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ABSTRACT: Two different thienopyrroledione (TPD)-based
small molecules (SMs) with different alkyl substitution positions
were synthesized, and their photovoltaic properties are measured
and compared to examine the effect of the alkyl substitution
position on their optical, electrochemical, and photovoltaic
properties. The use of TPD as an electron-accepting unit in
conjugated SMs effectively lowers the highest occupied molecular
orbital (HOMO) energy levels of the conjugated SMs and leads to
high open-circuit voltage (Vo). The two SMs with n-hexyl group
substituted at different positions exhibit almost identical optical and
electrochemical properties in the pristine state. However, the
crystallographic and morphological characteristics of the two SMs
are significantly different, because they are blended with PC,BM.
The SM in which n-alkyl groups are substituted at the central
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accepting unit exhibits a power conversion efficiency (PCE) of 6.0% with Vo = 0.94 V, which is among the highest PCE values
of TPD-based SM devices, whereas the SM with n-alkyl groups being substituted at the chain ends shows a moderate PCE value

of 3.1%.

KEYWORDS: thienopyrroledione, organic solar cells, small molecules, high V¢, alkyl chain position

1. INTRODUCTION

Recently, the power conversion efficiencies (PCEs) of solution-
processed small molecule (SM)-based organic solar cells
(OSCs) have steadily been increased, with efficicncies close
to those of polymer solar cells (PSCs).'~* However, the overall
performances of SM-based OSCs are still inferior to those of
polymer counterparts. For high-performance SM-based OSCs,
the strategies used for the design of high-performance
conjugated polymers could also be applied to the molecular
design of SMs. Therefore, the electron donor—acceptor (D—
A)-type architecture that has been proven as the most effective
method to achieve high-performance PSCs can also be utilized
for the design of high-performance SMs.>~"?
Thieno[3,4-c]pyrrole-4,6-dione (TPD) has been a promising
moiety as an A unit">"'® in D—A-type conjugated polymers,
because its relatively strong electron accepting power leads to
low frontier orbital energy levels of corresponding conjugated
polymers, which is required for high open-circuit voltage (Vo)
in bulk heterojunction (BHJ) PSCs. Although it is generally
accepted that the highest occupied molecular orbital (HOMO)
energy level and the lowest unoccupied molecular orbital
(LUMO) energy level of D—A-type conjugated molecules are
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governed mainly by the electronic properties of D and A units,
respectively, exceptional but interesting results have been
reported when a TPD unit is used as an A unit in D—A-type
conjugated backbone: Both HOMO and LUMO levels are
lowered when TPD is used as an A unit in D—A-type
conjugated molecules. For instance, it has been reported that a
low-bandgap polymer (PTB7), composed of benzoditihophene
(BDT) and thieno[3,4-b]thiophene (TT) as the D and A units,
respectively, exhibitt HOMO and LUMO energy levels of
—5.15 and —3.31 eV, respectively.'”” When the TT unit in
PTB?7 is replaced by a stronger electron accepting unit (TPD),
the polymer (PBDTTPD) exhibits lower-lying HOMO and
LUMO energy levels of —5.56 and —3.75 eV, respectively.”’
Another polymer (PDTSTPD) composed of dithieno[3,2-
b:2',3'-d]silole (DTS) as the D unit and TPD as the A unit also
exhibits deep HOMO and LUMO energy levels of —5.57 and
—3.88 eV, respectively.”' It should be mentioned here that
TPD-based molecules exhibit deeper HOMO energy levels,
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Scheme 1. Synthetic Route of TPD-Based Small Molecules
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which are beneficial for high Vi without causing bandgap
widening. In short, TPD moiety as an A unit in a D—A-type
conjugated backbone effectively lowers their HOMO energy
levels without the sacrifice of bandgap widening, leading to high
Voc without any loss of short-circuit current (Jgc). This
inspired us to design new TPD-based SMs to achieve high V¢
without significant sacrifice of Jc.

On the other hand, DTS as a D unit has emerged as an
important building block of semiconducting conjugated
molecules for optoelectronic applications including field effect
transistors (FETs) and OSCs. It has been demonstrated that
DTS-containing polymers enhance the intermolecular ordering
in the film state, compared to the polymer containing
cyclopenta(2,1-b:3,4-b")dithiophene, because of the long Si—
C bond in the DTS unit, which allows efficient 7—7x
interaction.””** Furthermore, the planar conjugated structure
of the DTS unit affords effective intramolecular charge transfer
through hybridization with an electron-accepting unit and thus
the DTS-based molecules exhibit broad light-absorption and
low-optical bandgap.**~® This advantage of the DTS unit leads
to not only high hole mobility in FET (0.08 cm® V™' s™)* but
also high PCE (7.3%) in OSCs.”' Therefore, the DTS is a
promising electron-donating unit of low-bandgap SMs for high-
performance BHJ OSCs.

In this work, we designed and synthesized two SMs with a
D,—A—-D,—A-D, structure, where D, is DTS as a center and
donating unit, A is TPD as an accepting unit, and D, is end-
capping bithiophene (2T) as 7-conjugation extender (Scheme
1). The chemical structures of two SMs differ only by the
position of alkyl (hexyl) group substitution. The introduction
of TPD in SMs is expected to lower HOMO energy level for

achieving high V. The SM with hexyl group substituted at the
A unit showed a PCE of 6.0% with a high V¢ of 0.94 V in
OSCs when blended with PC,;BM.

2. RESULTS AND DISCUSSION

Two SMs, 3,3'-(4,4-bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b']-
dithiophene-2,6-diyl)bis(1-([2,2'-bithiophen]-S-yl)-S-hexyl-
4H-thieno[3,4-c]pyrrole-4,6(SH)-dione) (DTS(HexTPD2T),)
and 3,3'-(4,4-bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b"]-
dithiophene-2,6-diyl)bis(1-(5'-hexyl-[2,2'-bithiophen]-5-yl)-S-
methyl-4H-thieno[3,4-c]pyrrole-4,6(SH)-dione) (DTS-
(MeTPD2THex),), were synthesized by the Stille cross-
coupling reaction (Scheme 1). TPD-based SMs have rarely
been reported, compared to corresponding polymer counter-
parts, probably because of limited synthetlc procedures.* >
However, Leclerc and his co-workers®* ™ reported a useful
method to synthesize mono-brominated TPD unit with various
alkyl chains, leading to facile synthetic route of TPD-based SMs
for OSC application. As shown in Scheme 1, compounds 2 and
3 were synthesized by following the Leclerc’s procedure and
then reacted with compound 1 to afford compounds 4 and $ in
87% and 81% yield, respectively. Compounds 6 and 7 were
prepared from the bromination of compounds 4 and § in
chloroform (CF) and finally reacted with corresponding
stannylated 2T to obtain the two SMs. The SMs with 2-
ethylhexyl and n-hexyl group show good solubility in common
solvents such as toluene, chlorobenzene (CB), and CF.
When the density functional theory (DFT) calculation at
B3LYP/6-31G(d,p) basis set was performed to examine the
electronic properties of the frontier orbital and optimized
geometrical properties of the SMs, it reveals that the
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distributions of HOMO and LUMO energy levels of both SMs
are similar, as shown in Figure S1 in the Supporting
Information. Both HOMO and LUMO wave functions
delocalize over the entire 7-conjugated backbone, indicating
that strong intramolecular interaction takes place. When the
dihedral angles between DTS, TPD, and T units as defined by
0, 6,, and 6; in Figure S1 in the Supporting Information are
calculated (see Table S1 in the Supporting Information), it
reveals that the angles are very small, which is beneficial for
chain ordering/packing in the film state.

The ultraviolet—visible light (UV-vis) absorption spectra of
two SMs in CF solution and film state are represented in Figure
1 and the optical properties are summarized in Table 1. The
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Figure 1. Ultraviolet—visible light (UV-vis) absorption spectra of SMs
in (a) CF solution and (b) the film state.

molar extinction coefficients of two SMs at the maximum
absorption wavelength (4,,,,) of $30 nm are nearly equal (ca.
5.5 %X 10* M™' ecm™) in solution, while the molar absorptivity
of DTS(HexTPD2T), is slighly higher than that of DTS-
(MeTPD2THex), in solid film. The A, and the onset
absorption wavelength (4,,.) of two SMs in film state are red-
shifted by ca. 35 and 60 nm, repectively, as compared to those
in solution state. The optical band gaps (Egpt) of DTS-
(HexTPD2T), and DTS(MeTPD2THex),, as estimated from
the corresponding ..., are 1.86 and 1.85 eV, respectively.
Particularly, two SMs show a strong vibronic shoulder in both

solution and the solid film state, indicating that the two SMs are
aggregated in both states.

The electrochemical properties of DTS(HexTPD2T), and
DTS(MeTPD2THex), were measured by cyclic voltammetry
(CV), as shown in Figure 2, and the results are summarized in
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Figure 2. Cyclic voltammograms of SMs.

Table 1. The HOMO energy levels of two SMs are the same
(=5.50 eV), while the LUMO energy level of DTS-
(HexTPD2T), is slightly higher than that of DTS-
(MeTPD2THex),. Particularly, the TPD unit lowers both
the HOMO and LUMO energy level in D—A-type conjugated
SMs, leading to enhancement of V. It is also noted here that
the low-lying LUMO energy levels of the SMs are still
sufficiently higher than the LUMO energy level of PC,;BM for
efficient exciton dissociation.*®*’

Photovoltaic performances of TPD-based SMs were
measured with the conventional device structure, as shown in
Figure 3, and the data are summarized in Table 2. The [6,6]-
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Figure 3. Current density—voltage (J—V) curves of DTS-
(HexTPD2T),:PC,,BM (1.5:1) and DTS(MeTPD2THex),:PC,,BM
(1.5:1) BHJ solar cells processed with 0.5 vol % DIO under AM 1.5G,
100 mW cm ™2 The dashed lines are the corresponding dark currents.

phenyl-C,,-butyric acid methyl ester (PC,;BM) was used as an
acceptor, because its absorptivity is higher than that of PC4BM.

Table 1. Optical and Electrochemical Properties of Small Molecules (SMs)

UV-Vis Absorption

SMs Amax (solution) (nm) Amax (film) (nm)
DTS(HexTPD2T), 528 564
DTS(MeTPD2THex), 530 565

Eg (eV)* HOMO (eV) LUMO (eV) B (eV)®
1.86 —5.50 —3.78 1.72
1.85 -5.50 —3.83 1.67

“Determined from the onset of the UV-vis absorption spectra. "Determined from cyclic voltammetry.

20037

dx.doi.org/10.1021/am505608s | ACS Appl. Mater. Interfaces 2014, 6, 20035—20042



ACS Applied Materials & Interfaces

Research Article

Table 2. Photovoltaic Properties of OSCs Processed with 0.5 vol% DIO under AM 1.5G Illumination

SM SM:PC,;BM (w/w) Jsc (mA cm™) Voc (V) fill factor, FF PCE, 1 (avg)” (%)
DTS(HexTPD2T),” 15:1 118 0.94 0.54 6.0 (5.8)
DTS(MeTPD2THex),* 151 0.93 0.52 3.1 (28)

“Average values of eight devices. bChloroform (CF) solution. “Chlorobenzene (CB) solution.

The devices were optimized by varying processing conditions,
such as the blend ratio and addition of solvent additives (see
Figures S2—S4 and Table S2 in the Supporting Information).
The PCEs of DTS(HexTPD2T), are always higher than that of
DTS(MeTPD2THex),, regardless of the solvent, when the
same solvent and additive are used. After the device
optimization, the DTS(HexTPD2T),-based cell shows a
promising PCE of 6.0% with Vo = 094 V, Jsc = 11.8 mA
cm™?, and a fill factor (FF) of 0.54, which is one of the highest
values of OSCs fabricated from TPD-based SMs, while
DTS(MeTPD2THex), exhibits a moderate PCE of 3.1%
with Vo = 093V, Jsc = 6.4 mA cm™, and FF = 0.52. It should
be noted that all devices from two SMs exhibit high V¢ values
of 0.93—0.94 V, which are originated from low-lying HOMO
energy levels of the two SMs. The higher PCE of DTS-
(HexTPD2T), arises primarily from higher Jsc, as confirmed
by external quantum efficiency (EQE) spectra (see Figure 4),
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Figure 4. EQE spectra of DTS(HexTPD2T),:PC, BM (1.5:1 w/w)
and DTS(MeTPD2THex),:PC,,BM (1.5:1 w/w) BHJ solar cells.

where the DTS(HexTPD2T),-based device exhibits a stronger
photoresponse in the range of 300—700 nm, which contributes
to higher Jsc values in OSCs. The Jsc values calculated from
integration of EQE curves of DTS(HexTPD2T), and DTS-
(MeTPD2THex), are 11.3 and 6.3 mA cm™ respectively,
which are consistent with the values determined from the
current density—voltage (J—V) curve.

While the optical and electrochemical properties of two SMs
are nearly the same, regardless of the positon of alkyl chain
substitution, photovoltaic properties of two SMs are largely
different. To identify the reason for this large difference of
photovoltaic properties, we compare the crystalline nature and
molecular orientation of two SMs in film state. The grazing-
incidence X-ray diffraction (GIXD) patterns of both DTS-
(HexTPD2T), and DTS(MeTPD2THex), show characteristic
diffraction peaks—(100), (200), (300), and (400) in the g,-
direction and (010) in the qy-direction, indicating that the
small molecules exhibit crystalline nature (see Figures Sa and
Sb). However, it should be noted that DTS(HexTPD2T),
molecules in the blend clearly exhibit a (010) peak at q = 1.78
A7 along the g,-direction while the DTS(MeTPD2THex),
blend does not show a discernible peak at ¢ = 1.78 A7}, as
shown in Figures 5S¢ and Sd, indicating that DTS-

a) 2.0

1.5

"i‘:,1.0 —

< v £\
0.0 - —
-1.5 -1.0 -0.5 0.0 05 1.0 15
Gy (A7)

C) 2.0
15

< 1.0

o
. BN

0 - L
-1.5 -1.0-05 0.0 05 1.0 15

-1.5 -1.0-05 00 05 1.0 15

Gy (A7) Gy (A7)
e) T f) —— DTS(HexTPD2T),
B —— DTS(MeTPD2THex),
~ H —~ | ——ors(HextPD2T)PC, BM
3 £ b 3 | ——DTS(MeTPDTHex),/PC, BM
£ (100 H &
2 . 2
b (200) (300) 15 s 2
H — 5 M\
2 JKJLJL 2
c
T =
0.5 1.0 . 1.5 2.0 0.5 1.0 1.5
CAS) g, (")

Figure S. Two-dimensional grazing-incidence X-ray diffraction (2D-
GIXD) images of (a) pristine DTS(HexTPD2T),, (b) pristine
DTS(MeTPD2THex),, (c) DTS(HexTPD2T),:PC,,BM (1.5:1 w/
w) and (d) DTS(MeTPD2THex),:PC,;BM (1.5:1 w/w) blends.
Panels (e) and (f) respectively show out-of-plane and in-plane scans of
pristine and blends.

(HexTPD2T), molecules take partially face-on orientation
while DTS(MeTPD2THex), molecules do not clearly show
face-on orientation. The out-of plane and in-plane scans also
reveal that DTS(HexTPD2T), in the blend shows a (010)
peak at ¢ = 1.78 A" along the g,- and qy-directions, as shown
in Figures Se and Sf, indicative of the existence of face-on
orientation, which is advantageous for charge carrier transport
in 0SCs.*™ 1t is interesting to observe that DTS-
(HexTPD2T), has an interchain distance of 17.9 A in the
blend film, while DTS(MeTPD2THex), shows an interchain
distance of 23.3 A, indicating that the number of DTS-
(HexTPD2T), molecules per unit volume is larger than that of
DTS(MeTPD2THex),, assuming that the two molecules have
the same unit lengths along the (010) and (001) directions. In
other words, the number of light-harvesting molecules of
DTS(HexTPD2T), per unit volume is larger than that of
DTS(MeTPD2THex),. It is noteworthy to mention here that
the interchain distance of DTS(HexTPD2T), does not change,
whereas that of DTS(MeTPD2THex), increases from 17.9 A
to 23.3 A when they are blended with PC,;BM. Although we
do not provide an exact reason for that, it is speculative that
PCBM is more miscible with DTS(MeTPD2THex), than with
DTS(HexTPD2T),, so that some of the PCBM molecules are
intercalated between DTS(MeTPD2THex), molecules, which
may increase the interchain distance. Considering that the PCE
difference between the two SMs arises mainly from the Jgc
difference, it is concluded that the more-preferential face-on
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orientation and larger number of light-harvesting molecules of
DTS(HexTPD2T), crystal per unit volume, compared to those
of DTS(MeTPD2THex),, contribute to the larger Jc values.
When the hole mobilities of two SMs are measured by the
space charge limited current (SCLC) method under the
identical condition for optimized photovoltaic cell (Figure 6)

25
—0— DTS(HexTPD2T),
—o— DTS(MeTPD2THex),

Figure 6. Dark J—V characteristics of DTS(HexTPD2T),:PC, BM
(1.5:1 w/w), and DTS(MeTPD2THex),:PC,;BM (1.5:1 w/w) blends
with hole-only device. The solid lines represent the best linear fit of the
data points.

and are compared, the hole mobility of DTS(HexTPD2T),
(926 x 107" em®* V' s7') is higher than that of DTS-
(MeTPD2THex), (7.04 X 107* cm® V7! s7!). More
preferential face-on orientation of DTS(HexTPD2T), in the
blend as compared to DTS(MeTPD2THex), in the blend
facilitates effective charge carrier transport, leading to a higher
hole mobility in SCLC and, thus, higher Js values in OSCs.

To further investigate the Jqc difference between two small
molecules, we examined the photoluminescence (PL) quench-
ing of blend film (see Figure SS in the Supporting
Information). The PL of DTS(HexTPD2T), in the blend is
almost completely quenched while that of DTS-
(MeTPD2THex), is quenched by 67%, indicating that the
charge dissociation of excitons in DTS(HexTPD2T), occurs
more efficiently than that of DTS(MeTPD2THex),, which also
contributes to higher Js. values of DTS(HexTPD2T),.

The Jgc values of OSCs are also dependent on the
morphology of blend film. When the transmission electron
microscopy (TEM) images of two SMs blended with PC,;BM
were compared, as shown in Figure 7, the DTS(HexTPD2T),
blend reveals distinctly nanophase separated network while the
DTS(MeTPD2THex), blend does show blurred phase

Figure 7. Transmission electron microscopy (TEM) images of (a)
DTS(HexTPD2T),:PC,,BM (1.5:1 w/w) and (b) DTS-
(MeTPD2THex),:PC,;BM (1.5:1 w/w) blend films.

separation, indicating that the morphology of DTS-
(HexTPD2T), blend is more beneficial for charge transport
than that of DTS(MeTPD2THex),. The above results of
GIXD, the SCLC hole mobility, and TEM lead us to conclude
that DTS(HexTPD2T), exhibits better photovoltaic perform-
ance than DTS(MeTPD2THex),.

3. CONCLUSION

Two SMs based on TPD unit with the same alkyl length but
different substitution position are synthesized, and the effect of
alkyl substitution position on their optical, electrochemical, and
photovoltaic properties are examined. Since TPD, as an
electron-accepting unit, lowers both HOMO and LUMO
energy levels of D—A type conjugated polymers, we have
introduced TPD unit into conjugated SMs for achieving high
Voc of OSCs without any significant loss of Jsc. As expected,
two SMs exhibited low-lying HOMO (—5.50 eV) and LUMO
(—3.83 eV) energy level, and thereby high V¢ of 0.93—0.94 V
in OSCs. Although the optical and eletrochemical properties of
the two SMs are almost the same, regardless of alkyl
substitution position, photovoltaic performances of two
SM:PC, BM-based OSC devices are largely different. The
DTS(HexTPD2T),-based OSC device exhibited a promising
PCE of 6.0% with Ve = 0.94 V, Jsc = 11.8 mA cm™, and FF =
0.54, while the DTS(MeTPD2THex),-based one showed a
moderate PCE of 3.1% with Vo = 0.93 V, Jsc = 6.4 mA cm™,
and FF = 0.52. The larger Jsc value of DTS(HexTPD2T), is
mainly attributed to the face-on orientation of crystallites, high
SCLC hole mobility and nanoscaled phase separation observed
in the blend. The PCE of 6.0% of DTS(HexTPD2T), is among
the highest value of OSCs fabricated from TPD-based SMs.

4. EXPERIMENTAL SECTION

4.1. Materials. 2,2-Bistrimethylstannyl-4,4'-bis(2-ethylhexyl)-
dithieno[3,2-b:2",3"-d]silole (1),** and 1-bromo-5-(alkyl)thieno[3,4-
c]pyrrole-4,6-diones (2, 3),>* were synthesized following the same
procedure as that reported in the literature. Pd,(dba),, tri(o-
toly)phosphine, and bromine were purchased from Sigma—Aldrich
and used without further purification. Common organic solvents were
purchased from Daejung. Poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) (Clevios P VP Al 4083) was
purchased from H.C. Starck and passed through a 0.45-um PVDF
syringe filter before spin coating. PC,;BM was obtained from Nano-C.
All other reagents were purchased from Tokyo Chemical Industry and
used as received.

4.2. Synthesis. 4.2.1. Synthesis of 1,1'-(4,4-bis(2-ethylhexyl)-4H-
silolo[3,2-b:4,5-b']dithiophene-2,6-diyl)bis-(5-hexyl-4H-thieno[3,4-
clpyrrole-4,6(5H)-dione) (4, 5). Compound 1 (650 mg, 0.87 mmol),
compound 2 (or 3) (0.17 mmol), tri(o-tolyl)phosphine (P(o-toly);)
(21 mg, 0.06 mmol), and tris(dibenzylideneacetone)dipalladium(0)
(Pd,(dba);) (31 mg, 0.03 mmol) in anhydrous toluene (10 mL) were
placed in a flask and stirred at 110 °C for 24 h under a N, atmosphere.
The reaction mixture was poured into 200 mL of water and extracted
with chloroform (CF). Organic phase was collected and dried over
MgSO,. The crude product was purified by column chromatography
to yield compound 4 (or §).

Compound 4 (626 mg, 81% yield): '"H NMR (300 MHz, CDCl,,
5): 8.01 (t, 2H), 7.59 (s, 2H), 3.65 (t, 4H), 1.65 (d, 4H), 1.44—1.01
(m, 34H), 0.90—0.84 (t, 6H), 0.77 (t, 12H); 3*C NMR (500 MHz,
CDCl,, §): 1619, 161.6, 151.4, 148.4, 139.7, 137.3, 135.3, 130.5,
129.9, 122.4, 47.0, 40.1, 32.3, 31.1, 28.4, 28.1, 24.3, 23.5, 23.2, 22.9,
14.7, 14.4, 10.1, 9.8; MALDI-TOF MS m/z: calcd for
C.sHeN,0,S,Si, 889.4; found, 890.3.

Compound 5 (475 mg, 73% yield): '"H NMR (300 MHz, CDCL,,
5): 8.02 (t, 2H), 7.60 (s, 2H), 3.16 (s, 6H), 1.44—1.01 (m, 22H), 0.78
(t, 12H); C NMR (500 MHz, CDCl,, §): 162.7, 162.3, 150.7, 146.4,
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139.9, 137.4, 134.8, 132.8, 127.1, 121.8, 35.8, 35.6, 28.8, 24.3, 22.9,
17.5, 14.1, 10.7; MALDI-TOF MS m/z: caled for C33H,,N,0,S,Si,
749.1; found, 749.9.

4.2.2. Synthesis of 3,3'-(4,4-bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-
b'Idithiophene-2,6-diyl)bis-(1-bromo-5-alkyl-4H-thieno[3,4-c]-
pyrrole-4,6(5H)-dione) (6, 7). After compound 4 (or 5) (0.53 mmol)
was dissolved in CF (20 mL), bromine (1.17 mmol) was added
dropwise into the solution. The reaction mixture stirred for 30 min
and then poured into 200 mL of water and extracted with CF. Organic
phase was collected and dried over MgSO,. The crude product was
purified by column chromatography to yield compound 6 (or 7).

Compound 6 (427 mg, 77% yield): '"H NMR (300 MHz, CDCL,,
8): 7.92 (t, 2H), 3.64 (t, 4H), 1.65 (d, 4H), 1.44—1.01 (m, 34H),
0.90—0.84 (t, 6H), 0.77 (t, 12H); 1634, 162.1, 151.7, 148.1, 139.6,
137.3, 1354, 130.6, 130.0, 122.4, 47.1, 40.3, 32.3, 31.1, 28.5, 28.1, 24.3,
23.4,23.1, 22.9, 14.6, 14.5, 10.1, 9.9; MALDI-TOF MS m/z: calcd for
CsHeBr,N,0,8,Si, 1047.2; found, 1048.3.

Compound 7 (475 mg, 73% yield): "H NMR (300 MHz, CDCL,,
5): 7.92 (t, 2H), 3.15 (s, 6H), 1.42—1.00 (m, 22H), 0.78 (t, 12H);
163.5, 162.9, 151.1, 146.8, 139.9, 137.8, 134.8, 131.4, 126.5, 123.1,
35.7, 35.1, 284, 24.7, 22.6, 17.1, 14.5, 10.3; MALDI-TOF MS m/z:
caled for C35Hy,Br,N,0,S,Si, 906.9; found, 907.9.

4.2.3. Synthesis of DTS(HexTPD2T),. Compound 6 (400 mg, 0.38
mmol), [2,2'-bithiophen]-5-yltrimethylstannane (314 mg, 0.95 mmol),
and P(o-toly); (9.3 mg, 0.03 mmol) and Pd,(dba); (14.0 mg, 0.02
mmol) in anhydrous toluene (10 mL) were placed in a flask and
stirred at 110 °C for 24 h under N, atmosphere. The reaction mixture
was poured into 200 mL of water and extracted with CF. Organic
phase was collected and dried over MgSO,. The crude product was
purified by column chromatography and recrystallization with n-
hexane to obtain the DTS(HexTPD2T), (374 mg, 81% yield). 'H
NMR (300 MHz, CDCI,, §): 8.09 (t, 2H), 7.87 (d, 2H), 7.27 (d, 2H),
7.24 (d, 2H), 7.13 (d, 2H), 7.03 (q, 2H), 3.58 (t, 4H), 1.64 (m, 4H),
1.51 (m, 2H), 1.44—1.20 (m, 32H), 0.86 (m, 18H); *C NMR (500
MHz, CDCl,, §): 162.4, 151.2, 146.7, 141.2, 140.7, 136.5, 136.1, 135.5,
134.8, 133.1, 131.1, 130.8, 128.5, 128.1, 125.7, 124.8, 124.7, 124.0,
38.6, 35.9, 35.7, 31.4, 29.7, 29.0, 28.9, 28.5, 26.7, 23.0, 22.5, 17.7, 14.2,
14.0, 10.8; MALDI-TOF MS m/z: caled for C4,H,,N,0,S:Si, 1217.9;
found, 1218.3. Anal. Calcd for CgH,,N,0,S:Si (%): C, 63.12; H,
5.96; N, 2.30; O, 5.25; S, 21.06; Si, 2.31. Found (%): C, 63.08; H,
6.00; N, 2.19; O, 5.29; S, 21.01; Si 2.34.

4.2.4. Synthesis of DTS(MeTPD2THex),. The same procedure as
for DTS(HexTPD2T), was performed. The compound 7 (200 mg,
0.220 mmol) was reacted with (S’-hexyl-[2,2'-bithiophen]-S-yl)-
trimethylstannane (200 mg, 0.485 mmol) in the presence of
Pd,(dba); (8.0 mg, 0.008 mmol) and tri(o-tolyl)phosphine (5.3 mg,
0.016 mmol) in toluene (10 mL), to afford the product DTS-
(MeTPD2THex), (183 mg, 67% yield). 'H NMR (300 MHz, CDCl,,
8): 8.07 (d, 2H), 7.91 (d, 2H), 7.08 (d, 4H), 6.71 (d, 2H), 3.14 (s,
6H), 2.81 (t, 4H), 1.70 (m, 4H), 1.44—1.20 (m, 34H), 0.88 (t, 6H),
0.83 (t, 12H); *C NMR (500 MHz, CDCl, §): 162.3, 151.4, 146.8,
1412, 140.5, 136.8, 1363, 135.7, 134.9, 1332, 131.1, 130.7, 128.7,
128.3, 125.7, 124.7, 124.6, 124.1, 37.4, 33.4, 32.7, 32.0, 31.2, 29.7, 29.0,
289, 28.5,26.7,22.7, 204, 17.8, 14.3, 14.2, 10.7; MALDL-TOF MS m/
z: caled for CgH,,N,0,S:Si, 1244.3; found, 1244.7. Anal. Calcd for
CesH76N,0,84Si (%): C, 63.62 H, 6.15; N, 2.25; O, 5.14; S, 20.59; Si,
2.25. Found (%): C, 63.56; H, 6.19.; N, 2.29; O, 5.17; S, 20.51; Si 2.21.

4.3. Characterization and measurement. The chemical
structures of compounds were identified by 'H NMR (Avance DPX-
300, Bruker) and *C NMR (Avance DPX-500, Bruker). Molar masses
of compounds were measured by a matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectrometer (Voyager-
DE STR Biospectrometry Workstation, Applied Biosystem, Inc.) with
dithranol as a matrix. The optical absorption spectra were obtained by
a UV-vis spectrophotometer (Model Lambda 25, Perkin—Elmer).
Cyclic voltammetry measurements were carried out using a
potentiostat/galvanostat (Model VMP 3, Biologic) in an electrolyte
solution of 0.1 M tetrabutylammonium hexafluorophosphate
(Bu,NPF() in dichloromethane. Platinum wires (Bioanalytical
Systems, Inc.) were used as both counter and working electrodes,

and silver/silver ion (Ag in 0.1 M AgNO; solution, Bioanalytical
Systems, Inc.) was used as a reference electrode. Grazing-incidence X-
ray diffraction (GIXD) experiments were performed at the PLS-II 9A
U-SAXS beamline of Pohang Accelerator Laboratory (Korea). The X-
rays coming from the in-vacuum undulator are monochromated
(wavelength A = 1.116 A) using a double crystal monochromator and
focused both horizontally and vertically (300 gm (H) X 30 ym (V) in
fwhm at the sample position) using K—B-type mirrors. The GIXD
sample state is equipped with a seven-axis motorized stage for accurate
alignment, and the incidence angle of X-ray beam was set to 0.11° in
this study. GIXD patterns were recorded with a 2D CCD detector
(Raynoix SX16S, USA) and X-ray irradiation time was $S—100 s,
depending on the saturation level of the detector. Diffraction angles
were calibrated by a precalibrated sucrose (monoclinic, P,;, a =
10.8631 A, b = 8.7044 A, c = 7.7624 A, f = 102.938°), and the sample-
to-detector distance was ~230 mm. The morphology of active layer
films was observed by TEM (Model JEM-1010, JEOL) with an
accelerating voltage of 80 kV. Thickness of the active layers was
measured by atomic force microscopy (Nano Xpert2).

4.4. Fabrication and Characterization of Photovoltaic Cells.
The organic solar cells were fabricated with the standard device
configuration of glass/ITO/PEDOT:PSS/SM:PC,;BM/Ca/Al. Prior
to device fabrication, the ITO-coated glass was cleaned with acetone
and then isopropyl alcohol for 15 min. After complete drying at 120
°C for 30 min, the ITO-coated glass was treated with UV-ozone for 10
min. PEDOT:PSS was spin-coated on the ITO glass at 3000 rpm for
40 s and annealed at 150 °C for 30 min to yield a film 30—40 nm
thick. The devices were transferred into a glovebox filled with N,. For
preparation of SM and PC,;BM, DTS(HexTPD2T), was dissolved in
CF (or with 0.5 vol% DIO as a solvent additive), and DTS-
(MeTPD2THex), was dissolved in CB (or with 0.5 vol % DIO). The
solutions were stirred at 40 °C for 1 h and then spin-coated on the top
of PEDOT:PSS. The thickness of resulting film is ca. 70—90 nm.
Finally, calcium (20 nm) and then aluminum (100 nm) were thermally
evaporated on the top of the active layer under vacuum (<107 Torr).
The J—V characteristics were measured with a Keithley Model 4200
source-meter under AM 1.5 G (100 mW cm™2) simulated by a
Newport-Oriel solar simulator. The light intensity was calibrated using
a NREL certified photodiode and a light source meter prior to each
measurement. The active area is 10 mm” The EQE was measured
using a lock-in amplifier with a current preamplifier (Model K3100,
McScience Co.) under short-circuit current state with illumination of
monochromatic light. The hole-only devices were fabricated with a
device configuration of glass/ITO/PEDOT:PSS/SM:PC, BM/Au.
The hole mobilities of blend films were measured with the optimized
photovoltaic devices prepared under identical conditions and
calculated from the space-charge limited J—V curve, using the
Mott—Gurney law.
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