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ABSTRACT

Block copolymers with donor and acceptor conjugated polymer blocks provide an approach to
dictating the donor-accepter interfacial structure and understanding its relationship to charge
separation and photovoltaic performance. We report the preparation of a series of donor-linker-
acceptor block copolymers with poly(3-hexylthiophene) (P3HT) donor blocks, poly((9,9-
dioctylfluorene)-2,7-diyl-alt-[4,7-bis(thiophen-5-yl)-2,1,3-benzothiadiazole]-2’,2"-diyl) (PFTBT) acceptor
blocks, and varying lengths of oligo-ethylene glycol (OEG) chains as the linkers. Morphological analysis
shows that the linkers increase polymer crystallinity while a combination of optical and photovoltaic
measurements show that the insertion of a flexible spacer reduces fluorescence quenching and
photovoltaic efficiencies of solution processed photovoltaic devices. Density functional theory (DFT)
simulations indicate that the linking groups reduce both charge separation and recombination rates,
and block copolymers with flexible linkers will likely rotate to assume a non-planar orientation,
resulting in a significant loss of overlap at the donor-linker-acceptor interface. This work provides a
systematic study of the role of linker length on the photovoltaic performance of donor-linker-acceptor
block copolymers and indicates that linkers should be designed to control both the electronic
properties and relative orientations of conjugated polymers at the interface.
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INTRODUCTION

Organic photovoltaics (OPVs) are attractive
alternatives to crystalline silicon and other
inorganic photovoltaics due to their low weight
and cost, favorable processing characteristics,
and mechanical flexibility.' Recent work has
demonstrated large-scale printable OPV
installations,* and a favorable levelized cost of
energy for OPV modules compared to inorganic
photovoltaics.> State-of-the-art OPVs consist of
a blend of donor and acceptor organic
semiconductors, and controlling the
morphology of the blend is a persistent
challenge.*® An important aspect of the
morphology that has a large impact on
photovoltaic performance is the structure and
composition at the donor-acceptor interface.
Unlike inorganic photovoltaics, absorption of
light in OPVs results in the formation of a bound
electron-hole pair known as an exciton which
can undergo a charge separation process to
produce free charges. The structure of the
donor-acceptor interface is crucial for efficient
charge separation, but a firm understanding of
the optimal structure and composition of the
donor-acceptor interface to promote charge
separation is lacking.'¥*2 Further, rational
strategies to modify the donor-acceptor
interface to promote more efficient charge
separation are limited.

Recent studies have determined important
characteristics of the donor-acceptor interface
that can influence charge transfer. For example,
Shaw et al. measured a drop in energy transfer
kinetics for donor/spacer/acceptor multilayer
films with increasing spacer thickness,®* and
Zhong et al. found an enhancement in
photovoltaic performance when a thin
insulating spacer was introduced between
donor and acceptor layers.!* Strategies have
been developed in bulk heterojunction devices
where additives that segregate to the donor-
acceptor interface can serve as insulating
spacers that suppress interfacial recombination
processes.’>!® These studies demonstrate that
introducing a thin, insulating spacer between
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donor and acceptor domains can be beneficial
to photovoltaic performance. Density
functional theory simulations predict a
significant suppression of interfacial charge
recombination with sharp interfacial domains.*’

All-conjugated block copolymers (BCPs) which
consist of covalently-bound donor and acceptor
polymers provide a potential alternative for
studying charge separation and recombination
processes at the donor-acceptor interface.
These materials have been implemented in
single-component photovoltaic devices, as
detailed in recent publications”*®*¥21 |n our
previous work, we also showed that the
composition of the linking group between
donor and acceptor domains can play a critical
role in charge separation. However, a
systematic study of the role of the linking group
in all-conjugated BCPs with a flexible, insulating
linker has not been carried out, and only a few
prior studies have reported all-conjugated BCPs
with flexible linkers.2
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FIGURE 1. All-conjugated BCPs with varying
linking group length reported in this study.
P3HT serves as the donor, PFTBT as the
acceptor, and OEG as the insulating linking

group.

In this work, we present an approach to make a
series of BCPs while introducing a variable but
controlled length flexible linking group between
the conjugated donor and acceptor blocks. We
furthermore carry out comprehensive optical
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and photovoltaic performance analysis of our
materials along with computational studies of
the impact of the flexible linking group on
charge transfer processes. This study provides
insight into the structure and properties of
linking groups for BCP OPVs and indicates that a
short, rigid insulator is expected to be superior
to flexible linking groups for photovoltaic
applications.

EXPERIMENTAL

Materials. All reagents and starting materials
were purchased from commercial sources and
used as received. 2,5-dibromo-4-hexyl
thiolphene®, P3HT-Br (M, = 8.5 kDa, D = 1.36)
and P3HT-PFTBT (M, = 14.6 kDa, D = 2.09)*” was
synthesized as previously described. Details on
the preparation of 2-(4-chloro-3-methylphenol)
ethanol, 2-(4-chloro-3-methylphenol) ethanol
tosylate, Ditosyl-triethylene glycol, 2-(4-chloro-
3-methylphenol) triethylene glycol tosylate, 2-
(4-chloro-methylphenol) ethanol tosylate end
functionalized poly(3- hexylthiophene), (P3HT-
OEG1Ts), 4-bromophenol ethylene glycol end
functionalized  poly(3-hexylthiophene) (5),
Poly(3-hexylthiophene)-b-2-(4-chloro-methyl
phenol) ethanol-b-(9',9’,-dioctylfluorene)-b-
oligo(2,7-(9',9',~dioctylfluorene)-alt-5,5-(4',7'-
di-2-thienyl-2',1',3',-benzothiadiazole)  (P3HT-
OEG1-PFTBT), 2-(4-chloro-methylphenol)
triethylene glycol tosylate end functionalized
poly(3-hexylthiophene), (P3HT-OEG3Ts), 4-
bromophenol triethylene glycol end
functionalized poly(3-hexylthiophene) (6), and
Poly(3-hexylthiophene)-b-2-(4-chloro-
methylphenol) triethanol-b-(9',9’,-
dioctylfluorene)-b-poly(2,7-(9',9',-
dioctylfluorene)-alt-5,5-(4',7'-di-2-thienyl-2',1,
3',-benzothiadiazole) (P3HT-OEG3-PFTBT) are
presented in the supporting information. 1H
NMR spectroscopy for all materials are
presented in the Supporting Information Figures
S1-11.

INSTRUMENTATION

Gel permeation chromatography (GPC): Gel
permeation chromatography (GPC) was carried
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out to determine molecular weight (M,) and
moleculwar weight dispersity () for each
polymer. The GPC system is equipped with
differential refractive index (RI) and UV-Vis
absorbance spectrometer. Tetrahydrofuran
(THF) was used as the mobile phase for GPC
with flow rate of 1 mL/min. M, and b were
determined relative to polystyrene standards.

Nuclear Magnetic Resonance Spectroscopy
(NMR): Measurements were carried out with a
Bruker 400 MHz. Samples were prepared at 10
mg/mL concentration. The solvent contains
chloroform with 0.05% TMS.

Ultraviolet-visible absorption (UV-Vis): UV-Vis
measurements were carried out with a
Shimadzu UV 2550. The absorbance wavelength
was acquired in the range from 350 nm to 750
nm.

Steady-state photoluminescence (PL): PL
measurements were carried out with a Horiba
FluoroLog-3 spectrofluorometer. The excitation
wavelength was fixed at 470 nm, and
absorbance and PL spectra were normalized
with respect to their maximum intensity. For PL
guenching measurements, the PL intensity was
normalized with respect to the absorbance
intensity at 470 nm.

Grazing Incidence Wide-Angle X-ray Scattering
(GIWAXS): Measurements were carried out on
Beamline 8-ID-E at the Advance Photon Source,
Argonne National Laboratory. The photon
energy was fixed at 10.92 eV. The specimen
detector distance was 228 mm, and incident
angle was 0.14°.

Fabrication and testing of photovoltaic
devices: Photovoltaic devices consisted of an
inverted architecture of ITO/ZnO/active
layer/PEDOT: PSS/Ag. The active layer was
composed of pure block copolymer or block
copolymer mixed with P3HT and PCBM at a
fixed mass ratio of 0.6:1:1. The overall
concentration of the active layer solution
before spin-casting was 20 mg/ml in
chlorobenzene. The solution was stirred for 12
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hr before use. The ZnO precursor solution was
prepared by dissolving 1 g of zinc acetate
dehydrate in 10mL of 2-methoxyethanol with
0.28 g of ethanolamine as a surfactant. The
PEDOT: PSS solution was prepared by diluting |
mL of PEDOT:PSS Clevios P VP Al 4083 (Heraeus)
in 10 mL isopropanol. ITO glass was cleaned
sequentially for 15 min in ultrasonic baths using
deionized soap water (0.5% Hellmanex III,
Helma), deionized water, acetone, and
isopropanol, and dried in an oven at 90 °C for 1
hr. The ITO glass was treated with UV-ozone
before coating the ZnO precursor. The ZnO
precursor was spin-coated onto the ITO glass at
2000 rpm for 1 min, and thermally annealed at
200 °C for 1 hr. The substrate was then rinsed
with acetone and isopropanol, and dried in an
oven at 90 °C for 1 hr. The substrate was then
transferred to a nitrogen-filled glovebox. Active
layer was then spin-coated on top of ZnO layer
at 800 rpm for 1 min and annealed for 15 min at
165 °C. The substrate was cooled to room
temperature, and was spin-coated at 5000 rpm
for 1.5 min. A silver anode was deposited
through a shadow mask under vacuum by
thermal deposition to get a 200 nm thick layer.
J-V curve was measured using a Keithley source
measure unit. The solar cell performance was
measured with a Newport AM 1.5 G solar
simulator at an irradiation power of 310 W.

RESULTS AND DISCUSSION

Our target materials consisted of block
copolymers (BCPs) with P3HT as the donor
block, PFTBT as the acceptor block, and
different linking groups between the two blocks,
as shown in Figure 1. While we and others have
previously studied this block copolymer
system,?%272% 3 method to introduce a flexible,
insulating linker between donor and acceptor
polymer blocks has not been reported. The
block copolymer P3HT-PFTBT with no flexible
linker between donor and acceptor polymer
blocks was synthesized as previously reported,
using a combination of Grignard metathesis
(GRIM) to synthesize functionalized P3HT
macromonomer followed by Suzuki-Miyaura
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polycondensation to attach the acceptor
polymer block?”3%31,0ur synthetic strategy for
introducing a flexible linker between donor and
acceptor polymer blocks took advantage of
chemistries for end-functionalization of P3HT
using an externally initiated polymerization32-3®
and is shown in Schemes 1 and 2. A
functionalized initiator was first synthesized by
reacting 2-(4-chloro-3-methylphenol) ethanol
tosylate or 2-(4-chloro-3-methylphenol)-triethyl
glycol tosylate with Ni(PPhs), followed by ligand
exchange with dppp.3? The resulting initiator
was used in the synthesis of P3HT through
GRIM, followed by modification of the tosylate
endgroup to introduce aryl bromide
functionality. Next, the PFTBT block was
synthesized by Suzuki-Miyaura
polycondensation, resulting in all-conjugated
block copolymers with flexible linking groups
between donor and acceptor blocks.

'H NMR provides direct evidence for the
attachment of the OEG linking groups to P3HT.
For both P3HT macromonomers, *H NMR peaks
corresponding to the oligoethylene glycol
endgroup are clearly resolved. For P3HT-
OEG1Ts, two distinct peaks at 6 (ppm) = 4.16
and 6 (ppm) = 4.38 corresponds to the —CH;
groups on OEG1 after Grignard reaction (Figure
S5). For P3HT-OEG3Ts polymer, a total of 6 —CH,
groups in OEG3 correspond to NMR peaks
ranging between 3.6-4.16 ppm (Figure S8).
Linking groups attached to the final block
copolymers can also be resolved by 'H NMR, as
shown in Figures S7, S10, and S11.
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SCHEME 1. Schematic  synthesis  for
functionalized Ni catalyst, the length of linking
group p is 1 for OEG1 and 3 for OEG3

GPC provides evidence for successful
preparation of target block copolymers, as
reflected in a clear shift in the molecular weight
distribution for the final block copolymer
relative to the P3HT macromonomer. GPC data
with both Rl and UV-VIS analysis is presented in
the Supporting Information (Figures $S12-17).
The UV-Vis analysis can distinguish between
P3HT and PFTBT blocks, with a detection
wavelength of 450 nm corresponding to the
peak absorbance of P3HT. A shift in the peak
absorbance for the final block copolymers
relative to P3HT homopolymers (Figures S15-
17) indicates successful attachment of PFTBT
and formation of block copolymer.
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SCHEME 2. Schematic synthesis for block
copolymer P3HT-PFTBT with flexible OEG linking
group. The length of the linking group p is 1 for
P3HT-OEG1-PFTBT and 3 for P3HT-OEG3-PFTBT

The morphology and crystallinity for each BCP
and corresponding ternary blend was analyzed
by grazing incidence wide-angle x-ray scattering
(GIWAXS). The P3HT Ilamellar stacking
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corresponds to peak at g = 0.4 AL As seen in
Figure S18-21, a significant increase in peak
intensity for P3HT lamellar stacking is observed
seen with increase length of linking group. This
indicates that insertion of a flexible linking
group increases the P3HT crystallinity, likely due
to increased flexibility at the block copolymer
junction. A similar result was found in a study
by Lee et al. along with improved photovoltaic
performance.?

TABLE 1. Number-averaged molecular weight
M,, molecular weight dispersity D, and mass
fraction for each block copolymer

Block M P3HT

Copolymer (kD’]d) b content
(wt %)?

P3HT-

PETBT 14.6 2.09 58

P3HT-

OEG1- 16.2 1.88 61

PFTBT

P3HT-

OEG3- 14.9 3.33 67

PFTBT

2 P3HT wt % determined by GPC from the M, of P3HT and
its corresponding block copolymer

Normalized Intensity

0.0 T

T T T T -
400 500 600 700 800

Wavelength (nm)

FIGURE 2. Normalized absorbance (dash lines)
and photoluminescence (solid lines) for P3HT-
PFTBT (black), P3HT-OEG1-PFTBT (blue) and
P3HT-OEG3-PFTBT (red). Absorbance and PL
spectra were normalized with respect to their
maximum intensity.
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To understand the impact of the flexible linker
on electronic and optical properties,
absorbance and photoluminescence spectra
were acquired. Compared to P3HT-PFTBT, there
is a small redshift of the PL peak for P3HT-
OEG1-PFTBT polymer and a larger redshift for
P3HT-OEG3-PFTBT. In prior work from our
group where we compared the optical
properties of P3HT-PFTBT differing in the
composition of the linker, we observed a similar
shift of the PL emission maximum with varying
linker composition.?? The redshift in the PL
intensity is weaker for the present samples, but
similarly reflects an impact of the linking group
composition on the energetics at the donor-
acceptor interface. This is also supported
through density functional theory (DFT)
calculations described below.

e PL. for P3HT-PFTBT
= =PL for P3HT-PEGI-PFTBT
- « PL for P3HT-PEG3-PFTBT ,*
.

Normalized PL Intensity

T T T T
550 600 650 700 750 800
Wavelength (nm)

FIGURE 3. Photoluminescence (PL) quenching
for P3HT-PFTBT, P3HT-OEG1-PFTBT and P3HT-
OEG3-PFTBT with excitation at 470 nm and
normalized by the absorbance at 470 nm.

Energy and charge transfer processes at the
interface were probed through
photoluminescence quenching measurements.
Block copolymers at a concentration of 2 mg/ml
in chlorobenzene were spin-cast on a glass
substrate, and photoluminescence data for
each block copolymer were acquired at a fixed
excitation wavelength of 470 nm and
normalized with respect to the absorbance at
that same wavelength, as shown in Figure 3. PL
for pure P3HT, PFTBT, and ternary blend are
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shown in Figure S22 — 24. A clear trend is
observed where block copolymers with shorter
linking groups exhibit stronger quenching of the
normalized photoluminescence intensity. This
suggests that the incorporation of linking
groups reduces energy and charge transfer
processes at the interface.

~——P3HT-PFTBT
- -P3HT-OEGI-PFTBT

54 - - P3HT-OEG3-PFTBT

Current Density (mA/cmz)

0.0 0.2 04 06 08 1.0
Voltage (V)

FIGURE 4. Typical J-V curves for ternary blend
photovoltaic devices with active layer comprises
P3HT-PFTBT P3HT-OEG1-PFTBT, and P3HT-
OEG3-PFTBT. Mass ratios for P3HT, PCBM and
BCP are fixed at 1:1:0.6
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TABLE 2. Device test results for ternary blend
OPVs with fixed mass ratios of P3HT, PCBM and
BCP or polymer blend at 1:1:0.6 averaged over
five devices.

- PCE  Jic(mA
Activelayer o T VeelV) FF
P3'IF-|eTr-nPaFr::/BT 2.49 8.75 0.66 0.43
+ + + +
blend  (#0:05)  (#0.21) (20.01) (£0.01)
P3HT-OEG1-
PFTBT 129 678 056 029

Ternary (+0.13) (£0.33) (+0.01) (+0.03)
blend
P3HT-OEG3-
PFTBT 1.14 7.13 0.41 0.39
Ternary (x0.06) (+0.45) (+0.02) (+0.01)
blend
0.20 1.08 0.64 0.28
(x0.01) (#0.03) (+0.01) (+0.01)
P3HT-OEG1- 0.14 0.80 0.64 0.26
PFTBT (+t0.01)  (0.03) (#0.01) (+0.01)

P3HT-PFTBT

P3HT-OEG3-  0.04 0.40 0.36 0.30
PFTBT (t0.01) (£0.02) (+0.02) (+0.01)

To understand the impact of the linking group
structure on photovoltaic device performance,
devices with pure BCP active layer and blends of
BCP with P3HT and fullerene were fabricated
and tested. The characteristics of photovoltaic
devices with BCP in the active layer are shown
in Table 2. The best performance is observed
for P3HT-PFTBT material with no linker, but the
efficiencies and currents are too low to draw
strong conclusions across the series of devices.
For further analysis, a series of devices
comprised of ternary blends of BCP with P3HT
homopolymer and PCBM were fabricated and
tested. As shown in Figure 4, this series of
materials exhibits a similar trend, in which the
performance degrades significantly for BCPs
with flexible linkers. Dark currents for each
device in Figure 4 are provided in the
Supporting Information Figures S25 — 27. We
observe a decrease in both the short-circuit
current Jscand open-circuit voltage V., and the
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power conversion efficiency PCE as the length
of the OEG increases.

The results show a decrease in PCE and V. after
insertion of linking group, which is in agreement
with results from PL quenching and shifting.
Since donor and acceptor blocks are the same
in all BCPs, a decrease in Vo, suggests possible
formation of energy barriers or of a low energy
level charge transfer state induced by linking
groups, in which charge transfer in between
donor and acceptors is insulated. The induced
energy barriers can also lead to a mismatch of
the work function between BCPs and charge
transport layers, which would account for the
kink in the current density vs. voltage curves for
P3HT-OEG1-PFTBT and P3HT-OEG3-PFTBT
observed in Figure 4. We also note that a
similar shape in the current-voltage curve has
been observed in previous studies of the same
or similar donor-acceptor blends, which again
suggests a mismatch in the energy levels
between donor and acceptor polymers in this
system?2237,38,

Calculations using density functional theory
(DFT) at the LC-wPBEh/6-31G(d) level were
performed to gain additional insight in
energetics, charge transfer, and polymer
conformation at the donor and acceptor
interface. In this simulation, a model with 12
hexylthiophene  repeat units and 3
dioctylfluorene-co-benzothiadiazol repeat units
was used to simulate the block copolymer
P3HT-PFTBT.

JOURNAL OF POLYMER SCIENCE: PART B: POLYMER PHYSICS 7
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FIGURE 5. Simulated HOMO levels for (a) P3HT-
PFTBT (planar), (b) P3HT-OEG1-PFTBT (planar),
(c) P3HT-OEG1-PFTBT (non-planar) and (d)
P3HT-OEG3-PFTBT (non-planar). Linking groups
are inside the rectangle region. For all cases, the
P3HT fragment is on the left side of the
rectangle region (linker) and the PFTBT is on the
right side of the rectangle.

In order to analyze the energetics and kinetics
of charge and energy transfer at the interface,
the conformation of the polymer blocks at the
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interface was determined through minimization
of the conformational free energy followed by
analysis of the electronic  structure.
Optimizations of molecular structures were first
performed with semi-empirical PM3 method.
Analysis of electronic structure charge transfer
rates was performed with LC-wPBEh/6-31G(d).
The corresponding HOMO orbitals are shown in
Figure 5 (a, c-d). The molecular structure
resulting from optimization shows that P3HT
and PFTBT blocks both have planar
conformations regardless of linker. This is
expected, as there is strong m—m conjugation
within the P3HT and PFTBT fragments. We also
observe that the inter-fragment w—n
conjugation persists in the no-linker polymer
P3HT-PFTBT. Thus, the structure of P3HT-PFTBT
is coplanar with the HOMO strongly delocalized
across junction (Figure 5a).

As for the molecular structure of BCPs with OEG
linker, the OEG fragment is relatively flexible
and breaks the inter-fragment nm—r conjugations
leading to a non-zero dihedral angle between
P3HT and PFTBT planes, shown in Figure 5(c, d).
To investigate whether interruption of inter-
fragment delocalization in the HOMO is caused
by the reduced planarity, we performed a
constrained planar optimization of P3HT-OEG1-
PFTBT in which the dihedral angle between
P3HT and PFTBT was manually set to zero. The
corresponding planar P3HT-OEG1-PFTBT and its
HOMO is shown in Figure 5(b) revealing that
even when P3HT is oriented in-plane with
PFTBT, the m—m conjugation across the junction
can still be disrupted and therefore has a strong
effect on charge transport across junction.

Overall, the OEG linking group serves as an
insulator to reduce overlap of electron density
at the donor and acceptor junction. This is
clearly seen in the simulated HOMO energy
level and the density of states depicted in
Figure 5. The electron density resides mostly in
PFTBT block after insertion of OEG linking group.
This is due to the energy barrier induced by
OEG linking group and is therefore expected to
impede electron transport from P3HT to linker
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and hole transport from PFTBT to linker.
Electron and hole transfer are still available
from donor LUMO+ and acceptor HOMO-
energy levels, but a consequence of twisting at
the interface is a further reduction of energetic
overlap and diminished charge transport
between P3HT and PFTBT blocks.

—a—P3HT-PFTBT

&= P3IHT-OEGI-PFTBT
0.104 P3HT-OEG1-PFTBT Planar
= PIHT-OEG3-PFTBT

0.054

0.00 1=l gl

-0.05

Normalized Charge Intensity

-0.10 4

AR o e L L S
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Monomer Unit

FIGURE 6. Charge distribution along the BCP
chain from Mulliken population analysis. The
P3HT model consists of 12 monomers
numbered from 1 to 12. PFTBT consists of 3
monomers numbered from 14 to 16. The linker
is represented by the gray rectangular block
(unit 13).

Mulliken population analysis was carried out to
further understand the insulation effect of the
linking group at the donor and acceptor
junction.®® This method is used to determine
partial charge distribution on each monomer
unit through linear combination of molecule
orbitals. In our analysis, P3HT monomers are
numbered from 1-12, the linking group is
numbered 13, and PFTBT monomers are
numbered from 14-16, as shown in Figure 6. At
the donor and acceptor interface, insertion of a
linking group creates a negative charge space
polarization on the linker. P3HT and PFTBT
monomer adjacent to the linking group (unit 12
and 14) are both positively charged as a balance
to the negatively charged linking group. This
suggests that the linker affects transport along
the BCP chain by inducing a charge space
separation region and a buildup potential,
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which therefore creates a barrier for electron
transfer from donor to the linking group.

To further analyze the effect of the linking
group at the donor and acceptor interface,
transfer integrals were calculated between
donor and linker, and between linker and
acceptor.®® These quantities are described for
carrier mobility along the backbone of BCP
chain. For example, transfer integrals between
HOMOs of the donor-linker-acceptor describe
the transport of holes across the BCP junction.
Similarly, transfer integrals between LUMOs of
donor-linker-acceptor are directly related to
transport of electrons across BCP junction. The
decomposition of electronic structure on the
HOMOs and LUMOs of donor, acceptor and
linker for P3HT-PFTBT and P3HT-PFTBT is shown
in Figure S28-30. As can be seen, linkers
significantly block transfer of carrier charges
along the BCP chain since their transfer
integrals are not aligned with transfer integrals
in donor and acceptor. Out of all cases, the
effect of blocking is strongest for OEG3 linker,
for which coupling between the LUMO of the
linker and the LUMO of the acceptor is only
0.02 meV, and coupling between HOMO of
donor and HOMO of linker is 1.5 meV. This is
expected since a longer length of OEG has a
stronger insulation in charge transport. The
calculated HOMO and LUMO levels for P3HT,
OEG, and PFTBT blocks suggest that the energy
level of the linking group is not aligned
optimally to facilitate carrier transfer but
instead may insulate charge separation and
transportation at the donor and acceptor
interface.
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TABLE 3. Simulated Vo, separation and recombination energy for block copolymers

Active Layer

Separation Recombination

Separation/

. Simulated V,
Recombination o

(meV) (meV) Ratio (V)

P3HT-PFTBT 3.5x10? 2.6x10* 13 0.64

P3HT-OEG1-PFTBT 1.1 1.2x101 9.0 0.62

P3HT-OEG1-PFTBT 46 23 0.48
(planar)

P3HT-OEG3-PFTBT 1.6x103 9.3x10™* 1.7 0.44

S 1 IO Vopt—bg

|
C

FIGURE 7. Equivalent circuit model for BCP
based photovoltaic cell. R and R, represent
resistance related to interfacial charge
separation and recombination across
heterojunction. R is a serial resistance due to
finite mobilities of carriers during charge
duffusion. Vopreg is optical band gap and V
represents the measured output voltage of
device.

The measured output voltage of the device (V)
is reduced from the optical band gap (difference
between LUMO of acceptor and HOMO of
donor) due to a voltage drop resulting from
charge transfer resistance (Rs), charge

recombination (R,), and the serial resistance (Rs).
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They are related to charge separation, charge
recombination, and intermolecular
transportation respectively. In the case of open
circuit, the serial resistance (R;) is infinite and
voltage drop between points S and O is zero.
Thus the measured output voltage V is the same
as that measured between points O and C. In
the equivalent circuit model, the open circuit
Vopt—bg
14+Rct/Ro’
Since R, and R are inversely proportional to
interfacial separation and recombination energy,
we get the relationship equation which leads to
a simulated V,. for those block copolymers
shown in Table 3. The result suggests that
differences in V,. for pure block copolymer as
active layer can be explained from the ratio of
simulated separation and recombination rates.
This is consistent with experimental results in
Table 2, suggesting that increase in OEG length
will lead to a decrease in V, value.

voltage is therefore given by Vy =

Block copolymers with no linker exhibited the
largest potential, indicating a stronger driving
force for both separation and recombination
when there is no insulating linker between
donor and acceptor blocks. Insertion of a linker
and minimization of the block conformation to
a non-planar orientation leads to a dramatic
reduction in the potentials for both charge
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separation and recombination. The potential for
recombination is much lower than for charge
separation, indicating a potentially favorable
effect on overall photovoltaic efficiency.
Increasing the linker length dramatically
reduces the potential for both separation and
recombination, essentially shutting off charge
transfer across the interface. Finally, inserting a
linker is able to decrease the ratio of charge
separation to recombination at D/A interface,
and therefore decrease the value of V..

CONCLUSIONS

We demonstrated a synthesis method to insert
flexible ethylene and triethylene linking groups
in between the donor and acceptor block
copolymers via GRIM reaction, followed by end
group modification, and completed with Suzuki
Miyaura polymerization. Compared to prior
works, the primary advantage of this synthesis
route is the ability to chemically tune the
structure at the donor and acceptor junction of
conjugated block copolymers. This allows
possible investigation in OPV characteristics of

different linkers at the donor/acceptor interface.

Analysis of fluorescence data indicates the
formation of low energy level charge transfer
state at the junction of the donor and acceptor
block copolymers caused by OEG. This is also
supported by the DFT calculations in that the
OEG linking group serves as a strong insulator
and can decrease both tunneling and
recombination rates between donor and
acceptor polymers. The energies of HOMO and
LUMO levels of the linking group do not align
well with those of the donor and acceptor
blocks. In addition, charge transfer in between
donor and acceptor blocks is sensitive to the
orientation of OEG. For a block copolymer with
a longer linking group, the twisting effect at the
donor and acceptor interface is expected to
further deteriorate OPV performance.

The simulation result of a decrease of V,. with
increase OEG length agrees with solar cell
device tests. Device testing in ternary blends by
mixing the block copolymer with P3HT and
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PCBM exhibited a decrease in PCE, Vo and Js
with increasing length of linkers, which
validates that the insertion of OEG in the block
copolymer can impede charge transfer between
donor and acceptors.

This work indicates that conjugated block
copolymers can serve as a model system for
investigating the effect of the donor/acceptor
interfacial properties applied to macroscale
OPV performance. The capability of linking
groups in tuning electrical properties at the D/A
interface provides us opportunities to seek
linker materials that can improve energy
transfer between donor and acceptor blocks.
Future optimization in linking chemistry should
take both orientation and the charge insulation
effect into account.
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