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ABSTRACT: In this study we synthesized three acceptor−donor−
acceptor (A−D−A) organic molecules, TB3t-BT, TB3t-BTT, and
TB3t-BDT, comprising 2,2′-bithiophene (BT), benzo[1,2-b:3,4-b′:5,6-
d″]trithiophene (BTT), and benzo[1,2-b;4,5-b′]dithiophene (BDT) units,
respectively, as central cores (donors), terthiophene (3t) as π-conjugated
spacers, and thiobarbituric acid (TB) units as acceptors. These molecules
display different degrees of coplanarity as evidenced by the differences in
dihedral angles calculated from density functional theory. By using
differential scanning calorimetry and X-ray diffractions for probing their
crystallization characteristics and molecular packing in active layers, we
found that the symmetry and coplanarity of molecules would significantly
affect the melting/crystallization behavior and the formation of crystalline
domains in the blend film with fullerene, PC61BM. TB3t-BT and TB3t-
BDT, which each possess an inversion center and display high crystallinity in their pristine state, but they have different driving
forces in crystallization, presumably because of different degrees of coplanarity. On the other hand, the asymmetrical TB3t-BTT
behaved as an amorphous material even though it possesses a coplanar structure. Among our tested systems, the device
comprising as-spun TB3t-BDT/PC61BM (6:4, w/w) active layer featured crystalline domains and displayed the highest power
conversion efficiency (PCE) of 4.1%. In contrast, the as-spun TB3t-BT/PC61BM (6:4, w/w) active layer showed well-mixed
morphology and with a device PCE of 0.2%; it increased to 3.9% after annealing the active layer at 150 °C for 15 min. As for
TB3t-BTT, it required a higher content of fullerene in the TB3t-BTT/PC61BM (4:6, w/w) active layer to optimize its device
PCE to 1.6%.
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■ INTRODUCTION

Solution-processed organic photovoltaics (OPVs) prepared
through roll-to-roll or inject printing and used within
inexpensive, lightweight, flexible devices are being considered
as next-generation energy sources.1−4 Among them, polymer/
fullerene bulk heterojunction (BHJ) systems have been the
most successful, having gained a great deal of attention over the
past decade.5 Through the development of new molecular
structures6,7 and modification of the methods for fabricating
devices,8−10 the power conversion efficiencies (PCEs) of
single11 and tandem12 cells have reached in excess of 9% and
10%, respectively.
The development of small molecules for BHJ solar cells has

also attracted attention because they have several advantages
over polymers, including well-defined structures, ready
purification, and lower batch-to-batch variation. Most sol-
ution-processed devices incorporating small organic molecules,
however, provide unsatisfactory fill factors (FF) and, therefore,

poor PCEs.13,14 Until recently, high-efficiency BHJ devices have
been made primarily through the development of new
molecules.15−17 The low FFs of BHJ devices incorporating
small molecule/fullerene blends have resulted mainly from the
amorphous nature of their films obtained after spin-coat-
ing.18−20 Charge transport in small molecules, as well as in
semicrystalline conjugated polymers, are highly dependent on
their molecular packing, except that conjugated polymers can
also have charge transport in their chain directions.21−25

Therefore, controlling a small molecule’s crystalline nature and
its miscibility with fullerenes are both important aspects for
improving the PCEs of corresponding devices. The packing of a
small molecule can be very sensitive to its structure; therefore,
it can have a large impact on a device’s performance.26−28
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The design of suitable solution-processable small molecules
for organic photovoltaics is similar to that of conjugated
polymeric systems. The first issue is optimizing its band gap
and energy levels that determine the region over which it
absorbs light; the second is optimizing its solubility. The use of
a conjugated donor (D)−acceptor (A) structure is an effective
means of lowering the band gap and tuning the energy
levels.29,30 This approach has been adopted widely for the
development of small organic molecules for OPVs, with many
different D−A combinations31−33 and shapes.34 The solubility
of small molecules, similar to that of conjugated polymeric
system, depends on the length and number of alkyl chains on
the molecule.35,36 Moreover, the symmetry and molecular
packing must be taken into account when interpreting the
crystal morphology.
A molecule featuring an electron-donating central core, π-

conjugated spacers, and electron-withdrawing end-caps could
be suitable for the preparation of solution-processed OPVs. In
such systems displaying promising OPV performances,
cyanoacetate, and rhodamine acceptors have been employed
in conjunction with various cores, including benzodithio-
phene,37,38 dithienosiole,39,40 benzotrithiophene,41 and thio-
phene.42,43 In this study, we introduced a relatively new
acceptor, thiobarbituric acid, to this system. Because
thiobarbituric acid contains two amide groups and a thione
group, we expected it to have high electron affinity and low-
lying frontier orbitals, thereby decreasing optical band gaps and
maintaining low energy levels. Here, we used three different
cores based on thiobarbituric acid to synthesize solution-
processable small molecules, which we then investigated for
their structure−property relationships and photovoltaic proper-
ties.

■ RESULTS AND DISCUSSION
Synthesis of Small Molecules. Scheme 1 displays the

synthetic route that we used to prepare the target molecules.
The terthiophene carbaldehyde and core molecules were
prepared using methods described in the literature.39,44,45 We
employed a Stille reaction to couple the central cores to
terthiophene carbaldehyde, resulting in CHO3t-core species,
which can be readily purified through column chromatography
using hexane and EtOAc as the eluent; and then the target
small molecules were obtained by Knoevenagel condensations
of the CHO3t-core species and thiobarbituric acid. At room
temperature, all of the compounds were poorly dissolved in
toluene, chlorobenzene, and dichloromethane; chloroform was
the preferred solvent. As expected, conjugated molecules
presenting longer or branched alkyl chains exhibited greater
solubility; indeed, the solubility in chloroform followed the
order TB3t-BTT > TB3t-BDT > TB3t-BT (Table 1).
Theoretical Simulation. To further understand the

structures and energy levels of these molecules, we performed
theoretical simulations of their molecular geometries, frontier
orbitals and absorption wavelengths with the hybrid density
functional theory (DFT) at the B3LYP/6-31G(d) level using
Gaussian 09W. Table 2 summarizes the dihedral angles of their
optimal geometries. Further simulation results are placed in
Supporting Information. These results show that the BT unit
has an additional rotational freedom along backbone and
features a dihedral angle (φ0); therefore, it implies BT is a less
rigid moiety. Furthermore, we also calculated the average
dihedral angle (excluding φ4 and φ4′) to estimate the
coplanarity of molecular backbone; the values are 8.53°,

5.95°, and 7.60° for TB3t-BT, TB3t-BTT, and TB3t-BDT,
respectively. These results imply that TB3t-BT features the
most twisted conformation among three molecules.
Using the optimized structures of TB3t-BT, TB3t-BTT and

TB3t-BDT molecules with the B3LYP functional, the
corresponding optical gaps have been calculated as listed in
Supporting Information Table S1, together with the HOMO
and LUMO energies. We have plotted the iso-surfaces (iso-
value = 0.02) of the frontier molecular orbitals (FMOs) for all
the molecules as shown in Supporting Information Figure S1.
The results show that the molecular orbitals of HOMO and
LUMO for all the three molecules are predominantly localized
on the whole main chain. The molecular orbitals of the HOMO
electronic densities are mainly located on the central part of the
molecules, whereas the contribution to LUMO is mainly from
the terminal group of TB.
The detailed analysis of these long wavelength absorptions

(λmax) as well as their main contributions to the first excitation
can be made on the basis of time-dependent DFT (TDDFT)
calculations as collected in Supporting Information Table S1.
For the S0 → S1 transition, the calculated wavelengths for the
TB3t-BT, TB3t-BTT, and TB3t-BDT molecules are 714, 697,

Scheme 1. General Procedure for the Syntheses of TB3t-BT,
TB3t-BTT, and TB3t-BDT

Table 1. Thermal Properties and Solubilities of the Three
Small Molecules

thermal properties

material
Td

(°C)a Tm (°C)b Tc (°C)
b

solubility
(mg mL−1)c

TB3t-BT 348 227 174 6.3
TB3t-BTT 368 190, 204 173, 151, 144d 14.5
TB3t-BDT 358 240 206 11.0
aTemperature of 5% weight loss under N2, determined through TGA.
bMelting and crystallization temperatures under N2, determined
through DSC. cSolubility in CHCl3 at room temperature, determined
following ASTM E1148. dCold crystallization.
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and 699 nm (excitation energy ΔE, 1.74, 1.78, and 1.77 eV)
with oscillator strengths of 3.418, 2.969 and 3.110, respectively,
resulting mainly from the HOMO → LUMO transition.
Thermal Properties. We used TGA to determine the

thermal stability of our synthesized organic compounds.
Supporting Information Figure S2 displays the TGA curves
recorded at a heating rate of 10 °C min−1 under N2. All
compounds began to decompose when the temperature was
higher than 300 °C; each 5% weight loss temperature (Td) was
approximately 350 °C, which is suitable for the application in
optoelectronic devices.
Figure 1 displays the thermal phase transitions, including

melting temperatures (Tm) and crystallization temperatures

(Tc), of our compounds, as characterized using DSC; Table 1
lists these values. The values of Tm and Tc both followed the
same sequence: TB3t-BDT > TB3t-BT > TB3t-BTT. In
previous studies of similar chemical structures, compounds
displaying poorer solubility have often exhibited stronger
molecular interactions and, thus, higher values of Tm.

26,27 We
found, however, that TB3t-BDT with its intermediate
solubility, and not the most-insoluble TB3t-BT, provided the
highest value of Tm, indicating that there is another factor that
affected the melting temperature in our case. Indeed, the
melting temperature of an organic crystal is affected by several

factors, including the molecular symmetry (packing), inter-
action energies and entropy, etc.46 For our compounds, TB3t-
BT and TB3t-BDT, which each possess an inversion center, are
more symmetrical than TB3t-BTT; therefore, the former pair
display higher melting temperatures and stronger crystallization
relative to the latter, because of more ordered stacking in the
solid state. Notably, TB3t-BTT displayed a cold crystallization
peak at 144 °C upon heating, implying that it has significant
amorphous characteristics which dues to its asymmetrical core.
On the other hand, we also found that TB3t-BDT has higher
tendency to crystallize than TB3t-BT, as indicated by the
temperature difference (ΔT) between their Tm and Tc. (ΔT =
34 and 53 °C for TB3t-BDT and TB3t-BT, respectively.) We
suspect the fact that TB3t-BDT has higher Tm and more
tendency to crystallize than TB3t-BT is because TB3t-BDT
features more planar conformation in the solid state.

XRD Patterns. We prepared samples for XRD analyses by
drop-casting solutions of the molecules onto silicon wafer
substrates and then subjecting the systems to thermal annealing
at 150 °C for 15 min. Figure 2 reveals that all three compounds
exhibited strong signals in the low-angle regions of their
diffraction patterns (the signal peak at 2.7° arose from the
incident angle of the X-rays). The XRD pattern of TB3t-BTT
featured a relatively sharp peak at 4.1° with a d-spacing of 21.3
Å; in contrast, those of TB3t-BT and TB3t-BDT both
exhibited broadened and split peaks that might comprise two
subpeaks with similar d-spacings (23.8 and 21.3 Å for TB3t-
BT; 22.6 and 21.3 Å for TB3t-BDT). Because the bulk single
crystal structures of such compounds are often unknown,
assignments of these features usually follow those of polymeric
systems. However, the length perpendicular to the backbone
(100) is similar to the half-length of the backbone (002) for all
compounds based on molecular models; the assignment of
these peaks is difficult because of the insufficient information
from the XRD analyses. Nevertheless, the XRD patterns of
TB3t-BT and TB3t-BDT suggested that their crystal structure
have higher order of packing than that of TB3t-BTT, implying
that the TB3t-BTT features some amorphous characteristic,
which agreed with the DSC analysis results.

Optical Absorption Spectra and Electrochemical
Analysis. Figure 3 displays normalized UV−vis absorption
spectra of our synthesized molecules in dilute solutions, as well
as in the form of thin films; Table 3 summarizes the peak
positions and band gaps. Figure 3a reveals that all materials

Table 2. Dihedral Angles of the Three Molecules from Theoretical Simulations

material φ4 (deg) φ3 (deg) φ2 (deg) φ1 (deg) φ0 (deg) φ1′ (deg) φ2′ (deg) φ3′ (deg) φ4′ (deg)
TB3t-BT 0.58 3.53 10.96 10.93 8.85 10.28 11.74 3.47 0.20
TB3t-BTT 2.17 11.57 4.91 0.64 1.05 7.00 10.54 1.47
TB3t-BDT 2.54 7.91 4.47 4.32 7.21 14.73 7.00 2.15

Figure 1. DSC curves of TB3t-BT, TB3t-BTT, and TB3t-BDT.
Heating and cooling rates: 5 °C min−1.
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provided nearly identical absorption profiles for their dilute
solutions. However, the TB3T-BT should have a narrower
bandgap since it has better electron-donating abilities than
others. The unexpected result is caused presumably by thermal
disturbance of BT unit, resulting reduces the planarity of
molecular backbone and conjunction length. The peaks
appearing at 450 nm represent the π−π* transitions; the
most pronounced peaks, located at 565 nm, were due to
internal charge transfer (ICT) from the donor unit to the
acceptor unit.
The absorption spectra of the thin films of TB3t-BT, TB3t-

BTT, and TB3t-BDT display apparent broadening and
bathochromic red-shifts of the bands, relative to those from
their dilute solutions because of their aggregation in the solid

state. As compared to the organic molecules incorporating
cyanoacetate37,41,43 and rhodamine16 as acceptor units, our
molecules incorporating thiobarbituricacid as acceptor units
exhibit greater shifts (∼50 nm) toward long wavelengths in the
visible region. Our compounds feature very broad absorption
windows, especially TB3t-BT, which has a full width at half-
maximum (fwhm) of 260 nm for its peak. These observations
suggest that thiobarbituric acid is a very effective electron-
acceptor unit that can decrease the band gap of a conjugated
molecule. Moreover, each compound exhibited different
degrees of red-shifting, following the sequence TB3t-BT >
TB3t-BTT ≅ TB3t-BDT because of the difference in electron-
donating abilities of cores was enhanced when the molecules
adopt more planar conformation from the solution to the film.
This result is agreed with our simulation.
Notably, only the spectrum of TB3t-BTT featured a vibronic

peak because of ordered π−π stacking of its molecules in the
solid state. Sometimes the lack of vibronic peak is caused by the
compound was settled too quickly from solution, so the peak
can be emerged by thermal annealing. Supporting Information
Figure S3 presents the absorption spectra of as-cast and
annealed films of our three small organic molecules; the
absorption profile of TB3t-BDT was unchanged after
annealing, while vibronic peaks appeared for the annealed
films of TB3t-BT. The lack of a vibronic peak indicates that
TB3t-BDT prefers to adopt an H-aggregation state in the solid

Figure 2. XRD pattern of (a) TB3t-BT, (b) TB3t-BTT, and (c)
TB3t-BDT films drop-cast onto a silicon wafer substrate.

Figure 3. UV−vis absorption spectra of TB3t-BT, TB3t-BTT, and TB3t-BDT in the form of (a) solutions in CHCl3 and (b) as-cast films.

Table 3. Optical and Electrochemical Properties of the
Three Small Molecules

solutiona filmb energy levels

material
λmax
(nm)

λmax
(nm)

λonset
(nm)

Eg
opt

(eV)c
HOMO
(eV)d

LUMO
(eV)e

TB3t-BT 447, 565 620 781 1.59 −5.12 −3.53
TB3t-
BTT

445, 565 604 751 1.64 −5.19 −3.57

TB3t-
BDT

455, 565 600 751 1.65 −5.20 −3.55

aDilute solution in CHCl3.
bSpin-coated from CHCl3 onto ITO/

PEDOT substrates. cOptical bandgaps calculated from Eg
opt = 1240 ÷

λonest the absorption spectrum. dHOMO energy levels determined
from onsets of the CV curves: HOMO = −(4.8 + Eonset

ox ) eV. eLUMO
energy levels determined from ELUMO = EHOMO + Eg

opt.
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state; in contrast, TB3t-BT and TB3t-BTT form J-aggregation
states.
We used CV to determine the energy levels of the highest

occupied molecular orbitals (HOMOs) of our three com-
pounds; Table 3 lists the pertinent numerical data. All
compounds exhibit low-lying HOMO energy levels, suggesting
that photovoltaic devices incorporating them should exhibit
relatively high open-circuit voltages (Voc). For our three
molecules not only featured low band gaps, but retained their
low-lying HOMO energy levels. This behavior suggests that the
narrowing of the band gaps was due to lowering of the energy
levels of the lowest unoccupied molecular orbitals (LUMOs) of
the molecules, confirming that thiobarbituric acid is a strong
acceptor unit.
Photovoltaic Devices. We fabricated BHJ OPVs using our

three small organic molecules as p-type materials and PC61BM
as the n-type material in devices having the configuration glass/
ITO/PEDOT:PSS/active layer/Ca/Al. Figure 4 displays the J−

V curves of these devices; Table 4 summarizes the photovoltaic
parameters (see the Supporting Information for detailed curves
and data). To determine the best composition for the devices,
we tested various organic molecule−to−fullerene ratios for
each compound, including weight ratios of 6/4, 5/5, and 4/6.
All of these devices exhibited very high values of Voc (>0.8 eV).
The optimal device, obtained from an as-cast TB3t-BDT/
PC61BM blend film, exhibited a PCE of 4.1%, with a value of
VOC of 0.95 V, a value of JSC of 9.1 mA cm−2, and a FF of 48%.
On contrast, annealing was critical for improving the

performance of the device based on TB3t-BT/PC61BM; the
PCE of the device prepared without thermal treatment was just
0.2%, whereas it enhanced dramatically to 3.9% after annealing.
Both TB3t-BT and TB3t-BDT exhibited their best perform-
ance at a small molecule-to-fullerene ratio of 6/4, but TB3t-
BTT required more PC61BM (a ratio of 4/6) to optimize its
PCE (1.6%). On the basis of our testes, all three molecules
need quite different fabricated condition for their optimal
devices. In conjugated polymeric systems, amorphous polymers
are usually mixed with greater amounts of fullerenes to ensure
optimal compositions for the active layers of devices. On the
basis of our DSC analysis, TB3t-BTT possesses least driving
force for crystallization among three molecules and possibly
behaves as an amorphous material, which probably has better
miscibility with fullerenes.

Morphological Analyses. Figure 5 displays tapping-mode
AFM images of the surface morphologies of the active layers, as
well as height and phase images, of the small molecule/PC61BM
blend films. The root-mean-square (RMS) roughnesses of our
TB3t-BT/PC61BM, TB3t-BTT/PC61BM, and TB3t-BDT/
PC61BM pristine films were 0.92, 0.97, and 1.05 nm,
respectively. The rather smooth surface of active layers implied
the films have good quality and no large aggregation. Based on
the phase images of these films, only TB3t-BDT/PC61BM
(Figure 5h) featured a certain degrees of aggregation which
usually referred to a fine p-type/n-type interpenetrating
network that is beneficial for charge separation and transport;
in contrast, the films of TB3t-BT/PC61BM and TB3t-BTT/
PC61BM showed homogeneous structures. This finding
explained the reason for the device fabricated by as-spun
TB3t-BDT/PC61BM showed highest PCE. The annealed film
of TB3t-BT/PC61BM (Figure 5b) possessed a rougher surface
(RMS = 4.9 nm) with some aggregation because of
recrystallization of TB3t-BT. The annealing process ensured
that TB3t-BT/PC61BM formed a more favorable morphology,
thereby resulting in a greater PCE for the corresponding device.
Because the packing of small molecules in a BHJ is a critical

factor affecting the FF and PCE of a device, we used
synchrotron grazing-incidence wide-angle X-ray scattering
(GIWAXS) to quantitatively determine the molecular packing
and orientation in our blend films. Figure 6 presents 2D images
of the blend films; those of TB3t-BT and TB3t-BTT featured
no apparent peaks, with only that of TB3t-BDT providing an
evident, but featureless, scatter signal. This result implies that
TB3t-BDT (Figure 6d) exhibited a fine crystalline structure in
the active layer upon film formation. In contrast, the film of
TB3t-BT/PC61BM required thermal treatment, displaying a
strong signal after annealing, to the recrystallization of TB3t-
BT (Figure 6b). On the basis of the morphology analysis, the
TB3t-BT and TB3t-BDT appear to have different miscibilites
with PC61BM, presumably because of the different driving
forces for crystallization. TB3t-BDT has higher tendency to
crystallize than TB3t-BT; therefore, it is easier to form
crystalline domains in blend films as spin-casting.

■ CONCLUSIONS
We have synthesized three new conjugation molecules, TB3t-
BT, TB3t-BTT, and TB3t-BDT, that feature bithiophene,
benzotrithiophene, and benzodithiophene units, respectively, as
their central cores, terthiophene units as π-conjugated spacers,
and a new acceptor, thiobarbituric acid, as end-capping
moieties. From theoretical simulations (DFT-B3LYP) on
their optimal geometries, three molecules display different

Figure 4. Current density−voltage curves of OPVs based on the
organic molecules/PC61BM under AM 1.5G illumination (100 mW
cm−2).

Table 4. Characteristics of Photovoltaic Devices
Incorporating Blends of Each Molecule with PC61BM

material ratioa Voc (V) Jsc (mA cm−2) FF (%) PCE (%)

TB3t-BT 6:4 0.77 0.94 27 0.2
6:4b 0.89 8.5 52 3.9

TB3t-BTT 4:6 0.93 5.3 32 1.6
TB3t-BDT 6:4 0.95 9.1 48 4.1

aRatio of small molecule to PC61BM. bAfter thermal treatment at 150
°C for 15 min.
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dihedral angles and thus different degrees of coplanarity. The
absorption spectra of these three molecules cover the full visible
spectrum (400−800 nm); in addition, they all occurred at low-
lying energy levels, implying that thiobarbituric acid is a
potentially useful electron acceptor when synthesizing low-band
gap conjugated organic molecules for application in photo-
voltaic devices exhibiting high open-circuit voltages.
The molecular structures of these cores significantly affected

the melting and crystallization behaviors and the formation of
crystalline domains in blend films with PC61BM. TB3t-BT and
TB3t-BDT, which have inversion centers and display high
crystallinity, whereas TB3t-BTT is asymmetrical and has more
amorphous characteristics. Furthermore, the coplanarity of
TB3t-BT and TB3t-BDT affects their crystallization. The core
of TB3t-BDT is more rigid than that of TB3t-BT, resulting in
the former having a higher value of Tm and a greater tendency

to crystallize. An OPV device incorporating an as-cast TB3t-
BDT/PC61BM (6/4, w/w) blend film exhibited a PCE (4.1%)
substantially higher than those of the other two because of a
higher degrees of crystalline domains in its as-cast active layer.
TB3t-BT forms a well-mixed morphology with PC61BM at a
ratio of 6/4; therefore, its devices required thermal annealing to
increase the PCE from 0.2% to 3.9%. On the other hand, TB3t-
BTT behaves much like an amorphous polymer, requiring a
relatively high content of fullerene to achieve the optimal
composition; indeed, the best ratio for devices prepared with
TB3t-BTT/PC61BM was 4/6, resulting in a PCE of 1.6%. We
conclude that a more symmetrical and rigid core might provide
such small molecules with a greater crystallinity and less
miscibility with PC61BM, factors that significantly influence the
properties of their OPVs.

■ EXPERIMENTAL SECTION
Materials. Unless stated otherwise, all reactants and reagents were

obtained commercially and used without further purification. The
solvents were dried using appropriate agents and purged with N2. All
reactions and manipulations were performed under N2. 5″-Bromo-
3,3″-dioctyl-[2,2′:5′,2″-terthiophene]-5-carbaldehyde (Br3tCHO),39

2,6-bis(trimethylstannyl)-4,8-bis[5-(2-ethylhexyl)-thiophene-2-yl]-
benzo[1,2-b;4,5-b′]dithiophene (BDT),44 5-(1-octylnonyl)-2,8-bis-
(trimethylstannyl)benzo[1,2-b:3,4-b′:5,6-d″]trithiophene(BTT),45
and 5,5′-bis(trimethylstannyl)-2,2′-bithiophene (BT) were synthesized
according to literature procedures.

General Procedure for Stille Coupling CHO3t-core. A two-
necked flask containing Br3tCHO (0.22 mmol), a stannyl compound
(0.1 mmol), and anhydrous toluene (3 mL) was purged with N2 for 20
min to remove O2. In another flask, tris(dibenzylideneacetone)-
dipalladium [Pd2(dba)3, 5 mg] and tri-o-tolylphosphine [P(o-tol)3, 6.7
mg] were dissolved in toluene (5 mL) and then the solution was
purged with N2 for 20 min. An aliquot (2 mL) of the catalyst solution
was injected into the first flask and then the mixture was heated at 100
°C for 24 h. After it was cooled to room temperature, the solvent was
evaporated under vacuum. The residue was purified through column
chromatography (SiO2; EtOAc/hexane, 1:9) to give a red solid. A

Figure 5. Tapping-mode AFM height (top) and phase (bottom) images (3 × 3 μm) of blend films based on ratio of active. (a, e) Pristine film of
TB3t-BT/PC61BM. (b, f) Annealed film of TB3t-BT/PC61BM. (c, g) Pristine film of TB3t-BTT/PC61BM. (d, h) Pristine film of TB3t-BDT/
PC61BM.

Figure 6. Two-dimensional GIWAXS images of blend films of (a)
TB3t-BT:PC61BM film as-cast, (b) TB3t-BT:PC61BM film annealed at
150 °C, (c) TB3t-BTT:PC61BM film as-cast, and (d) TB3t-
BDT:PC61BM film as-cast. All samples were on wafer/PEDOT: PSS
substrates.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am501659u | ACS Appl. Mater. Interfaces 2014, 6, 9298−93069303

http://pubs.acs.org/action/showImage?doi=10.1021/am501659u&iName=master.img-007.jpg&w=503&h=234
http://pubs.acs.org/action/showImage?doi=10.1021/am501659u&iName=master.img-008.jpg&w=239&h=152


small amount of CH2Cl2 was used to redissolve the solid, which was
reprecipitated from MeOH to obtain the final compound.
CHO3t-BT. Yield: 75%. 1H NMR (300 MHz, CDCl3): δ (ppm) 9.81

(s, 2H), 7.58 (s, 2H), 7.23 (d, J = 3.6 Hz, 2H), 7.10 (d, J = 3.9 Hz,
2H), 7.07 (s, 4H), 7.01 (s, 2H), 2.84−2.73 (m, 8H), 1.66 (br,8H),
1.40−1.23 (m, 45H), 0.86 (t, J = 5.7 Hz, 12H). MS (MALDI-TOF):
calcd for C92H118O2S10 [M]+, m/z 1574.63; found, m/z 1575.70.
CHO3t-BTT. Yield: 80%. 1H NMR (300 MHz, CDCl3): δ (ppm)

9.81 (s, 2H), 7.61 (s, 1H), 7.57 (s, 2H), 7.47 (s, 1H), 7.34 (s, 1H),
7.15−7.11 (m, 4H), 3.01 (br, 1H), 2.82−2.76 (m, 8H), 1.80−1.69 (m,
12H), 1.50−1.21 (m, 64H), 0.87−0.80 (m, 18H). MS (MALDI-
TOF): calcd for C66H82O2S8 [M]+, m/z 1162.41; found, m/z 1162.34.
CHO3t-BDT. Yield: 56%. 1H NMR (300 MHz, CDCl3): δ (ppm)

9.83 (s, 2H), 7.64 (s, 2H), 7.60 (s, 2H), 7.32 (d, J = 3.3 Hz, 2H), 7.25
(d, 2H), 7.14 (s, 2H), 7.13 (d, J = 3.9 Hz, 2H), 6.94 (d, J = 3.3 Hz,
2H), 2.91−2.74 (m, 12H), 1.75−1.60 (m, 10H), 1.38−1.25 (m, 56H),
1.00−0.85 (m, 24H). MS (MALDI-TOF): calcd for C87H116O2S9
[M]+, m/z 1480.65; found, m/z 1480.56.
General Procedure for Knoevenagel Condensation. The

aldehyde (0.05 mmol) was dissolved in dry CHCl3 (5 mL) under a
flow of N2 in a two-necked flask and then pyridine (0.2 mL) and 1,3-
diethyl-2-thiobarbituric acid (0.5 mmol) were added. After it was
stirred at room temperature for 12 h, the solvent was evaporated under
reduced pressure. The residue was washed with hot EtOH and then
subjected to chromatographic purification (SiO2; CHCl3/hexane, 3:1).
The isolated compound was recrystallized (toluene/isopropanol) to
afford a dark solid.
TB3t-BT. Yield: 80%. 1H NMR (300 MHz, CDCl3): δ (ppm) 8.54

(s, 2H), 7.67 (s, 2H), 7.46 (d, J = 3.9 Hz, 2H), 7.14 (d, J = 4.2 Hz,
2H), 7.06 (s, 4H), 7.01 (s, 2H), 4.62−4.52 (m, 8H), 2.84 (t, J = 7.5
Hz, 4H), 2.77 (t, J = 7.2 Hz, 4H), 1.70−1.65 (m, 8H), 1.40−1.22 (m,
52H), 0.87−0.83 (m, 12H). MS (MALDI-TOF): calcd for
C82H102N4O4S10 [M]+, m/z 1526.51; found, m/z 1526.36.
TB3t-BTT. Yield: 88%. 1H NMR (300 MHz, CDCl3): δ (ppm) 8.74

(s, 1H), 8.46 (s, 1H), 7.60 (s, 1H), 7.57 (s, 1H), 7.55 (s, 1H), 7.44 (s,
1H), 7.45 (d, J = 7.5 Hz, 1H), 7.40 (s, 1H), 7.35 (s, 1H), 7.13−7.11
(m, 2H), 7.08 (s, 2H), 4.60−4.52 (m, 8H), 3.01 (br, 1H), 2.82−2.76
(m, 8H), 1.80−1.62 (m, 12H), 1.42−1.23 (m, 76H), 0.88−0.81 (m,
18H). MS (MALDI-TOF): calcd for C103H136N4O4S11 [M]+, m/z
1844.75; found, m/z 1844.72.
TB3t-BDT. Yield: 73%. 1H NMR (300 MHz, CDCl3): δ (ppm) 8.52

(s, 2H), 7.65 (s, 2H), 7.58 (s, 2H), 7.45 (d, J = 3.9 Hz, 2H), 7.31 (d, J
= 3.3 Hz, 2H), 7.13 (d, J = 4.2 Hz, 2H), 7.08 (s, 2H), 6.93 (d, J = 3.3
Hz, 2H), 4.60−4.49 (m, 8H), 2.89 (d, J = 6.3 Hz, 4H), 2.82 (t, J = 7.5
Hz, 4H), 2.75 (t, J = 6.9 Hz, 4H), 1.72−1.60 (m, 10H), 1.48−1.26 (m,
68H), 1.00−0.83 (m, 24H). MS (MALDI-TOF): calcd for
C108H138N4O4S12 [M]+, m/z 1938.74; found, m/z 1938.48.
Measurements and Characterizations. 1H Nuclear magnetic

resonance (NMR) spectra were recorded using a Burker DRX-300
NMR spectrometer. Chemical shifts are reported relative to the
solvent signal. Mass spectra were determined through matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF MS), recorded using a Bruker Autoflex III instrument.
Thermogravimetric analysis (TGA) was performed using a TA
Instruments Q500 apparatus operated at a heating rate of 10 °C
min−1 under a N2 flow. Differential scanning calorimetry (DSC) was
performed using a PerkinElmer Pyris 1 apparatus; approximately 2.5
mg of the sample was analyzed at a heating rate of 5 °C min−1. UV−vis
absorption spectra were recorded using a Hitachi U-4100 spectropho-
tometer. Solid films were spin-coated from CHCl3 solutions onto
indium tin oxide (ITO)-coated glass presenting a 20 nm-thick buffer
layer of poly(3,4-ethylenedioxythiophene)−poly(styrenesulfonate)
(PEDOT:PSS). Cyclic voltammetry (CV) was performed using a
BAS 100 electrochemical analyzer and a conventional three-electrode
configuration: a glassy carbon electrode as the working electrode, a Pt
wire as the counter electrode, and Ag/AgNO3 (0.01 M in MeCN) as
the reference electrode. Tetrabutylammonium hexafluorophosphate
(Bu4NPF6, 0.1 M) in MeCN was used as the supporting electrolyte.
The small molecules were drop-coated onto the work electrode and
analyzed at a scan rate of 50 mV s−1. The ferrocene/ferrocenium ion

(Fc/Fc+) pair was used as the internal standard, with the assumption
that the energy level of Fc is 4.8 eV below vacuum. X-ray diffraction
(XRD) patterns of the drop-cast compounds on silicon wafers were
obtained using a Bruker D8 instrument. Atomic force microscopy
(AFM) was performed using a Digital Nanoscope III atomic force
microscope operated in the tapping mode under ambient conditions.
The thickness of the active layer of the device was measured using a
Veeco Dektak 150 surface profiler. Grazing incidence wide-angle X-ray
spectroscopy (GIWAXS) experiments were performed at the National
Synchrotron Radiation Research Center.

Quantum Chemical Calculations. Quantum chemical calcula-
tions of these synthesized molecules have been performed to give a
deeper insight into the electronic structure, absorption properties and
the nature of their optical transitions using the density functional
theory (DFT), implemented in the Gaussian 09 program.47 The
geometries of all the TB3t-BT, TB3t-BTT, and TB3t-BDT molecules
were optimized at the hybrid DFT-B3LYP48−50 level of theory using
the 6-31G(d) basis set. The optimized geometries were then subjected
to the time dependent-density functional theory (TDDFT)51

calculations at the B3LYP/6-31G(d) level in order to obtain the S0
→ S1 higher excited state transition energies of up to 10 excited states
and oscillator strengths.

Fabrication and Measurement of Devices. Prepatterned ITO-
coated glass was cleaned with detergent, DI water, acetone, and
isopropanol in an ultrasonication bath (10 min each step) and then it
was exposed to UV/ozone for 20 min prior to use. A thin layer (∼20
nm) of PEDOT:PSS (Baytron P VP AI 4083) was spin-coated (4000
rpm, 60 s) onto the ITO substrate and then baked at 150 °C for 15
min in air. The active layer, prepared from a hot CHCl3 solution (10
mg mL−1, 50 °C) containing a small molecule and PC61BM, was spin-
cast onto the PEDOT:PSS layer in a glovebox filled with dried N2.
Finally, a 15 nm-thick Ca layer and a 100 nm-thick Al layer, for use as
the counter electrode, were thermally deposited under vacuum on top
of the active layer. Each device featured four cells with an effective
layer area of 0.04 cm2.Current density−voltage (J−V) curves of the
photovoltaic devices were recorded using a Keithley 2400 source
meter under simulated AM 1.5 G illumination at 100 mW cm−2 using
a Xe lamp−based Newport 66902 150-W solar simulator as a solar
simulator. A silica photodiode (Hamamatsu S1133) was employed as a
standard to confirm the light intensity.
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