
structure  is  first  systematically  compared  with  the  benzo[1,2- 
b:4,5-b′]dithiophene  (BDT)  and dithieno[2,3-d:2′,3′-d′]benzo[1,2- 

b:4,5-b′]dithiophene  (DTBDT)  units  in  donor−acceptor (D−A) 
copolymers and applied as the central core in small molecule 
acceptors (SMAs). Specific polymers including PBDT-BZ, PTBD- 
BZ, and PDTBDT-BZ with different macromolecular conforma- 
tions  are  synthesized  and  then  matched  with  four  elaborately 

designed acceptor−donor−acceptor (A−D−A) SMAs with struc- 
tures comparable to their donor counterparts. The resulting 

polymer solar cell performance trends are dramatically different 
from each other and highly material-dependent, and the active layer 
morphology is largely governed by polymer conformation. Because 
of  its  more  linear  backbone,  the  PTBD-BZ  film  has  higher 

crystallinity and more ordered and denser π−π stacking than those of the PBDT-BZ and PDTBDT-BZ films. Thus, PTBD- 
BZ shows excellent compatibility with and strong independence on the SMAs with varied structures, and PTBD-BZ-based cells 

deliver high power conversion efficiency (PCE) of 10−12.5%, whereas low PCE is obtained by cells based on PDTBDT-BZ 
because of its zigzag conformation. Overall, this study reveals control of molecular conformation as a useful approach to 
modulate the photovoltaic properties of conjugated polymers. 

KEYWORDS: nonfullerene solar cell, asymmetrical backbone, molecular conformation, morphology, power conversion efficiency 
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■ INTRODUCTION 

Nonfullerene polymer solar cells (PSCs) based on polymer 
donor/small molecular acceptor (SMA) bulk heterojunctions 

(BHJs) have developed rapidly in the past few years.
1−8 

Benefitting from extensive research, power conversion 

efficiencies (PCEs) exceeding 14−16 and 17% have been 
realized in single junction cells and in tandem solar cells, 

respectively.9−19    In   high-performance   device   systems,   a 
polymer donor and a SMA should have complementary 
absorption to realize a high short-circuit current (Jsc), a fine- 

tuned energy level to obtain a high open-circuit voltage  (Voc), 

 
involves the art of balancing several considerations, such as 

crystallinity, phase separation, and pure domain size.24−28
 

As we know, molecular conformation is regarded as an 
important factor affecting BHJ film morphology, although 

morphology can be further optimized by postprocessing.29−32
 

To date, many strategies involving modifying molecular 

conformation have been applied to polymer donors to achieve 

improved   film   morphology.33−43   For   instance,   Hou and 
coworkers tailored the backbone of the polymer PBDTTT-S- 

T  from  a  zigzag  to  a  linear  structure  by  replacing  the 

benzo[1,2-b:4,5-b′]dithiophene  (BDT)  unit  with  a dithieno- 
and compatible morphology to achieve an excellent fill  factor    

(FF).20−23 In fact, engineering such microcosmic morphology 

of BHJ blends remains extremely challenging, as the 

appropriate  selection  of  the  polymer  donor  and  the SMA 
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Figure 1. (a) Chemical structures of the donor polymers and acceptor molecules used in this study. Normalized ultraviolet−visible absorption 
spectra of the donor polymers in (b) dilute CB solution and (c) neat films. (d) Energy-level diagram of thin films obtained from CV measurements. 

[2,3-d:2′,3′-d′]benzo[1,2-b:4,5-b′]dithiophene (DTBDT) unit, 

and the resultant polymer PDT-S-T exhibited stronger 

intermolecular π−π stacking and more ordered lamellar 
packing properties with improved photovoltaic (PV) perform- 

ance.
33 

Very recently, a few research groups reported 
encouraging results by employing rigid or large conjugated 
segments to prohibit excessive interchain aggregation.  For 
example, Yan et al. reported the DFBT-based polymer PTFB- 
O with a less symmetric monomer unit inserted in the 
backbone, which showed less crystalline properties but 
performed better in nonfullerene organic solar cells 

(OSCs).38  Moreover,  a  π  bridge  is  an  effective  method 
commonly used to modulate backbone planarity and control 
morphology. In our previous work, compared with the random 
polymer PBTzT-4, the regioregular polymer PBTzT-4R with a 
directional thiazole moiety exhibited a more planar  backbone 

with higher crystallinity and denser π−π stacking, leading to 
superior PV performance.41 All the above results indicate that 
the morphology of a conjugated polymer is closely correlated 
with its molecular backbone conformation. 

In addition to polymer donor backbone modification, the 

conformation of acceptor−donor−acceptor (A−D−A)-type 
SMAs may also play a critical role in BHJ morphology. The 
central “D” core and the terminal “A” group, as well as the side 
chain, can simultaneously influence the molecular packing and 

miscibility of the BHJ film.17,44−58 To date, most of the 

reported SMAs with an A−D−A architecture have featured 
benzothiadiazole (BT),18,19,59 indacenodithieno[3,2-b]-thio- 
phene (IDTT),60,61 BDT,62 or  thieno[3,2-b]thiophene48,63  as 
the D core and 2-(3-oxo-2,3-dihydro-1H-inden-1-ylidene)- 
malononitrile (INCN),60 thiophene-fused indanone 
(CPTCN),53,64   and   naphthyl-fused   indanone (NINCN)51,52

 

as the terminal A groups. Considering the large number of 

 
central D cores and terminal A groups, delicate tailoring and 

proper combination of such D and A structures through fine 
molecular design are of great importance. 

Unfortunately, despite the tremendous efforts toward 

designing new polymer donors and SMAs, fine control of 
molecular conformation and the correlation among molecular 
conformation, crystallinity, orientation, and PV performance 
have  seldom  been  examined  simultaneously. Therefore, the 

design of a rational structure to facilitate the control of PSC 
morphology and improve PSC performance would be both 
interesting and challenging. 

In this work, different backbone materials, including 

different polymer donors (PBDT-BZ, PTBD-BZ, and 
PDTBDT-BZ) and SMAs (BDTB-Ph, BDTB-Na, TBDB-Ph, 

and TBDB-Na), were rationally designed and synthesized to 
systematically study the compatibility of polymer/acceptor 
models. In particular, the asymmetric thienobenzodithiophene 

(TBD)  structure  was  first  compared  with  the  BDT  and 

DTBDT units in D−A copolymers and first applied as the 
central core in SMAs. PDTBDT-BZ with a zigzag backbone 
(46.4°) displays amorphous stacking, which is not compatible 
with all the four SMAs. The polymer PBDT-BZ with an angle 

of 32.7° in the backbone presented moderate crystallinity and 

yielded quite low-efficiency OSCs when combined with two 
BDT-based SMAs, but it matched well with two TBD-based 
SMAs. The main reason for the varied performance may be 
that PBDT-BZ destroys the original packing properties and 

changes the mixed face-on/edge-on textures of BHJ films. In 
contrast, the polymer PTBD-BZ with an asymmetric TBD 
segment shows an extremely linear backbone conformation 
with strong and dense intermolecular stacking. This polymer 
can not only perform well in conjunction with SMAs based on 

the BDT  core but also  provides  highly efficient devices with 
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Table 1. Summary of the Optical Properties of the Polymers and SMAs 
 

max edge g 

 
 
 
 
 
 

 
aIn CB solution. bCalculated from the empirical formula Eopt = 1240/λ . cObtained from the CV method. 

g onset 

 

Figure 2. (a) Backbone conformations of the three polymers PBDT-BZ, PTBD-BZ, and PDTBDT-BZ. These conformation were obtained by DFT 

at the B3LYP/6-31G(d,p) level; (b) GIWAXS diffractograms of PBDT-BZ, PTBD-BZ, and PDTBDT-BZ; and (c) 1D diffraction profiles of the 
three donor polymers in the OOP and IP  orientations. 

 

 

PCEs increased to 11.0 and 12.47% when combined with 
SMAs based on the TBD core. The high performance is 
attributed to the improved crystallinity and face-on orientation 
as well as the balanced pure domain size and miscibility, which 

can  be   verified  by   grazing-incidence  wide-angle  X-ray 

scattering (GIWAXS) analysis and the Flory−Huggins 
interaction parameter (χ). Furthermore,  the results reveal the 
relationship between polymer/SMA molecular conformation 
and morphology, as well as compatibility, which shows that 
molecular conformation and crystallinity are important factors 
for designing new organic PV materials. 

■ RESULTS AND DISCUSSION 

The chemical structures  of  the three  similar donor polymers 
and four SMAs are illustrated in Figure 1a. The detailed 
synthetic procedures for the small molecules are provided in 
the Supporting Information (Scheme S1). 4,7-Bis(5-bromo- 

thiophen-2-yl)-5,6-difluoro-2-(2-hexyldodecyl)-2H-benzo[d]- 
[1,2,3]triazole,  which  is  one  of  the  state-of-the-art electron 

acceptors utilized in conjugated polymers, was the only 

acceptor group used in this work.65,66 All the D−A polymers 
and SMAs featured alkylthio groups on the side chain to 

further control the aggregation and energy level.67−70  The 
three donor polymers have different-sized donor building 
blocks, BDT, TBD, and DTBDT, which possess three to five 
fused rings. The number average molecular weights (Mn) of 
PBDT-BZ, PTBD-BZ, and PDTBDT-BZ are 34.2, 39.2,  and 
35.3 kDa, respectively. The four acceptors with the same side 

chains can be divided into two groups: two symmetric 

acceptors, BDTB-Ph and BDTB-Na, based on the BDT core 

and two asymmetric acceptors, TBD-Ph and TBD-Na, based 

on the TBD core, which can successively expand the scope of 

potential skeletons. 

Normalized  ultraviolet−visible  absorption  spectra  of the 
polymers and small molecules in both dilute chlorobenzene 

(CB)  solutions  and  thin  films  at  ambient  temperature  are 

shown in Figure 1b,c, and the related properties are 

summarized  in  Table  1.  All  the  polymers  display  broad 

materials εa  [M−1 cm−1] λfilm [nm] λ [nm] Eoptb [eV] HOMOc [eV] LUMOc [eV] 

PBDT-BZ 7.6 × 104
 590  646 1.92 −5.38 −3.56 

PTBD-BZ 8.3 × 104
 601  652 1.90 −5.40 −3.59 

PDTBDT-BZ 6.8 × 104
 598  648 1.91 −5.32 −3.51 

BDTB-Ph 1.9 × 105
 759  835 1.48 −5.49 −3.76 

BDTB-Na 2.3 × 105
 781  871 1.42 −5.50 −3.80 

TBDB-Ph 1.6 × 105
 760  848 1.46 −5.44 −3.74 

TBDB-Na 2.1 × 105
 786  877 1.41 −5.45 −3.77 

 

http://pubs.acs.org/doi/suppl/10.1021/acsami.9b14981/suppl_file/am9b14981_si_001.pdf
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Figure 3. Optimized geometries (top) and GIWAXS diffractograms (down) of the four SMAs. 

absorption in the range from 450 to 630 nm and show almost 
identical absorption onset at ca. 650 nm in both solution and 

solid films, corresponding to an optical band gap (Eopt) of ca. 
1.90 eV. In CB solution, the molar absorption coefficients are 

7.6 × 104 M−1 cm−1 for PBDT-BZ, 8.3 × 104 M−1 cm−1 for 

PTBD-BZ, and 6.8 × 104 M−1 cm−1 for PDTBDT-BZ. 
Notably, compared with the PDTBDT-BZ film, the PTBD-BZ 
film   exhibits   a   slightly   redshifted   maximum  absorption 
wavelength even though the former has an extended 
conjugated building block, which may be ascribed to the 

stronger π−π stacking of PTBD-BZ than PDTBDT-BZ. The 
four small molecules BDTB-Ph, TBDB-Ph, BDTB-Na, and 
TBDB-Na exhibit different absorption profiles and bandwidths 
in both solution and thin films, but the maximum absorption 
peaks  of  their  films  redshifted  from  759  to  786  nm with 
increasing conjugation length (Figure 1c). It can be concluded 
that the absorption of both polymers and SMAs is indeed 
associated with the molecular backbone conformation. Thin- 

film cyclic voltammograms (CVs) of the polymers and small 
molecules were measured, as shown in Figure S1, and the 
energy  levels  were  estimated  according  to  the  equation 

E(HOMO/LUMO) =  −(Eox/red  +  4.36)  (eV)  (Figure  1d  and 
Table 1). It can be observed that the HOMO energy levels  of 
PTBD-BZ and PBDT-BZ are similar and slightly lower than 

that of PDTBDT-BZ. A possible reason for this phenomenon 
is that when the BDT unit is added at the [d,d′] position by 

fusing two thiophene rings, the obtained DTBDT unit may 
have a stronger electron-donating effect than that of the BDT 
and TBD units, therefore leading to a higher oxidation 

potential.65 As a lower HOMO of the polymer donor is 
beneficial for achieving a higher Voc, the replacement of BDT 

with TBD in the backbone may have no negative influence on 
the Voc of PSCs compared with that of polymers in which BDT 

 

was replaced by DTBDT units.33 The LUMO levels of the four 
small molecules were estimated from the onset reduction 

potentials to be −3.76, −3.80, −3.74, and −3.77 eV for BDTB- 
Ph, BDTB-Na, TBDB-Ph, and TBDB-Na, respectively. 

Figure 2a shows the optimized backbone geometries of the 
polymers PBDT-BZ, PTBD-BZ, and PDTBDT-BZ obtained 
by theoretical calculation using density functional theory 

(DFT) at the B3LYP/6-31G* level. Because of the distinct 
conformations of the electron-rich units (BDT, TBD and 
DTBDT) and BZ building blocks, the polymers show entirely 

different backbone angles, which consist of the extended two 

adjacent D−A repeating units. PDTBDT-BZ has a zigzag 
backbone  and  shows  angles  of  46.4°,  which  may  have  a 
negative impact on polymer crystallinity. In contrast, PTBD- 

BZ shows an angle of 8.4° because of the asymmetric 
conformation of the TBD and BZ building blocks. Therefore, 
it  can  facilitate  interdigitation  of  the  polymer  backbone to 
achieve ordered packing in the solid film.71−73 The angle in the 

PBDT-BZ backbone is calculated to be 32.7°. To further 
support the theoretical calculation and study the relationship 

between the chemical backbone structures and film micro- 
structures of the three polymers, we characterized these three 

pure polymer films by GIWAXS analysis and compared their 
crystallinity and packing orientation properties. As we know, 

high crystallinity of materials signifies more ordered packing, 

larger crystallite size, and less amorphous parts in thin films, 
which can be evaluated in GIWAXS patterns (sharp and well- 

defined diffraction spots). Clearly, both PBDT-BZ and PTBD- 

BZ exhibit distinct π−π stacking peaks in only the out-of-plane 
(OOP) direction, indicating a preferential face-on orientation 
of the two polymer films. Furthermore, the diffraction intensity 
of PTBD-BZ is stronger than that of PBDT-BZ, which could 
result from a more coplanar conformation. In contrast, a weak 

http://pubs.acs.org/doi/suppl/10.1021/acsami.9b14981/suppl_file/am9b14981_si_001.pdf
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Figure 4. J−V curves for the optimized devices under AM 1.5G illumination, 100 mW cm−2: (a) PBDT-BZ-based devices; (b) PTBD-BZ-based 
devices; and (c) PDTBDT-BZ-based devices. EQE curves of the corresponding PSCs: (d) PBDT-BZ-based devices; (e) PTBD-BZ-based devices; 
and (f) PDTBDT-BZ-based devices. 

Table 2. Device Parameters of the PSCs under AM 1.5G Illumination, 100 mW cm−2
 

 

oc sc sc 

 
 
 
 
 
 
 
 
 
 
 
 

aThe values in parentheses are the average values with standard deviations obtained from 15 devices. bIntegrated from the EQE spectrum. 

π−π stacking diffraction signal along the in-plane (IP) 
direction and a strong lamellar  packing  signal  along  the 
OOP direction are observed in the pattern of the PDTBDT- 
BZ film, signifying its partial edge-on orientation, which may 
have  a  negative  influence  on  charge  transport  and  PV 

performance. PTBD-BZ shows (010) peaks at qz = 1.80 Å−1, 

corresponding to a π−π stacking distance of 3.60 Å, which is 
much smaller than those of PBDT-BZ (3.68 Å) and PDTBDT- 
BZ (3.71 Å). This result suggests that backbone conformation 
can strongly change the interchain distance of polymers. These 
GIWAXS measurements are in good agreement with the 
theoretical calculation results. Hence, the molecular planarity 
of the polymers can be tuned by a subtle strategy based on an 
asymmetric backbone, which can greatly improve the 

polymer’s crystallinity and intermolecular packing. Further- 
more, the novel TBD backbone is a promising and competitive 

structure for application in the photoelectric field. 
The molecular geometries of the four acceptors were also 

optimized by DFT calculation and showed different backbone 
conformations in the side view and top view. Clearly, the 
asymmetric small molecules TBDB-Ph and TBDB-Na featured 
four  stretched  hexylphenyl  substituents  on  the  same  side. 

 

Because of the asymmetric skeleton, the two twist angles 

between the TBD core and terminal group are different. When 
the terminal phenyl (Ph) group was replaced by a naphthalene 
(Na) group, the conjugation length increased, and the twist 
angle between the core and terminal group became larger. 
From the GIWAXS patterns, it can be easily found that the 
SMAs with TBD as the core show weaker crystallinity than that 
of the SMAs with the BDT core and that a small conjugated 
structure was more favorable to form ordered packing than a 
large conjugated structure (Figure 3). These SMAs with 

different conformations can facilitate our study on the 
compatibility of donor and acceptor pairs. 

The PV performance of donor−acceptor (D−A) pairs used 
as the active layer was evaluated by fabricating PSCs with a 

device structure of ITO (indium-tinoxide)/poly(3,4- 
ethylenedioxythiophene):poly(styrenesulfonate) (PE- 
DOT:PSS)/active layer/perylenediimide functionalized with 

amino N-oxide (PDINO)/Al. We used CB as the only solvent 
because it well dissolves all the polymer donors and acceptors. 

The device processing conditions, including the (D−A) weight 
ratio and post-treatment, such as thermal annealing or solvent 
vapor annealing, were carefully investigated, and the detailed 

polymers acceptors Voc (Vavg)a [V] Jsc (Javg)a  [mA cm−2] JEQEb  [mA cm−2] FF  (FFavg)
a [%] PCE (PCEavg)

a [%] 

PBDT-BZ BDTB-Ph 0.921 (0.918 ± 0.003) 17.62 (17.52 ± 0.12) 17.41 65.2 (64.5 ± 0.6) 10.59 (10.38 ± 0.20) 
 BDTB-Na 0.892 (0.888 ± 0.004) 17.85 (17.66 ± 0.21) 17.71 63.6 (62.6 ± 0.5) 10.14 (10.01 ± 0.12) 
 TBDB-Ph 0.926 (0.921 ± 0.005) 9.93 (9.81 ± 0.20) 9.74 43.9 (42.8 ± 0.7) 4.04 (3.88 ± 0.14) 
 TBDB-Na 0.905 (0.903 ± 0.002) 13.14 (13.02 ± 0.16) 12.98 53.2 (51.6 ± 1.2) 6.32 (6.10 ± 0.18) 

PTBD-BZ BDTB-Ph 0.928 (0.926 ± 0.003) 16.74 (16.54 ± 0.15) 16.43 59.6 (58.5 ± 0.7) 9.26 (9.04 ± 0.20) 
 BDTB-Na 0.877 (0.875 ± 0.002) 18.39 (18.25 ± 0.16) 18.03 62.2 (61.0 ± 0.6) 10.03 (9.85 ± 0.16) 
 TBDB-Ph 0.925 (0.923 ± 0.002) 18.13 (17.94 ± 0.22) 17.50 65.9 (65.0 ± 0.8) 11.06 (10.92 ± 0.11) 
 TBDB-Na 0.906 (0.905 ± 0.002) 19.61 (19.50 ± 0.14) 19.06 70.2 (69.2 ± 0.8) 12.47 (12.25 ± 0.16) 

PDTBDT-BZ BDTB-Ph 0.884 (0.883 ± 0.003) 13.29 (13.20 ± 0.12) 13.16 55.3 (53.9 ± 0.6) 6.50 (6.19 ± 0.25) 
 BDTB-Na 0.864 (0.863 ± 0.002) 12.86 (12.72 ± 0.18) 12.84 44.5 (43.2 ± 0.8) 4.95 (4.70 ± 0.20) 
 TBDB-Ph 0.913 (0.911 ± 0.003) 13.41 (13.18 ± 0.26) 13.20 51.8 (50.5 ± 1.0) 6.20 (5.97 ± 0.16) 
 TBDB-Na 0.879 (0.878 ± 0.002) 11.24 (11.08 ± 0.18) 10.93 54.4 (52.8 ± 1.2) 5.38 (5.13 ± 0.18) 
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Figure 5. (a−d) Tapping-mode AFM height and (e−h) phase images (5 × 5 μm) of PBDT-BZ-based blend films. (i−l) TEM images of PBDT-BZ- 
based blend films. 

 

Figure 6. 2D GIWAXS patterns of (a) PBDT-BZ/BDTB-Ph, (b) PBDT-BZ/BDTB-Na, (c) PBDT-BZ/TBDB-Ph, and (d) PBDT-BZ/TBDB-Na 
blend films. (e) GIWAXS intensity profiles of different PBDT-BZ/SMA blend films along the IP (black lines) and OOP (red lines) directions. 

processes are given in SI. The optimal D−A weight ratios are 
found to be 1:1, 1:1, and 1:1.25 for the PBDT-BZ, PTBD-BZ, 
and PDTBDT-BZ polymers, respectively. The current 

density−voltage   (J−V)   and   external   quantum  efficiency 
(EQE)  curves  of  the  PSCs  with  different  D−A  pairs  are 
shown  in  Figure  4,  and  the  detailed  PV  parameters  are 
collected in Table 2. The corresponding optimized data can be 

found in Tables S1−S3. The current densities calculated from 
the EQE measurements agreed well with the Jsc values obtained 

from the J−V measurements. We noted that the PSCs based 
on PDTBDT-BZ with a zigzag conformation exhibit low PCEs 
when blended with all four different SMAs. This result reflects 
that amorphous polymers cannot match well with medium- or 

low-crystallinity small molecules to form ideal D−A pairs. 
However, for the medium-crystallinity polymer PBDT-BZ, the 
performance results were notably distinct in regard to Jsc and 
FF when blended with SMAs having shorter or longer 
conjugated lengths in their central cores. PBDT-BZ  provided 

 
decent PCEs over 10% when paired with either BDTB-Ph or 
BDTB-Na. However, after PBDT-BZ was blended with the 
asymmetric low-crystallinity SMAs TBDB-Ph and TBDB-Na, 
the resulting devices presented low PV performance (very low 
PCEs of 4.04 and 6.32%, respectively) comparable to that of 
PDTBDT-BZ. In contrast, the highly crystalline polymer 
PTBD-BZ is well compatible with all the four SMAs, with the 
PTBD-BZ/TBDB-Na-based device even exhibiting a remark- 
able PCE of 12.47%. To further study the charge dissociation 

and collection properties of different D−A pairs, we measured 
the photocurrent density (Jph) versus the effective voltage (Veff) 

of the devices (see Figure S4a−c, Supporting 
Information).74   It  was  observed  that   PDTBDT-BZ-based 
devices have a competitive saturated photocurrent but poor 
charge dissociation probability (Pdiss) in the PV process, 
implying severe charge recombination and inefficient charge 
extraction.75 Conversely, the high Pdiss values obtained from all 
PTBD-BZ-based  devices  reveal  favorable  charge transport, 

http://pubs.acs.org/doi/suppl/10.1021/acsami.9b14981/suppl_file/am9b14981_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b14981/suppl_file/am9b14981_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b14981/suppl_file/am9b14981_si_001.pdf
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Figure 7. (a−d) Tapping-mode AFM height and (e−h) phase images (5 × 5 μm) of PBDT-BZ-based blend films. (i−l) TEM images of PTBD-BZ- 
based blend films. 

 
which can be attributed to a balance between the conjugation 
length (in comparison with PBDT-BZ) and linear conforma- 
tion (referring to PDTBDT-BZ), thereby resulting in dense 
packing. Moreover, charge carrier mobility was measured using 
the space-charge limited current (SCLC) method (see Figures 
S2 and S3, Supporting Information). The SCLC results (seen 
in Table S4) provide more direct evidence for the correlation 
between charge transport and the cooperation of the 
conjugation length and molecular conformation. The higher 

mobility of the PTBD-BZ-blended films signifies reduced space 
charge accumulation and recombination, leading to  increased 

Jsc and FF.76 These results illustrate the critical role of D−A 
compatibility and inspire us to further study the effect of 

different D−A conformations on PV performance. Thus, we 
focus on and discuss the morphology of PBDT-BZ- and 
PTBD-BZ-based films blended with the four small molecules 
in the following. 

First,  the  four PBDT-BZ-based  blend films  were charac- 
terized by atomic force microscopy (AFM), transmission 
electron microscopy (TEM), and GIWAXS analyses. The 

PBDT-BZ/BDTB-Ph and PBDT-BZ/BDTB-Na films show a 
smooth surface with an average root-mean-square (rms) 
roughness of 0.60 and 0.72 nm, while the PBDT-BZ/TBDB- 

Ph and PBDT-BZ/TBDB-Na films show strongly increased 
rms roughnesses of 12.9 and 5.01 nm, respectively. The rough 
surface  indicates the  disordered  microstructure of  the blend 

films. From the phase images (Figure 5e−h) and TEM 

measurements (Figure 5i−l), we found that the PBDT-BZ/ 
TBDB-Ph   and   PBDT-BZ/TBDB-Na  films   display large 
domains and inhomogeneous phase separation, which signify 
poor   miscibility.   This   property   would   increase charge 

recombination, leading to inferior Jsc and FF values. Figure 

6a−d depicts 2D GIWAXS patterns of the PBDT-BZ-based 
BHJ  films  prepared  with  the  four  SMAs.  Their  scattering 
profiles are shown in Figure 6e. Although BDTB-Ph and 

BDTB-Na by themselves show different stacking properties, 
the diffraction features of their BHJ films blended with PBDT- 
BZ   are   quite   similar.   Notably,   the   pronounced  (010) 

diffraction peak at qz = 1.77 Å−1 in the OOP direction and 

broad (100) diffraction peak at approximately qxy = 0.3 Å−1 

reveal a preferential face-on orientation for both the PBDT- 
BZ/BDTB-Ph and PBDT-BZ/BDTB-Na blends, which is 
beneficial for charge transport in the vertical direction. 
Therefore, the symmetric BDT core can largely retain the 
molecular orientation of the neat PBDT-BZ films. In contrast, 
the PBDT-BZ/TBDB-Ph and PBDT-BZ/TBDB-Na films did 

not reveal high-order π−π stacking peaks, and the peak 
intensity was quite low. When mixed with SMAs based on the 
TBD  core,  the  face-on  orientation  of  the  neat PBDT-BZ 
polymer with a moderate intensity (010) peak changes to a 
mixed face-on and edge-on orientation in the PBDT-BZ/ 

TBDB-Ph and PBDT-BZ/TBDB-Na films, which means that 
the SMAs based on the asymmetric TBD core strongly 

influence the stacking and miscibility of PTBD-BZ blend films. 
In addition, the coherence lengths (CCLs) of the polymer in 
the PBDT-BZ/BDTB-Ph and PBDT-BZ/BDTB-Na blend 

films are 3.8 and 3.6 nm, obviously larger than those of the 
polymer in the PBDT-BZ/TBDB-Ph (2.5 nm) and PBDT-BZ/ 

TBDB-Na (2.0 nm) blend films. These morphology measure- 
ments are in accordance with the trend in PBDT-BZ-based 
device performance. 

Subsequently, we examined the morphology of the PTBD- 

BZ-based blend films. From the AFM images, we can see that 

all the PTBD-BZ-based blend films have relatively similar 
aggregated and homogeneous nanostructures. The uniform 
and moderate domain clusters observed in phase images 
indicate high compatibilities between PTBD-BZ and each of 
the four small molecules. Compared with the PTBD-BZ/ 
BDTB-Ph and PTBD-BZ/BDTB-Na blends, the PTBD-BZ/ 
TBDB-Ph and PTBD-BZ/TBDB-Na blends show slightly 
increased roughness values of 2.93 and 2.54 nm, which may be 

attributed to the increased pure domain size and slightly 

reduced miscibility. In the TEM images (Figure 7i−l), the four 
blend films exhibit the desired nanoscale phase separation and 
bicontinuous penetrated networks. Obviously, compared with 
the PBDT-BZ/BDTB-Ph and PBDT-BZ/BDTB-Ph films, the 

films based on PTBD-BZ and the same small molecules 
showed  more  balanced  domain  size  and  phase separation, 

http://pubs.acs.org/doi/suppl/10.1021/acsami.9b14981/suppl_file/am9b14981_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b14981/suppl_file/am9b14981_si_001.pdf
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Figure 8. 2D GIWAXS patterns of (a) PTBD-BZ/BDTB-Ph, (b) PTBD-BZ/BDTB-Na, (c) PTBD-BZ/TBDB-Ph, and (d) PTBD-BZ/TBDB-Na 
blend films. (e) GIWAXS intensity profiles of different PTBD-BZ/SMA blend films along the IP (black lines) and OOP (red lines) directions. 

 

Figure 9. Contact angle measurements for different polymers and SMA neat films. 
 

 

resulting in remarkable device PCEs of 11.06 and 12.47%, 
respectively. In addition, a strange and dramatic phenomenon 
was noted in the GIWAXS pattern (Figure 8): For the four 

Table 3. Contact Angle of Water and Glycerol and Surface 
Tension of Corresponding Polymers and Small Molecules 

different PBDT-BZ/small molecule blend films, PTBD-BZ can 
maintain its high crystallinity and even show stronger (010) 

π−π stacking and (100) lamellar packing than those of the neat 
film. The CCLs of PTBD-BZ in the BDTB-Ph, BDTB-Na, 
TBDB-Ph, and TBDB-Na blend films are 7.0, 7.7, 7.3, and 8.1 
nm, respectively, which are larger than those of the polymer in 
the corresponding PBDT-BZ/small molecule blend films. The 
similar CCLs of PTBD-BZ in different blend films and similar 

water GL water GL 

stacking trends reveal that the high-crystallinity polymer 
PTBD-BZ can match well not only with medium-crystallinity 
small molecules but also with low-crystallinity and amorphous 
small molecules. In addition, the strong (100) IP scatting peak 

of the PTBD-BZ/TBDB-Na blend film at ca. 4.6 nm−1 reflects 
the lamellar stacking of the small molecule TBDB-Na. When 
the small molecule core was changed from BDT to TBD, the 

PTBD-BZ/TBDB-Na blend film displays excellent morphol- 
ogy with balanced crystallinity and phase separation despite 
the poor aggregation of neat TBDB-Na. The GIWAXS results 
are consistent with the AFM and TEM measurements, 

providing a convincing explanation for the difference in 

performance between films based on different D/A pairs. 
To further investigate and verify how the conformations of 

the donor polymer and small molecules influence the 
miscibility of the blend films, the contact angle and related 

surface tensions of the films were investigated (Figure 9 and 
Table 3). The results indicate that the medium-crystallinity 
PBDT-BZ film has higher surface tension than that of the high- 
crystallinity PTBD-BZ film, which is confirmed by water and 

glycerol contact angle measurements. The difference in surface 
tension between the two polymers could be attributed to the 

different polarities of their backbone conformations. The same 
trend was also observed among the four small molecules. 

Previous reports have verified that large differences in surface 
energy between two phases corresponded to a stronger 
repulsive interaction, implying relatively poor miscibility. The 
potential for higher domain purity of the two phases can be 

quantified by the equation  χ = ( −    γacceptor )
2, where 

χ  is  the  Flory−Huggins  interaction  parameter  of  the two 
phases.77,78  This  equation  is  used  to  further  investigate the 
miscibility of the blend of the films. When the two polymers 
PBDT-BZ and PTBD-BZ are mixed with the four small 

molecules, all the PTBD-BZ-based blends give a much higher χ 
value than that of the PBDT-BZ-based blends (Table S5), 
indicating that the PTBD-BZ-based blends possess much 
higher domain purity but relatively lower miscibility, which 
strongly agrees with the GIWAXS measurements. In addition, 
the PTBD-BZ/TBDB-Na-based device providing the best 
performance  may  be  ascribed  to  the  suitable  miscibility 

films θ [deg] θ    [deg] γ [mN m−1] γ     [mN m−1] 

PBDT-BZ 102.6 90.4 21.48 23.42 

PTBD-BZ 106.9 106.9 18.87 18.63 

BDTB-Ph 104.4 90.5 20.34 23.12 

BDTB-Na 101.0 87.6 22.40 24.90 

TBDB-Ph 97.7 90.1 24.32 23.57 

TBDB-Na 99.5 85.1 23.04 26.35 
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Figure 10. Schematic diagram of the neat polymer and corresponding active layer microstructures. (a) Neat PBDT-BZ film and PBDT-BZ-based 
blend films. (b) Neat PTBD-BZ film and PTBD-BZ-based blend films. (c) Neat PDTBDT-BZ film and PDTBDT-BZ-based blend films. 

between the two components, which can be confirmed by the χ 
value. Therefore, we can conclude that PTBD-BZ may have 
advantages over PTBD-BZ in forming pure domains and 

balancing the miscibility of blend films. 
Finally, based on the detailed DFT and morphological 

analyses, we performed a comparative schematic diagram to 
clearly demonstrate the compatibility between the donor and 
acceptor, as shown in Figure 10. The zigzag polymer 

PDTBDT-BZ  with a  large angle  of 46.4° in  the   backbone 

exhibits low crystallinity and weak π−π stacking and is thus 
incompatible with all the four small molecules (Figure 10c). 
The corresponding amorphous blended films lead to  reduced 
charge transport and poor PV performance. The polymer 

PBDT-BZ with a backbone angle of 32.7° shows moderate 
crystallinity (Figure 10a). When blended with the two SMAs 
based on the BDT core, the polymer PBDT-BZ still retains its 
ordered microstructure and provides decent device perform- 
ance. However, when blended with the two low-crystallinity 
small molecules based on the TBD core, PBDT-BZ exhibits 
complete loss of its original packing properties and converts 
into a mixed face-on/edge-on orientation in the resulting BHJ 

films; this chaotic microstructure could result in poor device 
performance. In contrast, the polymer PTBD-BZ with four 
asymmetric fused-ring TBD units has extremely small dihedral 
angles in the backbone and thus displays much stronger and 
denser intermolecular stacking than the other two polymers. 
When mixed with symmetric small molecules based on the 
BDT core or with very low-crystallinity asymmetric small 
molecules based on the TBD core, higher crystallinity and face- 

on orientation are afforded, and the pure domain size and 
miscibility are balanced in the blends (Figure 10b). As a result, 
high PV performances were achieved by all the PTBD-BZ- 
based devices. Thus, we can conclude that PTBD-BZ has more 
extensive compatibility than PBDT-BZ, as the former polymer 
can match well not only with medium-crystallinity small 
molecules but also with very low-crystallinity small molecules, 
demonstrating its remarkable superiority. Conversely, 
PDTBDT-BZ-based devices perform worse with the majority 
of the SMAs. 

■ CONCLUSIONS 
Three model polymers, PBDT-BZ, PTBD-BZ, and PDTBDT- 
BZ, were first used to systematically investigate the correlation 

among polymers’ molecular conformation, morphology, and 
PV properties. Then, four symmetric SMAs based on the BDT 
core  and  asymmetric  SMAs  based  on  the  TBD  core were 

designed to further understand the compatibility of D−A 
combinations. The GIWAXS measurements indicated that 

higher crystallinity, more ordered and denser π−π stacking can 

 

be found in the films based on PTBD-BZ than those based on 
PBDT-BZ and PDTBDT-BZ, which was a result of the more 
linear backbone conformation of PTBD-BZ. The high 
morphological order and balance between domain purity and 
miscibility were evidenced by the good performance of devices 

based on PTBD-BZ blended with four different small 
molecules. In particular, the PTBD-BZ/TBDB-Na-based 
device yielded a high PCE of 12.47%, even though the SMA 
TBDB-Na had very low crystallinity. On the other hand, the 
moderately ordered polymer PBDT-BZ was found to have 
poor compatibility with low-crystallinity small molecules based 
on the TBD core yet served as a better-performing active layer 
when blended with small molecules based on the BDT core. 
Furthermore, because of the large angles in the backbone, all 
the amorphous donor polymer PDTBDB-BZ-based devices 
underperformed when combined with various SMAs. Overall, 
our results clearly delineated the correlation between the 
morphology  of  conjugated  polymers  and  their  molecular 

conformations and the structure−property relationship be- 
tween different donors and acceptors. 

EXPERIMENTAL  SECTION 

Materials. All the reagents, unless otherwise specified, were 
purchased from Sigma-Aldrich Co., J&K, and Tokyo Chemical 

Industry Co., Ltd., and were used without further purification. The 
synthesis details of the small molecule acceptors BDTB-Ph, BDTB- 
Na, TBDB-Ph and TBDB-Na were collected in the Supporting 
Information. 
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