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ABSTRACT: Two intermediate-sized donor molecules, BBTz-X and BDT-X, have been synthesized by the Stille coupling 
between 4-(4,4-bis(2-ethylhexyl)-6-(trimethylstannyl)-4H-silolo[3,2-b:4,5-b']dithiophen-2-yl)-7-(5'-hexyl-[2,2'-
bithiophen]-5-yl)-[1,2,5]thiadiazolo[3,4-c]pyridine and either 4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-2,6-diiodobenzo[1,2-
d:4,5-d']bis(thiazole) or 2,6-dibromo-4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene, respectively. 
Both oxidation and reduction potentials for BBTz-X are anodically shifted relative to those for BDT-X, but the oxidation 
potential is more sensitive to the identity of the core; this is consistent with what is seen for DFT-calculated HOMO and 
LUMO energies and with a slightly blue-shifted absorption maximum for BBTz-X. Although DFT calculations, along with 
crystal structures of related compounds, suggest more planar molecular structures for BBTz-X than for BDT-X, film 
structures and the effects of various annealing processes on these films, as revealed by GIWAXS are similar. The perfor-
mance of BDT-X:PC61BM bulk-heterojunction solar cells is more sensitive to annealing conditions than that of BBTz-
X:PC61BM cells, but, under appropriate conditions, both yield power conversion efficiencies of >7%. 

INTRODUCTION 
Light-harvesting materials for organic solar cells (OSCs) 

frequently incorporate molecular electron donor (D) and 
electron acceptor (A) building blocks in an alternating 
and conjugated manner in order to achieve high absorp-
tion coefficients in the low-energy region of solar spec-
trum. Variation of the D and A moieties allows the ab-
sorption energy, ionization energy (IE), and electron af-
finity (EA) to be changed to obtain the desired material 
properties for devices. This D-A concept has been widely 
applied to both conjugated polymers and to small mole-
cules, and to both hole- and electron-transporting mate-
rials.1-10 In the past few years, power conversion efficien-
cies (PCEs) of >11% and >13% have been achieved for bulk 
heterojunction (BHJ) cells consisting of hole-transporting 
D-A polymers as donors in combination with fullerene11 
and non-fullerene acceptors, respectively.12 BHJ cells 
based on solution-processable hole-transporting small 
molecules have exhibited PCEs of ca. 10% in combination 

with either fullerenes13,14 or non-fullerenes.15 Advantages 
of small molecules over their polymeric counterparts in-
clude their good solubility, often high open-circuit volt-
ages (Voc),16 and their well-defined chemical structures, 
which can alleviate issues associated with batch-to-batch 
variability of molecular-weight distribution in polymers.17-

21 However, often they exhibit poorer film quality, lower 
Jsc, and less thermally stable phases in the solid state.16,22  
Recently, several “oligomers” or “intermediate”-sized 

(i.e., non-polymeric) OSC donors, consisting of 6-10 rings, 
have been synthesized with the aim of combining some of 
the desirable qualities of polymer and small-molecule 
classes.23-26 The Bazan group reported a series of interme-
diate-sized conjugated molecules of the general type rep-
resented by Figure 1, i.e. D1−A−D2−core−D2−A−D1 struc-
tures, with D1 and D2 representing 5'-hexyl-(2,2'-
bithiophen)-5-yl (BiTh) and dithieno(3,2-b;2',3'-d)silole-2,6-
diyl (DTS) moieties, respectively, and A being 
pyridal[2,1,3]thiadiazole (PT).21,23 By varying the center 



 

“core”, the optical properties, IE and EA, thermal stability, 
charge-carrier mobilities, microstructural characteristics, 
and OSC performance were adjusted. One of the most 
efficient molecules in this type was X2 (Figure 1); BHJ 

OSCs with PC61BM and PC71BM exhibited PCE values of 
6.4% and 7.4% in a conventional indium tin oxide 
(ITO)/MoOx/active layer/Al device structure.23,27 

 

Figure 1. Chemical structures of intermediate-sized molecules with various core units: X2 (previously reported by Bazan et al.)23 

and new compounds BBTz-X and BDT-X used in this study (angles are from B3LYP/6-311G* calculations). 

Benzo[1,2-b:4,5-b']dithiophene (BDT) derivatives are 
well-established building blocks for both polymeric and 
molecular OSC hole-transporting light-harvesting materi-
als,15,18,22,24,25,28-38 some of which have afforded PCE values 
of over 12%.37,38 Benzo[1,2-d:4,5-d']bisthiazole (BBTz) de-
rivatives have also been incorporated into OPV 
materials,39-41 but have received much less attention than 
their BDT analogues, presumably, at least in part, due to 
the challenges associated with their functionalization; the 
BBTz core is unstable to strongly basic conditions, such as 
lithiation conditions,42 commonly required for the syn-
thesis of stannyl or boryl derivatives; additionally, the 
electron-poor nature of BBTz renders it resistant to elec-
trophilic halogenation. Although 2,6-dibromo-4,8-di(2-
ethylhexyloxy)benzo[1,2-d:4,5-d']bis(thiazole) has been 
obtained through the Sandmeyer reaction of the corre-
sponding 2,6-diamino compound, itself obtained by the 
Hantzsch-type cyclization of bromoanilic acid with thiou-
rea,37 the intermediates were reported to be unstable and 
the overall yield was low. However, recently arylation43 
and iodination44 of the 2,6-positions of BBTz have been 
reported using C-H functionalization and a tBuOK-
initiated reaction with C6F5I, respectively.  
Here we report the synthesis, characterization, and 

OSC performance of two new intermediate-sized mole-
cules, BDT-X and BBTz-X, in which the “arms” of X2 are 
attached to 2,6-positions of 4,8-di(5-alkylthiophen-2-yl)-
substituted benzo[1,2-b:4,5-b']dithiophene (BDT) and 
benzo[1,2-d:4,5-d']bisthiazole (BBTz) core moieties (Fig-
ure 1a). The 4,8 substituents were chosen since it has been 
suggested that inclusion of thienyl or aryl groups in these 
positions impart “2D character” to the frontier orbitals, 
leading to more pathways for interchain π-overlap and 
consequently improved exciton diffusion and/or charge 
transport in such materials.45,46 Different film processing 
methods and post-deposition treatments were used to 
examine how variation of the core segment influences the 

solid-state order, and hence the electrical and photovolta-
ic properties. BHJ OSCs using PC61BM achieved PCE >7% 
with either donor molecule, higher than that obtained 
using X2 as the donor in devices fabricated under the 
same conditions. 
RESULTS AND DISCUSSION 
Synthesis and Characterization. As discussed above, 

recently developed direct arylation43 and iodination44 
methods facilitate the incorporation of BBTz into π-
conjugated systems. Although useful, the former ap-
proach may not be sufficiently effective for coupling with 
substrates that contain multiple C–H bonds susceptible to 
the direct arylation conditions. Accordingly, 4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)-2,6-diiodobenzo[1,2-d:4,5-
d']bis(thiazole) was synthesized using the same iodination 
conditions previously applied to its 4,8-bis(5-(2-
ethylhexyl)-4-hexylthiophen-2-yl) analogue,44 and subse-
quently converted to BBTz-X by coupling with two 
equivalents of stannylated “X” side-arm.23,47 using Stille 
conditions similar to those previously used to synthesize 
X2.23,47 4,8-Bis(5-(2-ethylhexyl)thiophen-2-yl)-2,6-
dibromobenzo[1,2-b:4,5-b']dithiophene48 was used in an 
analogous coupling to obtain BDT-X. The structures and 
purities of BBTz-X and BDT-X were confirmed by NMR 
spectroscopy, mass spectrometry and elemental analysis. 
Experimental details and characterizing data are given in 
the Supporting Information (SI).  
The thermal properties of BDT-X and BBTz-X were in-

vestigated by thermogravimetric analysis (TGA, 10 °C 
min–1) and differential scanning calorimetry (DSC, 10 °C 
min–1) under nitrogen (Figure S1). TGA decomposition 
temperatures (5% weight loss) are 439 and 406 °C for 
BBTz-X and BDT-X, respectively. DSC (Figure 2a, second 
heating; similar behavior is seen on the third heat-
ing/cooling cycle as shown in Figure S2 in the SI) indi-
cates endothermic transitions attributable to melting at 
256 and 215 °C for BBTz-X and BDT-X, respectively, with 

53°30°
3° 8°



 

corresponding exothermic crystallization peaks seen on 
cooling at 225 and 198 °C, respectively. In addition, BBTz-
X shows an transition with a lower enthalpic  feature (215 
and 195 °C on heating and cooling respectively), possibly 
due to a crystal-crystal transition. The higher melting 
point seen for BBTz-X may reflect stronger intermolecu-
lar interactions for this compound. This is also consistent 
with the lower solubility found for BBTz-X in solvents 
including THF, CH2Cl2, and chlorobenzene (ca. 3 mg mL–1 

in chlorobenzene vs. 15 mg mL–1 for BDT-X). 

 

Figure 2. DSC thermograms (second heating and cooling, 10 
°C min–1) of BBTz-X and BDT-X. 

Optical and Electronic Properties. Figure 3 shows 
normalized optical absorption spectra of BBTz-X and 
BDT-X in dilute (ca. 1 × 10-5 M) chloroform solution, and 
as thin films on glass slides; data are compared to X2 in 
Table 1. Similar spectra are seen for the two molecules: 
two high-energy bands in the 350-500 nm range, and a 
low-energy band with higher absorptivity in the 550-750 
nm range. The strong low-energy bands are, in both cases, 
blue-shifted from that of X2, with substitution of CH with 

N leading to a slightly greater blue shift (Table 1); similar 
absorptivities are seen for the low-energy bands of all 
three molecules. As was the case for X2,23 absorption 
spectra of BBTz-X and BDT-X thin films are red-shifted 
relative to those in solution. Electrochemical redox poten-
tials from cyclic voltammograms are also summarized in 
Table 1. Both the half-wave reduction and oxidation po-
tentials of BBTz-X are cathodically shifted relative to 
those of BBT-X (by ca. 50 and 100 mV, respectively), con-
sistent with the increased electron affinity and ionization 
energy expected on replacing CH moieties with more 
electronegative N atoms. The separation between the oxi-
dation and reduction potentials of BBTz-X is somewhat 
larger for that for BDT-X, which in turn is larger than that 
of X2, agreeing with the trends seen in absorption maxi-
ma and onsets. 

 

Figure 3. Normalized optical absorption spectra of com-
pounds BBTZ-X and BDT-X in CHCl3 solutions and as thin 
films. 

Table 1. Optical and Electrochemical data, Along with Calculated Orbital Energies, for BBTz-X, BDT-X, and X2.a 

 Optical Data  Electrochemical Datab  DFT Orbital Energiesc 

 
lmax

sol / nm 
(log[emax / M–1 cm–1])d 

lmax
film / 

nm 
Egap

opt / 
eVe 

 
E1/2

+/0 / 
V 

E1/2
0/– / 

V 
Egap

echem / 
eVf 

 
EHOMO / 
 eV 

ELUMO / 
 eV 

Egap
orbital / 

eVg 

BBTz-X 477 (4.75), 626 (5.10) 668 1.63  +0.45 –1.41 1.86  –4.82 –3.02 1.80 

BDT-X 452 (4.70), 631 (5.08) 692 1.59  +0.35 –1.46 1.81  –4.67 –2.94 1.73 

X2 380 (4.70), 672 (5.15) 758 1.45  +0.25 –1.44 1.69  –4.88 –3.24 1.64 
aData for X2 are taken from tables, or estimated from figures showing spectra and electrochemical data, in ref. 14. bHalf-wave 

potentials vs. FeCp2
+/0 in 0.1 M nBu4NPF6 / CH2Cl2. cFor isolated molecules at the B3LYP6-311G* level. dCHCl3. eEstimated as the 

energy corresponding to the intersection with the wavelength axis of a tangent to the steepest part of the low-energy side of the 
lowest energy peak of the absorption spectrum of a film. fEgap

echem = e (E1/2
+/0 – E1/2

0/–). gEgap
orbital = ELUMO – EHOMO. 

Molecular Geometries and Orbital Energies. We 
have determined the X-ray crystallographic structure of a 
single crystal of 4,8-bis(5-(2-ethylhexyl)thiophen-2-
yl)benzo[1,2-d:4,5-d']bis(thiazole), the precursor to BBTz-
X, (Figure 4; see also SI for more discussion of the struc-
ture); angles of 11° are found between the plane of each 
thienyl ring and that of the BBTz core. The corresponding 
angles in the crystal structure of a molecule with a 4,8-
di(4,5-dialkylthiophen-2-yl)-BDT core are 45 and 52°.14 
The difference in these angles can be attributed to both 
the reduced inter-ring steric interactions when CH is re-

placed with N atom, and to attractive intramolecular in-
ter-ring Sthienyl···Nthiazole interactions;49-53 the S–N distance 
in this structure is 2.824 Å, whereas the sum of Van der 
Waals radii is 3.35 Å.53 

Density functional theory (DFT) calculations (B3LYP/6-
311G*) were also used to gain insight into the molecular 
geometries of BBTz-X and BDTz-X. As indicated in Fig-
ure 1 and Figure S3(c), the energy-minimized dihedral 
angle between planes of thienyl substituents and the BDT 
core of BDT-X is ca. 53°, much larger than the calculated 
dihedral angle between planes of thienyl and BBTz group 
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Figure 2. (a) DSC thermograms (second heating and cooling, 10 °C min–1) of BBTz-X and 
BDT-X. (b) Normalized optical absorption spectra of compounds BBTZ-X and BDT-X in 
CHCl3 solutions and as thin films. 
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Figure 2. (a) DSC thermograms (second heating and cooling, 10 °C min–1) of BBTz-X and 
BDT-X. (b) Normalized optical absorption spectra of compounds BBTZ-X and BDT-X in 
CHCl3 solutions and as thin films. 

  



 

in BBTz-X (ca. 30°), qualitatively consistent with the dif-
ferences seen in the crystal structures of molecules con-
taining these cores described above. The angles between 
the plane of the core and that of the adjacent 
dithenosiloles (which, in both cases, are more-or-less co-
planar with the other rings of the “X” side arm) are also 
larger for BDT-X (8°) than for BBTz-X (3°). The reduced 
twist angles for BBTz-X may allow stronger intermolecu-
lar interactions and contribute to the poorer solubility 
and higher melting temperature referred to above for this 
compound. 

 

Figure 4. Views showing the 4,8-dithienyl-BBTz and BDT 
cores in the X-ray structures of (a,c) 4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)benzo[1,2-d:4,5-d']bis(thiazole) (see 
SI) and (b,d) of an intermediate-sized derivative of the BDT 
core14  (alkyl substituents and, in the latter case, rhodanine-
terminated oligothiophene substituents in the 2,6-positions 
truncated to single carbon atoms for clarity), respectively, 
emphasizing the different twist angles between the thienyl 
groups and the core. 

The frontier molecular orbitals (DFT, B3LYP/6-311G*, 
Figure S3) exhibit subtle differences between the two 
molecules. In both cases the HOMO extends over the 
core and the rings of the “X” side-arms, but the HOMO 
coefficients on the 4,8-dithienyl substituents of BBTz-X 
are greater than those on the corresponding rings of 
BDT-X, consistent with the reduced twist angle in the 
former compound. The HOMO energy is lower for BBTz-
X than for BDT-X, consistent with the presence of more 
electronegative atoms in the core of the former. The LUMOs 
are, in both cases, primarily localized on the thiadia-
zolopyridine moiety, but somewhat greater coefficients are 
observed on the core for BBTz-X than for BDT-X, presuma-
bly due to both the greater coplanarity with the side-arms and 
the electronegativity of N. Consistent with the localization 
of the LUMO on the acceptor groups of the side arms, the 
LUMO energy, although still somewhat lower for BBTz-
X, is less sensitive to the choice of core than the HOMO 
energy, leading to a larger fundamental (HOMO–LUMO) 
gap for BBTz-X than for BDT-X. These findings are fully 
consistent with the electrochemical and (assuming that 
the lowest lying excited state can be well-described as a 
HOMO–LUMO transition) optical data. 
Molecular Organization in the Solid State. The mo-

lecular order of BDT-X and BBTz-X in neat thin films was 
investigated using grazing incidence wide-angle X-ray 
scattering (GIWAXS). The effects of different post-

deposition treatment conditions, specifically thermal an-
nealing (TA) and solvent vapor annealing (SVA), were 
also characterized. Films were obtained by heating chlo-
roform solutions (5 mg mL–1) on a 50 °C hot plate for 30 
min, after removal from heat and allowing to cool to 
room temperature, the solution was spin-casted onto Si 
substrates at 2000 rpm without filtration, followed by TA 
at 100 °C for 10 min or SVA in tetrahydrofuran (THF) for 1 
min. Figure 5 and Figure S4 show the GIWAXS images, 
while out-of-plane and in-plane linecuts are summarized 
in Figure S5. As-cast films of BDT-X and BBTz-X are very 
similar to one another; both show a strong in-plane re-
flection at q = 0.33 Å-1 (d = 19 Å) and an out-of-plane re-
flection at q = 1.74 Å–1 (d = 3.6 Å), which we attribute to 
the lateral repeat distance (parallel to the molecular plane 
and perpendicular to the long axis of the molecules) dic-
tated by the alkyl chains and to π-π stacking, respectively, 
with the molecular planes lying parallel to the substrate 
(“π-face-on” orientation). The lack of significantly differ-
ent π-stacking distances between the two compounds 
might at first appear surprising in view of the less planar 
molecular structure expected for BDT-X (see above), but 
the previously reported crystal structure of a molecule 
with a 4,8-dithienyl-BDT core discussed above demon-
strates that the out-of-plane 4,8-dithienyl groups do not 
necessarily disrupt π-stacking; in that previous structure 
the thienyl substituents do not interfere with those of 
neighboring molecules due to displacement of adjacent 
molecules along the long molecular axis, resulting in a 
small π-stacking distance of 3.64 Å.14 Thermal or solvent 
vapor treatments of BBTz-X and BDT-X neat film lead to 
negligible change of d-spacing along π-π stacking direc-
tion (Table S1). The crystalline correlation length (CCL), a 
parameter related to characteristic grain size, was de-
duced for each sample from the full-width-at-half-
maximum (FWHM) of the alkyl stacking (100) peak near q 
= 0.32 Å–1; as-cast BBTz-X and BDT-X exhibit the same 
CCL (11.2 nm) for the as-cast films, while TA and SVA 
leads to peak narrowing, corresponding to increased CCL, 
the most dramatic increase being seen for TA BDT-X 
(CCL = 20.3 nm, Table S1). The crystal orientation distri-
bution can be determined using pole figures (Figure S6 
and S7), which plot the diffraction intensity of the peak 
against the azimuthal angle. The full width at half maxi-
mum (FWHM) of the pole figure describes the breadth of 
the orientation distribution (Table S2). The post-
deposition treatments (TA and SVA) for both films lead to 
narrower distributions of crystal orientation, with the 
largest effects being observed for alkyl-stacking reflection, 
and with SVA giving the narrowest distribution of orien-
tations; the FWHM is reduced from 56˚ and 51˚ to 37˚ and 
29˚ after SVA for BBTz-X and BDT-X, respectively. To 
summarize, both molecules exhibit π-face-on orientation 
(in contrast to X2, which adopts a predominantly “edge-
on” orientation on Si54), and the post-deposition treat-
ments can lead to more orientationally ordered crystal-
lites. 
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Figure 1. Top: (a) Chemical structures of intermediate-sized molecules with various core units: 
X2 (previously reported by Bazan et al.)14 and new compounds BBTz-X and BDT-X used in this 
study (angles are from B3LYP/6-311G* calculations). Bottom: views showing the 4,8-dithienyl-
BBTz and BDT cores in the X-ray structures of (b, d) 4,8-bis(5-(2-ethylhexyl)thiophen-2-
yl)benzo[1,2-d:4,5-d']bis(thiazole) (see supporting information) and (c, e) of an intermediate-
sized derivative of the BDT core13  (alkyl substituents and, in the latter case, rhodanine-
terminated oligothiophene substituents in the 2,6-positions truncated to single carbon atoms for 
clarity), respectively, emphasizing the different twist angles between the thienyl groups and the 
core. 



 

 

Figure 5. GIWAXS profiles of as-cast neat films of (a) BBTz-X and(d) BDT-X, as-cast blend films of (b) BBTz-X:PC61BM and(e) 
BDT-X:PC61BM, and blend films of (e) BBTz-X:PC61BM and (f) BDT-X:PC61BM after solvent-vapor annealing for 1 min. 

Charge-Transport Properties. Bottom-contact-
bottom-gate organic field-effect transistors (OFET) were 
used to investigate the charge-carrier mobility in neat 
films parallel to the substrate plane (i.e., perpendicular to 
the π-stacking direction inferred from the GIWAXS data). 
It should be noted that the OFET devices were not inten-
sively optimized, their primary purpose being to show 
their potential of these materials as semiconductors, and 
compare the effects of TA and SVA on charge transport. 
Solutions in chloroform (5 mg mL–1) were spin-coated 
onto substrates, consisting of a 300 nm SiO2 dielectric 
grown on heavily n-doped Si, with gold source and drain 
electrodes defining a channel width and length of 2 mm 
and 50 μm respectively. Transfer curves are shown in Fig-
ure 6 (see Figure S13 for thermal stability tests), and the 
resulting mobilities calculated from the saturation regime 
are listed in Table S5. Both materials show moderate hole 
mobility values (μh). For the as-cast films, BDT-X shows 
higher μh (4.7 × 10-3 cm2 V-1 s-1), compared with BBTz-X (1.7 
× 10-3 cm2 V-1 s-1). After TA and SVA, the mobilities increase 
ca. 2 to 3 times for both molecules, perhaps due to the 
increased crystallinity revealed by the GIWAXS data. The 
highest mobility for BBTz-X is 4.7 × 10-3 cm2 V-1 s-1 after TA 
at 100 °C, and for BDT-X is 1.3 × 10-2 cm2 V-1 s-1 upon SVA. 
Devices with either material show good thermal stability, 
reflected in µh values of 6.6 × 10-4 and 7.4 × 10-3 cm2 V-1 s-1 
for BBTz-X and BDT-X, respectively, at 200 °C. 
Photovoltaic Performance. The photovoltaic properties 
of new compounds were investigated with conventional 
architectures, ITO/MoOx/donor:PC61BM/Ca/Al (donor = 
BBTz-X, BDT-X, or X2; ITO = indium tin oxide). The 
MoOx hole extraction layer was vacuum-deposited, and 
the active layer were spin-coated from CHCl3 solutions 
with a total concentration of 20 mg mL–1. Different do-
nor:PC61BM ratios, film thickness, additives, and post-

treatment conditions were investigated systematically. 
Photovoltaic parameters obtained under AM 1.5G at 100 
mA cm–2 are summarized in Tables S6, S7, and S8 and 
indicate that the optimal donor:PC61BM weight ratio was 
ca. 50:50 for both BBTz-X and BDT-X donors. Parameters 
for devices with optimized ratio and thickness (see Table 
S7 for optimization) with different post-deposition treat-
ments are compared in Table 2. TA or SVA of BDT-X de-
vices increases the efficiency from ca. 3% to ca. 6% or ca. 
8%, respectively, through large increases in the fill factor 
(FF) and moderate increases in the short-circuit current 
(Jsc) more than compensating for a slight decrease in 
open-circuit voltage (Voc). This enhanced FF and Jsc, but 
lower Voc are consistent with other reports of the effects of 
SVA treatment,14,55,56 where the solvent vapor is thought 
to penetrate the film, allowing the molecules to reorgan-
ize with more ordered packing. The increased Jsc is con-
sistent with EQE measurements (shown in Figure 7), and 
with stronger absorption seen with in-situ UV-vis meas-
urements (Figure S23). It has also previously been shown 
that SVA can increase µh,56 consistent with what is ob-
served here (see below). As-cast BBTz-X:PC61BM blends 
are much more efficient (ca. 6%) than as-cast BDT-
X:PC61BM blends, largely due to a much larger FF. Partly 
due to less room for FF improvement and less significant 
Jsc enhancement (consistent with EQE, Figure 7, and in-
situ UV-vis, Figure S24, measurements), post-deposition 
treatments do not lead to such dramatic enhancements in 
efficiency for BBTz-X:PC61BM (up to ca. 7% after SVA 
treatment). The greater solubility of BDT-X may also be a 
factor in the greater sensitivity to SVA found for BDT-
X:PC61BM devices. 
Jsc values for the optimized devices are both significant-

ly lower than for devices incorporating the previously 
reported molecule X2 (fabricated under the optimized 



 

conditions, performance comparable to that in the litera-
ture14); this is at least partly attributable to the lower en-
ergy absorption onset for X2 (Table 1). On the other hand, 
higher Voc and FF factors are achievable for the new com-
pounds, the higher VOC values being consistent with the 
more anodic oxidation potentials and deeper DFT-
calculated HOMOs, leading to overall higher efficiencies 
after SVA. Although it is tempting to also ascribe the dif-
ferences in Voc between SVA BBTz-X and BDT-X to dif-
ferences in redox potential / HOMO energies, it is worth 
noting that, as shown in Table 2, higher Voc values are 
obtained in the as-cast devices and are within experi-
mental uncertainty for the two molecules 

 

Figure 6. OFET transfer curves for BBTz-X and BDT-X after 
spin-coating (black), thermal annealing (blue) and solvent 
vapor annealing (red). 

 

Figure 7. Current−voltage characteristics of mole-
cule:PC61BM BHJ solar cell devices for (a) BBTz-X and (b) 
BDT-X under different conditions. EQE curves of the corre-
sponding devices for (c) BBTz-X and (d) BDT-X. 

Table 2. Photovoltaic Parameters for BDT-X, BBTz-X and X2 Fabricated under the Same Conditions.a,b 

Donor:Acceptor Film treatment Jsc / mA cm–2 Voc / V FF / % η / % best η / % 

 as-cast 11.14 ± 0.25 0.87 ± 0.01 60.04 ± 1.25 6.02 ± 0.23 6.20 

BBTz-X:PC61BM TA 11.53 ± 0.21 0.86 ± 0.01 62.78 ± 0.37 6.09 ± 0.19 6.26 

 SVA 12.27 ± 0.31 0.84 ± 0.01 69.50 ± 0.44 7.20 ± 0.30 7.39 

 as-cast 10.18 ± 0.20 0.86 ± 0.01 38.20 ± 0.62 3.34 ± 0.10 3.47 

BDT-X:PC61BM TA 11.85 ± 0.17 0.81 ± 0.01 58.48 ± 0.72 5.51 ± 0.24 5.66 

 SVA 13.71 ± 0.21 0.78 ± 0.01 73.04 ± 0.91 7.74 ± 0.31 8.10 

 as-cast 15.15 ± 0.47 0.69 ± 0.06 65.21 ± 6.3 6.76 ± 0.17 6.98 

X2:PC61BM TA 15.50 ± 0.48 0.68 ± 0.01 59.87 ± 2.26 6.31 ± 0.10 6.39 

 SVA 15.41 ± 0.19 0.66 ± 0.01 69.00 ± 1.62 7.01 ± 0.12 7.19 
aThe optimized thickness for BBTz-X, BDT-X, and X2 blend films are ca.130 nm, 120 nm and 100 nm, respectively. For all the TA 
treatments, the blend fims were anealed at 100 °C for 10 min, while for the SVA treatments, the blend films were exposed in tet-
rahydrofuran (THF) vapor for 1 min. bResults are averages and standard deviations for ca. 50 devices for each device type. 

J–V characteristics for BBTz-X and BDT-X BHJ devices 
were also measured at varying light intensities.57-59  Plots 
of Jsc vs. light intensity, I, were fitted as JSC µ IS; values of S 
for BDT-X devices increase from 0.89 to 0.90 to 0.92 from 
as-cast to TA to SVA films, suggesting that annealing re-
sults in reduced recombination (in the absence of which 
it is expected that S = 1);57 on the other hand, values of S 
for BBTz-X devices are higher (0.94-0.97) and less sensi-
tive to annealing, consistent with the lower sensitivity of 
other OPV parameters to annealing (Table 2). For all the 
BHJ films, fitting the intensity dependence of Voc to Voc = 
V0 + (nkBT/e)ln(I), where V0 is a constant and e the elec-
tronic charge, affords values of n close to  unity, indicat-

ing, as in other OPV cells, that recombination processes 
are predominantly bimolecular (Figure S17).  
The blend films were also investigated by GIWAXS 

(Figures 3 and S8). For all the blend films, an isotropic 
ring feature is observed at q = 1.36 Å-1, (d = 4.62 Å) and is 
attributed to scattering from amorphous PC61BM. Arc-like 
features at q = 0.35 (BBTz-X) or 0.36 Å-1 (BDT-X) are at-
tributed to the lateral alkyl-stacking of the donors; for 
both molecules, these are seen at somewhat higher q 
(lower d-spacing) than the neat film. As in the case of 
neat films, post-deposition treatments can decrease q for 
this feature; in this case TA having the largest effect in 
both cases (Table S3 and, for in-situ monitoring of the 
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Figure 3. GIWAXS profiles of as-cast neat films of (a) BBTz-X and(d) BDT-X, as-cast blend 
films of (b) BBTz-X:PC61BM and(e) BDT-X:PC61BM, and blend films of (e) BBTz-
X:PC61BM and (f) BDT-X:PC61BM after solvent-vapor annealing for 1 min. 
 

 

Figure 4. OFET transfer curves for BBTz-X and BDT-X after spin-coating, thermal 
annealing (TA) and solvent vapor annealing (SVA). 



 

effect of TA, Figure S12). π-Stacking distances are essen-
tially the same as found in neat films, although the π-
stacking was not observed for the as-cast film of BDT-
X:PC61BM. In the BHJ films, there is a broader distribution 
of molecular orientations, as indicated by pole figures 
(Figure S10 and S11) than in neat films; as in the neat 
films, these distributions are generally centered around a 
π-face-on orientation, although the pole figure for the π-
stacking reflection of the TA BBTz-X also has some edge-
on orientation (Figure S10). The CCLs (Table S3) for the 
blend films of both donors follow the order SVA > TA > 
as-cast.  
Atomic force microscopy (AFM) was used to investigate 

topography and phase separation (Figures S18 and S19) in 
BHJ spin-coated from chloroform onto substrates consist-
ing of MoOx (9 nm) vacuum deposited onto ITO-coated 
glass. The topographic images reveal similar roughness 
for as-cast BHJ films of both donors and that TA signifi-
cantly increases the roughness, while SVA does not, alt-
hough more well-defined fiber-like features are evident 
for the BBTz-X. For both BBTz-X and BDT-X blends, the 
size of the fiber-like domains evident in the phase images 
increase in the order TA > SVA > as-cast films, which do 
not appear to be correlated with the donor CCL values 
determined using GIWAXS. However, the top surface 
microstructure from topographic images does not neces-
sarily correlate with the bulk microstructure from 
GIWAXS. 
SCLC measurements on hole- and electron-only devices 

were used to quantify the charge-carrier mobilities per-
pendicular to the substrate plane in the BHJ blend films. 
µh values of 3.4 × 10-4 and 2.5 × 10-4 cm2 V-1 s-1 for as-cast 
BHJ films of BBTz-X and BDT-X, respectively (Figure S14, 
Table S5), are obtained, comparable to those reported for 
other high-efficiency small-/intermediate-molecule BHJ 
films;14,15,47 these increase to 5.8 × 10-4 and 3.6 × 10-3 cm2 V-1 

s-1 after SVA. Electron mobilities (µe, Table S5) obtained 
from electron-only devices vary from 7.0 × 10-5 to 7.0 × 10-4 
cm2 V-1 s-1; µe and µe values are fairly well balanced for all 
BBTz-X:PC61BM blends and for SVA BDT-X:PC61BM 
blends, but much less so for as-cast and TA BDT-
X:PC61BM blends, consistent with the trends seen in FF 
values (Table 2).23,54 
CONCLUSION  
Two oligomers with different cores, BBTz-X and BDT-X, 
were synthesized and characterized. The variation of the 
core from BDT to BBTz affects optical absorptions, ther-
mal stabilities, molecular geometries, energy levels, film 
morphology and charge-transport properties for both the 
pristine donor film and blend films with the PC61BM. 
More planar molecular structures and anodically shifted 
redox potentials were observed for BBTz-X than for BDT-
X, which lead to much more efficient solar cell devices of 
as-cast blend films with the former (ca. 6%) than the lat-
ter molecule (ca. 3%). Post-deposition annealing treat-
ments allow the molecules to reorganize with more or-
dered packing, and lead to remarkable enhancements in 
efficiency for BDT-X:PC61BM mostly through large in-

creases in the fill factor (FF), but are less effective in 
BBTz-X blend films. From BDT-X to BBTz-X, the Voc 
increased from 0.78 eV to 0.84 eV, while the Jsc and FF 
decreased slightly. Higher efficiency was demonstrated 
with BDT-X (avg. 7.7%) than BBTz-X (avg. 7.2%) 
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