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ABSTRACT:  The scope of the environmentally benign direct C–H arylation polymerization (DARP) process is validated and sig-

nificantly extended in the synthesis of a high-performance benzodithiophene-based copolymer series, PBDT(Ar)-FTTE, with previ-

ously untested and systematically varied heteroaryl (Ar) substituents.  Bulk-heterojunction polymer solar cells (PSCs) containing a 

high-performance nonfullerene acceptor (NFA), ITIC-Th, and DARP-derived donors are fabricated and evaluated, yielding PCEs as 

high as 8%.  The relationships between Ar-sensitive copolymer structure, BHJ morphology, and PSC performance are elucidated 

through in-depth characterization of structural order, phase separation, and charge transport including SCLC, AFM, GIWAXS, R-

SoXS, and NEXAFS measurements which conclusively demonstrate the important effects of Ar-tunable, dimensionally smaller and 

well-blended copolymer domains for maximum PSC performance.  Smaller BHJ copolymer domains having greater ITIC-Th misci-

bility definitively correlate with enhanced JSC, FF, and PCE metrics.  Surprisingly regarding cell performance durability, while un-

encapsulated PBDTT-FTTE:ITIC-Th PSCs deliver the highest initial PCE, the unencapsulated PBDTTF-FTTE:ITIC-Th devices ex-

hibit the optimum combination of high initial photovoltaic metrics and stability, retaining nearly 90% of the initial PCE after 51 days 

in ambient and 83% of initial PCE after 180 min simulated solar illumination.  Importantly, for this PBDT(Ar)-FTTE:ITIC-Th series, 

PSC photovoltaic stability correlates with the presence of large pure BHJ domains, and moreover rivals or exceeds the stability of the 

analogous fullerene-based PSCs.  Together these results argue that solar cells prepared with the environmentally DARP process and 

NFAs are promising for both greener and more stable solar energy generation.   

INTRODUCTION 

π-Conjugated organic semiconducting, alternating in-chain do-

nor-acceptor copolymers are critical components of high-effi-

ciency solution-processable polymer solar cells (PSCs).1–5  Re-

cent advances in copolymer design and molecular mass control, 

as well as the emergence of indacenodithienothiophene (IDTT)-

based nonfullerene acceptors (NFAs) have propelled single-

junction PSC power conversion efficiencies (PCEs) to over 

16%.6–10  Relative to previous-generation acceptors based on 

fullerenes2,3 and rylene diimides,8,11,12 IDTT-based NFAs such 

as the prototypical ITIC (2,2′-[[6,6,12,12-tetrakis(4-hex-

ylphenyl)-6,12-dihydrodithieno[2,3-d:2′,3′-d′]-s-indaceno[1,2-

b:5,6-b′]dithiophene-2,8-diyl]-bis[methylidyne(3-oxo-1H-in-

dene-2,1(3H)-diylidene)]]bis[propanedinitrile]) have greater 

light absorption,9 lower internal reorganization energies,13,14 

rapid hole transfer to polymeric donors,15,16 and superior opera-

tional stability,17–20 all of which are essential for practical high 

efficiency PSC technologies.21  Nevertheless, despite these at-

tractions, the largely empirical optimization of donor and ac-

ceptor combinations as well as the reliance on environmentally 

unacceptable synthetic routes remain major obstacles to the 

promise of PSCs as a green, light-weight, and inexpensive re-

newable energy source.22   

Copolymers with the generic structure PBDT(Ar)-FTTE 

(Figure 1a), where Ar = benzodithiophene (BDT) heteroaryl 

substituent, are a PSC donor class that has traditionally been  

 
Figure 1.  PBDT(Ar)-FTTE DARP synthesis and optoelectronic 

properties.  (a) Conditions: BDT (0.1 mmol), FTTE (0.1 mmol), 

Pd2(dba)3·CHCl3 (0.5 mol%), P(2-MeOPh)3 (2 mol%), Cs2CO3 (3 

equiv), and 2,2-diethylhexanoic acid (DEHA, 25 mol%) in 

2MeTHF (2.00 mL) at 85 °C for 6–24 h.  (b) Chemical structure of 

ITIC-Th.  (c) Copolymer film optical absorption spectra.  (d) CV-

estimated frontier MO energetics. 



 

paired with fullerenes23–27 or polymeric acceptors.28,29  One 

class member with alkylthiophene substituents, PBDTT-FTTE, 

is known to afford high-efficiency PSCs in BHJ blends with 

fullerenes,30,31 rylene diimides,8,11,16 and ITIC-variants includ-

ing the well-known IDTT-based acceptor ITIC-Th (Figure 

1b).16,32–36  The BDT Ar substituent is known to significantly 

influence the frontier MO (FMO) energetics, BHJ morpholo-

gies, and PSC efficiencies of many donor copolymers, includ-

ing those of PBDT(Ar)-FTTE:fullerene blends.23–27  Therefore, 

it is noteworthy that there are few detailed, systematic studies 

of Ar substituent effects on PBDT(Ar)-FTTE blend morphol-

ogy and PSC performance in blends with ITIC-type acceptors .   

Irrespective of the copolymer, developing efficient and re-

alistic synthetic processes remains a challenge for scaling up 

PSC technologies.37  For example, the vast majority of PSC co-

polymers reported in the literature to date, including PBDTT-

FTTE, have been prepared via Stille polycondensations.9,10,38,39  

However, the toxic tin reagents used and the large quantities of 

toxic tin byproducts produced (1 equiv per C–C bond formed) 

in Stille processes raise serious cost and environmental con-

cerns, seemingly incompatible with a green technology.22,40  In 

contrast, direct arylation polymerization (DARP) is an emerg-

ing, cost-effective, tin-free methodology for synthesizing the 

same Stille photovoltaic copolymers, but which circumvents 

many of the aforementioned Stille limitations.41–45  DARP uses 

one monomer with aryl C–H functional groups, affording en-

hanced atom economy, fewer synthetic steps, and minimized 

toxic reagents/byproducts.46  Indeed, DARP is estimated to be 

35% more cost-effective than a comparable Stille polymeriza-

tion.40  Nevertheless, there are few examples of DARP-derived 

copolymers yielding high PCEs,47–50 possibly due to unrecog-

nized/unreported functional group tolerance issues or compet-

ing macromolecular defect formation.43,51  Despite the great ad-

vances in DARP optimization and ITIC NFAs, reports evaluat-

ing their compatibility are of great interest yet sparse.52   

Here, previously untested benzodithiophene-

based comonomers with systematically varied het-

eroaryl (Ar) substituents (Figure 1a) are employed to 

evaluate the scope of a DARP protocol previously op-

timized for PBDTT-FTTE with photovoltaic performance 

equaling that of Stille PBDTT-FTTE.
47  The PBDT(Ar)-FTTE 

copolymers are first characterized by optical spectroscopy (UV-

vis), cyclic voltammetry (CV), high-temperature gel permea-

tion chromatography (GPC), and NMR spectroscopy.  BHJ 

PSCs containing a high-performance NFA, ITIC-Th, and 

DARP-derived donors are then fabricated and evaluated, yield-

ing PCEs as high as 8%.  The relationships between Ar-sensi-

tive copolymer structure, BHJ morphology, and PSC perfor-

mance are then analyzed through in-depth characterization of 

structural order, phase separation, and charge transport using 

SCLC, AFM, GIWAXS, R-SoXS, and NEXAFS measure-

ments, demonstrating the significant effects of the Ar-tunable, 

metrically smaller and well-blended BHJ copolymer domains 

for maximum PSC performance.  It will be seen that smaller 

BHJ copolymer domains having greater ITIC-Th miscibility 

correlate with enhanced JSC, FF, and PCE metrics.  Regarding 

PSC performance durability, while unencapsulated PBDTT-

FTTE:ITIC-Th PSCs provide the highest initial PCE, the unen-

capsulated PBDTTF-FTTE:ITIC-Th devices surprisingly pro-

vide the optimum combination of high initial photovoltaic met-

rics as well as stability, retaining an 90% of the initial PCE after 

51 days in ambient and 83% of initial PCE after 180 min simu-

lated solar illumination.  Importantly, for this  

PBDT(Ar)- FTTE:ITIC-Th series, it will be seen that solar cell 

photovoltaic stability correlates with the presence of large, pure 

BHJ domains, and rivals or exceeds the stability of the analo-

gous fullerene-based devices.  Together these results argue that 

PSCs prepared using an optimized DARP process and NFAs are 

promising for both more environmentally benign and more du-

rable solar energy generation.   

RESULTS AND DISCUSSION 

We begin with the synthesis of the copolymer series, 

PBDT(Ar)-FTTE, and investigate the effects of the heteroaryl 

substituent on the optical absorption and electrochemical prop-

erties.  The photovoltaic characteristics of the PBDT(Ar)-FTTE 

series are then evaluated in BHJ PSCs with the postfullerene 

acceptor ITIC-Th.  The effects of copolymer backbone het-

eroaryl substituent on the BHJ morphology are characterized by 

AFM, GIWAXS, R-SoXS, and NEXAFS.  The PSC perfor-

mance stability is assessed as a function of exposure to both 

ambient conditions as well as simulated solar illumination, and 

is benchmarked against PSCs containing a traditional fullerene 

acceptor.  Experimental details are reported in the Supporting 

Information (SI).   

PBDT(Ar)-FTTE Synthesis and Characterization.  

First, to assess the versatility of the DARP methodology, dibro-

minated BDT monomers with varied heteroaryl substituents 

(Schemes S1–S3) and the “C–H monomer” (2-ethylhexyl)-3-

fluorothieno[3,4-b]thiophene-2-carboxylate (FTTE) were co-

polymerized using the pre-catalyst components 

Pd2(dba)3·CHCl3, P(2-MeOPh)3, 2,2,-diethylhexanoic acid 

(DEHA), and Cs2CO3 with 2-methyltetrahydrofuran (2MeTHF) 

as the solvent (Figure 1a).47  Note that the PBDT(Ar)-FTTE co-

polymers are likely not regioregular, as depicted in Figure 1a, 

because of the unsymmetrical nature of the FTTE monomer, 

which may align in either direction along the copolymer back-

bone.  Following purification by Soxhlet extraction, the 

PBDTT-FTTE, PBDTTS-FTTE, and PBDTTF-FTTE yields 

are ≥89% while that of PBDTSe-FTTE is slightly lower (73%) 

due to insoluble coproduct formation.  GPC-derived copolymer 

number-average molecular mass (Mn) and dispersity (Ð) values 

are shown in Figure 1a.  The PBDT(Ar)-FTTE are obtained 

with Mn >17 kg/mol and that of PBDTSe-FTTE (40 kg/mol) is 

nearly twice that of PBDTT-FTTE (25 kg/mol).  These Mn dif-

ferences likely reflect the respective copolymer solubilities in 

2MeTHF.  While high-temperature 1H and 19F solution NMR 

reveals no obvious copolymer defects (see SI), low intensity 

features in the PBDTTS-FTTE 1H spectrum may be attributable 

to end-groups, in accord with the lower Mn.
8   

Copolymer optical absorption properties were investigated 

in dilute 1,2-dichlorobenzene (DCB) solutions and in DCB-cast 

films (Figure 1c).  All of the PBDT(Ar)-FTTE solutions exhibit 

a strong absorbance with λmax ≈ 707 nm and a higher energy 

shoulder at ≈ 641 nm (Figure S1).  The copolymer film absorb-

ance spectra are similar to those of the respective solutions, 

which suggests folding and/or aggregation in solution (Table 

S1).53,54  The PBDTT-FTTE and PBDTSe-FTTE film spectra 

are similar, with an optical bandgap (Eg
opt) of 1.62 eV.  In com-

parison, PBDTTS-FTTE films exhibit slightly red-shifted ab-

sorption and a lower Eg
opt of 1.59 eV, whereas PBDTTF-FTTE 

films exhibit blue-shifted absorption and a higher Eg
opt of 1.65 

eV.  The copolymer and ITIC-Th FMO energies were estimated 

by CV (Figure 1d, Table S2).   



 

Table 1.  PSC and SCLC Diode Metrics of the DARP Copolymer:ITIC-Th Blends 

Blend 
VOC             

(V)a 

JSC                 

(mA cm–2)a 

FF                

(%)a 

PCE            

(%)a 

μh × 104      

(cm2V–1s–1)b 

μe × 104     

(cm2V–1s–1)b 

PBDTT-FTTE 0.805 ± 0.006 

(0.806) 
14.8 ± 0.5 

(15.5) 
64.2 ± 0.7 

(64.1) 
7.62 ± 0.28 

(8.02) 8.3 ± 3.2 2.2 ± 0.9 

PBDTSe-FTTE 0.785 ± 0.005 

(0.783) 
15.6 ± 0.3 

(15.7) 
59.4 ± 1.1 

(60.3) 
7.26 ± 0.10 

(7.42) 8.8 ± 4.5 5.3 ± 4.5 

PBDTTS-FTTE 0.860 ± 0.008 

(0.860) 
12.1 ± 0.6 

(12.6) 
53.4 ± 1.7 

(55.0) 
5.57 ± 0.33 

(5.95) 0.5 ± 0.3 0.8 ± 0.6 

PBDTTF-FTTE 0.995 ± 0.009 

(0.993) 
13.1 ± 0.4 

(14.0) 
57.1 ± 0.8 

(56.9) 
7.44 ± 0.18 

(7.90) 0.4 ± 0.3 0.4 ± 0.2 
a Average of ≥ 5 devices.  Value in parentheses is for the champion PSC.  b Average of ≥ 3 devices.   

PBDTT-FTTE, PBDTSe-FTTE, and PBDTTS-FTTE exhibit 

similar HOMO energies (–5.44, –5.47, and –5.49 eV, respec-

tively).23,24,55  The PBDTTF-FTTE HOMO is deeper, –5.65 eV, 

consistent with electron-withdrawing fluorination effects.56  

ITIC-Th exhibits an even deeper HOMO (–5.81 eV), which 

should ensure efficient hole transfer to the donors.15,32   

Solar Cell Performance.  PSC devices were fabricated 

with “inverted” device architecture, ITO/ZnO/BHJ/MoO3/Ag, 

using copolymer:ITIC-Th BHJ active layers spin-coated from 

DCB (see SI).  Photovoltaic device metrics are summarized in 

Table 1 and the champion current density–voltage (J–V) re-

sponse for each blend is shown in Figure 2a.  The open-circuit 

voltage (VOC) values follow the trend PBDTTF-FTTE > 

PBDTTS-FTTE > PBDTT-FTTE  PBDTSe-FTTE, consistent 

with the copolymer HOMO energies estimated by CV (Figure 

1d).57  The PBDTT-FTTE and PBDTSe-FTTE PSC blend short-

circuit current density (JSC) and fill factor (FF) values of exceed 

those of PBDTTS-FTTE and PBDTTF-FTTE blends.  Conse-

quently, the PCEs are highest for PSCs based on PBDTT-FTTE 

(8.02%) and PBDTTF-FTTE (7.90%), while the PBDTTS-

FTTE devices deliver modest performance (5.95%).  Note that 

the average DARP-derived PBDTT-FTTE:ITIC-Th PCE 

(7.6%) rivals that reported for similarly processed Stille-derived 

PBDTT-FTTE:ITIC-Th blends (7.5%).32  The external quantum 

efficiency (EQE) spectra of the optimized PSCs (Figure 2b) 

show broad photo-response between 300–800 nm, with the in-

tegrated EQEs in good agreement with the JSC values (Table 

S3).   

Charge Transport Characterization.  Next, single car-

rier diodes were fabricated to probe vertical charge transport in 

the BHJ blends.  Hole (μh) and electron (μe) mobilities were then 

extracted in the SCLC regime (Figure S7).58  The PBDTT-

FTTE:ITIC-Th and PBDTSe-FTTE:ITIC-Th blend μhs are sim-

ilar ~8 × 10–4 cm2V–1s–1 and ~10× greater than those of the cor-

responding PBDTTS-FTTE and PBDTTF-FTTE blends which 

are ~5 × 10–5 cm2V–1s–1 (Table 1).  The former two blends also 

exhibit μes ~2–5 × 10–4 cm2V–1s–1, comparable in magnitude to 

those for previously reported similar blends,15,31 and exceeding 

those for the latter two blends ~4–8 × 10–5 cm2V–1s–1.  The sim-

ultaneously greater μhs and μes of the PBDTT-FTTE:ITIC-Th 

and PBDTSe-FTTE:ITIC-Th blends likely underlie more effi-

cient charge carrier extraction as well as the higher JSC and FF 

metrics.2,59   

Active Layer Morphology.  The blend surfaces were first 

probed by tapping mode AFM.  The height images of the 

PBDTTF-FTTE:ITIC-Th, PBDTT-FTTE:ITIC-Th, and 

PBDTSe-FTTE:ITIC-Th blends exhibit fine continuous  

 
Figure 2.  Photovoltaic responses of the DARP copolymer 

PBDT(Ar)-FTTE:ITIC-Th PSCs.  (a) J–V responses and (b) EQE 

spectra of the champion PBDT(Ar)-FTTE:ITIC-Th PSCs.   

networks and roughness ~1–2 nm (Figure S6).  In contrast the 

PBDTTS-FTTE:ITIC-Th blend exhibits increased roughness 

(~5 nm), suggesting coarser phase separation (vide infra).  Next, 

the packing characteristics of the neat copolymers and blends 

were analyzed by GIWAXS.  The blend 2D scattering patterns 

and 1D line cuts obtained from in-plane (IP) and out-of-plane 

(OoP) sector slices are shown in Figure 3.  The OoP π–π spac-

ings and coherence lengths (CLs) are summarized in Table S5.  

All blends exhibit IP lamellar packing (100) peaks at ≈0.25 Å–1 

and ≈0.45 Å–1 for the copolymer and ITIC-Th, respectively, and 

a weak OoP π–π stacking peak.  Note that the PBDTTS-FTTE 

OoP π–π stacking (010) distance (3.90 Å) is shorter than those 

of the other copolymers (~4.15 Å) and



 

 
Figure 3.  2D GIWAXS patterns of ITIC-Th blend films with (a) PBDTT-FTTE, (b) PBDTSe-FTTE, (c) PBDTTS-FTTE, and (d) PBDTTF-

FTTE.  Bottom: 1D line cuts were obtained from in-plane (IP) and out-of-plane (OoP) sector slices of 2D scattering patterns from blend and 

neat copolymer films.   

may reflect reduced steric repulsion of the 2-ethylhexyl substit-

uent as sulfur incorporation shifts the branching point further 

from the backbone, also in agreement with the lower copolymer 

solubility and Mn (vide supra).26   

Diffraction strength (DS) values were next calculated by 

integrating the lamellar peak pole plots for the neat and blend 

films.  The magnitude and trend of copolymer DS values are 

similar in both the neat and blend films, indicating little influ-

ence of ITIC-Th on copolymer ordering.  The copolymer DS 

values are relatively low and independent of the BDT Ar sub-

stituent (Figure S8), with the notable exception being that the 

PBDTTS-FTTE DS is roughly twice that of the other copoly-

mers, potentially reflecting greater order and/or crystallo-

graphic structure factor.60  The paracrystallinity parameter, g, 

estimated from the copolymer IP lamellar peak in the blend 

films is >15% (g = 12% for amorphous SiO2 glass) suggesting 

that domains of these copolymers are significantly disor-

dered,61,62 consistent with the low DS.  While ITIC-Th incorpo-

ration does not significantly impact the copolymer DS, note 

however that the copolymer Ar substituent has a marked impact 

on the ITIC-Th ordering in blends.  Specifically, a sharper and 

more pronounced ITIC-Th IP lamellar (100) peak32 and an OoP 

π–π (010) peak are evident in the PBDTSe-FTTE blend (Figure 

3b), indicating increased ITIC-Th ordering with greater π-face-

on orientation versus the more isotropic ordering in the 

PBDTTS-FTTE blend or weak edge-on ITIC-Th ordering in the 

other blends.  The higher degree of ITIC-Th π-face-on ordering 

together with a somewhat greater π–π CL is consistent with the 

higher μe of the PBDTSe-FTTE blend (Table 1).  Note however 

that this ordering does not appear essential for achieving high 

PSC performance since the ITIC-Th DS in the PBDTT-FTTE 

blend is lower despite the higher PCE (Table 1, Figure S8).  

Overall, copolymer ordering is found to be far more important 

in optimizing PSC performance because the copolymer DS is 

found to correlate more strongly, albeit negatively, with PSC 

performance than does the ITIC-Th DS.   

A more complete picture of blend morphology, including the 

domain size distributions and relative average phase purities 

over length scales spanning 10–1000 nm, is obtained with R-

SoXS.63,64  The azimuthally averaged 1D scattering profiles ob-

tained from the blend 2D scattering data are shown in Figure 

4a.  The integrated scattering intensity (ISI) is affected by both 

the phase contrast and the volume fraction of each phase.65  An-

alyzing the resulting characteristic size scales (Figure 4b) and 

relative average phase purities (Figure 4c) provides insight into 

the morphological origins of PBDT(Ar)-FTTE:ITIC-Th PSC 

performance.66–68  All of the blends exhibit broad scattering pro-

files indicating the presence of multiple length scales.  The 

PBDTSe-FTTE:ITIC-Th blend exhibits no distinct scattering 

feature indicating an especially broad distribution of length 

scales, including low-q scattering that may be due to the larger 

ITIC-Th crystallites detected by GIWAXS (Figure 3b).  In con-

trast, the PBDTT-FTTE, PBDTTF-FTTE, and PBDTTS-FTTE 

blends with ITIC-Th exhibit a clear correlation peak, with that 

of the PBDTTS-FTTE blend having the largest characteristic 

size scale (108 nm).  This is far greater than typical exciton dif-

fusion lengths ~10–20 nm,4 and is consistent with the GIWAXS 

and AFM measurements, where PBDTTS-FTTE ordering was 

also found to be greatest (vide supra).  In comparison, the char-

acteristic size scales for the PBDTT-FTTE (48 nm) and 

PBDTTF-FTTE (67 nm) blends are smaller.  Not surprisingly, 

the characteristic size scale is found to correlate inversely with 

the PSC JSC and FF values (Figure S11).2,3  The R-SoXS esti-

mated relative average phase purity in the present blends varies 

as shown in Figure 4c and follows the trend PBDTTS-FTTE 

(1.00) > PBDTTF-FTTE (0.70) > PBDTT-FTTE (0.65) > 

PBDTSe-FTTE (0.58).  Interestingly, the FF values trend 

downward as both relative average phase purity and character-

istic size scale increase (Figure S11), in marked contrast to pre-

vious reports where increased relative average phase purity gen-

erally correlates with higher FF.67,68   



 

 
Figure 4.  (a) R-SoXS profiles acquired at the maximum copolymer:ITIC-Th contrast energy (284 eV).  (b) Characteristic size scale and (c) 

relative average phase purities obtained from the R-SoXS profiles.  The size scale for the PBDTSe-FTTE blend was not evaluated due to the 

absence of a clear scattering peak.  (d) Copolymer composition at the top of the BHJ blend surface.   

Additionally, surface-sensitive NEXAFS spectroscopy was em-

ployed to quantify the composition of the BHJ top surface (Fig-

ures 4d and S12).69–73  The PBDTTS-FTTE blend exhibits the 

greatest donor copolymer top surface composition (87%), and 

the those for the PBDTTF-FTTE (81%), PBDTSe-FTTE 

(78%), and PBDTT-FTTE (72%) blends are lower.  The top 

surface PBDTT-FTTE enrichment in the ITIC-Th blend is 

slightly greater than that recently reported for a PBDTT-

FTTE:PC71BM blend (~64%), but less than that reported for a 

P3HT:PC61BM blend (~90%).74,75  Donor material enrichment 

at the top surface of inverted architecture PSCs has previously 

been linked to increased photovoltaic performance.72,74  How-

ever higher donor surface enrichment in the PBDT(Ar)-

FTTE:ITIC-Th blends correlates with lower performance, sug-

gesting that sufficient copolymer composition at the BHJ top 

surface for efficient hole extraction to the electrode has been 

achieved in all of the present blends.  The trend in surface com-

position also indicates that PBDTTS-FTTE has the lowest, and 

that PBDTSe-FTTE and PBDTT-FTTE have the highest misci-

bility with ITIC-Th, in accord with the R-SoXS results (vide 

supra).  Note that, the lower phase miscibility in the PBDTTS-

FTTE and PBDTTF-FTTE blends may reflect less favorable in-

teractions between the respective heteroaryl substituents and 

ITIC-Th and/or the lower copolymer Mns, which can increase 

copolymer ordering and alter PSC metrics.8,76–78   

Solar Cell Performance Stability.  Operational stability 

is a critical factor affecting the practicality of PSC technolo-

gies.37,79  Consequently, the stability of the present PBDT(Ar)-

FTTE PSCs was evaluated using protocols established by the 

International Summits on OPV Stability.79–81  Specifically, PSC 

photovoltaic stability was assessed as a function of exposure to 

ambient conditions as well as to simulated solar illumination.  

In the ambient stability evaluations, unencapsulated 

 
Figure 5.  Photovoltaic stability of the PBDT(Ar)-FTTE:ITIC-Th 

PSCs.  (a) Ambient stability of the PSCs.  (b) PSC stability under 

AM 1.5G illumination (100 mW cm–2). 



 

PSC devices were stored under ambient temperature and hu-

midity in the dark.  Under these conditions, all of the present 

PSCs exhibit decay of performance metrics with continued ex-

posure (Figures 5a and S4).  After 51 days, the PBDTSe-

FTTE:ITIC-Th, PBDTTS-FTTE:ITIC-Th, and PBDTTF-

FTTE:ITIC-Th PSCs retain between 83–88% of the initial PCE.  

In comparison, the PBDTT-FTTE:ITIC-Th PSCs exhibit the 

greatest decrease, retaining only 73% of their initial PCE.  

These results rival or exceed the stabilities exhibited by similar 

PSC blends containing IDTT-related acceptors under similar 

stress conditions.82,83   

Additionally, PBDTT-FTTE:PC71BM PSCs were fabri-

cated as previously reported and assessed for ambient storage 

stability (see SI).47  Interestingly, these PC71BM-based PSCs are 

more stable than the corresponding ITIC-Th-based ones and re-

tain 86% of the initial PCE after 51 days, in contrast to previous 

reports where decay is far more dramatic.17  In all of the present 

ITIC-Th- and PC71BM-based PSCs, the PCE losses are mainly 

due to FF decline (Figures S4).84   

Finally, photostability was evaluated by subjecting the 

PSCs to continuous AM 1.5G illumination (100 mW cm–2) un-

der ambient conditions with periodic performance evaluation.  

The PBDTT-FTTE:ITIC-Th, PBDTSe-FTTE:ITIC-Th and 

PBDTTF-FTTE:ITIC-Th PSCs exhibit linear PCE decay with 

no obvious “burn-in” period, and retain 74–83% of the initial 

PCE after 180 min illumination (Figure 5b).  Similar to previous 

reports,20,82 these decreases reflect simultaneously diminished 

VOC, JSC, and FF (Figure S5).  In marked contrast, the PBDTTS-

FTTE:ITIC-Th PSC performance is virtually unchanged after 

180 min.  One known morphological photodegradation mecha-

nism of PBDTT-FTTE PSCs is small molecule acceptor diffu-

sion to the BHJ top surface,20 which presumably degrades in-

verted architecture PSC performance by impeding hole extrac-

tion.85,86  In other studies, organic semiconductor crystallinity is 

correlated with greater resilience to photobleaching.87,88  Thus, 

we speculate that the enhanced PBDTTS-FTTE:ITIC-Th PSC 

photostability reflects the increased copolymer ordering (Figure 

3c), larger characteristic size scales (Figure 4b), and greater co-

polymer top surface enrichment (Figure 4d), all of which may 

help minimize active layer morphological degradation and pho-

tobleaching.79   

Unlike in the above ambient stability experiments where 

the PBDTT-FTTE:PC71BM PSCs are quite robust, these fuller-

ene-based PSCs exhibit the poorest photostability, retaining 

<50% of the initial PCE after only 180 min exposure to illumi-

nation, in line with previous reports.20,89  The most likely origin 

of which is the presence of iodinated film processing additives, 

which are required to achieve optimal PBDTT-FTTE:PC71BM 

PSCs performance initally,30,31,47,74 but are well-known degrade 

performance on prolonged light exposure.90,91  Consequently, 

the absence of iodinated processing additives employed in the 

fabrication of the present ITIC-Th-based PSCs may partly ex-

plain their superior photostability.   

CONCLUSIONS 

A series of alternating in-chain donor-acceptor π-conjugated 

semiconducting copolymers, PBDT(Ar)-FTTE, with high mo-

lecular masses and selected heteroaryl BDT substituents was 

prepared by an environmentally benign DARP protocol, ex-

tending the scope of DARP for PSC copolymers.  For the first 

time, BHJ PSCs containing a nonfullerene acceptor, ITIC-Th, 

and a DARP-derived donor are fabricated and evaluated.  Three 

PSC blends deliver >7% PCE and PBDTT-FTTE devices 

achieve >8% PCE, rivalling the record for DARP copoly-

mer:fullerene PSCs and broadening the applicability of this 

green synthetic methodology.  Next, the relationships between 

Ar-sensitive copolymer structure, BHJ morphology, and PSC 

performance are evaluated by in-depth characterization of 

phase separation, structural order, and carrier mobility using 

AFM, GIWAXS, R-SoXS, NEXAFS, and SCLC measure-

ments.  The resulting data convincingly highlight the important 

effects of Ar-related, smaller and well-blended copolymer do-

mains for maximum PSC performance.  Smaller BHJ copoly-

mer domains having greater ITIC-Th miscibility correlate with 

enhanced JSC, FF, and PCE metrics.  Surprisingly regarding cell 

performance durability, while unencapsulated PBDTT-

FTTE:ITIC-Th PSCs deliver the highest initial PCE, the unen-

capsulated PBDTTF-FTTE:ITIC-Th devices exhibit the opti-

mum combination of high initial photovoltaic metrics and sta-

bility, retaining nearly 90% of the initial PCE after 51 days in 

ambient air and 83% of initial PCE after 180 min exposure to 

simulated solar illumination.  Noteworthy for this PBDT(Ar)-

FTTE:ITIC-Th series, PSC photovoltaic stability correlates 

with the presence of dimensionally large and compositionally 

purer BHJ domains, and moreover is comparable to or exceeds 

the stability of the analogous fullerene-based PSCs.  Together 

these results argue that BHJ  solar cells fabricated with DARP-

derived donors and nonfullerene acceptors are promising for 

greener, more stable solar energy generation.   

ASSOCIATED CONTENT  

Supporting Information 

Monomer and copolymer synthesis and characterization, UV-vis 

and NMR spectra, CV, PSC device fabrication, AFM, SCLC, 

GIWAXS, R-SoXS, and NEXAFS measurements are available in 

the Supporting Information. This material is available free of 

charge via the Internet at http://pubs.acs.org. 

AUTHOR INFORMATION 

Corresponding Authors 

*E-mail dean.delongchamp@nist.gov 

*E-mail a-facchetti@northwestern.edu 

*E-mail f-melkonyan@northwestern.edu 

*E-mail t-marks@northwestern.edu 

ORCID 

Thomas J. Aldrich:  0000-0001-7169-4052 

Weigang Zhu:  0000-0002-5888-4481 

Subhrangsu Mukherjee:  0000-0002-5479-3750 

Lee J. Richter: 0000-0002-9433-3724 

Eliot Gann:  0000-0001-5570-8880 

Antonio Facchetti:  0000-0002-8175-7958 

Ferdinand S. Melkonyan:  0000-0001-8228-9247 

Tobin J. Marks:  0000-0001-8771-0141 

Author Contributions 

‖T.J.A. and W.Z. contributed equally to this work.   

 

Notes 
The authors declare no competing financial interest. 

ACKNOWLEDGMENT 

This research was supported in part by the Center for Light Energy 

Activated Redox Processes (LEAP), an Energy Frontier Research 

Center funded by the U.S. Department of Energy, Office of Sci-

ence, Office of Basic Energy Sciences under Award DE-

SC0001059, by the U.S. Department of Energy, Office of Science, 



 

and Office of Basic Energy Sciences under Award Number DE-

FG02-08ER46536, (T.J.A material synthesis and characterization), 

AFOSR grant FA9550-18-1-0320, (A.F. and W.Z. material charac-

terization), and the Northwestern University Materials Research 

Science and Engineering Center under NSF grant DMR-1720139.  

F.S.M. was supported by award 70NANB14H012 from the U.S. 

Department of Commerce, National Institute of Standards and 

Technology as part of the Center for Hierarchical Materials Design 

(CHiMaD).  T.J.A. thanks the NSF for a graduate research fellow-

ship.  This work made use of the EPIC, Keck-II, and/or SPID facil-

ities of Northwestern’s NUANCE Center, which received support 

from the Soft and Hybrid Nanotechnology Experimental (SHyNE) 

Resource (NSF ECCS-1542205).  We thank Dr. A. S. Dudnik for 

assistance with precursor synthesis.  Beamlines 11.0.1.2 at the Ad-

vanced Light Source, Berkeley, CA is supported by the Director of 

the Office of Science, Office of Basic Energy Sciences, of the U.S. 

Department of Energy under Contract No. DE-AC02-05CH11231.  

This work is based upon research conducted at the Cornell High 

Energy Synchrotron Source (CHESS), Cornell, NY which is sup-

ported by the National Science Foundation under award DMR-

1332208.  Beamline support at beamline 11.0.1.2 (ALS) was pro-

vided by A.L.D. Kilcoyne and C. Wang.  Beamline support at 

beamline D1 (CHESS) was provided by D. Smilgies.  Facilities and 

scientific assistance of the Soft X-ray beam line at the Australian 

Synchrotron, Victoria, Australia are acknowledged.   

REFERENCES 

(1)  Yu, G.; Gao, J.; Hummelen, J. C.; Wudl, F.; Heeger, A. J. Polymer 

Photovoltaic Cells: Enhanced Efficiencies via a Network of Internal Donor-

Acceptor Heterojunctions. Science 1995, 270, 1789–1791.  
(2)  Lu, L.; Zheng, T.; Wu, Q.; Schneider, A. M.; Zhao, D.; Yu, L. Recent 

Advances in Bulk Heterojunction Polymer Solar Cells. Chem. Rev. 2015, 

115, 12666–12731.  
(3)  Mazzio, K. A.; Luscombe, C. K. The future of organic photovoltaics. 

Chem. Soc. Rev. 2015, 44, 78–90.  

(4)  Heeger, A. J. 25th Anniversary Article: Bulk Heterojunction Solar 
Cells: Understanding the Mechanism of Operation. Adv. Mater. 2014, 26, 

10–28. 

(5)  Shi, S.; Liao, Q.; Tang, Y.; Guo, H.; Zhou, X.; Wang, Y.; Yang, T.; 
Liang, Y.; Cheng, X.; Liu, F.; Guo, X. Head-to-Head Linkage Containing 

Bithiophene-Based Polymeric Semiconductors for Highly Efficient Poly-

mer Solar Cells. Adv. Mater. 2016, 28, 9969–9977. 
(6)  Hou, J.; Inganäs, O.; Friend, R. H.; Gao, F. Organic solar cells based 

on non-fullerene acceptors. Nat. Mater. 2018, 17, 119-128.  

(7)  Fan, B.; Zhang, D.; Li, M.; Zhong, W.; Zeng, Z.; Ying, L.; Huang, 
F.; Cao, Y. Achieving over 16% efficiency for single-junction organic solar 

cells. Sci. China Chem. 2019, DOI: 10.1007/s11426-019-9457-5. 

(8)  Eastham, N. D.; Dudnik, A. S.; Aldrich, T. J.; Manley, E. F.; Fauvell, 
T. J.; Hartnett, P. E.; Wasielewski, M. R.; Chen, L. X.; Melkonyan, F. S.; 

Facchetti, A.; Chang, R. P. H.; Marks, T. J. Small Molecule Acceptor and 

Polymer Donor Crystallinity and Aggregation Effects on Microstructure 
Templating: Understanding Photovoltaic Response in Fullerene-Free Solar 

Cells. Chem. Mater. 2017, 29, 4432–4444. 

(9)  Lin, Y.; Wang, J.; Zhang, Z.-G.; Bai, H.; Li, Y.; Zhu, D.; Zhan, X. 
An Electron Acceptor Challenging Fullerenes for Efficient Polymer Solar 

Cells. Adv. Mater. 2015, 27, 1170–1174.  

(10)  Li, S.; Ye, L.; Zhao, W.; Yan, H.; Yang, B.; Liu, D.; Li, W.; Ade, 

H.; Hou, J. A Wide Band Gap Polymer with a Deep Highest Occupied Mo-

lecular Orbital Level Enables 14.2% Efficiency in Polymer Solar Cells. J. 
Am. Chem. Soc. 2018, 140, 7159–7167. 

(11)  Sisto, T. J.; Zhong, Y.; Zhang, B.; Trinh, M. T.; Miyata, K.; Zhong, 

X.; Zhu, X.-Y.; Steigerwald, M. L.; Ng, F.; Nuckolls, C. Long, Atomically 
Precise Donor–Acceptor Cove-Edge Nanoribbons as Electron Acceptors. J. 

Am. Chem. Soc. 2017, 139, 5648–5651. 

(12)  Hartnett, P. E.; Timalsina, A.; Matte, H. S. S. R.; Zhou, N.; Guo, 
X.; Zhao, W.; Facchetti, A.; Chang, R. P. H.; Hersam, M. C.; Wasielewski, 

M. R.; Marks, T. J. Slip-Stacked Perylenediimides as an Alternative Strat-

egy for High Efficiency Nonfullerene Acceptors in Organic Photovoltaics. 
J. Am. Chem. Soc. 2014, 136, 16345–16356. 

(13)  Swick, S. M.; Zhu, W.; Matta, M.; Aldrich, T. J.; Harbuzaru, A.; 

Navarette, J. T. L.; Ortiz, R. P.; Kohlstedt, K. L.; Schatz, G. C.; Facchetti, 

A.; Melkonyan F. S.; Marks, T. J. Closely packed, low reorganization en-
ergy π-extended postfullerene acceptors for efficient polymer solar cells. 

Proc. Natl. Acad. Sci. U.S.A. 2018, 115, E8341–E8348. 

(14)  Aldrich, T. J.; Matta, M.; Zhu, W.; Swick, S. M.; Stern, C. L.; 
Schatz, G. C.; Facchetti, A.; Melkonyan, F. S.; Marks, T. J. Fluorination 

Effects on Indacenodithienothiophene Acceptor Packing and Electronic 

Structure, End-Group Redistribution, and Solar Cell Photovoltaic Re-
sponse. J. Am. Chem. Soc. 2019, 141, 3274–3287. 

(15)  Eastham, N. D.; Logsdon, J. L.; Manley, E. F.; Aldrich, T. J.; 

Leonardi, M. J.; Wang, G.; Powers-Riggs, N. E.; Young, R. M.; Chen, L. 
X.; Wasielewski, M. R.; Melkonyan, F. S.; Chang, R. P. H.; Marks, T. J. 

Hole-Transfer Dependence on Blend Morphology and Energy Level Align-

ment in Polymer:ITIC Photovoltaic Materials. Adv. Mater. 2018, 30, 
1704263. 

(16)  Yi, X.; Gautam, B.; Constantinou, I.; Cheng, Y.; Peng, Z.; Klump, 

E.; Ba, X.; Ho, C. H. Y.; Dong, C.; Marder, S. R.; Reynolds, J. R.; Tsang, 
S.-W.; Ade, H.; So, F. Impact of Nonfullerene Molecular Architecture on 

Charge Generation, Transport, and Morphology in PTB7-Th-Based Or-

ganic Solar Cells. Adv. Funct. Mater. 2018, 28, 1802702. 
(17)  Baran, D.; Ashraf, R. S.; Hanifi, D. A.; Abdelsamie, M.; Gasparini, 

N.; Röhr, J. A.; Holliday, S.; Wadsworth, A.; Lockett, S.; Neophytou, M.; 

Emmott, C. J. M.; Nelson, J.; Brabec, C. J.; Amassian, A.; Salleo, A.; 
Kirchartz, T.; Durrant, J. R.; McCulloch, I. Reducing the efficiency-stabil-

ity-cost gap of organic photovoltaics with highly efficient and stable small 

molecule acceptor ternary solar cells. Nat. Mater. 2017, 16, 363–369.  
(18)  Gasparini, N.; Salvador, M.; Strohm, S.; Heumueller, T.; Levchuk, 

I.; Wadsworth, A.; Bannock, J. H.; de Mello, J. C.; Egelhaaf, H.-J.; Baran, 
D.; McCulloch, I.; Brabec, C. J. Burn-in Free Nonfullerene-Based Organic 

Solar Cells. Adv. Energy Mater. 2017, 7, 1700770.  

(19)  Zhao, F.; Dai, S.; Wu, Y.; Zhang, Q.; Wang, J.; Jiang, L.; Ling, Q.; 
Wei, Z.; Ma, W.; You, W.; Zhan, X. Single-Junction Binary-Blend Non-

fullerene Polymer Solar Cells with 12.1% Efficiency. Adv. Mater. 2017, 29, 

1700144.  
(20)  Baran, D.; Gasparini, N.; Wadsworth, A.; Tan, C. H.; Wehbe, N.; 

Song, X.; Hamid, Z.; Zhang, W.; Neophytou, M.; Kirchartz, T.; Brabec, C. 

J.; Durrant, J. R.; McCulloch, I. Robust Nonfullerene solar cells approach-
ing unity external quantum efficiency enabled by suppression of geminate 

recombination. Nat. Commun. 2018, 9, 2059. 

(21)  Zhang, J.; Tan, H. S.; Guo, X.; Facchetti, A.; Yan, H. Material in-
sights and challenges for non-fullerene organic solar cells based on small 

molecular acceptors. Nat. Energy 2018, 3, 720–731. 

(22)  Burke, D. J.; Lipomi, D. J. Green chemistry for organic solar cells. 
Energy Environ. Sci. 2013, 6, 2053–2066. 

(23)  Zhang, S.; Ye, L.; Zhao, W.; Liu, D.; Yao, H.; Hou, J. Side Chain 

Selection for Designing Highly Efficient Photovoltaic Polymers with 2D-
Conjugated Structure. Macromolecules 2014, 47, 4653–4659.  

(24)  Chang, W.-H.; Meng, L.; Dou, L.; You, J.; Chen, C.-C.; Yang, Y.; 

Young, E. P.; Yang, Y. A Selenophene Containing Benzodithiophene-alt-
thienothiophene Polymer for Additive-Free High Performance Solar Cell. 

Macromolecules 2015, 48, 562–568. 

(25)  Cui, C.; Wong, W.-Y.; Li, Y. Improvement of open-circuit voltage 
and photovoltaic properties of 2D-conjugated polymers by alkylthio substi-

tution. Energy Environ. Sci. 2014, 7, 2276–2284.  

(26)  Yao, H.; Ye, L.; Zhang, H.; Li, S.; Zhang, S.; Hou, J. Molecular 
Design of Benzodithiophene-Based Organic Photovoltaic Materials. Chem. 

Rev. 2016, 116, 7397–7457.  

(27)  Holliday, S.; Li, Y.; Luscombe, C. K. Recent advances in high per-
formance donor-acceptor polymers for organic photovoltaics. Prog. Polym. 

Sci. 2017, 70, 34–51. 

(28)  Guo, Y.; Li, Y.; Awartani, O.; Han, H.; Zhao, J.; Ade, H.; Yan, H.; 
Zhao, D. Improved Performance of All-Polymer Solar Cells Enabled by 

Naphthodiperylenetetraimide-Based Polymer Acceptor. Adv. Mater. 2017, 

1700309. 
(29)  Li, S.; Zhang, H.; Zhao, W.; Ye, L.; Yao, H.; Yang, B.; Zhang, S.; 

Hou, J. Green-Solvent-Processed All-Polymer Solar Cells Containing a 

Perylene Diimide-Based Acceptor with an Efficiency over 6.5%. Adv. En-
ergy Mater. 2015, 1501991.  

(30)  Liao, S.-H.; Jhuo, H.-J.; Cheng, Y.-S.; Chen, S.-A. Fullerene De-

rivative-Doped Zinc Oxide Nanofilm as the Cathode of Inverted Polymer 
Solar Cells with Low-Bandgap Polymer (PTB7-Th) for High Performance. 

Adv. Mater. 2013, 25, 4766–4771. 

(31)  Huang, J.; Li, C.-Z.; Chueh, C.-C.; Liu, S.-Q.; Yu, J.-S.; Jen, A. K.-
Y. 10.4% Power Conversion Efficiency of ITO-Free Organic Photovoltaics 

Through Enhanced Light Trapping Configuration. Adv. Energy Mater. 

2015, 5, 1500406. 



 

(32)  Lin, Y.; Zhao, F.; He, Q.; Huo, L.; Wu, Y.; Parker, T. C.; Ma, W.; 
Sun, Y.; Chunru, W.; Zhu, D.; Heeger, A. J.; Marder, S. R.; Zhan, X. High-

Performance Electron Acceptor with Thienyl Side Chains for Organic Pho-

tovoltaics. J. Am. Chem. Soc. 2016, 138, 4955–4961.   
(33)  Meng, L.; Zhang, Y.; Wan, X.; Li, C.; Zhang, X.; Wang, Y.; Ke, 

X.; Xiao, Z.; Ding, L.; Xia, R.; Yip, H.-L.; Cao, Y.; Chen, Y. Organic and 

solution-processed tandem solar cells with 17.3% efficiency. Science 2018, 
361, 1094–1098.   

(34)  Dai, S.; Li, T.; Wang, W.; Xiao, Y.; Lau, T.-K.; Li, Z.; Liu, K.; Lu, 

X.; Zhan, X. Enhancing the Performance of Polymer Solar Cells via Core 
Engineering of NIR-Absorbing Electron Acceptors. Adv. Mater. 2018, 30, 

1706571.   

(35)  Shi, X.; Zuo, L.; Jo, S. B.; Gao, K.; Lin, F.; Liu, F.; Jen, A. K.-Y. 
Design of a Highly Crystalline Low-Band Gap Fused-Ring Electron Accep-

tor for High-Efficiency Solar Cells with Low Energy Loss. Chem. Mater. 

2017, 29, 8369–8376.   
(36)  Cai, G.; Xue, P.; Chen, Z.; Li, T.; Liu, K.; Ma, W.; Lian, J.; Zeng, 

P.; Wang, Y.; Han, R. P. S.; Zhan, X. High-Performance Mid-Bandgap 

Fused-Pyrene Electron Acceptor. Chem. Mater. 2018, 
DOI:10.1021/acs.chemmater.8b04668.   

(37)  Min, J.; Luponosov, Y. N.; Cui, C.; Kan, B.; Chen, H.; Wan, X.; 

Chen, Y.; Ponomarenko, S. A.; Li, Y.; Brabec, C. J. Evaluation of Electron 
Donor Materials for Solution-Processed Organic Solar Cells via a Novel 

Figure of Merit. Adv. Energy Mater. 2017, 1700465.   

(38)  Aldrich, T. J.; Swick, S. M.; Melkonyan, F. S.; Marks, T. J. En-
hancing Indacenodithiophene Acceptor Crystallinity via Substituent Ma-

nipulation Increases Organic Solar Cell Efficiency. Chem. Mater. 2017, 29, 
10294–10298.  

(39)  Carsten, B.; He, F.; Son, H. J.; Xu, T.; Yu, L. Stille Polycondensa-

tion for Synthesis of Functional Materials. Chem. Rev. 2011, 111, 1493–
1528. 

(40)  Matsidik, R.; Komber, H.; Luzio, A.; Caironi, M.; Sommer, M. 

Defect-free Naphthalene Diimide Bithiophene Copolymers with Controlled 
Molar Mass and High Performance via Direct Arylation Polycondensation. 

J. Am. Chem. Soc. 2015, 137, 6705–6711.  

(41)  Marrocchi, A.; Facchetti, A.; Lanari, D.; Petrucci, C.; Vaccaro, L. 
Current methodologies for a sustainable approach to π–conjugated organic 

semiconductors. Energy Environ. Sci. 2016, 9, 763–786.  

(42)  Bura, T.; Blaskovits, J. T.; Leclerc, M. Direct (hetero)arylation 
Polymerization: Trends and Perspectives. J. Am. Chem. Soc. 2016, 138, 

10056–10071.  

(43)  Rudenko, A. E.; Thompson, B. C. Optimization of direct arylation 
polymerization (DArP) through the identification and control of defects in 

polymer structure. J. Polym. Sci. Part A: Polym. Chem. 2015, 53, 135–147.  

(44)  Schmatz, B.; Ponder, J. F. Jr.; Reynolds, J. R. Multifunctional tri-
phenylamine polymers synthesized via direct (hetero)arylation polymeriza-

tion. J. Polym. Sci., Part A: Polym. Chem. 2018, 56, 147–153. 

(45)  Huang, Y.; Luscombe, C. K. Towards Green Synthesis and Pro-
cessing of Organic Solar Cells. Chem. Rec. 2019, 19, 1–12. 

(46)  Osedach, T. P.; Andrew, T. L.; Bulović, V. Effect of synthetic ac-

cessibility on the commercial viability of organic photovoltaics. Energy En-
viron. Sci. 2013, 6, 711–718. 

(47)  Dudnik, A. S.; Aldrich, T. J.; Eastham, N. D.; Chang, R. P. H.; 

Facchetti, A.; Marks, T. J. Tin-Free Direct C–H Arylation Polymerization 
for High Photovoltaic Efficiency Conjugated Copolymers. J. Am. Chem. 

Soc. 2016, 138, 15699–15709.  

(48)  Kuwabara, J.; Fujie, Y.; Maruyama, K.; Yasuda, T.; Kanbara, T. 
Suppression of Homocoupling Side Reactions in Direct Arylation Polycon-

densation for Producing High Performance OPV Materials. Macromole-

cules 2016, 49, 9388–9395.  
(49)  Guérette, M.; Najari, A.; Maltais, J.; Pouliot, J.-R.; Dufresne, S.; 

Simoneau, M.; Besner, S.; Charest, P.; Leclerc, M. New Processable Phe-

nanthridinone-Based Polymers for Organic Solar Cell Applications. Adv. 
Energy Mater. 2016, 1502094.  

(50)  Robitaille, A.; Jenekhe, S. A.; Leclerc, M. Poly(naphthalene 

diimide-alt-bithiophene) Prepared by Direct (Hetero)arylation Polymeriza-
tion for Efficient All-Polymer Solar Cells. Chem. Mater. 2018, 30, 5353–

5361. 

(51)  Aldrich, T. J.; Dudnik, A. S.; Eastham, N. D.; Manley, E. F.; Chen, 
L. X.; Chang, R. P. H.; Melkonyan, F. S.; Facchetti, A.; Marks, T. J. Sup-

pressing Defect Formation Pathways in the Direct C–H Arylation Polymer-

ization of Photovoltaic Copolymers. Macromolecules 2018, 51, 9140–
9155. 

(52)  A copolymer synthesized via Knoevenagel polycondensation was 

recently reported in photovoltaic blends with the ITIC acceptor although 

one of the monomers used in polymerization was synthesized by Stille cross 
coupling: Cao, C.; Xiao, M.; Yang, X.; Zhang, J.; Huang F.; Cao, Y. Cya-

novinylene-based copolymer synthesized by tin-free Knoevenagel polycon-

densation for high efficiency polymer solar cells. J. Mater. Chem. C. 2018, 
6, 8020–8027. 

(53)  Spano, F. C.; Silva, C. H- and J-Aggregate Behavior in Polymeric 

Semiconductors. Annu. Rev. Phys. Chem. 2014, 65, 477–500.  
(54  Fauvell, T. J.; Zheng, T.; Jackson, N. E.; Ratner, M. A.; Yu, L.; 

Chen, L. X. Photophysical and Morphological Implications of Single-

Strand Conjugated Polymer Folding in Solution. Chem. Mater. 2016, 28, 
2814–2822. 

(55)  Warnan, J.; El Labban, A.; Cabanetos, C.; Hoke, E. T.; Shukla, P. 

K.; Risko, C.; Brédas, J.-L.; McGehee, M. D.; Beaujuge, P. M. Ring Sub-
stituents Mediate the Morphology of PBDTTPD-PCBM Bulk Heterojunc-

tion Solar Cells. Chem. Mater. 2014, 26, 2299–2306. 

(56)  Zhang, Q.; Kelly, M. A.; Bauer, N.; You, W. The Curious Case of 
Fluorination of Conjugated Polymers for Solar Cells. Acc. Chem. Res. 2017, 

50, 2401–2409. 

(57)  Willems, R. E. M.; Weijtens, C. H. L.; de Vries, X.; Coehoorn, R.; 
Janssen, R. A. J. Relating Frontier Molecular Orbital Energies from Volt-

ammetry and Photoelectron Spectroscopy to the Open-Circuit Voltage of 

Organic Solar Cells. Adv. Energy Mater. 2019, 9, 1803677. 
(58)  Malliaras, G. G.; Salem, J. R.; Brock, P. J.; Scott, C. Electrical 

characterization and efficiency of single-layer organic light-emitting di-

odes. Phys. Rev. B 1998, 58, R13411–R13414. 
(59)  Bartesaghi, D.; Perez Idel, C.; Kniepert, J.; Roland, S.; Turbiez, M.; 

Neher, D.; Koster, L. J. Competition between Recombination and Extrac-
tion of Free Charges Determines the Fill Factor of Organic Solar Cells. Nat. 

Commun. 2015, 6, 7083. 

(60)  Stribeck, N. X-ray Scattering of Soft Matter; Springer: Berlin, 2010; 
p 92–94. 

(61)  Rivnay, J.; Mannsfeld, S. C. B.; Miller, C. E.; Salleo, A.; Toney, 

M. F. Quantitative Determination of Organic Semiconductor Microstruc-
ture from the Molecular to Device Scale. Chem. Rev. 2012, 112, 5488–

5519.  

(62)  Rivnay, J.; Noriega, R.; Kline, R. J.; Salleo, A.; Toney, M. F. Quan-
titative analysis of lattice disorder and crystallite size in organic semicon-

ductor thin films. Phys. Rev. B 2011, 84, 045203. 

(63)  Mukherjee, S.; Herzing, A. A.; Zhao, D.; Wu, Q.; Yu, L.; Ade, H.; 
DeLongchamp, D. M.; Richter, L. J. Morphological characterization of full-

erene and fullerene-free organic photovoltaics by combined real and recip-

rocal space techniques. J. Mater. Res. 2017, 32, 1921–1934.  
(64)  Carpenter, J. H.; Hunt, A.; Ade, H. Characterizing morphology in 

organic systems with resonant soft X-ray scattering. J. Electron Spectrosc. 

Relat. Phenom. 2015, 200, 2–14. 
(65)  Stribeck, N. Lecture Notes in Physics, Vol. 776; Springer-Verlag: 

Berlin Heidelberg, 2009; p 23–60. 

(66)  Collins, B. A.; Li, Z.; Tumbleston, J. R.; Gann, E.; McNeill, C. R.; 
Ade, H. Absolute Measurement of Domain Composition and Nanoscale 

Size Distribution Explains Performance in PTB7:PC71BM Solar Cells. 

Adv. Energy Mater. 2013, 3, 65–74.  
(67)  Mukherjee, S.; Jiao, X.; Ade, H. Charge Creation and Recombina-

tion in Multi-Length Scale Polymer:Fullerene BHJ Solar Cell Morpholo-

gies. Adv. Energy Mater. 2016, 6, 1600699.  
(68)  Ye, L.; Hu, H.; Ghasemi, M.; Wang, T.; Collins, B. A.; Kim, J.-H.; 

Jiang, K.; Carpenter, J. H.; Li, H.; Li, Z.; McAfee, T.; Zhao, J.; Chen, X.; 

Lai, J. L. Y.; Ma, T.; Brédas, J.-L.; Yan, H.; Ade, H. Quantitative relations 
between interaction parameter, miscibility and function in organic solar 

cells. Nat. Mater. 2018, 17, 253–260. 

(69)  Treat, N. D.; Chabinyc, M. L. Phase Separation in Bulk Hetero-
junctions of Semiconducting Polymers and Fullerenes for Photovoltaics. 

Annu. Rev. Phys. Chem. 2014, 65, 59–81.  

(70)  Germack, D. S.; Chan, C. K.; Hamadani, B. H.; Richter, L. J.; 
Fischer, D. A.; Gundlach, D. J.; DeLongchamp, D. M. Substrate-dependent 

interface composition and charge transport in films for organic photovolta-

ics. Appl. Phys. Lett. 2009, 94, 233303.  
(71)  Germack, D. S.; Chan, C. K.; Kline, R. J.; Fischer, D. A.; Gundlach, 

D. J.; Toney, M. F.; Richter, L. J.; DeLongchamp, D. M. Interfacial Segre-

gation in Polymer/Fullerene Blend Films for Photovoltaic Devices. Macro-
molecules 2010, 43, 3828–3836.  

(72)  Yan, Y.; Liu, X.; Wang, T. Conjugated-Polymer Blends for Organic 

Photovoltaics: Rational Control of Vertical Stratification for High Perfor-
mance. Adv. Mater. 2017, 29, 1601674.  



 

(73)  Kim, M.; Kim, J.-H.; Choi, H. H.; Park, J. H.; Jo, S. B.; Sim, M.; 
Kim, J. S.; Jinnai, H.; Park, Y. D.; Cho, K. Electrical Performance of Or-

ganic Solar Cells with Additive-Assisted Vertical Phase Separation in the 

Photoactive Layer. Adv. Energy Mater. 2014, 4, 1300612. 
(74)  Huang, W.; Gann, E.; Thomsen, L.; Dong, C.; Cheng, Y.-B. 

McNeill, C. R. Unraveling the Morphology of High Efficiency Polymer So-

lar Cells Based on the Donor Polymer PBDTTT-EFT. Adv. Energy Mater. 
2015, 5, 1401259. 

(75)  Tillack, A. F.; Noone, K. M.; MacLeod, B. A.; Norlund, D.; Nagle, 

K. P.; Bradley, J. A.; Hau, S. K.; Yip, H.-L.; Jen, A. K-Y.; Seidler, G. T.; 
Ginger, D. S. Surface Characterization of Polythiophene:Fullerene Blends 

on Different Electrodes Using Near Edge X-ray Absorption Fine Structure. 

ACS Appl. Mater. Interfaces 2011, 3, 726–732. 
(76)  He, X.; Mukherjee, S.; Watkins, S.; Chen, M.; Qin, T.; Thomsen, 

L.; Ade, H.; McNeill, C. R. Influence of Fluorination and Molecular Weight 

on the Morphology and Performance of PTB7:PC71BM Solar Cells. J. Phys. 
Chem. C 2014, 118, 9918–9929.  

(77)  Li, W.; Yang, L.; Tumbleston, J. R.; Yan, L.; Ade, H.; You, W. 

Controlling Molecular Weight of a High Efficiency Donor-Acceptor Con-
jugated Polymer and Understanding Its Significant Impact on Photovoltaic 

Properties. Adv. Mater. 2014, 26, 4456–4462. 

(78)  Zhou, N.; Dudnik, A. S.; Li, T. I. N. G.; Manley, E. F.; Aldrich, T. 
J.; Guo, P.; Liao, H.-C.; Chen, Z.; Chen, L. X.; Chang, R. P. H.; Facchetti, 

A.; Olvera de la Cruz, M.; Marks, T. J. All-Polymer Solar Cell Performance 

Optimized via Systematic Molecular Weight Tuning of Both Donor and 
Acceptor Polymers. J. Am. Chem. Soc. 2016, 138, 1240–1251. 

(79)  Mateker, W. R.; McGehee, M. D. Progress in Understanding Deg-
radation Mechanism and Improving Stability in Organic Photovoltaics. 

Adv. Mater. 2017, 29, 1603940.  

(80)  Gevorgyan, S. A.; Espinosa, N.; Ciammaruchi, L.; Roth, B.; Livi, 
F.; Tsopanidis, S.; Züfle, S.; Queirós, S.; Gregori, A.; dos Reis Benatto, G. 

A.; Corazza, M.; Madsen, M. V.; Hösel, M.; Beliatis, M. J.; Larsen-Olsen, 

T. T.; Pastorelli, F.; Castro, A.; Mingorance, A.; Lenzi, V.; Fluhr, D.; 
Roesch, R.; Ramos, M. M. D.; Savva, A.; Hoppe, H.; Marques, L. S. A.; 

Burgués, I.; Georgiou, E.; Serrano-Luján, L.; Krebs, F. C. Baselines for 

Lifetime of Organic Solar Cells. Adv. Energy Mater. 2016, 6, 1600910.  
(81)  Roesch, R.; Faber, T.; von Hauff, E.; Brown, T. M.; Lira-Cantu, 

M.; Hoppe, H. Procedures and Practices for Evaluating Thin-Film Solar 

Cell Stability. Adv. Energy Mater. 2015, 5, 1501407.  

(82)  Park, G. E.; Choi, S.; Park, S. Y.; Lee, D. H.; Cho, M. J.; Choi, D. 
H. Eco-Friendly Solvent-Processed Fullerene-Free Polymer Solar Cells 

with over 9.7% Efficiency and Long-Term Performance Stability. Adv. En-

ergy Mater. 2017, 1700566. 
(83)  Zhao, W.; Li, S.; Yao, H.; Zhang, S.; Zhang, Y.; Yang, B.; Hou, J. 

Molecular Optimization Enables over 13% Efficiency in Organic Solar 

Cells. J. Am. Chem. Soc. 2017, 139, 7148–7151. 
(84)  Wu, Y.; Yang, H.; Zou, Y.; Dong, Y.; Yuan, J.; Cui, C.; Li, Y. A 

new dialkylthio-substituted naphtho[2,3-c]thiophene-4,9-dione based poly-

mer donor for high-performance polymer solar cells. Energy Environ. Sci. 
2019, 12, 675–683.   

(85)  He, Z.; Zhong, C.; Su, S.; Xu, M.; Wu, H.; Cao, Y. Enhanced 

power-conversion efficiency in polymer solar cells using an inverted device 
structure. Nat. Photonics 2012, 6, 591–595. 

(86)  Guo, X.; Zhou, N.; Lou, S. J.; Smith, J.; Tice, D. B.; Hennek, J. W.; 

Ortiz, R. P.; Navarrete, J. T. L.; Li, S.; Strzalka, J.; Chen, L. X.; Chang, R. 
P. H.; Facchetti, A.; Marks, T. J. Polymer solar cells with enhanced fill fac-

tors. Nat. Photonics 2013, 7, 825–833. 
(87)  Soon, Y. W.; Shoaee, S.; Ashraf, R. S.; Bronstein, H.; Schroeder, 

B. C.; Zhang, W.; Fei, Z.; Heeney, M.; McCulloch, I.; Durrant, J. R.  Ma-

terial Crystallinity as a Determinant of Triplet Dynamics and Oxygen 

Quenching in Donor Polymers for Organic Photovoltaic Devices. Adv. 
Funct. Mater. 2014, 24, 1474–1482. 

(88)  Mateker, W. R.; Heumueller, T.; Cheacharoen, R.; Sachs-Quin-

tana, I. T.; Warnan, J.; Liu, X.; Bazan, G. C.; Beaujuge, P. M.; McGehee, 
M. D. Molecular Packing and Arrangement Govern the Photo-Oxidative 

Stability of Organic Photovoltaic Materials. Chem. Mater. 2015, 27, 
6345–6353. 

(89)  Yang, D.; Löhrer, F. C.; Körstgens, V.; Schreiber, A.; Bernstorff, 

S.; Buriak, J. M.; Müller-Buschbaum, P. In-Operando Study of the Effects 
of Solvent Additives on the Stability of Organic Solar Cells Based on 

PTB7-Th:PC71BM. ACS Energy Lett. 2019, 4, 464–470.   

(90)  Tremolet de Villers, B. J.; O’Hara, K. A.; Ostrowski, D. P.; Biddle, 
P. H.; Shaheen, S. E.; Chabinyc, M. L.; Olson, D. C.; Kopidakis, N. Re-

moval of Diiodooctane Improves Photostability of High-Performance Or-

ganic Solar Cell Polymers. Chem. Mater. 2016, 28, 876–884. 
(91)  Holliday, S.; Luscombe, C. K. Low Boiling Point Solvent Additives 

for Improved Photooxidative Stability in Organic Photovoltaics. Adv. Elec-

tron. Mater. 2018, 4, 1700416. 

 

 

Insert Table of Contents artwork here: 

 


