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ABSTRACT: The molecular packing structures of two conjugated polymers based on
alkoxy naphthalene, one with cyano-substituents and one without, have been
investigated to determine the effects of electron-withdrawing cyano-groups on the
performance of bulk-heterojunction solar cells. The substituted cyano-groups facilitate
the self-assembly of the polymer chains, and the cyano-substituted polymer:PC, BM
blend exhibits enhanced exciton dissociation to PC,BM. Moreover, the electron-
withdrawing cyano-groups lower the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) levels of the conjugated polymer, which ~SSFRINNEZSHEIES
leads to a higher open circuit voltage (Vo) and a lower energy loss during electron &8 p LT
transfer from the donor to the acceptor. A bulk-heterojunction device fabricated with
the cyano-substituted polymer:PC,BM blend has a higher V¢ (0.89 V), a higher fill
factor (FF) (51.4%), and a lower short circuit current (Jsc) (7.4 mA/cm?) than that of
the noncyano-substituted polymer:PC,BM blend under AM 1.5G illumination with an intensity of 100 mW cm™> Thus, the
cyano-substitution of conjugated polymers may be an effective strategy for optimizing the domain size and crystallinity of the
polymer:PC,;BM blend, and for increasing V¢ by tuning the HOMO and LUMO energy levels of the conjugated polymer.

KEYWORDS: electron-withdrawing cyano-groups, alkoxy naphthalene derivative, morphology control, conjugated polymer,
phase separation, organic photovoltaics
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B INTRODUCTION

One important feature of organic bulk heterojunction solar cells

exhibit photoelectric conversion in blends with fullerene
derivatives are still required.

In general, a conjugated polymer has three components: the
conjugated backbone, side chains, and substituents.*® Although
the electronic properties of conjugated polymers are very
sensitive to the properties of the main chain, the substituents
and side chains also affect their photovoltaic performances.*®
Substituent modification is often used as a method of fine-
tuning the physical properties of conjugated polymers.**~>* A
recent trend in this area is the incorporation of electron-
withdrawing substituents into the polymer structure, which can
increase the Vo of the associated solar cell**™** The
incorporation of an electron-withdrawing substituent is a
simple and straightforward method for enhancing the z-
conjugated structures of these materials through improved
intermolecular packing and for fine-tuning their energy
levels.**~** This strategy enables the examination of a range

is their potential use in low-cost, printable photovoltaic devices.
In addition, polymeric conjugated materials can be chemically
tailored, which enables the synthesis of new photovoltaic
materials.''® Recently, the focus of research in this area has
turned to donor—acceptor-type (D—A-type) conjugated
polymers because of their low band gaps and good coverage
of the solar spectrum.'~® By improving the molecular design of
organic photovoltaics (OPVs), power conversion efficiencies of
around 10% have been achieved.”® The morphologies of the
active layers of these high performance photovoltaic devices
have been modified with various methods, including the
introduction of solvent choice,” blend ratio,'”'" processing
additives, 2~ 1* 15,16 17,18

and the adoption of co-solvents'”*° or orthogonal solvents.

annealing in solvents,
20

thermal annealing,
14,15

Although various techniques for the fabrication of OPVs have
been developed, research into the effects of molecular structure
on device performance remains crucial. Novel materials with
good solubility,”"** long wavelength absorption,'® high charge
mobility,>® the appropriate energy levels,** lateral morphol-

ogy,>?° vertical morphology,””*® long-term stability,”® and that

-4 ACS Publications  © 2014 American Chemical Society

of morphologies and packing structures and their influence on
the electronic properties of organic layers.
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Scheme 1. Synthetic Routes for the PBTDN and PBTADN Polymers
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Figure 1. (a) Normalized absorption spectra of PBTDN and PBTADN in chlorobenzene solutions and thin films, and (b) cyclic voltammograms of

PBTDN and PBTADN.

Table 1. Optical and Electrochemical Properties of the PBTDN and PBTADN Polymers

polymer A 4bs max (solution, nm) 2 3bs max (film, nm) 2 abs onset . (film, nm) E® (eV) E, (V) HOMO (eV) LUMO? (eV)
PBTDN 471 488 559 222 0.67 =512 -2.90
PBTADN 529 573 611 2.02 091 -5.36 —3.34

“Estimated from the onset of the absorption of each thin film. “Calculated from the optical band gap and the HOMO energy level of each polymer.

In this study, two alkoxy naphthalene based conjugated
polymers containing two thiophenes and a vinylene linker,
poly((5,5-E-a-((2-thienyl)methylene)-2-thiophene)-alt-2,6-
[(1,5-didecyloxy)naphthalene])) (PBTDN) and poly((5,5-E-a-
((2-thienyl)methylene)-2-thiopheneacetonitrile)-alt-2,6-[ (1,5-
didecyloxy)naphthalene])) (PBTADN)*® (Scheme 1), were
synthesized in order to assess the effects of electron-deficient
cyano-substituents on the performances of the associated
polymer solar cells. The molecular geometries and electronic
structures of the two synthesized polymers were investigated
with UV—visible spectroscopy, cyclic voltammetry (CV),
density functional theory (DFT) quantum mechanics calcu-
lations, and grazing incidence wide-angle X-ray scattering
(GIWAXS). Moreover, we investigated the effects of solvents
on the molecular packing of the conjugated polymer blends
with fullerene derivatives in bulk-heterojunction active layers
without post-thermal treatment. The interpenetrated network
morphologies of the bulk heterojunction layers were
determined with atomic force microscopy (AFM) and
transmission electron microscopy (TEM). The molecular
geometries of the two synthesized polymers, PBTDN and

15775

PBTADN, and blends with PC,;BM were investigated by
GIWAXS.

B RESULTS AND DISCUSSION

The structures and synthetic routes of the two copolymers
PBTDN and PBTADN are shown in Scheme 1. The
polymerizations were carried out with Suzuki coupling
reactions.”® The resulting PBTDN and PBTADN samples
were found to be soluble in chloroform, chlorobenzene,
dichlorobenzene, and toluene at room temperature. The good
solubilities of these polymers enabled the preparation with
solution processes of thin films for the fabrication of OPVs. Gel
permeation chromatography (GPC) was performed in chloro-
form solution and analyzed relative to polystyrene standards.
The PBTDN had a weight-average molecular weight (M,) of
7700 g mol™! with a polydispersity index (PDI) of 1.29.
PBTADN had a M, of 44800 g mol ™! with a PDI of 1.46, as
reported previously.” The structure of PBTDN was confirmed
with '"H NMR spectroscopy (see Figure S2 in the Supporting
Information). The thermal stability of PBTDN was investigated
by performing thermogravimetric analysis (TGA) at a heating
rate of 10 °C min~". As shown in Figure S3 in the Supporting
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Information, PBTDN exhibits 5 wt % thermal degradation
above 370 °C, which indicates that the polymers are sufficiently
thermally stable for use in solar cells. Our '"H NMR
spectroscopy and thermal degradation results for PBTADN
have previously been presented;>” 5 wt % thermal degradation
occurs above 340 °C. The glass transitions of PBTDN and
PBTADN occur at 142 and 200 °C, respectively.”

The UV—visible absorption properties of 10 mM PBTDN
and PBTADN in chlorobenzene solution and in the thin film
state were investigated, as shown in Figure la. The maximum
absorption wavelengths (4,,,,) and optical band gaps (Egopt) are
summarized in Table 1. The high-energy absorption peaks
(Amax) of PBTDN and PBTADN in dilute solution are at 471
and 529 nm, respectively. The absorption maximum of
PBTADN is red-shifted with respect to that of PBTDN,
which is attributed to its greater z-conjugation length in the
solution state. The UV—visible absorptions of as-cast thin films
(approximately 110—130 nm) of PBTDN and PBTADN are
bathochromically shifted with respect to those of the solution
states by the strong intermolecular packing between
aggregates.””>” The maximum absorption of the PBTADN
film (Ape = 573 nm) is red-shifted by approximately 85 nm
with respect to that of the PBTDN film (4,,,, = 488 nm). This
difference means PBTADN will absorb light at longer
wavelengths of the solar spectrum. The energy band gaps of
PBTDN and PBTADN were calculated from extrapolation of
the absorption edges and found to be around 2.22 and 2.02 €V,
respectively. The above results are in good agreement with the
m-conjugation and long-range ordering of PBTADN and the
flexibility of PBTDN because of the absence of cyano-
substituents.

The oxidation properties of PBTDN and PBTADN films
were investigated with CV by using a platinum counter
electrode in an acetonitrile solution containing 0.1 mol L™
Bu,NPFy, and a scan rate of 50 mV s™' (Figure 1b). A ferrocene
reference value of —4.45 eV below the vacuum level was used in
these measurements, and the energy level of the Ag/AgCl
reference electrode was calibrated against the Fc/Fc' system
and set at 4.45 eV by using previous methods.”® The
electrochemical properties are summarized in Table 1. The
onset oxidation potentials (E,, ,n) indicate that the highest
occupied molecular orbital (HOMO) values of the PBTDN
and PBTADN polymers are —5.12 and —5.36 eV, respectively.
These results indicate that the presence of cyano-substituents
decreases the HOMO level of PBTADN with respect to that of
PBTDN.

The lowest unoccupied molecular orbital (LUMO) levels of
PBTDN and PBTADN were determined from the calculated
HOMO values and the optical band gaps to be —2.90 and
—3.34 eV respectively. The LUMO energy levels of PBTDN
and PBTADN were found to be approximately 1.01 and 0.57
eV higher respectively than the LUMO level (—3.91 eV) of
PC,BM (see Figure 2),>> which means that the electron
transfer reactions are energetically favorable. It is well-known
that a large difference between the LUMO energy levels of the
donor and the acceptor increases the energy loss during
electron transfer from the donor to the acceptor.*’

To evaluate the oxidative and reductive properties of these
polymers, the electronic properties of their dimer model
compounds were calculated by using DFT quantum mechanics
calculations. The HOMO and LUMO wave functions of the
dimer model compounds are shown in Figure 3. All long alkyl
chain substituents were replaced with methyl groups to simplify

-2.90eV
-3.34eV
PBTDN
PBTADN
-5.12eV
-5.36eV

Figure 2. HOMO and LUMO energy levels of (a) a PBTDN:PC,,BM
blend and (b) a PBTADN:PC,,BM blend.
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Figure 3. Molecular orbital surfaces of the HOMOs and LUMOs of
the oligomers of (a) PBTDN and (b) PBTADN.

the calculations; this substitution only minimally affects the
electronic properties.>*** The calculated electron densities of
LUMO and HOMO in the PBTDN were localized over the
region of the double bond between thiophenes in Figure 3a.
However, those were delocalized along the conjugated
backbone of PBTADN in Figure 3b. These results indicate
that the intramolecular charge transfer along the main chain in
PBTADN is effective when compared with the charge transfer
in PBTDN. The LUMO and HOMO energy levels of PBTDN
and PBTADN were found with these calculations to be —2.02
to —4.70 eV and —2.49 to —5.05 eV, respectively. Thus, the
band gaps of PBTDN and PBTADN were determined to be
2.68 and 2.56 eV, respectively. The orderings of these results
for the HOMOs, LUMOs, and band gaps of the two polymers
are in agreement with those obtained with CV and UV—visible
techniques. The calculated values differ somewhat from the
corresponding experimental values, probably because the
models contain only a handful of repeating units.’**” Our
theoretical analyses of the electronic structures provide
important insights into the differences between the electronic
and optical properties of the two polymers.

The device with a 1:4 conjugated polymer to PC,;BM weight
ratio has the best PCE without postannealing treatment in
Figure S4 and Tables S1 and S2 in the Supporting Information.
The photovoltaic results obtained for the investigated blends
under illumination of 100 mW cm™> are summarized in Tables
S3 and S4 in the Supporting Information. The current—voltage
(J—V) curves in Figure 4 show that the performances of these
1:4 blend devices depend strongly on the solvent. The
variations in the FF and PCE values of the solar cells
containing PBTADN:PC,;BM blends cast from CF, CB, and
DCB are 50.3 to 51.5% and 3.0 to 3.4%, respectively; the
variations in FF and PCE for the PBTDN:PC-,BM blend solar
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Figure 4. J—V curves of ITO/PEDOT:PSS/polymer blend/LiF/Al
devices under 100 mW/cm? illumination, where the polymer blends
are (1:4) compositions of (a) PBTDN:PC,BM and (b)
PBTADN:PC,,BM cast from o-dichlorobenzene (M), chlorobenzene
(O), tetrahydrofuran (@), chloroform (O), toluene (A), and p-xylene
().

cells are larger: 32.5 to 41.0% and 1.5 to 3.2%, respectively,
which indicates that the presence of cyano-groups in PBTADN
results in strong intermolecular interactions with the various
solvents, as shown in Table 2. In addition, V¢ is determined

Table 2. Device Performances under 100 mW/cm? of
PBTDN:PC,,BM (1:4) and PBTADN:PC,,,BM (1:4) Blends
Cast from DCB

PBTDN:PC,,BM PBTADN:PC,,BM

Voc (V) 0.83 0.89
Jsc (mA cm™) 92 74
FF (%) 41.0 514
PCE (%) 32 34
Rgy (Q cm?) 277 555
Ry (Q cm?) 31 29

by the donor/acceptor band-edge offset;>® however, the
electron-withdrawing cyano-substituent lowers the HOMO
level below that of the noncyano-substituted polymer. Thus,
the power conversion efficiency of the PBTADN:PC, BM
blend is expected to be higher than that of the
PBTDN:PC, BM blend because of the better properties of
PBTADN.

AFM, TEM, and GIWAXS were performed to determine the
molecular orderings of the polymer:PC,BM blends. Each
polymer:PC,;BM blend layer was prepared by spin-casting
onto ITO glass with a deposited PEDOT:PSS film. Figure S
shows AFM images of thin films of PBTDN:PC,,BM (1:4) and
PBTADN:PC,;BM (1:4). The conjugated polymer:PC,;BM
blend films cast from p-xylene (P-XL), toluene (TOL), and

tetrahydrofuran (THF) have root-mean-square (rms) rough-
nesses of over 10 nm, which is associated with increased exciton
recombination at D:A interface leading to poor excition
dissociation and carrier extraction. In contrast, the films cast
from chloroform (CF), chlorobenzene (CB), and o-dichlor-
obenzene (DCB) have morphologies with well-interpenetrated
copolymer and PC, BM materials, which may lead to better
charge transport with increased shunt resistance, reduced series
resistance, and high FF values.

To examine these morphologies more closely, we obtained
the TEM images shown in Figure 6 The dark regions in these
TEM images are PCBM-rich domains, whereas the light regions
are polymer-rich domains.®>®" The PBTADN:PC,,BM blend
film cast from CF solution has a smaller domain size, 20 (£10)
nm, than the PBTDN:PC,;BM blend films. This is advanta-
geous as most polymers have exciton diffusion lengths on the
order of 10—20 nm.”~%* PBTDN:PC,,BM blend films cast
from CF contain large copolymer and PC,;BM domains, which
diminish charge carrier transport and result in low FF values.*®
The well-interpenetrated morphologies of the conjugated
polymer:PC, BM blends cast from CB and DCB indicate
that these films are expected to exhibit increased charge
generation and more efficient charge collection in OPVs.* In
particular, the PBTADN:PC,,BM blend film processed from
DCB contains fibrillar polymer-rich domains and domain sizes
of 10—20 nm. Such domain sizes and fibrillar structures in the
active layer reduce charge recombination because evenly
distributed morphological features provide defect-free contact
with donor:acceptor interface or the metal cathode, which is
related to lower resistance and increased FF values.®*™% Such
high contact area between the metal cathode and the fibrillar
structures of donor which form longer and better connected
pathways is of relevance for the electric characteristics of the
contact, because a large interface allows a charge transfer over a
large area and reduces the contact resistance.’”®” The
PBTDN:PC,,BM blend film cast from DCB solution also has
the optimal domain size of 10 (+3) nm. However, it does not
contain fibrillar structures or interconnected networks
surrounded by continuous PC,;BM domains, which results in
a higher level of nongeminate recombination of holes and
electrons during device operation.**%

The GIWAXS patterns of the pure polymer films were
recorded and shown inFigure SS in the Supporting
Information. The GIWAXS pattern of the PBTADN film
contains a clear peak, which is due to the molecular ordering
and stacking of the conjugated polymer in the thin film. There
is no peak observed for the PBTDN because of its amorphous
behavior.

To gain insight into the organization of PBTDN and
PBTADN in the conjugated polymer:PC,BM blends, we
performed GIWAXS on blend films cast from various solvents
(Figure 7). According to the AFM and TEM images, the films
cast from CB and DCB have bicontinuous structures. The
GIWAXS pattern of the PBTADN:PC, BM film contains a
clear peak (d-spacing = 2.46 nm), except in the case of DCB,
indicating that the ordering within the PDTADN regions is not
tully disrupted by the presence of PCBM. On the basis of these
observations, it is expected that the crystallinity of PBTADN
may reduce nongeminate recombination.”’”’* The relative
intensity variations of GIWAXS patterns of BTADN:PC, BM
between solvents is related to the phase separation between
polymer and PCBM domain. Therefore, the remarkably large
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(a) PBTDN:PC,,BM
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(b) PBTADN:PC;,BM
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Figure 5. AFM images (S ym X S ym) of (a) PBTDN:PC,;BM and (b) PBTADN:PC,;BM blend layers cast from various solvents.

(a) PBTDN:PC,,BM

(b) PBTADN:PC,,BM
CF

Figure 6. TEM images (S ym X S um) of (a) PBTDN:PC,;BM and (b) PBTADN:PC,BM blend layers cast from various solvents.

separation of PBTADN:PC,,BM with P-XL, TOL, and THF
shows strong intensity of GIWAXS patterns.

On the other hand, the crystallinity of PBTADN results in
larger phase separation than found in the PBTDN blend film,
which increases geminate recombination at the interface of the
D—A bulk heterojunction, and leads to a lower Jsc during
device performance.””">

The observed variation with the solvent in the PCEs of the
PBTADN:PC,,BM blend solar cells is believed to be due to the
variation in the sizes of the polymer domains and PC, BM
clusters, which affects the charge carrier transport from the
polymer to PC,BM. The PBTADN:PC,BM solar cells
contain crystalline PBTADN and exhibit lower resistance due
to their nanoscale morphologies and a higher degree of 7—x
stacking than the PBTDN:PC,BM blend solar cells, which
leads to higher FF values. Although both copolymer:PC,;BM

blends cast from the DCB solvent have the optimal domain
size, the Jgc values of PBTDN and PBTADN are 9.2 and 7.4
mA/cm?, respectively, as shown in Table 2. The crystalline
polymer, PBTADN, has a larger domain size when cast from
DCB than PBTDN, which means that it has a longer exciton
dissociation length and increased geminate recombination.>

When switching to the electron-withdrawing group, a change
in HOMO and LUMO levels would be expected.**~* In this
investigation, by attaching cyano group on the vinylene part
linking two thiophenes, the resulting polymer exhibited lower
HOMO and LUMO levels, respectively, leading to a decreased
band gap.**~**”* Moreover, this work clearly showed the effect
of cyano substituent by modifying the interface of donor and
acceptor bulk heterojunction and crystallinity between
conjugated polymers.

dx.doi.org/10.1021/am502795y | ACS Appl. Mater. Interfaces 2014, 6, 15774—15782
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Figure 7. Out-of-plane GIWAXS patterns for (a) PBTDN:PC, BM
and (b) PBTADN:PC,,BM blend layers cast from various solvents.
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B CONCLUSIONS

In conclusion, two conjugated polymers based on alkoxy
naphthalene, PBTDN and PBTADN, have been synthesized;
PBTADN contains electron-withdrawing cyano-groups.
PBTADN exhibits red-shifted light absorption properties that
confirm the extension of 7-conjugation and indicate long-range
ordering. Moreover, PBTADN has a highly ordered molecular
packing structure in the bulk state, and forms a fibrillar
crystalline structure in its blends with PC,;BM, which reduces
nongeminate charge recombination during solar cell operation.
Furthermore, the electron-withdrawing cyano-groups lower the
HOMO and LUMO energy levels of the conjugated polymer,
which leads to high V¢ and decreases the energy loss during
electron transfer from the donor to the acceptor. Although the
Jsc values of the PBTADN:PC,,BM blend solar cells are low,
7.4 mA/cm? the GIWAXS data of the PBTADN:PC,,BM
blends cast from CF, CB, and DCB indicate that the
crystallinity of the cyano-substituted conjugated polymer is
higher than that of PBTDN:PC,,BM, leading to the observed
higher FF and PCE values of the solar cells.

B EXPERIMENTAL METHOD

Materials. n-Butyllithium, 2-isopropoxy-3,3,4,4-tetramethyl-
1,3,2-dioxaborolane, naphthalene-1,5-diol, bromine, iodine,
potassium hydroxide, sodium iodide, titanium(IV) chloride,
zinc, sodium carbonate, phenylboronic acid, S-bromothio-
phene-2-carbaldehyde, and tetrakis(triphenylphosphine)-
palladium were purchased from Aldrich Chemical Co.

Synthesis. 1. Synthesis of 2,6-(1',2'-ethylborate)-1,5-
didecyloxynaphthalene. The synthesis was carried out
according to an established method.>* Yield: 35%, 'H NMR
(500 MHz, CDCl;) [ppm] & 7.94 (m, 2H), 7.76 (m, 2H), 4.08
(m, 4H), 1.96 (m, 4H), 1.59 (m, 4H), 1.41 (s, 24H), 1.37 (m,
24H), 0.91 (m, 6H), FT-IR (KBr, cm™): 3100 (aromatic C—H
str), 2900 (aliphatic C—H str).

2. Synthesis of (E)-1,2-bis(5-bromothiophen-2-yl)ethene.
Fifteen grams (78.50 mmol) of S-bromothiophene-2-carbalde-
hyde and 12.2 g (188.4 mmol of zinc were added to 250 mL of
anhydrous THF; 1028 mL (94.2 mmol) of titanium(IV)
chloride was slowly added to the mixture. The solution was
stirred for 12 h at 60 °C. The crude product was recrystallized

in ethanol. Yield: 30.6% (4.2 g). '"HNMR (300 MHz, CDCl,)
[ppm] & 6.96—6.95 (d, 2H), 6.82—6.78 (m, 4H). IR (KBr,
cm™); 3030—3064 (aromatic CH).

3. Synthesis of (E)-2,3-bis(5-bromothiophen-2-yl)-
acrylonitrile. The synthesis was carried out according to an
established method.*® The crude product was purified with
column chromatography by using methylene dichloride as the
eluent. Yield: 52% (4.7 g), '"H NMR (CDCl,, ppm) & 7.27 (d,
1H), 7.26 (s, 1H), 7.10-7.07 (t, 2H), 7.02 (d, 1H), FT-IR
(KBr, cm™): 3024 (aromatic C—H str), 2214 (nitrile C=N
str).

4. Synthesis of PBTDN. All handling of catalysts and
polymerization was performed in a nitrogen atmosphere. To a
stirred solution of 2,6-(1',2-ethylborate)-1,5-didecylxyloxy-
naphthalene (1.97 g, 2.85 mmol) and (E)-1,2-bis(S-bromo-
thiophen-2-yl)ethene (1 g, 2.85 mmol) in 10 mL 2 M K,CO,
solution in water was added the catalyst Pd(PPh;), (0.1 g,
0.008 mmol %). The reaction mixture was heated at 80 °C
under nitrogen for 48 h. Bromobenzene (0.005 g, 0.0318
mmol) was added and then phenyl boronic acid (0.005 g, 0.041
mmol) was added with small amounts of catalysts for end-
capping. After 2 h, the reaction mixture was poured into
methanol (50 mL) and filtered with a glass filter. The residue
was dissolved in CHCIl; and washed with water. The
precipitation was repeated twice with chloroform/methanol.
Yield: 52%, "H NMR (300 MHz, CDCL,) [ppm] 5 8.05—7.72
(m, 4H), 7.57—7.56 (d, 2H), 7.21—7.08 (m, 4H), 3.97(d, 4H),
2.02—2.00 (m, 4H), 1.42—1.08 (m, 28H), 0.90—0.88 (m, 6H),
FT-IR (KBr, cm™): 3100—3066 (aromatic C—H str), 2921—
2849 (aliphatic C—H str).

5. Synthesis of PBTADN. The polymer was prepared via a
palladium-catalyzed Suzuki coupling reaction according to an
established method.>

Characterization. The 'H NMR spectra were recorded on
a Bruker 300 MHz NMR spectrometer and the results are
expressed in ppm relative to the internal standard. The FT-IR
spectra were obtained with a Bomem Michelson series FT-IR
spectrometer. The UV—vis absorption spectra were obtained in
chloroform with a Shimadzu UV 3100 spectrometer. The
molecular weights and polydispersities of the polymers were
determined by performing gel permeation chromatography
(GPC) analysis with polystyrene standard calibration (Waters
high pressure GPC assembly model M590 pump p-Styragel
columns of 105, 104, 103, 500, and 100 A, refractive index
detectors, solvent CHCL). TGA measurements were per-
formed on a PerkinElmer series 7 analysis system under N, at a
heating rate of 10 °C/min. Cyclic voltammetry was carried out
in a two-compartment cell with platinum electrodes at a scan
rate of 10 mV/s against an Ag/Ag+ (01 M AgNO; in
acetonitrile) reference electrode in an anhydrous and nitrogen-
saturated solution of 0.1 M Bu,NBF, in acetonitrile. Molecular
orbital surfaces of polymers were obtained by using the Spartan
08 program with the ab initio Hartree—Fock (HF) and density
functional theory (DFT-B3LYP) methods and the 6-311G*
and 6-3111G** basis sets.

The current density—voltage (J—V) characteristics were
measured by using a Keithley 4200 source measurement unit
in the dark and under AM 1.5G solar illumination (Oriel 1 kW
solar simulator) with respect to a reference cell PVM 132
calibrated at the National Renewable Energy Laboratory at an
intensity of 100 mW/cm® UV-—visible (Cary:Varian Co.)
measurements were used to analyze the optical properties of
the conjugated polymer:PC, BM blend layers. Atomic force
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microscopy (AFM) (Multimode IIIa, Digital Instruments) was
performed in tapping mode to acquire images of the surfaces of
the conjugated polymer:PC, BM blend layers. For the
transmission electron microscopy (TEM) investigation, the
conjugated polymer:PC, BM layers were floated from the
water-soluble PEDOT:PSS substrates onto the surface of
dematerialized water and picked up with 200-mesh copper
TEM grids. TEM images were obtained by using a HITACHI-
7600 operated at 100 kV. Grazing incidence out-of-plane X-ray
diffraction experiments were performed at the SA beamline (4
= 1.54 A) at the Pohang Accelerator Laboratory, Pohang,
Korea.”* Total external reflection angle of GIWAXS measure-
ments is 0.14° to unify the penetration depth of thin films. Six
circle diffractormenter and scintillation detector are used to
control external reflection angle with no calibration standard.
The exposure time was 1 s at each measured angles.

Device Fabrication. Organic solar cells were fabricated
using the conjugated polymers as electron donors and the
fullerene derivative PC;BM as the electron acceptor. The
conjugated polymers PBTDN and PBTADN were synthesized
via palladium-catalyzed Suzuki coupling reactions, as described
above. PC,;BM (99.5%) was obtained from Nano-C, Inc.
Twenty mg/mL solutions of the conjugated polymer and
fullerene derivative in dichlorobenzene were prepared and
stirred in a glovebox at 80 °C under a nitrogen atmosphere
overnight. Glass substrates prepatterned with indium tin oxide
(ITO) were cleaned in a sonic bath of detergent solution,
followed by rinsing with D.I. water, acetone, and 2-propanol.
Immediately after 20 min of UV/ozone treatment, thin layers of
poly(3,4-ethylenedioxythiophene):polystyrenesulfonate (PE-
DOT:PSS; Bay P VP Al4083, Bayer AG) for hole injection
were spin coated to form 30—40 nm thick films on the cleaned
ITO-patterned glass substrates after filtration with a 0.45 yum
PVDEF filter. The blend solutions were spin-coated at 1000 rpm
for 60 s (see Table SS in the Supporting Information) to a
thickness of 100—200 nm on top of the PEDOT:PSS layers
after filtration with a 0.2 ym PTFE filter for all solvents. The
LiF and Al cathodes were thermally deposited to thicknesses of
1 and 100 nm, respectively, onto the surfaces of the active
layers.
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