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ABSTRACT: Two semiconducting conjugated polymers were synthesized via
Stille polymerization. The structures combined unsubstituted or
(triisopropylsilyl)ethynyl (TIPS)-substituted 2,6-bis(trimethylstannyl)benzo[1,2-
b:4.5-b']dithiophene (BDT) as a donor unit and benzotriazole with a
symmetrically branched alkyl side chain (DTBTz) as an acceptor unit. We
investigated the effects of the different BDT moieties on the optical,
electrochemical, and photovoltaic properties of the polymers and the film
crystallinities and carrier mobilities. The optical-band-gap energies were measured
to be 1.97 and 1.95 eV for PBDT-DTBTz and PTIPSBDT-DTBTz, respectively.
Bulk heterojunction photovoltaic devices were fabricated and power conversion ' ‘
efficiencies of 5.5% and 2.9% were found for the PTIPSBDT-DTBTz- and PBDT- 0.0 02 U4 6 0.5
DTBTz-based devices, respectively. This difference was explained by the more Voltage (V)

optimal morphology and higher carrier mobility in the PTIPSBDT-DTBTz-based

devices. This work demonstrates that, under the appropriate processing conditions, TIPS groups can change the molecular
ordering and lower the highest occupied molecular orbital level, providing the potential for improved solar cell performance.

Current Density (mAIcmZ)
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B INTRODUCTION

In recent years, bulk-heterojunction (BHJ) photovoltaic cells
have become one of the most promising solutions to our
increasing need for alternatives to oil-based energy sources.

region of the solar spectrum. At the same time, it has been
essential to keep the highest occupied molecular orbital
(HOMO) level of the polymers deep and the lowest
unoccupied molecular orbital (LUMO) of the acceptors high,

Their ability to be manufactured at low cost, in addition to their
flexibility and lightweight properties, affords them great
potential in the field of renewable energy generation.'™ By
developing novel polymers and device structures and improving
processing methods for high-performance BHJ photovoltaic
cells, researchers have achieved power conversion efficiencies
(PCEs) exceeding 9.0% from single organic photovoltaic
(OPV) cells.™ ' Most recent research has focused on the
design and synthesis of low-band-gap (typically, E, < 1.7 V)
donor polymers'" in order to enable utilization of a wider
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allowing large open-circuit voltages (V) and efficient exciton
separation, respectively, to be achieved. However, medium-
band-gap polymers (E, = 1.7-2.0 eV) have been generally
overlooked despite them being an important class of OPV
materials that are able to produce a higher V. than low-band-
gap polymers owing to their deep HOMO energy levels."*™"
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Scheme 1. Synthetic Routes and Chemical Structures of DTBTz Monomers
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Scheme 2. Synthetic Routes and Chemical Structures of Electron-Donating Monomers
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In particular, they can play a significant role in the development
of OPV tandem cells that consist of two (or more) stacked
cells. Each photoactive layer in each stacked cell absorbs a
specific range of the solar spectrum.'®

Blouin et al. reported the synthesis of one of most
representative medium-band-gap polymers, poly[N-9'-heptade-
canyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2’,1’,3’-benzothia-
diazole)] (PCDTBT; E, ~ 1.9 eV).'® The photovoltaic devices
fabricated using PCDTBT exhibited the maximum PCE of
3.6%. The PCE of the PCDTBT device was much improved up
to 6.9% by further optimization of the devices.'”
reported the synthesis of a medium-band-gap polymer,
poly[4,8-(3-hexylundecyl)benzo[1,2-b:4,5-b']dithiophene-alt-
4,7-bis(thiophen-2-yl)-2-(2-butyloctyl)-5,6-difluoro-2H-benzo-
[d][1,2,3]triazole] (PBnDT-FTAZ), which showed the max-
imum PCE of 7.1%."® For the bottom cell component of the
tandem OPVs, poly(3-hexylthiophene) (P3HT) has been the
state of the art of medium-band-gap polymers because of its
reliable and high photovoltaic performances.'® Its PCE has
been shown to be typically in the range of 3.0—4.0% when
blended with [6,6]-phenyl Cg -butyric acid methyl ester
(PCsBM) and was further improved up to 5.0% by various
processing optimizations and device modifications.”'” How-
ever, its absorption in the long-wavelength range usually
overlaps with the short-wavelength absorption region of low-
band-gap polymer cells. This spectral overlapping is a
disadvantage for tandem solar cell PCEs. Thus, the develop-
ment of new highly efficient medium-band-gap polymers with
the absorption blue-shifted to some degree compared to P3HT
is emerging as a promising method by which to improve the
PCEs of tandem solar cells.'"’ Unfortunately, the reported
efficiencies of medium-band-gap polymers are still low, being
typically ~3.0%,”° with the exception of a recently reported
value of 5.04%.”" Therefore, new medium-band-gap polymers

Price et al. also
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with high PCEs and a simple device fabrication process are
desirable.

In this study, we prepared novel medium-band-gap
copolymers consisting of benzotriazole (BTz) moieties
substituted with symmetrically branched alkyl side chains as
an electron-accepting part and aromatic fused systems
substituted with (triisopropylsilyl)ethynyl (TIPS) groups as
an electron-donating part. Recently, we reported an effective
method for enhancing the interchain interaction between
conjugated polymer chains, whereby a symmetrically branched
alkyl side chain was introduced on the center nitrogen atom in
the BTz unit. This D—A-type polymer exhibited a deeper
HOMO level and higher hole mobility than those with the
same backbone but with linear alkyl side chains.”* To utilize
these benefits and ensure polymer solubility, in the present
study, we introduced the same symmetrically branched alkyl
side chains to the electron-accepting BTz unit.

It is well-known that bulky TIPS groups on acene derivatives
not only improve the solubility, crystallinity, and oxidative
stability of the semiconductors but also promote s-orbital
overlap between conjugated molecules.”>** TIPS-function-
alized acenes have thus gained importance in the design of
highly soluble, air-stable, high-performance p-type organic
semiconductors. TIPS-substituted small molecules have been
used as electron donors in OPV cells, with the highest reported
PCE values being up to 2.25%. %% Li and co-workers reported
that the conjugated polymer PBDTTT-TIPS containing
benzodithiophene (BDT) substituted with TIPS groups gave
a high V. of 0.89 V and a PCE of 4.33%. This work
demonstrated the potential of TIPS groups in comparison to
linear alkyl chains for use in OPVs.*”*®

In this study, we synthesized two new medium-band-gap
copolymers, PBDT-DTBTz and PTIPSBDT-DTBTz, by
combining unsubstituted BDT or TIPS-substituted BDT
(TIPSBDT) as a donor unit and BTz with a symmetrically
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Scheme 3. Synthetic Routes and Chemical Structures of PBDT-DTBTz and PTIPSBDT-DTBTz
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branched alkyl side chain [4,7-bis(S-bromothiophen-2-yl)-2-
(heptadecan-9-yl)-2H-benzo[d][1,2,3]triazole (DTBTz)] as an
acceptor unit. The optical, electrochemical, and photovoltaic
properties were investigated, in addition to the mobility and
crystallinity. It was found that although the TIPS groups did
not change the optical gaps, they lowered the HOMO level
effectively and enhanced hole transport via increased
crystallinity. BHJ photovoltaic devices constructed using
PTIPSBDT-DTBTz/PC,;BM blends gave a high PCE of
5.5%, while PBDT-DTBTz/PC,;BM-based devices exhibited a
moderate PCE of 2.9%. The photovoltaic difference could be
attributed to the more optimal morphology and higher carrier
mobility in the PTIPSBDT-DTBTz/PC,BM-based devices.
Overall, this work demonstrates that the TIPS group is a
potentially important polymer backbone substituent for the
development of high-performance solar cells.

B RESULTS AND DISCUSSION

Polymer Synthesis and Characterization. The mono-
mers were synthesized according to methods previously
reported in the literature (Schemes 1 and 2).** The two
polymers, PBDT-DTBTz and PTIPSBDT-DTBTz, were
synthesized using Stille cross-coupling polymerization in the
presence of a Pd(PPh;), catalyst (Scheme 3).*° All of the
polymers were found to have good solubility in common
organic solvents such as chloroform, chlorobenzene, and
toluene and were able to be formed into uniform thin films
using spin coating. The number-average molecular weights
(M,) and polydispersity indices (PDIs) of the polymers were
determined using gel permeation chromatography (GPC)
analysis with a polystyrene standard calibration. The M, values
for PBDT-DTBTz and PTIPSBDT-DTBTz were found to be
15000 and 23000 g mol ™!, with corresponding PDIs of 2.6 and
2.5, respectively (Table 1).

The thermal stability of the polymers was investigated using
thermogravimetric analysis (TGA), which revealed that the 5%
weight loss (T;) temperatures of PBDT-DTBTz and
PTIPSBDT-DTBTz were 425 and 413 °C, respectively (Figure
S1 in the Supporting Information). This indicates that the
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Table 1. Average Molecular Weights and Thermal Properties
of the Synthesized Polymers

polymer yield M,* M g
9 (gmol™) (gmol™) PDI* (°C)

polymer (%)
PBDT-DTBTz S5 15000 40000 2.1 425
PTIPSBDT- 54 23000 57000 2.5 413
DTBTz

“M,, M,, and PDIs of the polymers were determined by GPC using
polystyrene standards in CHCl,. “Temperature at 5% weight loss with
a heating rate of 10 °C min™" under nitrogen.

thermal stability of both polymers was sufficient for application
to optoelectronic devices.

Optical Properties. Parts a and b of Figure 1 show the
UV—visible absorption spectra measured for PBDT-DTBTz
and PTIPSBDT-DTBTz in a chloroform solution and in the
film state, respectively. The two solution spectra can be seen to
have similar profiles with two major peaks owing to z—rx*
transitions of the conjugated polymer backbones. However, the
absorption band and peak maximum for PTIPSBDT-DTBTz
are red-shifted by approximately 20 nm compared with those of
PBDT-DTBT?z, even though the absorption edges of the two
polymers are similar. This red shift was attributed to extension
of the effective 7-conjugation length by the acetylene units in
TIPS groups in PTIPSBDT-DTBTx.

The spectra from the polymer thin films had a trend to
similar that found for the solutions (Figure 1b); however, the
absorption bands were shifted toward the longer-wavelength
region because of the stronger interactions between the
polymer chains in the solid state. Interestingly, the shoulder
absorption peaks in the longer-wavelength region became
stronger and sharper than those in the corresponding polymer
solutions, indicatin% that a highly ordered structure is present in
the polymer films.>® Compared to the absorption spectrum of a
P3HT film (E, ~1.9 eV; Figure 1b), the shapes of the
absorption bands from the polymer films synthesized in the
present study are quite similar, but as intended, they are slightly
blue-shifted. The optical band gaps (E;Pt) of the polymer thin

films were determined from their UV—visible absorption edges

dx.doi.org/10.1021/am401926h | ACS Appl. Mater. Interfaces 2013, 5, 12820—12831



ACS Applied Materials & Interfaces

Research Article

12 Ll

——PBDTDTBTz
1.0 —=—PTIPSBDT-DT,
=
fi 0.8
]
& 0.6
«
P
-
S 041
2
0.2
0.0 T T T
400 500 600 700
i b) Wavelength (nm)
"~ | —»—PBDT-DTBTz
10l PTIPSBDT-DTBTz
’ P3HT
S 081
]
8 06
]
«
£ 04
w
-]
< 0.2
0.0 4

400 500 600 700
Wavelength (nm)

Figure 1. Normalized UV—visible absorption spectra of (a) polymers
in a chloroform solution and (b) in thin films.

to be 627 nm (1.97 eV) for PBDT-DTBTz and 635 nm (1.95
V) for PTIPSBDT-DTBTz.

Theoretical Calculations. To obtain information on the
HOMO/LUMO energy levels and electronic density distribu-
tions of the polymers, molecular calculation was conducted. For
the calculations, we designed two D—A—D—A structured
model compounds, (BDT-DTBTz), and (TIPSBDT-DTBTz),.
The model compounds were analyzed usin§ density functional
theory (DFT) with DMol3 software.”**"** Parts a and b of
Figure 2 show the structures of the model compounds and their
simulated front-view structures, and Figure 2c shows the
HOMO/LUMO energy levels and the electron distributions of
model compounds.

Several important observations were made. First, the
conformation of the molecular backbone was quite flat and
almost independent of the substitution with the TIPS groups.
Second, the electronic density in the HOMO of (BDT-
DTBTz), was well distributed along the conjugated main chain,
while that in the LUMO was localized near the electron-
accepting DTBTz unit, that is, between the electron-donating
BDT units. The electron density distribution in the HOMO of
(TIPSBDT-DTBTz), was similar to that in the HOMO of
(BDT-DTBTz),. However, the electron density in the LUMO
of (TIPSBDT-DTBTz), was better spread out along the main
chain than that in the LUMO of (BDT-DTBTz), because of
the relatively electronegative sp-hybridized carbon atoms in the
TIPS unit. As a result, the band-gap energy of the (TIPSBDT-
DTBTz), model compound was slightly smaller than that of
(BDT-DTBTz),. This characteristic is consistent with the
values of Egpt measured for the polymers. Lastly, the HOMO/
LUMO energy levels of (TIPSBDT-DTBTz), were slightly
deeper than those corresponding to (BDT-DTBTz), because
of the contribution of the electronegative sp-hybridized carbon
atoms in the TIPS groups.

Electrochemical Properties. The HOMO energy levels
were determined from the oxidation onsets (E,) of the
polymer films by cyclic voltammetry (CV).*”** The obtained
CV curves of the polymers are shown in Figure S2 in the
Supporting Information. In the anodic scan, the onsets of
oxidation for PBDT-DTBTz and PTIPSBDT-DTBTz occurred
at 0.55 and 0.69 V, corresponding to ionization potential values
of —5.26 and —5.40 eV, respectively. The lower HOMO level
observed for PTIPSBDT-DTBTz could be attributed to the
electron-withdrawing TIPS units, as described above. In
general, the large difference between the HOMO level of a
donor polymer and the LUMO level of an acceptor increases
the V, values of OPVs."" In this regard, higher V,_ values can
be expected for the polymers synthesized in this study
compared to those found for P3HT-based devices (~0.6 V)
because both polymers displayed lower HOMO levels than
those of P3HT (—4.6 to —5.1 eV).>***

The LUMO levels of the polymers were determined from the
HOMO levels obtained from the CV measurements and the
E* values obtained from the UV—visible absorption edges.
The LUMO levels of PBDT-DTBTz and PTIPSBDT-DTBTz
were estimated to be —3.29 and —3.45 eV, respectively,
providing a large enough offset between their LUMO levels and
that of PC,;BM to ensure efficient exciton separation.24’3’6 It
should be noted that the basic HOMO/LUMO trend is
consistent with that predicted using the theoretical calculations,
demonstrating the utility of the model compounds for
explaining the experimental data. Accordingly, the HOMO
and LUMO energy levels of the polymers are illustrated in
Figure 2d. The optical and electrochemical properties of the
polymers are summarized in Table 2.

Two-Dimensional Grazing Incidence X-ray Scattering
(2D-GIXS) and Structural Properties. 2D-GIXS measure-
ments were conducted to probe the crystallinity and crystal
orientation of the polymer films. The samples were prepared by
spin-coating polymer solutions onto PEDOT:PSS (40—50
nm)-coated silicon wafers.*” Parts a and b of Figure 3 show the
2D-GIXS images of the PBDT-DTBTz and PTIPSBDT-
DTBTz films, respectively. Figure 3a shows a more resolved
lamellar peak at g, = 0.36 A™' (d = 17.5 A) in the in-plane
direction than in the out-of-plane direction. In addition, a weak
peak is evident at g, = ~1.73 A™' (d = 3.63 A) in the out-of-
plane direction, corresponding to z—rm stacking between
polymer chains. These two observations suggest that PBDT-
DTBTz is weakly crystalline with a mainly face-on orientation
with respect to the substrate. In contrast, Figure 3b shows that,
while PTIPSBDT-DTBTz exhibited similar features, the
crystalline peaks are more pronounced. That is, both the
lamellar peak at q, = 0.25 A" (d = 25.1 A) in the in-plane
direction and the 7—r-stacking peak at g, = ~1.72 A™ (d =
3.65 A) in the out-of-plane direction are clearer. This
observation indicates that the bulky TIPS groups induce a
more crystalline lamellar structure by promoting polymer
interchain stacking. This has several important implications: (i)
the face-on orientation of the polymer films is desirable for
photovoltaic devices, where holes move in the vertical direction
toward the anodic electrode, (ii) the small z—z-stacking
distance of ~3.65 A compared to typical semiconducting
polymers would facilitate hole transport, and (iii) the increased
crystallinity of PTIPSBDT-DTBTz compared to PBDT-
DTBTz explains its S times higher hole mobility (see below).

Organic Thin-Film Transistor (OTFT) Characteristics.
The field-effect carrier mobilities of the polymers were

dx.doi.org/10.1021/am401926h | ACS Appl. Mater. Interfaces 2013, 5, 12820—12831
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Figure 2. (a) Chemical structures of the model compounds, (b) calculated molecular structures (front views), (c) calculated energy levels and the
electronic distributions of the HOMO/LUMO frontier orbitals of the model compounds, and (d) energy level diagram of the synthesized polymers

P3HT, PC,,BM, ITO, and aluminum electrodes.

Table 2. Optical and Electrochemical Properties of the Synthesized Polymers

solution” film®
polymer Amaxabs (n) Amax (M) Aedge (nm)
PBDT-DTBTz 526 535S, 573 627
PTIPSBDT-DTBTz 544 548, 592 635

optical EZ* (eV)* B, HOMO (eV)? LUMO (eV)®
1.97 -0.55 -5.26 -329
1.95 —0.69 —5.40 -345

“1 x 10° M in anhydrous chloroform. “Polymer film on a quartz plate by spin coating from a solution in chloroform at 1500 rpm for 30 s.
“Calculated from the UV—visible absorption edge of the polymer films, E, = 1240/ g YHOMO = —e(E%,,, + 4.70) (eV). ‘LUMO = Egl’t +

HOMO (eV).

measured using a TFT test bed with a bottom-contact
geometry using an OTS-treated SiO, dielectric and gold
source/drain electrodes. Figure 4 shows the transfer curves for
the TFTs of the polymers, where it can be seen that they
exhibited typical p-channel TFT characteristics. The TFT
mobilities were calculated in the saturation region using the
following equation:

Iy = (Wci/ZL)H(VG - VT)2

where I is the drain/source current in the saturated region, W
and L are the channel width (120 ym) and length (12 um),
respectively, u is the field-effect mobility, C; is the capacitance
per unit area of the insulation layer (SiO,, 300 nm), and V; and
Vy are the gate and threshold voltages, respectively.”®*” The
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OTFTs fabricated using PBDT-DTBTz and PTIPSBDT-
DTBTz showed hole mobilities of 7.4 X 10™* and 3.8 X 107°
cm? V7' 57! respectively. It should be noted that these are
comparable to, or exceed, the value of 107° cm® V™! s™! that has
been proposed to be necessary in order to reduce the
photocurrent loss and obtain high-performance OPV devices.*’
The higher mobility of PTIPSBDT-DTBTz is attributed to its
higher crystallinity compared to PBDT-DTBT?z, as revealed by
2D-GIXS analysis.

Resonant Raman Spectroscopy. Figure 5a shows the
Raman spectra measured for thin films of PBDT-DTBTz and
PTIPSBDT-DTBTz using a 785 nm excitation laser. The
frequency range displayed is that corresponding to the
vibrational stretching modes of the conjugated polymer
backbone. All of the spectra are background-corrected and

dx.doi.org/10.1021/am401926h | ACS Appl. Mater. Interfaces 2013, 5, 12820—12831
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Figure 3. 2D-GIXS images of (a) PBDT-DTBTz and (b) PTIPSBDT-
DTBTz films.
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normalized to the 1410 cm™ peak, which exhibits minimal
variation in the peak shape and position. The vibrational modes
responsible for the observed peaks were identified using
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Figure 5. (a) Normalized nonresonant Raman spectra of polymer thin
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the fused-thiophene C=C mode (1485 cm™') over the bridging
thiophene C=C mode (1440 cm™") as a function of the excitation
wavelength. Normalized Raman spectra of thin films for (c) PBDT-
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frequency analysis of geometrically optimized polymer back-
bone segments using the Gaussian09 software.”" Calculations
were made at the B3LYP level using the 6-311G* basis set.”*~**
The 1424—1470 cm™" band of the peaks was assigned to C=C
stretches in the thiophene (T) unit; the 1410 cm™ peak was
assigned to a vibration on the BTz unit with a strong
component on the triazole part; the 1485 cm™' mode was
identified as a C=C symmetric stretching mode of the fused
thiophene ring in the BDT unit; the mode at 1555 em! s
identified as a ring stretch of the BTz unit, while the smaller
modes on either side (centered around 1535 and 1575 cm™)
are ring stretches of the BDT unit associated strongly with the
bonds adjacent to the site where the TIPS unit was attached.
These assignments are also indicated in Figure Sc,d.
PTIPSBDT-DTBTz shows an additional peak at 1545 cm™),
which belongs to a delocalized backbone vibrational mode with
strong components on both the BTz and BDT rings. Further
discussion of these modes is provided in the Supporting
Information.

The differences between the spectra in Figure Sa are
attributed to the addition of the TIPS unit because this is the
main difference between the two polymers. This comparison
shows that adding the TIPS unit resulted in a shift of the BDT
ring stretching mode at 1537 cm™ by 6 cm™' to lower energy.
This can be understood as a reduction in the force constant of
the bonds in the BDT ring caused by the addition of a bulky,

dx.doi.org/10.1021/am401926h | ACS Appl. Mater. Interfaces 2013, 5, 12820—12831
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electron-withdrawing group. Adding the TIPS units also results
in a measured increase in the relative intensities of the peaks at
1440 and 1485 cm™" as well as a small shift to lower energies.
These peaks are localized on the thiophene and fused-
thiophene units, while the spectra are normalized to the 1410
cm™' BTz peak. The increased relative intensity of the 1440 and
1485 cm™' modes and the shifts to lower energies are indicative
of increased delocalization of the 7z electrons on the C=C
bonds between the thiophene and fused-thiophene units,
suggesting a reduction in the interunit bond dihedral angle
between these units.*> In summary, the addition of the bulky
TIPS units causes a lengthening of the neighboring bonds in
the BDT unit and results in a reduced dihedral torsion between
the T and BDT units. These interpretations are supported by
DFT geometry optimization results (see the Supporting
Information).

Further insight into the polymer film morphology can be
gained by considering the changes in Raman spectra under
different excitation conditions. In this study, four wavelengths
were used (78S, 514, 488, and 457 nm). Comparing these
wavelengths with the absorption spectra of the thin films shown
Figure 1b revealed that 785 nm lies below the absorption onset
and so excites the polymer nonresonantly, whereas the shorter
wavelengths fall within the absorption bands of both polymers
and so selectively excite particular parts of the polymer
corresponding to electronic transitions.*® Parts ¢ and d of
Figure 5 show how the Raman spectra of PBDT-DTBTz and
PTIPSBDT-DTBTz vary for different excitation wavelengths.
The most pronounced effect is enhancement of the BTz ring
stretching mode at 1555 cm™" in PBDT-DTBT?z including the
1545 cm™ mode in PTIPSBDT-DTBTz There is also a
decrease in the relative intensity of the modes at 1440 and 1485
cm™. Because the spectra are normalized to the 1410 cm™
BTz mode, we can say that the 1410 cm™' mode shows a
moderate resonant enhancement relative to the 1440 and 1485
cm™! modes, while the 1555 and 1545 cm™ modes show a
strong resonant enhancement over all of the other modes. The
resonant enhancement is associated with the electronic
structure of the excited state in which the 7 electrons are
located, and so enhancement of the BTz Raman modes (1410,
1545, and 1555 cm™') indicates that the electronic transitions
corresponding to these excitation wavelengths are localized on
the BTz unit and, in particular, on the main conjugated
backbone benzene ring. This correlates well with localization of
the calculated HOMO/LUMO transition shown in Figure 2c.

The 1485 and 1440 cm ™! modes also show different resonant
enhancements relative to one another. This is seen most clearly
in Figure 5b, showing the ratio of the peak intensities for these
modes at different excitation wavelengths. For PBDT-DTBTz,
we observe a strong resonant enhancement of the 1485 cm™
fused-thiophene (BDT) mode relative to the 1440 cm™'
thiophene (T) mode. In PTIPSBDT-DTBTz, however, these
modes have similar intensities for all excitation wavelengths and
so there is minimal resonant enhancement. This suggests that
the excited-state molecular orbital in PTIPSBDT-DTBTz is
more delocalized between the BDT and T units, which is
consistent with an increased planarity of the BDT-T interunit
dihedral.

On the basis of these observations, it is considered that the
addition of the TIPS side group results in a more planar
backbone conformation of the polymer and so encourages
ordered packing between neighboring molecular chains. This
interpretation is consistent with the 2D-GIXS results and

device characteristics, which indicate that adding the TIPS unit
encouraged more ordered molecular packing.

Photovoltaic Properties. OPV cells were fabricated from
PBDT-DTBTz or PTIPSBDT-DTBTz as the electron donor
and PC;;BM as the electron acceptor, with a device structure of
ITO/PEDOT:PSS/polymer:PC,;BM/Ca/Al The performance
of the prepared OPVs was strongly affected by the processing
parameters, including the choice of solvent, blend ratio of the
polymer and PC;BM, and processing additive effect. The
performances of the OPV materials were investigated under a
variety of conditions. The active layers were spin-coated from a
chlorobenzene solution of the donor polymers and acceptor,
with 1,8-diiodooctane (DIO) used as a processing additive for
optimizing the morphology of the active layer. The fabricated
devices showed the best performances at a donor-to-acceptor
composition ratio of 1:1, as summarized in Table 3, with those

Table 3. Comparison of the Photovoltaic Properties of the
OPVs Based on Polymer:PC,;BM without or with a DIO
Additive under Ilumination of AM 1.5 G, 100 mW cm™>

rato DIO[3 V,° L. PCE*
polymer [w/w] vol %] [V] [mAcm™?] FF? [%]
PBDT-DTBTz 1:1 no 0.77 4.93 0.43 1.63
1:1 yes 0.77 7.87 0.48 2.88
PTIPSBDT- 1:1 no 0.85 5.50 0.44 2.04
DTBTz
1:1 yes 0.80 12.69 0.55 5.53

“Photovoltaic properties of polymer:PC, BM-based devices spin-
coated from a chlorobenzene solution with a device configuration of
ITO/PEDOT:PSS/polymer:PC;,BM (1:1)/Ca/Al

of devices produced using alternative fabrication conditions,
including different ratios, additives, solvents, and annealing
conditions, summarized in Tables S1—S6 in the Supporting
Information.

Parts a and b of Figure 6 shows the current J—V curves of the
OPVs based on the polymer:PC,BM (1:1, w/w) with and
without the DIO processing additive. In the absence of the
additive, the devices exhibited low PCEs of 1.63 and 2.04% for
PBDT-DTBTz and PTIPSBDT-DTBT?z, respectively, with V,
values of 0.77 and 0.85 V, respectively, which is commensurate
with the measured HOMO levels of the polymers mentioned
above. The PBDT-DTBTz and PTIPSBDT-DTBTz devices
exhibited their ], values as 4.93 and 5.50 mA cm 2, respectively.

It has been reported that the J,. and FF of OPV devices could
be much improved by using additives such as 1,8-diiodooctane
(DIO) or 1-chloronaphthalene by forming better BH]J
morphology of the active layer.*”** When we used 3 vol %
DIO as the processing additive, the ], and FF values of both
PBDT-DTBTz:PC,,BM (1:1) and PTIPSBDT-
DTBTz:PC,;BM (1:1) devices increased dramatically. This
prominent PCE improvement was likely a result of a significant
increase in the J,. values, ie., from 4.93 to 7.87 mA cm™ for
PBDT-DTBTz:PC,;BM (1:1) device and from 5.50 to 12.69
mA cm™? for PTIPSBDT-DTBTz:PC,,BM (1:1). The
PTIPSBDT-DTBTz:PC,BM (1:1) device showed the highest
PCEs among the fabricated devices up to 5.53%.

Parts ¢ and d of Figure 6 show the external quantum
efficiency (EQE) curves of OPVs fabricated under the same
optimized conditions as those used for the J—V measurements.
The EQEs of the devices with DIO can be seen to be much
higher than those without DIO, with the DIO-containing
devices fabricated using PTIPSBDT-DTBTz exhibiting higher
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Figure 6. ]—V curves of the OPVs based on (a) PBDT-DTBTz:PC;BM (1:1, w/w) and (b) PBDTTPS-DTBTz:PC,,BM (1:1, w/w) with and
without DIO, measured under the illumination of AM 1.5 G, 100 mW cm™2 EQE curves of the OPVs based on (c) PBDT-DTBTz:PC,,BM (1:1, w/
w) and (d) PTIPSBDT-DTBTz:PC,,BM (1:1, w/w) with and without DIO.
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Figure 7. AFM tapping-mode height images of the blend films of (a) PBDT-DTBTz:PC,,BM (1:1) without DIO, (b) PTIPSBDT-DTBTz:PC,,BM
(1:1) without DIO, (c) PBDT-DTBTz:PC,,BM (1:1) with DIO, and (d) PTIPSBDT-DTBTz:PC,,BM (1:1) with DIO.

12827 dx.doi.org/10.1021/am401926h | ACS Appl. Mater. Interfaces 2013, 5, 1282012831



ACS Applied Materials & Interfaces

Research Article

(¢). PBDT-DTBTz : PC;;BM (1:1)
with DIO

(B) PTIPSBDT-DTBTZ : PC,,BM (1:1)

(d)-PTIPSBDT-DTBTZ : PC,,BM an
Sowith DIO

Figure 8. TEM images of polymer:PC,;BM blends (1:1 w/w) cast from chlorobenzene: (a) PBDT-DTBTz:PC,BM (1:1) without DIO; (b)
PTIPSBDT-DTBTzPC,,BM (1:1) without DIO; (c) PBDT-DTBTz:PC,,BM (1:1) with DIO; (d) PTIPSBDT-DTBTz:PC,,BM (1:1) with DIO.

EQEs than those using PBDT-DTBTxz. In addition, the spectral
responses of the OPV devices showed that photons within the
range 350—700 nm contributed significantly to the EQE, with a
maximum EQE of 50% (at 412 and 511 nm) and 70% (at 411
and 527 nm) for the PBDT-DTBTz and PTIPSBDT-DTBTz
devices, respectively.

The morphologies of the polymer:PC,BM active layers were
also investigated using atomic force microscopy (AFM) and
transmission electron microscopy (TEM). For the films
produced without DIO, the AFM topographic images reveal
severe phase segregation for both polymers (Figure 7a,b). The
dark regions in the TEM images of Figure 8a,b correspond to
large PC,BM domains, which are far bigger than typical
exciton diffusion lengths (~10 nm). This would result in poor
exciton dissociation and low current density. In contrast,
significantly more homogeneous morphologies were found for
PBDT-DTBTz:PC,;BM and PTIPSBDT-DTBTz:PC, BM
films processed with DIO, as shown in Figures 7¢,d and 8¢,d.
The observed nanoscale phase separation and bicontinuous
interpenetrating networks would result in more efficient charge
separation and transport, leading to the much higher J,. values
observed. Interestingly, as can be clearly seen in Figures 7d and
8d, the formation of nanoscale networks was markedly
enhanced in the PTIPSBDT-DTBTzPC,,BM film,* which
explains the differences in the photovoltaic performance
between the PBDT-DTBTz:PC, BM and PTIPSBDT-
DTBTz:PC,;BM films processed with DIO. It is evident that
the DIO additive promoted optimal phase separation between
the polymer and PC,;BM and induced the formation of a
fibrillar structure. It should be noted that we do not rule out
other factors that could be responsible for the superior
performance of the PTIPSBDT-DTBTz:PC, BM device
because J,. is known to be affected by other things such as
the absorption strength of the active layer and charge-carrier
mobility. The attributes of the wider absorption spectrum,
stronger shoulder peak, and higher hole mobility of
PTIPSBDT-DTBTz are likely to have contributed to the
higher J,. values compared to the PBDT-DTBTz:PC, BM
device. Further studies are underway in order to clarify the
contributions of each different factor.

B CONCLUSIONS

In conclusion, we successfully synthesized two novel 7z-
conjugated alternating copolymers via Stille coupling. The
polymers were composed of unsubstituted or electron-donating
TIPS-substituted BDT units and electron-accepting BTz units
carrying symmetrically branched alkyl side chains. The two
polymers exhibited medium band gaps (~1.95 eV) and strong
m—n-stacking shoulder peaks in the acquired UV-—visible
absorption spectra. The HOMO energy levels of the polymers
were found to be relatively low compared to those of P3HT.
The results demonstrate that the photovoltaic devices prepared
using the polymers, in combination with fullerene derivatives,
had good oxidative stability and high V_ values. Upon blending
with PC;;BM and using DIO as a solvent additive, devices
fabricated from PBDT-DTBTz and PTIPSBDT-DTBTz
afforded PCEs of 2.88 and 5.53%, respectively. We believe
that PTIPSBDT-DTBTz has a band gap similar to that of
P3HT but shows significantly improved V. and PCE; thus, it is
a good candidate as a medium-band-gap material for tandem
OPV cells.

B EXPERIMENTAL SECTION

Materials. All organic starting materials were purchased from
Aldrich, Alfa Aesar, or TCI Korea and were used without further
purification. The palladium catalysts were purchased from Strem, and
the phenyl C, -butyric acid methyl ester (PC,BM) was purchased
from EM-index. Solvents were dried and purified by fractional
distillation over sodium/benzophenone and handled in a moisture-free
atmosphere. Column chromatography was performed using silica gel
(Merck, Kieselgel 60 63-200 MYM SC). 4,7-Dibromo-2H-benzo-
[1,2,3]triazole was synthesized according to methods described in
previous reports.22 4,8-Dihydrobenzo[1,2-b:4,5-b’]dithiophen-4,8-
dione, benzo[1,2-b:4,5-b]dithiophene, and 4,7-dibromo-2-(heptade-
can-9-yl)-2H-benzo[d][1,2,3]triazole were prepared using previously
described methods.*

Measurements. 'H and *C NMR spectra were recorded using a
Varian Mercury Plus 300 MHz spectrometer, and the chemical shifts
were recorded in units of ppm with chloroform as the internal
standard. Elemental analysis was carried out using a Vario Micro Cube
in the Korea Basic Science Institute (Busan, Korea). Mass spectra were
obtained from the Agilent GC/MSD 5975C mass spectrometer. The
absorption spectra were measured using a JASCO JP/V-570 model.
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The molecular weights of the polymers were determined by GPC
analysis relative to a polystyrene standard using a Waters high-pressure
GPC assembly (model M590). TGA was carried out on a Mettler-
Toledo TGA/SDTA 851° under a dinitrogen atmosphere with a
heating and cooling rate of 10 °C/min. CV was performed on a CH
Instruments electrochemical analyzer. The CV measurements were
carried out in acetonitrile solutions containing 0.1 M tetrabutylammo-
nium tetrafluoroborate (TBABF,) as the supporting electrolyte, Ag/
AgNO; as the reference electrode, a platinum wire as the counter
electrode, and platinum as the working electrode. The polymer films
were coated on the platinum working electrode.

2D-GIXS Experiments. 2D-GIXS measurements were performed
on Beamline 4C-2 at the Pohang Accelerator Laboratory (South
Korea). X-rays with a wavelength of 1.1179 A (11.09 keV) were used.
The incidence angle (0.28°) was chosen to allow for complete
penetration of the X-rays into the polymer film. A thin layer (40—50
nm) of PEDOT:PSS was spin-coated onto silicon substrates, with the
polymer thin films subsequently spin-coated on top.

Fabrication of Field-Effect Transistor Devices. The hole
mobilities of the synthesized polymers were measured by fabricating
OTFTs using the same fabrication conditions as those described in the
previous report.24

Resonant Raman Spectroscopy. Thin-film samples were
prepared by spin-coating from 10 mg/mL chloroform solutions onto
Spectrosil 2000 substrates to a thickness of 50 nm. Raman spectra
were measured with a Renishaw inVia Raman microscope using a 50X
objective. Excitation conditions were as follows: 785 nm, 100 mW,
exposure time 60 s; 514 nm, 0.7 mW, exposure time 60 s; 488 nm, 90
HW, exposure time 40 s; 457 nm, 110 uW, exposure time S0 s. For 488
and 457 nm excitation, the laser beam was defocused to a diameter of
~10 pym to minimize photodegradation. The spectral resolution is 1
em™.

Fabrication of Photovoltaic Devices. The devices were
fabricated with the structure ITO/PEDOT:PSS/polymer:PC,BM/
Ca/Al. The procedure for cleaning the ITO surface included
sonication and rinsing in distilled H,O, methanol, and acetone. The
hole-transporting PEDOT:PSS layer (45 nm) was spin-coated onto
each ITO anode from a solution purchased from Heraeus (Clevios P).
Each polymer:PC,BM solution was then spin-coated onto the
PEDOT:PSS layer. The polymer solution for spin coating was
prepared by dissolving the polymer (8 mg/mL) in chlorobenzene/
DIO (97:3). Calcium and aluminum contacts were formed
sequentially by vacuum deposition at a pressure of <3 X 107 Torr,
providing an active area of 0.09 cm® The thickness of the active layer
was measured by using a KLA Tencor Alpha-step IQ surface
profilometer with an accuracy of 1 nm. The current density—voltage
(J-V) characteristics of all of the polymer photovoltaic cells were
determined by illuminating the cells with simulated solar light (AM 1.5
G) with an intensity of 100 mW/ cm? using an Oriel 1000 W solar
simulator. Electronic data were recorded using a Keithley 236 source-
measure unit, and all characterizations were carried out in an ambient
environment. The illumination intensity was calibrated by employing a
standard silicon photodiode detector from PV measurements Inc.,
which was calibrated at the National Renewable Energy Laboratory.
The EQE was measured as a function of the wavelength in the range
360—800 nm using a halogen lamp as the light source, and the
calibration was performed by using a silicon reference photodiode. All
of the characterization steps were carried out in an ambient laboratory
atmosphere.

Synthesis of Monomers and Polymers. Synthesis of 2-
(Heptadecan-9-yl)-4,7-bis(thiophen-2-yl)-2H-benzo[d][1,2,3]triazole
(1). N-Tripropyl(thiophen-2-yl)stannane (1.60 g, 4.85 mmol) was
added to a stirred solution of 4,7-dibromo-2,1,3-benzothiadiazole (1.00
g, 1.90 mmol) and bis(triphenylphosphine)palladium(II) dichloride
(95 mg, 0.06 mmol) in toluene (SO mL). The mixture was refluxed
overnight and then extracted with ethyl acetate. The organic layer was
washed with NaHCO; and brine and then dried over anhydrous
MgSO,. The solvent was removed, and the crude product was purified
using column chromatography on silica with hexane as the eluent, to
yield 2 (1.5 g, 58%) as a pale-yellow solid.

'H NMR (300 MHz, CDCL,): & 8.05 (d, 2H), 7.65 (s, 2H), 7.31 (d,
2H), 7.23 (t, 2H), 490 (m, 1H), 2.35 (m, 2H), 2.01 (m, 2H), 1.31—
1.21 (m, 22H), 1.08—0.96 (m, 2H), 0.86 (t, 6H). *C NMR (75 MHz,
CDCL,): & 147.8, 140.2, 132.8, 130.5, 129.2, 125.0, 69.54, 35.59, 31.75,
29.22, 29.14, 29.01, 26.05, 22.62, 14.16. Anal. Calcd for CyH,5N,S,:
C, 71.35; H, 8.31; N, 8.05; S, 12.29. Found: C, 70.88; H, 8.25; N, 7.98;
S, 12.11.

Synthesis of 4,7-Bis(5-bromothiophen-2-yl)-2-(heptadecan-9-yl)-
2H-benzo[d][1,2,3]triazole (DTBTz). N-Bromosuccinimide (1.02 g,
4.79 mmol) was added to a stirred solution of compound 2 (1.00 g,
1.92 mmol) in N,N-dimethylformamide (DMF; 25 mL) in the absence
of light. The mixture was stirred at room temperature for 4 h, and a
bright-yellow solid precipitate was formed. The mixture was filtered
and washed thoroughly with methanol. The solid was then washed
once with cold diethyl ether and purified by flash chromatography to
give DTBTz (1.80 g, 80%). '"H NMR (300 MHz, CDCl,): & 7.81 (d,
2H), 7.50 (s, 2H), 7.11 (d, 2H), 4.90 (m, 1H), 2.35 (m, 2H), 2.01 (m,
2H), 1.31-1.21 (m, 22H), 1.08—0.96 (m, 2H), 0.86 (t, 6H). *C
NMR (75 MHz, CDCLy): § 147.5, 144.2, 140.5, 135.5, 133.1, 128.0,
115.6, 70.32, 38.61, 35.15, 30.28, 30.10, 29.52, 27.11, 26.32, 12.18.
Anal. Caled for C5H, Br,N;S,: C, 54.79; H, 6.08; N, 6.18; S, 9.44.
Found: C, 55.01; H, 6.00; N, 5.99; S, 8.74. MS (GC, Cy,H,,Br,N,S,):
caled, 679.6; found, 679.3.

Synthesis of 2,6-Bis(trimethylstannyl)benzo[1,2-b:4.5-b’]-
dithiophene (BDT). A total of 1.00 g (2.6 mmol) of benzo[1,2-
b;4,5-b']dithiophene was dissolved in anhydrous tetrahydrofuran
(THF; 20 mL) under an argon atmosphere. The mixture was cooled
to —78 °C, and then a 1.6 M solution of n-butyllithium (8.2 mL, 6.6
mmol) in hexane was added, forming a white precipitate. After 2 h at
—78 °C, trimethyltin chloride (3.10 g, 7.80 mmol) was added. The
solution was left in a cold bath to warm to room temperature
overnight. Diethyl ether (S0 mL) was then added to the solution, and
it was extracted with brine and H,O. The organic solvent was
evaporated, and the residue was recrystallized from acetonitrile three
times, yielding the product (1.58 g, 59%) as colorless platelets. 'H
NMR (300 MHz, CD,ClL,): & 8.30 (s, 2H), 7.46 (s, 2H), 0.46 (s,
18H). *C NMR (75 MHz, CD,Cl,): § 142.7, 141.9, 139.2, 131.5,
115.5, —8.1. Anal. Caled for C,H,,S,Sn,: C, 37.25; H, 4.30; S, 12.43;
Sn, 46.02. Found: C, 37.20; H, 4.21; S, 12.39. MS (GC, C;4H,,S,Sn,):
caled, 515.9; found, 516.0.

Synthesis of 4,8-Bis[(triisopropylsilyl)ethynyllbenzo[1,2-b:4,5-b’]-
dithiophene (2). An oven-dried S00 mL round-bottomed flask
equipped with a stirbar was cooled to 0 °C. Under an argon
atmosphere, THF (50 mL) and (triisopropylsilyl)acetylene (6.7 mL,
29.9 mmol) were added, followed by the dropwise addition of a 1.6 M
solution of n-buyllithium (19.3 mL, 32.7 mmol) in hexane. This
mixture was stirred for 2 h, and then THF (120 mL) and benzo[1,2-
b:4,5-b’]dithiophene-4,8-dione (S g 13.7 mmol) were added. The
mixture was stirred at room temperature for 24 h and then quenched
with H,O. The resulting mixture was poured into a saturated NH,Cl
solution and extracted with ethyl acetate. The organic layer was
washed with brine and dried over anhydrous MgSO,. The solvent was
evaporated, the residue was dissolved in THF (120 mL), and then
SnCl,-2H,0 (15.3 g, 68.1 mmol, in SO mL 50% acetic acid) was added
dropwise. The mixture was stirred at room temperature overnight,
then poured into H,O, and extracted with ethyl acetate. The organic
layer was washed with NaHCO; and brine and then dried over
anhydrous MgSO,. The organic solvent was removed, and the crude
product was purified using column chromatography on silica with
hexane as the eluent, to yield 2 (3.6 g, 48%) as a pale-green solid. 'H
NMR (300 MHz, CDCL,): § 7.61 (d, 2H), 7.56 (d, 2H), 1.23 (m,
42H). 3C NMR (75 MHz, CDCl,): § 140.86, 138.51, 128.28, 123.14,
112.18, 102.63, 101.62, 18.78, 11.33. Anal. Calcd for Cy4H,48,Sin: C,
69.75; H, 8.41; S, 11.64. Found: C, 69.71; H, 8.40; S, 11.63.

Synthesis of 2,6-Bis(trimethyltin)-4,8-bis[(triisopropylsilyl)-
ethynyllbenzo[1,2-b:4,5-b'Idithiophene (TIPSBDT). Under an argon
atmosphere, a 1.6 M solution of n-butyllithium (5.1 mL, 8.1 mmol) in
hexane was added dropwise via syringe to compound 3 (1.5 g, 2.7
mmol) and tetramethylethylenediamine (1.2 mL, 8.1 mmol) in THF
(30 mL), which was cooled to —78 °C. After stirring at this
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temperature for 30 min, a 1 M solution of trimethyltin chloride (10.8
mL, 10.8 mmol) in THF was added in one portion After being allowed
to warm to room temperature overnight, the reaction mixture was
poured into H,O (50 mL), and then ethyl acetate (50 mL) was added.
The organic layer was washed twice with H,O (50 mL) and dried with
anhydrous MgSO,. The organic layer was evaporated, and the product
was then dried in a vacuum oven to afford the product (1.9 g, 80%) as
a pale-yellow solid. "H NMR (300 MHz, CDCL;): § 7.69 (s, 2H), 1.23
(m, 42H), 047 (s, 18H). 3C NMR (75 MHz, CDCl;): § 144.68,
143.51, 139.10, 110.36, 103.33, 100.64, 19.06, 11.39, —8.3. Anal. Calcd
for CysHeS,Si,Sny: C, 52.06; H, 7.13; S, 7.32. Found: C, 52.09; H,
7.11; S, 7.29. MS (GC, C44H,S,5i,5n,): caled, 876.6; found, 876.4.

General Polymerization Procedure. All polymers were synthe-
sized by Stille polymerization, as shown in Scheme 3. The BDT,
TIPSBDT, and DTBTz monomers were synthesized according to
previous reports.”* A mixture of tetrakis(triphenylphosphine)palla-
dium in a mixed solvent of anhydrous toluene (12 mL) and anhydrous
DMF (3 mL) was stirred at 120 °C under dinitrogen for 2 days, then
excess 2-bromothiophene and triisopropyl(thiophen-2-yl)stannane
were added and dissolved in anhydrous toluene (1 mL), and the
reaction was continued for 12 h. After completion of polymerization,
the reaction mixture was cooled to approximately 50 °C and methanol
(200 mL) was added slowly with vigorous stirring. The precipitated
polymers were collected by filtration, dissolved in chloroform, and
reprecipitated in methanol and then acetone. The polymers were
further purified by washing for 2 days in a Soxhlet apparatus, with
acetone used to remove oligomers and catalyst residues. The
reprecipitation in chloroform/methanol was then repeated several
times. The resulting polymers were found to be soluble in common
organic solvents.

Poly{benzo[1,2-b:4,5-b’ ]dithiophene-alt-2-(heptadecan-9-yl)-4,7-
bis(thiophen-2-yl)-2H-benzo[d][1,2,3]triazole} (PBDT-DTBTz). 2,6-
Bis(trimethylstannyl)benzo[1,2-b:4.5-b]dithiophene (400 mg, 0.78
mmol) was mixed with DTBTz (526 mg, 1.0 equiv), tetrakis-
(triphenylphosphine)palladium (3.0 mg, 2.6 ymol), toluene (12 mL),
and DMF (3 mL) for polymerization. '"H NMR (300 MHz, CD,CL,):
5 8.30—7.59 (br, 4H), 7.48—7.25 (br, 4H), 7.23—7.21 (br, 2H), 4.98
(br, 1H), 2.42—1.90 (br, 4H), 1.40—0.90 (br, 24H), 0.84—0.81 (br,
6H). Anal. Caled: C, 69.35; H, 6.67; N, 5.92; S, 18.06. Found: C,
69.89; H, 6.95; N, 5.30; S, 18.60.

Poly{4,8-Bis[(triisopropylsilyl)ethynyl)benzo[1,2-b:4,5-b’']-
dithiophene-alt-2-(heptadecan-9-yl)-4,7-bis(thiophen-2-yl)-2H-
benzo[d][1,2,3]triazole} (PTIPSBDT-DTBTz). TIPSBDT (400 mg, 0.78
mmol) was mixed with DTBTz (310 mg, 1.0 equiv), tetrakis-
(triphenylphosphine)palladium (3.0 mg, 2.6 gmol), toluene (12 mL),
and DMF (3 mL) for polymerization. '"H NMR (300 MHz, CD,CL,):
8 7.90—7.66 (br, 4H), 7.50—7.21 (br, 2H), 7.19—7.11 (br, 2H), 4.95
(br, 1H), 2.45—1.95 (br, 4H), 1.42—0.89 (br, 66H), 0.83—0.80 (br,
6H). Anal. Caled: C, 70.66; H, 8.19; N, 3.92; S, 11.98. Found: C,
71.20; H, 8.42; N, 4.28; S, 10.69.
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