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  1.     Introduction 

 Bulk-heterojunction (BHJ) organic solar 
cells (OSCs) were intensively studied over 
the past 20 years in fabricating lightweight, 
fl exible, and cost-effective thin fi lm solar 
cells. Most work in materials design has 
focused on developing donor polymers [ 1 ]  
and small molecules. [ 2 ]  Electron acceptors 
are as important as the electron donors to 
achieve high performance OSCs and their 
development has lagged behind. Fullerene 
derivatives are the leading electron accep-
tors in OSCs, due to their good electron 
accepting properties and isotropic elec-
tron mobility, benefi ting from the large 
spherical conjugated π-electron system. [ 3 ]  
Bicontinuous and phase-separated mor-
phologies with domains tens of nano-
meters in size can be obtained by thermal/
solvent treatment. [ 4 ]  However, fullerenes 
do not signifi cantly contribute to light 
harvesting at wavelengths greater than 
600 nm, [ 5 ]  and their energy levels cannot 
be fi ne-tuned to match the donor mate-

rials to maximize the open-circuit voltage ( V  oc ) and minimize 
the energy loss. [ 6 ]  Moreover, fullerenes are not an ideal mate-
rial for production on an industrial scale despite the successes 
in laboratory scale devices. [ 7 ]  For these reasons, nonfullerene 
acceptor materials including small molecules [ 8 ]  and conjugated 
polymers [ 9 ]  have been intensively pursued lately, using strong 
electron-withdrawing groups such as cyano, [ 10 ]  imide and 
amide, [ 11 ]  benzothiadiazole, [ 12 ]  diketopyrrolopyrrole (DPP) [ 13 ]  to 
fi ne-tune energy levels. Poly(3-hexylthiophene) (P3HT) is often 
used as a model donor material to investigate performance of 
donor materials, and most recent report showed power conver-
sion effi ciencies (PCEs) exceeding 3%. [ 12f   ,   13h   ,   14 ]  

 Small molecules (SM) with planar structure tend to form 
excessively large crystalline domains. [ 11e   ,   15 ]  To minimize the 
formation of such unfavorably large crystalline domains, SM 
acceptors with twisted structures or with bulky bridging units 
have been developed. [ 11a   ,   11d   ,   15b ]  Recent studies demonstrated 
that PDI dimers with twisted structures showed promising 
performance as electron acceptors in solution-processed OSCs 
due to the signifi cant reduction in aggregation. [ 16 ]  However, 
unlike fullerenes that isotropically transport charge, the charge 
transport of PDI dimers is still highly anisotropic, with high 
mobility along the π-stacking direction. [ 17 ]  A common strategy 
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of constructing nonplanar conjugated electron acceptors with 
3D structure is to introduce a star-shape core into the  n -type 
molecules. Only a few star-shape cores have been used up to 
now, for example, triphenylamine (TPA), [ 18 ]  tetraphenylethylene 
(TPE), [ 15a ]  [2,2]paracyclophane, [ 13g ]  azadipyrromethene, [ 14b ]  and 
tetraphenylsilane(methane). [ 19 ]  

 DPP-based materials exhibited high electron mobilities 
due to their low-lying lowest unoccupied molecular orbital 
(LUMO) energy levels. [ 20 ]  Therefore, many DPP-based mate-
rials have been recently developed as electron acceptors for 
OSCs. Simple DPP acceptors provided low PCEs (<1.2%) 
despite the high  V  oc . [ 13a–e ]  Encouragingly, silafl uorene-based 
bis-DPP electron acceptors gave PCE as high as 2%. [ 13f  ]  Very 
recently, the effi ciency has been improved to exceed 3% by 
replacing the central 2-ethylhexyl-modifi ed silafl uorene unit 
with 9,9-dipropylfl uorene. [ 13h ]  

 Here, we report a new synthetic strategy to convert planar 
subunits to highly twisted SM acceptors by introducing a spiro-
linkage, using spirobifl uorene (SF). Coupling the SF core 
with four rigid DPPs yielded a new series of nonplanar DPP-
based acceptors ( SF-DPP ,  Figure    1  a). SF was chosen among 
the known nonplanar and star-shaped cores based on the fol-
lowing considerations: Firstly, the orthogonal arrangement of 

the two fl uorene units is fi xed, where modifi cation can lead to 
new materials with high nonplanarity that weakens intermo-
lecular interactions [ 21 ] ; Second, sp 3 -hybridized C-bridge in the 
SF center will block electron transfer within the DPP-fl uorene-
DPP substructure and the designed acceptor is actually a spiro 
dimer of DPP-fl uorene-DPP building block. Notably, Zhao and 
co-workers had utilized spirobifl uorene-2,7-diyl linker to con-
struct a PDI dimmer ( SF-PDI 2  ) acceptor in which one half of 
the SF core is an unsubstituted fl uorene unit. [ 15b ]  Interestingly, 
Yan and co-workers recently described that high-performance 
nonfullerene OSCs were achieved with  SF-PDI 2   as acceptor by 
the combination of a difl uorobenzothiadizole donor polymer. [ 22 ]  
Branched 2-ethylhexyl (EH), linear  n -octyl (C8) and n-dodecyl 
(C12) alkyl substituents were used, yielding three molecular 
variants,  SF-DPPEH ,  SF-DPPC8 , and  SF-DPPC12 . For com-
parison, another new series of acceptors ( SF-A-DPP ) were also 
synthesized by introducing C–C triple bond to link SF core 
and DPP units, yielding  SF-A-DPPEH ,  SF-A-DPPC8 , and  SF-A-
DPPC12  (Figure  1 c). A detailed investigation of their photophys-
ical, electrochemical, and thermal properties was performed. 
These materials have been investigated as acceptor material to 
fabricate BHJ cells using P3HT as the electron donor. A combi-
nation of X-ray diffraction and scattering techniques have been 
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 Figure 1.    The chemical structure of novel SM acceptors, a)  SF-DPP  and c)  SF-A-DPP  series. Ground-state geometries of methyl analogues of b)  SF-
DPP , and d)  SF-A-DPP , as calculated from density functional theory.



FU
LL

 P
A
P
ER

5956 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

used to investigate how the alkyl chains on the new acceptors 
infl uence the crystallinity and morphology of the BHJ fi lms. 

    2.     Result and Discussion 

  2.1.     Synthesis and Characterization 

 The synthesis of the  SF-DPP s and  SF-A-DPP s involves the syn-
thesis of two key intermediate compounds, four boronic ester 
and acetylene modifi ed SF derivatives, respectively.  Scheme    1   
shows the synthetic route to converting of 2,2′,7,7′-tetrabromo-
9,9′-spirobifl uorene into corresponding tetraboronic acid 
pinacol ester ( SF-B ) and tetraacetylene derivatives ( SF-A ). Both 
tetra-substituted derivatives were obtained with high yield, 
especially for the latter (above 90%). Further Suzuki coupling 
reaction between  SF-B  and monobrominated diketopyrrolopyr-
role ( Br-DPPR ) at a molar ratio of 1:6 afforded the desired four-
arm X-shaped molecules,  SF-DPP  ( SF-DPPEH ,  SF-DPPC8 , and 
 SF-DPPC12 ) in moderate yields (40%–50%). Sonagashira con-
densation of  SF-A  and 6 eq corresponding  Br-DPP  compound 
achieved the  SF-A-DPP  series with good yields (50%–64%). The 
target small molecules were fully characterized by  1 H and  13 C 
NMR spectroscopy, MALDI-TOF-MS and high-resolution mass 
spectrometry. All  SP-DPP  and  SF-A-DPP  molecules are soluble 
in common organic solvents such as CH 2 Cl 2 , CHCl 3 , tetrahy-
drofuran (THF), toluene, chlorobenzene, and dichlorobenzene. 

    2.2.     Molecular Geometry 

 Optimized ground state geometry spiro-DPP acceptors were 
calculated using Gaussian 09 software package at the B3LYP/6-
31G (d, p) level of theory in the gas phase using density func-
tional theory (DFT). In the calculations, the alkyl side chains 
of the molecules were replaced by methyl groups to reduce 
machine time. As shown in Figure  1 b,d, the SF core in both 
 SF-DPP  and  SF-A-DPP  models is perfectly cruciform with two 
orthogonal conjugated backbones. In the  SF-DPP  model, DPP 
moieties are twisted out of the connected fl uorene plane of SF 
core with interplanar angle of 23.4°. And as expected, in the 
 SF-A-DPP  model, DPP units lie nearly in the plane of fl uorene 
with interplanar angle of only 3.9° due to very low barrier for 
the rotation around C–C triple bond. The cruciform X-shape of 
these molecules can help to avoid strong crystalline packing.  

  2.3.     Thermal Properties 

 Thermogravimetric analysis (TGA) and differential scanning 
calorimetry (DSC) in a nitrogen atmosphere were performed to 
investigate the thermal properties of these new acceptors. The 
5% weight-loss temperatures ( T  d ) of  SF-DPPEH ,  SF-DPPC8,  
and  SF-DPPC12  are 402, 375, and 280 °C, respectively (see 
Figure S1, Supporting Information), indicating that branched 
alkyl chain is more benefi cial for stabilizing materials than 
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 Scheme 1.    The synthetic route for  SF-DPP  and  SF-A-DPP  molecules. i) NBS/CHCl 3 , 0 °C, overnight; ii) bis(pinacolato)diboron, Pd(dppf)Cl 2 , KOAc, 
dioxane, 80 °C, 24 h; iii) trimethylsilylacetylene, Pd(PPh 3 ) 2 Cl 2 , CuI, PPh 3 ,  i -Pr 2 NH, 80 °C, 24 h; iv) NaOH/CH 3 OH, CH 2 Cl 2 , rt, 6 h; v) Pd(PPh 3 ) 4 , toluene, 
85 °C, 48h; vi) Pd(PPh 3 ) 4 ,  i -Pr 2 NH/toluene, 85 °C, 48 h.
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linear chains in  SF-DPPs . However, all three  SF-A-DPP  accep-
tors showed almost the same weight-loss temperature with a  T  d  
of about 300 °C. All compounds are thermally stable enough to 
be used in solar cells. 

  Figure    2  a shows the DSC traces of  SP-DPPs  and  SF-A-
DPPEHs . These compounds showed crystalline melting tem-
perature ( T  m ) ranging from 225 to 307 °C. 2-Ethylhexyl substi-
tuted  SF-DPPEH  ( T  m  = 306.5 °C) showed considerably increased 
melting temperature in comparison to its analogues bearing 
linear  n -octyl side chains ( SF-DPPC8 ,  T  m  = 233.3 °C). And  T  m  
decreases as the length of the linear alkyl chain increases from 
8 to 12. A small exothermic peak occurs, around 149.5 °C for 
 SF-DPPEH  and 120.5 °C for  SF-DPPC8 , respectively, before the 
melting endothermic peak, as a result of cold crystallization of 
the amorphous molecules, [ 23 ]  which promotes the aggregation 
of both alkyl side chains and molecular backbone. Based on the 
comparison of the melting enthalpy values Δ H  (KJ/mol) for the 
phase-transition, one can fi nd that the degree of crystallinity for 
 SF-DPPEH  is higher than that of  SF-DPPC8  and  SF-DPPC12 . 
Upon cooling, both  SF-DPPC8  and  SF-DPPC12  exhibited crys-
tallization exotherms at 133.4 and 131.8 °C, respectively.  SF-A-
DPPEH  exhibits two cold crystallization processes (134.5 and 
170.9 °C), with a pronounced melting transition at 276 °C. The 
DSC fi ndings explain that both the alkyl side chains (such as 
structure and length) [ 24 ]  and linkage between two connected π 
moieties in conjugated backbone are integral to intermolecular 
forces, thereby modulating  T  m  and  T  c . 

    2.4.     Optoelectronic Properties 

 The optoelectronic properties of  SF-DPPs  and  SF-A-DPPs  were 
characterized using UV–vis absorption. Figure  2 b,c shows the 
absorption spectra of molecules in dilute CH 2 Cl 2  solutions and 
in thin fi lms, and the corresponding data are summarized in 
 Table    1  . In CH 2 Cl 2  solution, all acceptor molecules showed two 
distinct absorption bands including a weak band in the shorter 
wavelength region (300–400 nm) and a strong band with 
typical vibronic structure [ 25 ]  in the longer wavelength region 
(450–650 nm). The longer wavelength absorption originating 
from the intramolecular charge transfer (ICT) is associated with 
the DPP. Moreover, the introduction of C–C triple bonds results 
in only slightly blue-shifted (<10 nm), as shown in  SF-A-DPP s. 
The maximum absorption coeffi cients (ε max ) of the three  SF-
DPP  molecules were in the range of (1.75–1.78) × 10 5   M  −1  cm −1 , 
which was a slightly higher than those (1.51–1.58 × 10 5   M  −1  cm −1 ) 
of the  SF-A-DPP  molecules. In addition, the same absorption 
spectra in solution confi rmed that the electronic structure was 
nearly independent of the alkyl side chains for each series of 
molecules. In thin fi lms, all six molecules exhibited a red-shift 
(26–33 nm) in absorption, suggesting enhanced π–π interac-
tions. The optical band gaps of fi lms are ≈1.7–1.8 eV, estimated 
from the absorption edges. 

  Cyclic voltammetry (CV) experiments were carried out to 
investigate electronic structure of  SF-DPP  and  SF-A-DPP  mole-
cules. Experiments were done in CH 2 Cl 2  solution ( Figure    3  ). As 
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  Table 1.    Optical and electrochemical properties of  SF-DPP s and  SF-A-DPP s. 

Compound UV–vis absorption Cyclic voltammetry

 λmaxsol  
[nm]

ε λ( )maxsol  
[M −1  cm −1 ]

λmax film  
[nm]

Eg
opt  a)  

[eV]
HOMO 

[eV]
LUMO 

[eV]
Eg

cv  b)  
[eV]

SF-DPPEH 597 1.78 × 10 5 622 1.79 −5.26 −3.60 1.66

SF-DPPC8 598 1.75 × 10 5 629 1.78 −5.24 −3.55 1.69

SF-DPPC12 597 1.78 × 10 5 631 1.75 −5.23 −3.57 1.66

SF-A-DPPEH 588 1.58 × 10 5 616 1.81 −5.30 −3.58 1.72

SF-A-DPPC8 590 1.57 × 10 5 620 1.81 −5.29 −3.56 1.73

SF-A-DPPC12 590 1.51 × 10 5 618 1.76 −5.29 −3.57 1.72

    a) Optical band gap derived from absorption onset of fi lms;  b) Band gap derived from the difference between highest occupied molecular orbital (HOMO) and LUMO energy 
levels.   

 Figure 2.    a) DSC thermograms at 10 min −1  for  SF-DPPs  and  SF-A-DPPEH  in the different temperature range. UV–vis absorption spectra of b)  SF-DPP s 
and c)  SF-A-DPP s in CH 2 Cl 2  solutions and in solid fi lms on the quartz plate.
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shown in Figure  3 , all molecules undergo reversible multiple-
electron oxidations originating from successive oxidation of the 
different DPP moieties. However,  SF-DPPEH ,  SF-A-DPPC8 , 
and  SF-A-DPPC12  exhibit one or two quasi-reversible reduc-
tions and an irreversible reduction was observed for other mol-
ecules. The onset potential of a ferrocene/ferrocenium (Fc/Fc+) 
redox couple was found to be 0.34 V referencing to the SCE 
electrode in our measurement system, and the energy level of 
Fc/Fc+ was assumed to be at −4.8 eV under vacuum. [ 26 ]  The 
HOMO and LUMO energy levels of compounds in solution can 
be estimated from the equation of HOMO/LUMO = −exp( E (ox/
re) + 4.46) (eV). The HOMO/LUMO levels for all six acceptors 
were listed in and Table  1 . Compared with  SF-DPP , the HOMO 
of  SF-A-DPP  is slightly lower, demonstrating that C–C triple 

bond herein has minor infl uence on the both HOMO/LUMO 
energy levels. 

  These LUMO levels were higher (≈0.2–0.3 eV) than the cor-
responding value of PC 61 BM estimated to be ≈−3.84 eV, [ 12f  ]  indi-
cating that  V  oc  in devices prepared using these compounds was 
expected to exceed that of PC 61 BM acceptor devices. Based on 
the HOMO/LUMO energy levels of P3HT (−4.94/−2.94 eV), [ 27 ]  
the energy offsets (Δ E  LUMO ) between the LUMO of P3HT and 
those of the new acceptors is above 0.6 eV. While the relative 
HOMO offsets (Δ E  HOMO ) is above 0.3 eV and the substantially 
Δ E  LUMO  strongly suggests that blending P3HT with  SF-DPP  or 
 SF-A-DPP  acceptor, the resulted active layer blends would apply 
electron transfer from LUMO of P3HT to LUMO of these DPP-
based acceptors as the mechanism for producing free electrons 
and holes. [ 12e ]   

  2.5.     Nonfullerene Organic Solar Cells 

 Spiro-DPPs acceptors were used in bulk heterojunction solar 
cells, pairing P3HT as the donor material. OSCs were fabri-
cated with the confi guration of ITO/PEDOT:PSS/P3HT: SF-
DPP  or  SF-A-DPP /PFN/Al and tested under simulated 
100 mW cm −2  AM 1.5G illumination. First, we performed 
the optimization of photovoltaic performance of the OSCs of 
P3HT: SF-DPP  blends by changing the D/A weight ratios. The 
details on the effects of the blend ratios, the annealing pro-
cess and the annealing temperature are provided in the Sup-
porting Information (Table S1, Supporting Information). The 
device performance parameters for the three blends under the 
optimized fabrication conditions were summarized in  Table    2  . 
The current density–voltage ( J – V ) characteristics of the opti-
mized devices were presented in  Figure    4  a. Interestingly, the 
OSCs involving the blends of the three different  SF-DPP  accep-
tors showed large variations in photovoltaic performance. The 
highest PCE of 3.63% was obtained from a P3HT: SF-DPPEH  
(1:1) upon thermal annealing at 120 °C for 10 min. P3HT: SF-
DPPC8  and P3HT: SF-DPPC12  blend fi lms under the same D/A 
weight ratio (1:1) led to the best photovoltaic performance upon 
post-annealing at 100 °C for 10 min, with PCE of 1.87% and 
1.42%, respectively. The OSCs fabricated from three different 
 SF-A-DPP  acceptors were optimized on the basis of the same 
optimal D/A weight ratios (1:1). The three best  SF-A-DPP -
based devices exhibited low photovoltaic performance with a 
PCE of 0.76% for P3HT: SF-A-DPPEH  and below 0.5% for both 
P3HT: SF-A-DPPC8  and  SF-A-DPPC12  blends. 
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 Figure 3.    Electrochemical cyclic voltammetry of the six acceptors in 
CH 2 Cl 2  solution with the SCE reference electrode. Scan rate: 100 mV s −1 . 

  Table 2.    Photovoltaic performance of the best nonfullerene solar cells. 

Acceptors Annealing Temp. 
[°C]

 V  oc  
[V]

 J  sc  
[mA cm −2 ]

FF PCE 
[%]

SF-DPPEH 120 1.10 6.96 47.5 3.63

SF-DPPC8 100 0.88 5.21 40.9 1.87

SF-DPPC12 100 0.91 3.88 40.1 1.42

SF-A-DPPEH 140 0.75 2.37 42.6 0.76

SF-A-DPPC8 w/o 0.79 1.21 28.9 0.28

SF-A-DPPC12 w/o 0.70 1.96 33.1 0.45
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   Similar to other DPP-based acceptors, [ 13h   ,   18a ]  a high  V  oc  
(1.10 eV) was obtained for the P3HT: SF-DPPEH  blend, which 
was mainly due to the large energy level offset (1.34 eV) 
between the HOMO (−4.94 eV) of P3HT and the LUMO 
(−3.60 eV) of  SF-DPPEH . Although there was only a small 
difference in the LUMOs among the three  SF-DPP  acceptors, 
the  V  oc  of the linear alkyl chain acceptor ( SF-DPPC8  and  SF-
DPPC12 )-based devices showed reduction in  V  oc  (≈0.9 V). We 
thought that there were other infl uential factors besides the 
HOMO–LUMO gaps that play a role in determining the  V  oc  [ 28 ]  
(see Section 2.6). When compared the best devices prepared 
using  SF-DPP  and  SF-A-DPP  acceptors, one can fi nd that the 
 V  oc  obtained with the former was signifi cantly higher than that 
obtained from the latter. Additionally, the higher light absorp-
tion and lower bandgap of  SF-DPP  acceptors also contributes 
to their higher  J  sc . 

 The major advantage of nonfullerene acceptor is their light 
absorption. We investigated how acceptor materials were 
involved in exciton formation.  Figure    5   shows the absorp-
tion spectra of the blending thin fi lms of P3HT: SF-DPP  at 
weight ratios of 1:1, before and after thermal annealing. 

Before annealing, all three P3HT: SF-DPP  thin fi lms absorb 
in the range of 300–680 nm with two clear absorption peaks, 
the absorption peaks at longer wavelengths (620 nm) derived 
from the  SF-DPP  acceptor and the absorption peaks at shorter 
wavelength (566 nm) originated from the P3HT. There was a 
considerable enhancement in their absorptions upon thermal 
annealing. For  SF-DPPEH -based fi lm, absorption increased by 
about 25%. More interestingly, thermal annealing made the two 
absorption bands stronger and more resolved, demonstrating 
enhanced crystallinity for both components. However, for other 
blends, enhancement was seen only in the 566 nm absorption, 
arising from the improved crystallinity, only for P3HT. 

  The external quantum effi ciencies (EQEs) of the best devices, 
as well as the overlap between the EQE of P3HT: SF-DPPEH  
blend and absorption of pure P3HT and  SF-DPPEH  fi lms, are 
shown in Figure  4 b and Figure  5 d, respectively. In Figure  4 b, 
it can be seen that the EQEs spectra of the best devices based 
on  SF-DPP  acceptors showed an effective photoconver-
sion effi ciency within a similar wavelength range from 300 
to 680 nm, which is a little broader range when compared to 
those (300–650 nm) of  SF-A-DPP s-based devices. From the 
overlapped spectra (Figure  5 d), it is obvious that  SF-DPPEH  
contributed to the harvesting of light from 600 to 680 nm.  SF-
DPP s blend fi lms also showed higher EQE spectra than  SF-A-
DPP s blend fi lms, in agreement with their high  J  sc  values in 
the devices.  SF-DPPEH -based devices had the highest conver-
sion effi ciencies at all wavelengths with EQEs between 36.5% 
and 40% throughout the 400–650 nm range, with a peak EQE 
of 41% attained at 590 nm. Note that the electronic structure of 
 SF-DPP  acceptors is independent of the alkyl side chains and 
the difference of device performances originated from the dif-
ference in morphology in the blended thin fi lm, which will be 
discussed in detail in the following section. 

 Photoluminescence quenching was used to estimate charge 
separation and recombination in the active layers. The pristine 
fi lm of P3HT strongly fl uoresced, while the fl uorescence of all 
pure acceptors fi lms was very weak (data not shown). The PL 
spectra of the pristine fi lm of the P3HT and their blends were 
shown in Figure S5, Supporting Information. Obviously, each 
acceptor almost entirely quenched the fl uorescence of P3HT 
in blend fi lms. Quenching effi ciencies of 83%, 92%, and 91% 
were measured for the P3HT: SF-DPPEF , 3HT: SF-DPPC8 , 
and P3HT: SF-DPPC12  blend fi lms, respectively. Further, 
quenching effi ciencies of 85%, 95%, and 89% were observed 
for P3HT: SF-A-DPPEH , P3HT: SF-A-DPPC8 , and P3HT: SF-A-
DPPC12  blends, respectively. According to the forgoing dis-
cussion about the mechanism for exciton dissociation, here, 
quenching of the P3HT fl uorescence came mainly from the 
electron transfer from P3HT to acceptor. Such high quenching 
effi ciencies suggest that excitons in each of the blends travel 
to the donor:acceptor interface and are separated with high 
effi ciency. Among the six blends, P3HT: SF-DPPEH  blend fi lm 
with the highest effi ciency, but with the lowest quenching effi -
ciency. The discrepancy is mainly as a result of the differences 
in morphology. In addition, the remaining spectral shape of 
the emission from the blend of P3HT and  SF-DPPEH  is sim-
ilar to that of pure P3HT. This is due to the trances of large 
P3HT domains whose dimensions exceed the exciton diffusion 
length, thus the excitons in this domains decay before reaching 
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 Figure 4.    a)  J–V  curves and b) external quantum effi ciency (EQE) curves 
of the best nonfullenrene devices of the six spiro-DPP acceptors when 
blended with the donor polymer P3HT.
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a donor/acceptor interface. Although  SF-DPPEH -based blends 
showed a relatively low quenching effi ciency, the well-estab-
lished network and good structural order provided a better car-
rier collection pathways, leading to overall enhanced device per-
formance. These details will be shown in Section 2.6.  

  2.6.     Film Morphology 

 The structural order of these new spiro-DPP compounds 
in pure and BHJ thin fi lms was investigated by grazing inci-
dence x-ray diffraction (GIXD). Shown in  Figure    6  a are the 
2D diffraction patterns of the six new materials as spun and 
after thermal annealing. Figure  6 b,c are line-cut profi les of dif-
fraction images, which provide a quantitative understanding 
of the molecular packing in the solid state. The most inter-
esting material,  SF-DPPEH,  showed poor crystalline order in 
the as-spun fi lm. A very weak diffraction ring at ≈0.4 Å −1  and 
a broad amorphous halo at 1.28 Å −1  were observed. Interest-
ingly, thermal annealing led to obvious crystallization of  SF-
DPPEH , and multiple new refl ections were observed in the 
line-cut profi le. An intense diffraction appeared at 0.38 Å −1 , 
corresponding to a distance of 16.5 Å, which is similar to the 
(100) lamellar spacing in P3HT crystals. [ 29 ]  This is consequently 

assigned to the alkyl–alkyl spacing in  SF-DPPEH . This mole-
cule consists of two twisted DPP-based oligomers, and, thus, 
the adjacent DPP units from two molecules would interact with 
each other to order. The multiple diffraction peaks from 0.5 to 
1.0 Å −1  raised from the intramolecular structure of the mol-
ecule. Stronger refl ections occur at 1.3–1.5 Å −1  region in the 
annealed thin fi lm, which can be attributed to the characteristic 
electron density variations within the DPP molecule. Addition-
ally, a moderate diffraction peak at 1.62 Å −1  was seen in the 
line-cut profi les, giving a distance of 3.9 Å, which can be attrib-
uted to the π–π stacking of DPP molecules (see Figure S7, Sup-
porting Information).  SF-DPPC8  showed the same behavior as 
 SF-DPPEH,  that is, thermal annealing signifi cantly enhanced 
crystallinity. A refl ection is found at 0.368 Å −1 , corresponding to 
a distance of 17.1 Å. The slight increase in this distance for  SF-
DPPC8  in comparison to  SF-DPPEH  arises from the increasing 
contour length of the alkyl chains. And also, there are similar dif-
fraction patterns in the intermediate  q  range from 1.3–1.5 Å −1 . 
However, different behavior was detected for  SF-DPPC12 , 
where the  n -dodecyl chains crystallized in the as spun fi lm with 
an intense refl ection at 0.262 Å −1 , corresponding to a distance 
of 24.0 Å. While, similar to short alkyl chain substituted mol-
ecules, a weak refl ection at 0.375 Å −1  also appeared. It is thus 
plausible to claim that the  n -dodecyl alkyl chains adopted two 
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 Figure 5.    a–c) UV–vis absorption spectra of the neat P3HT fi lm and the P3HT: SF-DPP s fi lms (1:1, wt/wt) which were prepared as cast from CHCl 3  
solution and under the corresponding optimized OSCs device conditions. d) EQE curve of the optimized P3HT: SF-DPPEH  blend fi lm overlaid with the 
absorption spectra of neat P3HT and  SF-DPPEH  fi lms.
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major conformations in solid state: (1) highly stretched, which 
resulted in a inter DPP distance of 24 Å; and (2) frustrated that 
give a inter DPP distance of 16.7 Å. Thermal annealing led to 
the disappearance of these diffractions peaks and thus crystal-
linity reduced obviously. 

  It is apparent that the side chains greatly infl uence the inter-
molecular packing.  SF-A-DPPEH  and  SF-A-DPPC8  showed 
an amorphous structure in both pristine and annealed fi lms. 
 SF-A-DPPC12  with long and linear substitute showed some 
structural order in the high  q  region, arising from the alkyl-
chain crystallization. However, thermal annealing reduced the 
crystallinity in the thin fi lm. The lack of structure order in  SF-
A-DPP s thin fi lms would substantially reduce their electron 
transport characteristics which gives rise to the inferior device 
performance. 

 GIXD was also used to investigate the structural order of 
BHJ thin fi lms. The processing conditions that produced best 
performing fi lms were used (thermal annealing for  SF-DPP s 

and  SF-A-DPPEH , as cast for  SF-A-DPPC8  and  SF-A-DPPC12 ). 
Shown in  Figure    7  a,b are the 2D diffraction images and line-cut 
profi les, respectively. In all these BHJ thin fi lms, the diffraction 
from P3HT was observed with a strong π–π stacking in the out-
of-plane direction, which means that P3HT favor face-on orien-
tation. For the P3HT: SF-DPPEH  blends, the  SF-DPPEH  crystal-
line structure was preserved, showing a similar pattern as seen 
in the pure fi lm. The P3HT (100) at 0.38 Å −1  with a distance 
of 16.5 Å is coincident with alkyl–alkyl spacing of  SF-DPPEH . 
The peak intensity was the strongest in all these BHJ sam-
ples, demonstrating that P3HT highly crystallize in these BHJ 
fi lms. The crystal size from a Scherrer analysis was ≈11.5 nm, 
corresponding to about 10 stacks. The (020) π–π stacking was 
observed at 1.67 Å −1  with a crystal size of ≈4.59 nm. In the  SF-
DPPC8  and  SF-DPPC12  blends, the acceptor molecules did 
not show good crystalline order. The crystal size in (100) direc-
tion and (020) direction were 9.23 and 4.68 nm, and 8.60 and 
4.63 nm, respectively. The reduced crystallinity of the acceptor 
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 Figure 6.    a) The 2D GIXD images of  SF-DPP s and  SF-A-DPP s thin fi lms, pristine and annealed. b,c) 1D in-plane X-ray profi les extracted from GIXD 
for  SF-DPP s and  SF-A-DPP s, respectively. 
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materials in the BHJ fi lms is responsible for reduced  J  sc  in the 
 SF-DPPC8  and  SF-DPPC12 -based blends. This correlates well 
with the results obtained from the absorption of the blends. 
In  SF-A-DPP -based blends, refl ections from the P3HT crys-
tals dominated the GIXD, consequently, low  J  sc  and poor PCEs 
were observed. Surprisingly, although the  SF-DPPC8  neat fi lm 
showed behavior similar to  SF-DPPEH  with enhanced crystal-
linity after thermal annealing,  SF-DPPEH  obviously crystal-
lizes but  SF-DPPC8  shows low crystallinity in the BHJ fi lm 
upon thermal annealing. We suspected that the linear alkyl 
chain in  SF-DPPC8  could interact with hexyl chains in P3HT, 
which retarded  SF-DPPC8  crystallization. Whereas branching 
of 2-ethylhexyl group in  SF-DPPEH  blocked the interdigita-
tion between 2-ethylhexyl group and  n -hexyl group in P3HT, 
and thus repelled  SF-DPPEH  to crystallize and form more pure 
domains. 

  Recently, it has been demonstrated that side chains on elec-
tron donors and fullerenes had a signifi cant infl uence on the 
 V  oc  through tailoring the strength of the intermolecular inter-
actions between donor and acceptor materials in the active 
layer of OSCs. [ 30 ]  Generally, less electronic coupling between 
molecules leads to reduced recombination in devices and 
increases the  V  oc . [ 31 ]  As discussed above, the intermolecular 
interaction between acceptor molecule and P3HT in P3HT: SF-
DPPEH  devices is signifi cantly lower than in the  SF-DPPC8  
and  SF-DPPC12- based blends, which account for its distinctly 
higher  V  oc . By associating the photovoltaic performance of the 
of P3HT: SF-DPP  blending thin fi lms with the molecular struc-
ture of the corresponding acceptors ( SF-DPPEH ,  SF-DPPC8 , 
and  SF-DPPC12 ), it can be concluded that the alkyl side chains 
in  SF-DPP  acceptors exerted a signifi cant infl uence on their 
photovoltaic performance through modulating the intermolec-
ular interactions in blend fi lms. 

 Resonant soft X-ray scattering (RSoXS) was used to inves-
tigate larger length scale structures in the BHJs. A photon 
energy of 285.4 eV that gave the best contrast was used and 
the results are summarized in Figure  7 c. The best performing 

P3HT: SF-DPPEH  blend showed an enhanced interference 
at ≈0.02–0.03 Å −1 , corresponding to a phase separated mor-
phology with a characteristic distance of 20–30 nm. This is, 
more than likely, the origin of the high current in the devices. 
 SF-DPPC8 -based blends showed a well-defi ned scattering peak 
at ≈0.01 Å −1 , corresponding to a well-defi ned phase separated 
length scales of ≈60 nm. The scattering intensity of this sample 
was markedly lower than that of the  SF-DPPEH  blends. Con-
sequently, the extent of phase separation was largely reduced, 
leading to reduced performance. The  SF-DPPC12  blends 
showed weak scattering with no obvious features, suggesting 
either a very large size scale of phase separation or phase 
mixing, which brought a drastic reduction in the performance. 
This correlated well with the results from atomic force micros-
copy (AFM) investigation (see Figure S8, Supporting Infor-
mation). Although the  SF-A-DPP s blends all showed interfer-
ences characteristic of a phase separated morphology (either 
scattering peak or hump) at ≈0.014 Å −1 , corresponding to a 
size scale of ≈45 nm, the amorphous nature of these acceptors 
made it hard to transport electrons and, thus, the device perfor-
mance was quite poor. 

 Signifi cantly, when compared the morphologies of 
 SF-DPPEH- based blend fi lm with its linear analogue, 
 F(DPP) 2 B 2  , [ 13h ]  based blend fi lm ( Figure    8  ), one can fi nd that 
the size of donor–acceptor phase separation in the former 
(20–30 nm) is evidently smaller than in the latter (40–60 nm), 
which can be proved by the improvement of  J  sc  and PCE. This 
indicates that the large spiro structure of  SF-DPPEH  enables a 
signifi cant improvement of the morphology of blend fi lm. 

    2.7.     Mechanism of Phase Separation 

 We had shown in previous work that the thin fi lm morphology 
correlated with the solar cell performance. [ 32 ]  Morphology con-
trol is usually achieved by tuning the processing conditions 
to adjust the kinetics of phase separation and the ordering of 
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 Figure 7.    a) The 2D GIXD images of the optimized blend fi lms. b) 1D in-plane X-ray profi les extracted from GIXD. c) RSoXS profi les of the six opti-
mized blend fi lms.
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the hole-transporting material. For new synthetic materials, 
various processing conditions should be explored to maximize 
their device performance. In the current case, further studies 
were performed on devices using the  SF-DPPEH  acceptor. The 
donor/acceptor ratio was fi xed at 1:1, and post treatment using 
thermal annealing at different temperatures, as well as solvent 
additive methods were used to manipulate the morphology. 
Shown in  Table    3   are data corresponding to different device 
preparation conditions. Devices 1–4 were thermally annealed; 
Devices 5–9 were prepared using an additive. Directly casting 
BHJ blends from chloroform (Device 1) led to a quite poor per-
formance with a  J  sc  of 1.04 mA cm −2 , a fi ll factor (FF) of 27.4% 
and PCE of 0.28%. Thermal annealing at 100 °C brought an 
increased  J  sc  (5.29 mA cm −2 ) and FF (39.8%), and, thus, the 
PCE reached 1.81%. Increasing the annealing temperature to 

120 °C enhanced these parameters and the 
PCE reached a maximum. Further increasing 
the annealing temperature to 140 °C caused 
a reduction in both the  J  sc  and FF and a PCE 
of 2.23% was obtained. In the case of addi-
tive processing, 0.4 v% of 1,8-diiooctane 
(DIO) and 1-chloronaphthalene (CN) were 
used. In both cases, the addition of additive 
enhanced the device performance ( J  sc  ≈ 3.5 
mA cm −2  and FF ≈ 35%) as compared to pure 
chloroform processing. Thermal annealing 
on this additive processed thin fi lm led to an 
improved morphology and increased the PCE 
to about 3%. These observations were quite 
intriguing, indicating systematic changes in 
the morphology. 

  GIXD and RSoXS measurements were 
carried out to explore how the nanostruc-
tures of BHJ thin fi lms correlated with device 
performances and the results are shown in 
 Figure    9  . The as-spun BHJ thin fi lm showed 
a poor crystallinity for both  SF-DPPEH  and 
P3HT, and an anticipated device with poor 
performance was found. Thermal annealing 
at 100 °C led to P3HT crystallization, 
showing both (100) and (020) refl ections. 
The (100) crystal size was calculated to be 
8.24 nm. Interestingly, increasing annealing 
temperature to 120 °C,  SF-DPPEH  crystalli-
zation with a structure similar to that of pure 
thin fi lm was achieved. The (100) crystal size 
of P3HT was estimated to be 11.5 nm. Fur-
ther increasing the annealing temperature 
to 140 °C increased the P3HT (100) crystal 
size to 12.4 nm and  SF-DPPEH  remained 
a similar packing. As for the as-spun thin 
fi lm, DIO as an additive-induced P3HT 
crystallization and a weak  SF-DPPEH  crys-
tallization. The (100) crystal size of P3HT 
was calculated to be 7.47 nm. Subsequent 
thermal annealing at 120 °C increased the 
P3HT (100) to 9.37 nm, which was slightly 
smaller than a direct thermal annealing at 

 Figure 8.    AFM height images a,b) and phase images c,d) of the optimized blend fi lms: (a,c) 
P3HT: SF-DPPEH  = 1:1 upon 120 °C annealing for 10 min; (b,d) P3HT: F(DPP) 2 B 2   = 1:1 upon 
120 °C annealing for 10 min; e) The molecular structure of  F(DPP) 2 B 2  .

  Table 3.    Summary of Device Performances for P3HT: SF-DPPEH  (1:1) 
blends. 

Device Solvent Annealing Temp. 
[°C]

 V  oc  [V]  J  sc  
[mA cm −2 ]

FF PCE [%]

1 CF w/o 0.98 1.04 27.4 0.28

2 CF 100 0.89 5.29 39.8 1.81

3 CF 120 1.10 6.96 47.5 3.63

4 CF 140 1.04 5.40 39.6 2.23

5 CF/DIO w/o 0.94 3.54 36.1 1.20

6 CF/DIO 120 0.97 6.50 46.5 2.93

7 CF/CN w/o 0.88 3.56 35.5 1.11

8 CF/CN 120 1.03 7.23 42.7 3.18
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the same temperature. So the relative device performance was 
also slightly lower. CN additive behaved quite similarly to DIO 
in both the as-cast and annealed thin fi lms. 

  As shown in Figure  9 c, for as-spun thin fi lm casted from 
chloroform, the RSoXS profi le showed a rapid decrease of the 
intensity in the high  q  region, indicating no phase separation at 
small length scales. Consequently, a poor device performance 
was recorded (PCE = 0.28%). Thermal annealing at 100 °C 
induced a phase separation at a length scale of ≈20–30 nm, as 
shown in the raised region of red curve. Although the crystal-
line order of  SF-DPPEH  was still poor under this condition, the 
ordered structure of P3HT and suitable phase separation led to 
a moderate effi ciency of 1.81%. Increasing the annealing tem-
perature to 120 °C further enhanced the intensity of RSoXS, 
thus a better phase separation was achieved, which, together 
with  SF-DPPEH  crystallization, pushed the device performance 
up to 3.63%. Further increasing the annealing temperature 
to 140 °C led to a macroscopic crystallization of P3HT, and 
a large size scale phase separation (>200 nm) was formed in 
the BHJ blends, resulting in a rapid reduction in the device 
performance. It should be noted that phase separation on the 
20–30 nm length scale appeared to be retained in this system, 
which apparently plays an important role in maintaining a 
PCE of 2.23%. In case of the DIO additive processed thin fi lm, 
thermal annealing enhanced phase separation in 20–30 nm 
region, as evidenced by the enhanced intensity in that region, 
which, combined with  SF-DPPEH  crystallization, increased 
device performance. For the case where CN was used as the 
additive, thermal annealing led to elevated scattering intensities 
in wide region. The as-spun and annealed fi lms showed a sim-
ilar morphology. It is obvious that the  SF-DPPEH  crystalliza-
tion and the extent of phase separation are the two key factors 
for the enhanced performance. 

 The observation in this section showed that the degree of 
phase separation and crystallization correlated quite well with 

the device performance.  SF-DPPEH , as an acceptor material, 
showed a maximum device performance of 3.63% PCE when 
combined with P3HT, reaching the common P3HT:PCBM 
BHJ device. [ 12f  ]  As for the processing of the active layer, mod-
erate thermal annealing appeared to signifi cantly improve the 
morphology and the device performance. Although additives 
can also induce similar phase separated morphology, the extent 
of phase separation and crystallization of each component in 
blend fi lms is not as good as thermally annealed blend fi lms. 
Further thermal treatment, therefore, is still necessary.   

  3.     Conclusion 

 We introduced an SF core-unit to generate spiro-DPPs-based 
nonfullerene acceptors. The effects of substituted alkyl side 
chains on molecular packing, crystallinity, and BHJ fi lm mor-
phology were studied. The unique X-shaped molecular struc-
ture resulting from the spiro linkage imparted high solubility 
and suppressed aggregation. In the material design, we found 
that small perturbations of the chemical structure, for example, 
the choice of different side chains and C–C single bond or C–C 
triple bond connection, led to quite different physical proper-
ties. In BHJ blends,  SF-DPPEH  crystallizes well after thermal 
annealing, while  SF-DPPC8  and  SF-DPPC12  showed low crys-
tallinity. Further, the branched 2-ethylhexyl group provided 
 SF-DPPEH  interacted less with P3HT, leading to an increased 
in the  V  oc . Together with moderate crystallization of the accep-
tors, the nanoscaled phase separation (20–30 nm) and, thus, the 
less geminate recombination pushed the device performance of 
P3HT: SF-DPPEH  blends up to 3.63%. This result showed that, 
based on the alkyl side chains of donor materials, the choice of 
alkyl side chains substituting on acceptors is a key in achieving 
a good morphology and high PCE. Thermal annealing was 
found to be more effective in crystallizing these nonfullerene 

 Figure 9.    a) The 2D GIXD images of the P3HT: SF-DPPEH  (1:1, wt/wt) blends with different processing conditions. b) 1D in-plane X-ray profi les 
extracted from GIXD. c) RSoXS profi les of above blends. Remark: The legend in (b) is same as that in (c).
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acceptors than additives. Most importantly, these results dem-
onstrate that using spiro linkage to construct  n -type molecules 
with cruciform X-shape is a useful strategy for designing high-
performance nonfullerene OSC acceptors.  

      Supporting Information 

 Supporting Information is available from the Wiley Online Library or 
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