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ABSTRACT: With the recent remarkable advances in the
efficiency of organic solar cells, the need to distill key structure−
property relationships for semiconducting materials cannot be
understated. The fundamental design criteria based on these
structure−property relationships will help realize low-cost, scalable,
and high-efficiency materials. In this study, we systematically
explore the impact of a variety of functional groups, including
nitrogen heteroatoms, fluorine substituents, and cyano groups, on
benzotriazole (TAZ)-based acceptor moieties that are incorpo-
rated into the conjugated polymers. Specifically, a pyridine
heterocycle was used to replace the benzene unit of TAZ, leading
to the PyTAZ polymer, and a cyano substituent was added to the
benzene of the TAZ unit, resulting in the CNTAZ polymer. The
PyTAZ polymer suffers from low mobility and poor exciton harvesting, driven by large and excessively pure domains when blended
with PCBM. The inclusion of fluorine substituents, placed strategically along the polymer backbone, can mitigate these issues, as
shown with 4FT−PyTAZ. However, when this same approach is used for the cyano-functionalized polymer (CNTAZ), the resulting
polymer (4FT−CNTAZ) is overfunctionalized and suffers from impure domains and recombination issues. The cyano group has a
larger impact on the TAZ core compared to the nitrogen heteroatom due to the strong electron-withdrawing strength of the cyano
group. Because of this, further functionalization of the cyano-based polymers has less fruitful impact on the polymer properties and
results in deterioration of the solar cell efficiency. Overall, this work highlights some of the benefits, thresholds, and limitations for
functionalization of conjugated polymers for organic solar cells.

KEYWORDS: organic photovoltaics, polymer solar cells, cyano substitution, conjugated polymers, nitrogen incorporation,
structure−property relationship, fluorine substitution

1. INTRODUCTION

Organic solar cells (OSCs) based on semiconducting polymers
offer a variety of advantages over traditional solar cell
technologies, including the ability to create semitransparent,
lightweight, and flexible solar panels through low-cost,
solution-based processing.1−7 The efficiency of organic solar
cells is rapidly increasing, mainly driven by the creation of new
materials;8,9 however, the research community has devoted
tremendous amount of efforts toward the structure−property
relationship to make organic solar cells commercially viable by
design.10−15 These relationships include the impact of
chemical structure on both the performance and long-term
stability of the solar cell.16−20 Our research lab, along with
various others across the world, has worked on the synthesis of
a large library of organic semiconducting polymers over the
past decade;1,3,21−23 however, many of these are missing key
polymers to truly distill a complete ensemble of the structure−
property relationships.

One of the key chemical structures that we have worked
extensively on is a benzotriazole (abbreviated as TAZ)
acceptor moiety. The TAZ building block has unique and
highly tunable features that make it appropriate for use in
organic solar cells. For example, solubilizing side chains can be
added selectively on the N-2 position of the triazole, which can
allow for processability without inducing steric hindrance along
the polymer backbone. The 5- and 6-positions (located on the
“bottom” of the benzene farthest from the triazole) can be
functionalized with a wide variety of substituents (such as
fluorine, nitrogen, and cyano), which can further tune the
polymer properties.24 One of our most successful semi-
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conducting materials is a copolymer with a benzodithiophene
(BnDT) donor moiety and a fluorinated benzotriazole
(FTAZ) acceptor moiety.25,26 PBnDT−FTAZ (also commonly
called FTAZ) achieved a high hole mobility on the order of
10−3 cm2 V−1 s−1, and when paired with phenyl-C61-butyric
acid methyl ester (PCBM), the resulting solar cell achieved
over 7% efficiency. More recently with the advent of fused ring
electron acceptors, FTAZ-based solar cells have achieved over
13% efficiency.27,28 A summary of some of the structural
variations of the TAZ core we have reported is shown in Figure
S9, along with the solar cell efficiencies published with
PCBM.24,25,29−36 While we acknowledge that pairing many of
these polymers with fused ring electron acceptors (such as
ITIC37 and Y638) can result in higher performance, this would
increase the number of variables and make distilling mean-
ingful structure−property relationships across publications
difficult. Therefore, this work will only explore fullerene-
based blends; yet, we anticipate that the new polymers
reported here can offer improved efficiencies when paired with
different acceptors. Nevertheless, from our current database of
TAZ-based polymers, there are a series of unanswered
questions that we intend to address in this work.
We recently published a series of TAZ-based polymers with

varying amounts of cyano functionalization (zero = HTAZ,
one = CNTAZ, and two = diCNTAZ).32 Unlike the trends we
see with FTAZ, the addition of a second cyano group
(diCNTAZ) results in a large decrease in the performance. In
that work, we found that this degradation in performance upon
addition of the second cyano group was driven by a decrease in
the hole mobility and purity of domains, along with an increase
in the recombination kinetics. This leads to our first set of
questions: Is this decrease in performance upon further
functionalization of cyano-functionalized polymers unique to
only the cyano group? Or is a single cyano group the optimal
amount of functionalization for the TAZ series?
Furthermore, while we have done a large variety of work

with fluorination, the use of nitrogen heteroatoms was rather
limited. In 2015, our group reported a pyridazine-based
polymer (PrzTAZ); however, the efficiency was low (4.8%)
primarily because of a poor hole mobility and fill factor.24

Interestingly, we also reported a pyridine-based polymer with
an additional cyano substituent (PyCNTAZ), which demon-
strated significantly higher efficiency (7.5%).24 This brings up
the next set of questions: How does the performance of a
pyridine-based TAZ core compare to the benzene- and pyridazine-
based polymers? How does the method of nitrogen incorporation
(i.e., nitrogen heteroatom vs cyano functional group) impact the
polymer properties? Does the PrzTAZ polymer suf fer f rom the
same overfunctionalization issues as diCNTAZ?
And finally, we reported isomers of PBnDT−FTAZ, in

which the fluorine substituents are moved from the TAZ
acceptor moiety to the thiophene linkers connecting the BnDT
and TAZ components (3FT−HTAZ and 4FT−HTAZ).34
These publications have shown promise of fluorinated
thiophene as structural units, but there are limited numbers
of polymers on which they have been included. This leads to
the final question: Can the incorporation of f luorine substituents
on the thiophene linker result in improved solar cell performance
for these new nitrogen-based functionalized acceptor moieties?
Each of these questions can be answered with a specific new

series of conjugated polymers, which are shown in Chart 1.
These include the pyridine-based polymers of PyTAZ and
4FT−PyTAZ and the cyano-functionalized CNTAZ and

4FT−CNTAZ polymers. This series can offer further insight
into the structure−property relationships of TAZ-based
polymers and a deeper understanding to systems with various
different types of functional groups as well as help design new
materials in the future.
To create a detailed structure−property relationship, we

investigated the optical, electrochemical, and photovoltaic
properties of these polymers, and in order to understand the
solar cell device results, we also explored the changes in
morphology, charge-transfer state energy, and charge recombi-
nation dynamics. The PyTAZ polymer has an improved
efficiency when paired with PCBM compared to HTAZ and
PrzTAZ; however, trap-assisted recombination driven by a low
mobility, large domain size, and excessively pure domain purity
holds back the efficiency. The addition of the fluorine
substituent (4FT−PyTAZ) results in a red-shifted UV−vis
absorption and improved mobility. These changes are driven
by the noncovalent intramolecular interactions, which result in
a more planar backbone and closer π−π spacing. For the
cyano-based polymers (CNTAZ and 4FT−CNTAZ), the
stronger electron-withdrawing strength of the cyano group
results in a red-shift and deeper HOMO energy levels.
Furthermore, the cyano modification produced an improved
voltage and current compared to the pyridine-based polymers.
The 4FT−CNTAZ polymer has a decrease in efficiency
compared to CNTAZ, but the magnitude of decrease is much
smaller compared to diCNTAZ. The 4FT−CNTAZ is able to
maintain a high open circuit voltage and hole mobility value,
but a decrease in the domain purity and increase in charge
carrier recombinationgeminate recombination from low
exciton splitting driving forceresult in a loss of the short-
circuit current density and fill factor. Overall, this work
highlights the key structure−property relationships with
regards to nitrogen heteroatoms, cyano, and fluorine functional
groups on TAZ-based semiconducting polymers used in
organic solar cells.

2. RESULTS AND DISCUSSION
2.1. Synthesis. We began with the synthesis of the

acceptor moiety core for both the PyTAZ and CNTAZ, shown
in Scheme 1a. There are three fundamental steps, which

Chart 1. Chemical Structures for the Four Polymers Used in
This Study: PyTAZ, 4FT−PyTAZ, CNTAZ, and 4FT−
CNTAZ
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include (1) bromination of the aromatic core, (2) ring closure
to form the triazole, and (3) addition of the solubilizing side
chain. Normally, a different order is used when synthesizing
TAZ-based monomers, in which bromination is the final step.
For the PyTAZ and CNTAZ cores however, it is important to
brominate prior to forming the triazole, as the electron-
withdrawing nature of the triazole in addition to the new
functional groups significantly increased the difficulty of the
bromination. Specifically, after the triazole is formed (for both
PyTAZ and CNTAZ), we tried a variety of brominating
conditions, including very harsh conditions like refluxing for an
entire week, and there was no appreciable amount of product
formed. Therefore, to circumvent this issue, we used 3,4-
diaminopyridine and 3,4-diaminobenzonitrile (compound 1)
as the starting materials for PyTAZ and CNTAZ, respectively.
The pyridine-based substrate can undergo a straightforward
bromination with hydrobromic acid and liquid bromine.
However, for the cyano-substituted starting material, a more
aggressive oxidative bromination with potassium bromide,
hydrobromic acid, and tert-butyl hydroperoxide is needed to
achieve compound 2. This bromination protocol has been

previously published by us and others.32,39 Following
purification, compound 2 can be cyclized through conventional
triazole chemistry to form compound 3. In the case of the
PyTAZ core, the solubilizing side chain can be added through
a standard alkylation reaction between the triazole and the
brominated side chain; however, this same chemistry resulted
in very poor yields on the CNTAZ substrate. Therefore, in
order to synthesize compound 4 where Y = CN and Z = C, a
Mitsunobu-type reaction was explored. In this reaction, the
alcohol variant of the side chain is added with the assistance of
triphenyl phosphine and diisopropyl azodicarboxylate (DIAD).
Next is the synthesis of the functional thiophene linker

(4FT) for 4FT−PyTAZ and 4FT−CNTAZ. We have
previously published a reaction scheme to a monofluorinated
thiophene linker; however, that chemistry involved extra
synthetic steps including a series of protection and
deprotection reactions for the final compound to be
fluorinated at the 4-position and stannylated at the 2-position.
Furthermore, the starting material must be brominated on the
4-position, which increases the cost of the starting material by
almost double. Here, we report a different synthetic route

Scheme 1. Reaction Scheme for the Synthesis of the (a) Pyridine and Cyano-Based Acceptor Moieties, (b) Fluorinated Linker,
(c) Final Monomers, and (d) Polymerizationa

aSome reaction arrows include various reaction conditions, denoted by the dashed boxes, based on the chemical identity of the starting material.
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(Scheme 1b) to the same product that avoids these
aforementioned issues. Starting with 2,5-dibromothiophene
(compound 5), the first two reactions involve protection of the
2- and 5-positions of the thiophene linker. After 1 equiv of n-
butyl lithium (n-BuLi) followed with chlorotrimethylsilane, the
2-position is protected with the TMS group. The next step
utilizes a halogen dance rearrangement to protect the 5-
position while simultaneously moving the bromine to the 4-
position.40 The choice of lithium diisopropylamide (LDA) as
the nucleophile is important, as it will lithiate the four position
rather than removing the bromine, which is what n-BuLi would
do. As the stability of the 4-position and 5-position of the
thiophene differ, the halogen (bromine) and lithium would
undergo a rearrangement to relocate the anion to the 5-
position, so upon addition of the electrophile/protecting group
of chlorotriisopropylsilane, compound 7 is formed. Compound
8 is formed via electrophilic fluorination with N-fluorobenze-
nesulfonimide (NFSI). In order to increase the yield of this
reaction, n-BuLi and NFSI were added in specific amounts
over time; more details can be found in the Supporting
Information. Finally, the 2-position, which is protected by
TMS, can be selectively brominated and subsequently
stannylated to form compound 10.
The stannylated thiophene linker and the brominated

triazole core then undergo a Stille coupling reaction to form
compound 11, which is the protected form of the final
monomer. For PyTAZ and CNTAZ, there is no protecting
group (i.e., PG = H), and the compound can be directly
brominated. For 4FT−PyTAZ and 4FT−CNTAZ, the TIPS
protecting group needs to first be removed with tetra-n-
butylammonium fluoride (TBAF). The brominating con-
ditions slightly vary for each of the substrates. PyTAZ can be
brominated with N-bromosuccinimide (NBS), while a harsher
reaction with liquid bromine is needed for 4FT−PyTAZ. Both
of the CNTAZ-based compounds can undergo similar NBS
bromination with the assistance of catalytic amounts of acetic
acid. After compound 12 is made, the monomer is recrystal-
lized multiple times to increase the purity to a level appropriate
for polymerization. The BnDT monomer (compound 13) is
synthesized according to previous reports.25

The conjugated polymers (PyTAZ, 4FT−PyTAZ, CNTAZ,
and 4FT−CNTAZ) are made through a microwave-assisted,
step growth, Stille polycondensation polymerization,41 shown
in Scheme 1d. The ratio of compound 12 and compound 13 is
varied to control the molar mass of the polymer through the
Carothers equation. The number average molar mass (Mn) and
dispersity (Đ) of each polymer were measured through high-
temperature gel permeation chromatography (HT-GPC), and
the results are included in Table 1. All four of the resulting

polymers can be dissolved in common solvents used in OSCs,
such as chloroform and chlorobenzene at elevated temper-
atures.

2.2. Optical and Electrochemical Properties. To
investigate the impact of the structural changes on the optical
and electrochemical properties, we first investigated the UV−
vis absorption of the polymers in a solution of 1,2,4-
trichlorobenzene (Figure 1a). The attenuation coefficients
were also measured for thin films of each polymer and are
depicted in Figure 1b; all of the polymers exhibit strong
absorption in the visible region with similar attenuation
coefficients slightly less than 1 × 105 cm−1. The most notable
differences between the four polymers optical properties occur
at the longer wavelength region, which corresponds to the
intramolecular charge-transfer (ICT) formation of the polymer
backbones. Comparatively, the cyano-substituted polymers are
red-shifted to the corresponding pyridine-containing polymers
(CNTAZ vs PyTAZ, 4FT−CNTAZ vs 4FT−PyTAZ), and this
shift is attributed to the stronger ICT formation due to the
higher electron-withdrawing ability of the cyano group. The
maximum absorption wavelengths and the absorption onset
values for each polymer are included in Table 1.
Also, the addition of the fluorine on the thiophene linker

results in a bathochromic shift of the UV−vis absorption by
∼30 nm for both polymer types (CNTAZ vs 4FT−CTAZ,
PyTAZ vs 4FT−PyTAZ). The fluorine induced red-shift is
likely caused by the electron-withdrawing nature of fluorine
coupled with noncovalent intramolecular interactions between
the linker and neighboring core, which lead to a more planar
backbone. There are a variety of reports demonstrating S···F
interactions along the conjugated polymer backbones,42−44 but
we also confirmed this through computational modeling. We
performed density functional theory (DFT) calculations at the
DFT B3LYP/6-311+G(d) level of theory on one repeat unit
for all four polymers, with the side chains reduced to an ethyl
unit to reduce the complexity of the model. The results are
included in Figure S10 along with energy level distributions
(vide inf ra). In the nonfluorinated polymers (PyTAZ and
CNTAZ), the dihedral angle between the BnDT unit and the
thiophene linker is ∼12°; upon addition of the fluorine, that
same dihedral angle is drastically reduced toward zero. There
are additional noncovalent planarizing interactions present in
the PyTAZ series in the form of N···S interaction between the
pyridine and neighboring thiophene. When Z = C (i.e.,
benzene core), the dihedral angle between the TAZ core and
thiophene linker is around 2−3°, and when the carbon is
replaced with a nitrogen to form the pyridine core, that same
angle is reduced to 0°. A final note with the modeling involves
the impact of the cyano substituent; while the cyano group is a

Table 1. Molar Mass, Optical, and Electrochemical Properties of the Three Polymers

polymer Mn (kg/mol) Đ λmax,sol (nm) λmax,film (nm) λonset (nm) HOMOa (eV) LUMOb (eV) optical Egap
c (eV)

PyTAZ 34.3 2.6 550 549 639 −5.48 −3.54 1.94
591 594

4FT−PyTAZ 26.6 2.5 563 559 666 −5.64 −3.78 1.86
606 607

CNTAZ 44.7 2.4 564 565 664 −5.60 −3.72 1.87
603 605

4FT−CNTAZ 39.2 2.0 583 583 693 −5.66 −3.87 1.79
623 625

aHOMO levels were estimated by cyclic voltammetry. bLUMO = HOMO + optical band gap. cOptical band gap was estimated from the onset of
absorption of polymer films.
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very strong electron-withdrawing group, it is also bulkier than
fluorine and increases the twisting of the backbone. The
dihedral angle of the CNTAZ and 4FT−CNTAZ polymers
about the cyano group increases from 2−3 to ∼30° for both
polymers. Fortunately, this steric impact does not negatively
affect the mobility of the polymer, which is measured directly
through space charge limited current (SCLC) measurements
(Table 2).
Additionally, the UV−vis absorption spectra of the polymers

in solution at room temperature are nearly identical to those of
the thin film, which suggests that the polymer chains are
already aggregated in the solution. The aggregation behavior of
the polymers was also measured through temperature-depend-
ent UV−vis absorption spectra in 1,2,4-trichlorobenzene
between 20 and 120 °C (Figure S11). The most notable
difference between the spectra of the four polymers is the
change in aggregation strength upon fluorination. While
PyTAZ (Figure S11a) and CNTAZ (Figure S11c) exhibit a
complete loss of the far wavelength shoulder at elevated
temperatures, 4FT−CNTAZ (Figure S11d) still includes the
aggregation shoulder. This aligns with the modeling results, as
the more planar backbones will have stronger interactions and
thus aggregate.
Finally, the electrochemical properties of the four polymers

were measured through cyclic voltammetry (CV). A thin
polymer film was deposited onto a glassy carbon working
electrode, and the CV measurements were taken through a
three-electrode configuration with the aforementioned working
electrode, a Ag/Ag+ reference electrode, and a platinum

counter electrode. The oxidation and reduction peaks for the
three polymers are depicted in Figure 1c. The HOMO levels
are estimated from the oxidation onset peak, in reference to a
ferrocene/ferrocenium peak. The LUMO energy levels are
estimated for each polymer through the optical band gap
measured from the absorption onset of the UV−vis spectra and
the HOMO. The DFT calculations also produce a value for the
HOMO and LUMO energy values, which are included in
Figure S10. Compared with the experimentally determined
values, the values of energy levels from the calculations are all
systematically shifted based on the assumptions made in the
modeling; however, the same trends are seen among all four of
the polymers. The corresponding highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energy levels for each polymer are shown in Figure
1d.
The CNTAZ HOMO energy level is 0.12 eV deeper than

PyTAZ, because the cyano group is a stronger electron-
withdrawing group, which is also consistent with the UV−vis
results. This is advantageous as the open circuit voltage (VOC)
is generally related to the energy difference between the
LUMO of the acceptor (i.e., PCBM) and the HOMO of the
donor polymer. Therefore, the CNTAZ-based polymers should
exhibit an improved VOC compared to the PyTAZ series. Next,
when fluorine substituents are added to the polymer, the
HOMO energy is also lowered from the electron-withdrawing
nature of fluorine; however, the impact on the 4FT−PyTAZ
polymer is different than on 4FT−CNTAZ. Between PyTAZ
and 4FT−PyTAZ, there is a 0.16 eV decrease in the HOMO

Figure 1. (a) Solution UV−vis for PyTAZ, 4FT−PyTAZ, CNTAZ, and 4FT−CNTAZ in trichlorobenzene, (b) thickness-normalized attenuation
coefficient of thin polymer films measured via UV−vis, (c) cyclic voltammetry of polymer think films, and (d) resulting HOMO/LUMO energy
level diagram for each polymer and PCBM.
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energy level upon fluorination, but on the cyano series, this
change in only 0.06 eV. This trend is consistent with our
previous report, where we investigated cyano substitution; the
addition of a second cyano group to form diCNTAZ only
lowers the HOMO energy level by 0.02 eV.32 This diminishing
return upon further functionalization occurs because while the
substituent is electron-withdrawing, the acceptor moiety is
already heavily electron-deficient, and the net impact of further
functionalization is minimal.
2.3. Photovoltaic Properties. Next, these newly synthe-

sized polymers were incorporated into bulk heterojunction
(BHJ) solar cells with a conventional configuration of indium
doped tin oxide (ITO)/copper(I) thiocyanate (CuSCN)/
polymer:PCBM/PFN/aluminum, where PFN stands for poly-
[(9,9-bis(3′-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-
2,7-(9,9-dioctylfluorene)].45 The active layer consisted of a 1:2
weight ratio of polymer:PCBM, and the thickness was kept to
∼260 nm for all devices reported herein. The hole transport
layer of CuSCN was selected because of the deep HOMO
energy levels of the cyano-functionalized polymers.46 A
representative current density (J) vs voltage (V) response for
each solar cell is presented in Figure 2a. Similarly, the device
characteristics of short-circuit current density (JSC), open
circuit voltage (VOC), fill factor (FF), and power conversation
efficiency (PCE) are summarized in Table 2, where each entry
is the average of at least eight solar cells.
With regards to the structure−property relationship, the first

clear trend is with VOC. Comparing the VOC values for PyTAZ
(0.809 V) and CNTAZ (0.926 V) polymers, the stronger
electron-withdrawing strength from the cyano group results in
a deeper HOMO energy level and thus a higher VOC. Similarly,
with the fluorine impact, the VOC increases between PyTAZ
and 4FT−PyTAZ (0.809 to 0.872 V) and from CNTAZ to
4FT−CNTAZ (0.926 to 0.961 V). This is also consistent with
the electrochemical properties highlighted previously, includ-
ing the diminishing returns of further fluorination on flanking
thiophenes (4FT) on the CNTAZ substrate compared to
PyTAZ (0.06 V increase in the case of PyTAZ compared to
0.03 V for CNTAZ). While the electrochemical and photo-
voltaic properties present an overview, a more detailed
investigation including measurements of the charge-transfer

(CT) state and VOC loss of each blend was conducted (vide
inf ra, Section 2.5).
Comparatively, the trends with JSC are not as obvious. The

addition of fluorine substituent in the form of 4FT to the
PyTAZ core increases the current density (11.36 to 11.85 mA/
cm2 for 4FT−PyTAZ), which is a trend previously
demonstrated with fluorination.34 This increase in JSC can be
explained by the red-shift in absorption allowing for a wider
range of photon harvesting coupled with the increase in hole
mobility offered from the more planar backbone. The red-shift
is also clear on the incident photon to charge carrier efficiency
(IPCE) plot in Figure 2b. The CNTAZ exhibits the largest JSC
value of 13.82 mA/cm2; however, upon addition of the fluorine
substituent, although the absorption red-shifts and the hole
mobility is maintained, the 4FT−CNTAZ has a lower JSC of
only 12.63 mA/cm2. This result dictates a further investigation
to understand the loss mechanism for the current density in
the 4FT−CNTAZ. Based on our previous results with
diCNTAZ (benzotriazole core functionalized with two cyano
groups), the addition of the second cyano group resulted in a
degradation in device performance compared to CNTAZ,
which was driven by a decrease in hole mobility, poor domain
purity, and an increase in recombination kinetics.32 Interest-
ingly, the hole mobility of 4FT−CNTAZ is actually marginally
improved compared to that of CNTAZ. Therefore, the
investigation was first to be directed to morphology (vide
inf ra, Section 2.4) and then to the charge recombination
dynamics (vide inf ra, Section 2.6).
As mentioned previously, the inclusion of two cyano groups

in diCNTAZ resulted in poor domain purity compared to
CNTAZ, and this unfavorable morphology resulted in a lower
FF.32 Similarly, further functionalization of CNTAZ with
fluorinated thiophene linkers (4FT) also decreases the FF from
66.2% for CNTAZ to 57.4% for 4FT−CNTAZ. When looking
at the FF for the PyTAZ series, a similar effect, with less
magnitude, is observed when comparing PyTAZ (65.0%) and
4FT−PyTAZ (62.4%). To confirm that the decrease in FF is
from a morphological change, the morphology of each blend
was explored (vide inf ra, Section 2.4).
Altogether, the combination of the VOC, JSC, and FF make up

the PCE of the solar cell. Of the four polymers reported here,
the PyTAZ exhibits the lowest efficiency of 5.98%. However,

Table 2. Photovoltaic Properties of the Various Polymer:PCBM Solar Cells

polymer JSC (mA/cm2) VOC (V) FF (%) PCE (%) hole mobility (×10−3 cm2/V·s)

PyTAZ 11.36 ± 0.49 0.809 ± 0.002 65.0 ± 0.8 5.98 ± 0.30 0.39
4FT−PyTAZ 11.85 ± 0.32 0.872 ± 0.001 62.4 ± 1.3 6.44 ± 0.23 0.56
CNTAZ 13.82 ± 0.32 0.926 ± 0.004 66.2 ± 1.0 8.48 ± 0.32 1.04
4FT−CNTAZ 12.63 ± 0.63 0.961 ± 0.001 57.4 ± 2.5 6.96 ± 0.18 1.08

Figure 2. (a) Representative J−V curve and (b) IPCE curves of each OSC device.
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compared to the unfunctionalized HTAZ (X = Y = H and Z =
C) polymer, which has an efficiency of 4.39%,25,35 the
inclusion of the nitrogen heteroatom notably improved the
efficiency. This increase in efficiency is driven by an increase in
VOC, JSC, and FF, which highlights the value of the nitrogen
heteroatom. Further functionalization of PyTAZ with fluori-
nated thiophene units (4FT) improved the JSC and VOC, and
while there was a loss in FF, the overall efficiency of 4FT−
PyTAZ is improved to 6.44%. Instead of incorporating the
nitrogen group as a heteroatom, the stronger electron-
withdrawing cyano group can achieve an even larger efficiency,
with an average efficiency of 8.48% for CNTAZ. Further
functionalization beyond one cyano group results in a
degradation of performance. While 4FT−CNTAZ has an
improved VOC, the loss in JSC and FF results in a net lowering
of the efficiency to 6.96%. As mentioned previously, to gain a
more in-depth understanding of the structure−property
relationship for this series of polymers, the morphology,
charge-transfer energy, and charge recombination dynamics
need to be explored.
2.4. Morphology and Fill Factor. The morphology of the

active layer can be probed via synchrotron-radiation-based
grazing incident wide-angle X-ray scattering (GIWAXS)47 and
resonant soft X-ray scattering (RSoXS).48 We first utilized
GIWAXS to investigate the texture and packing of the
polymers in both neat films (Figure 3) and blends with
PCBM (Figure S12). First, all four neat polymers have some
degree of preferential orientation. While all polymers exhibit a
(010) π−π stacking of peaks in the out-of-plane (OOP)
direction, the strength of the (100) lamellar peaks in the in-
plane (IP) direction varies. A quantitative analysis would
require pole-figure analysis taking the Ewald sphere correction
into account. Qualitatively, 4FT−PyTAZ and 4FT−CNTAZ
have the strongest face-on orientation, likely driven by the
fluorine substituents. CNTAZ has both face-on and edge-on
populations, with a larger population of the face-on

orientation. Finally, PyTAZ is the most weakly oriented.
Face-on morphological arrangement is often beneficial to
charge transport in OSCs,49−51 which is also consistent with
the higher mobility upon fluorination. There is also a trend in
the π−π spacing upon fluorination; the 4FT−PyTAZ and
4FT−CNTAZ have (010) peaks in the OOP direction at
higher q values than PyTAZ and CNTAZ. The larger
reciprocal space values result in a smaller real space distances;
thus, the fluorine substituent (i.e., 4FT) decreases the π−π
stacking for both PyTAZ (3.85 to 3.70 Å) and CNTAZ (3.80
to 3.66 Å) series. This trend is also in good agreement with the
computational and UV−vis results that suggest the fluorine can
help planarize the backbone and allow for closer and stronger
interactions between polymers. However, none of the polymers
are semicrystalline (as processed) as the coherence lengths of
the (010) peaks of the polymers, estimated from the Scherrer’s
equation, are similar and small (∼2 nm), and the paracrystal-
line disorder parameter (g) is consistently high (∼17%) for all
polymers, above the g-value of 12% of amorphous silicon.52−54

When the various polymers were blended with PCBM to
form the BHJ morphology, some of the differences are lost and
characteristics are altered. The GIWAXS patterns (Figure S12)
for the blend films show relative diffuse halos of both the
PCBM and polymer diffraction features that cover both the
OOP and IP directions, which represents a completely
amorphous morphology. This is particularly the case for 4F-
PyTAZ and 4F-CNTAZ with strong rings for (100) and (010),
indicating a three-dimensional isotropic amorphous material.
In contrast, PyTAZ and CNTAZ have simultaneously
enhanced intensities for the (010) and (100) peaks, indicating
a two-dimensional isotropic powder (“rolling log”) with the
polymer backbone preferentially in-plane but no other
preferred orientation. The g-value of ∼13% for each polymer
also supports the disordered morphology. GIWAXS detects
only the molecular packing of the samples, and if the neat films
have poor packing, blending with a second component (i.e.,

Figure 3. 2D GIWAXS patterns of neat films of (a) PyTAZ, (b) 4FT−PyTAZ, (c) CNTAZ, and (d) 4FT−CNTAZ. (e) 1D profiles for both in-
plane (dashed) and out-of-plane (solid) directions.
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PCBM) would normally worsen the packing. Therefore,
RSoXS is used to better probe the blend film morphology
(Figure S13).48,55 The long periods (related to domain
spacing) of the polymer:PCBM blends are generally similar
for both CNTAZ and 4FT−CNTAZ (27.2 and 29.5 nm,
respectively). The 4FT−PyTAZ:PCBM has two peaks that
correspond to the pure acceptor phase and the mixed polymer
phase (83.7 and 25 nm). Finally, the PyTAZ has a much larger
domain with the long period of 49.8 nm, which can cause
issues with charge separation.
The relative root-mean-square (RMS) variation of the

composition is proportional to the integral of the scattering
profiles over the length scale probed and is a widely used
indicator related to the average domain purity of the OPV
blends.55,56 Domain purity is typically reflected in the FF value;
impure domains lead to bimolecular recombination, and
excessively pure domains can lead to isolated charge
traps.57−61 Of the four polymer blends measured here,
PyTAZ:PCBM has the purest domain. The combination of
the large domain size and excessively pure domain results in
reduced efficiency of exciton harvesting, which explains why
PyTAZ:PCBM has the lowest JSC. The mechanism for this loss
is presumably due to isolated charge traps based on the
morphology; this will be further explored in the charge
recombination dynamics section (vide inf ra, Section 2.6). Also,
the 4FT−CNTAZ:PCBM blend has the most impure domain,
which can explain the FF loss in the case of 4FT-CNTAZ
when comparing CNTAZ and 4FT−CNTAZ. The molecular
packing and morphological data from GIWAXS and RSoXS are
summarized in Table 3.
2.5. CT State and VOC Loss. While VOC trends can be

predicted by the difference in the HOMO energy levels of the
polymers, it is generally accepted that the VOC is primarily
determined by the energy of the interfacial charge-transfer
(CT) state of the donor and the acceptor materials.62−64

Vandewal and co-workers demonstrated that the CT state has
a more direct relationship with VOC through eq 1.65 Based on
that same work, though less rigorous, the CT state (ECT) can
be estimated by fitting high-sensitivity EQE measurements
with eq 2.65 High-sensitivity EQE measurements and curve
fittings for all four polymers can be found in Figure S14.
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Once the CT state is known, the mechanism for the VOC can
also be narrowed down. For example, the loss from
nongeminate recombination can be found by finding the
difference between the CT state energy and the VOC (i.e., ECT
− eVOC).

66 Furthermore, another significant loss mechanism
comes from the exciton splitting energy (also referred to as the
charge separation energy), which is described as the difference
between the optical band gap (PCBM in this case) and the
charge-transfer state (Eopt − ECT).

66 Table 4 highlights these
calculations detailing each of these loss mechanisms.
Similar to the claims made previously with regards to the

HOMO energy levels, the cyano groups have a stronger
electron-withdrawing strength and therefore lower the HOMO
energy of the resulting polymer. The lower HOMO energy
level results in a CT state higher than the PyTAZ-based
polymers. The addition of the fluorine to the thiophene linker
also raises the CT state energy; however, the impact on the
PyTAZ polymer backbone is much larger than on CNTAZ
(0.16 vs 0.03 eV), which again shows the diminishing returns
on further functionalizing the CNTAZ polymer backbone.
Typical organic solar cells have similar nongeminate

recombination values with loss values in the 0.5−0.7 eV
range, which also holds true for the four polymers reported
here. Furthermore, all of the blends have a VOC loss to
nongeminate recombination (ECT − eVOC) of ∼0.65 eV except
for PyTAZ:PCBM, which is 0.1 eV lower. On the other hand,
the required energy to split the exciton was estimated using
(Eopt − ECT). The cyano and fluorine substituents of 4FT−
CNTAZ resulted in a polymer with a very low driving force for
exciton splitting. While there have been recent reports with
polymer blends that have both low exciton splitting energy and
high exciton splitting efficiency, the lower driving force can
result in increased geminate recombination and cause the
decrease in JSC.

26,67 This is likely the case for the JSC loss in

Table 3. Morphological Features of Polymer Films and Polymer:PCBM Blends

polymer
(010) peak locationa

(Å−1)
π−π stacking distancea

(Å)
(010) peak coherence lengtha

(Å)
long periodb

(nm)
relative RMS composition

variationc

PyTAZ 1.63/1.68 3.85/3.74 14.7/45.2 49.8 1.00
4FT−PyTAZ 1.70/1.65 3.70/3.81 27.0/30.9 83.7/25.0 0.76
CNTAZ 1.65/1.62 3.80/3.87 17.0/34.2 27.2 0.77
4FT−CNTAZ 1.72/1.66 3.66/3.79 17.4/31.9 29.5 0.62
aIn the format of a neat polymer/blend film. bApproximately equal to the spacing of like domains and roughly twice the domain size. cFormerly
referred to as “relative domain purity”, an imprecise notation.

Table 4. CT State Energy and the Voc Loss of the Devices

polymer VOC (V) Eopt
a (eV) ECT (eV) ECT − eVOC (eV) Eopt − ECT (eV) total loss (eV)

PyTAZ 0.81 1.66 1.36 0.55 0.30 0.85
4FT−PyTAZ 0.87 1.66 1.52 0.65 0.14 0.79
CNTAZ 0.93 1.66 1.56 0.63 0.10 0.73
4FT−CNTAZ 0.96 1.66 1.59 0.63 0.07 0.70

aThe smaller optical band gap (Eopt) of the two components, which is PCBM, is used.
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4FT−CNTAZ, which is also consistent with the trends seen in
CNTAZ vs diCNTAZ.
2.6. Charge Recombination Dynamics. Finally, the

mechanism for charge recombination was investigated through
measuring J−V characteristics as a function of incident light
intensity. It has been previously found that the slope of the
log−log plot of JSC vs light intensity can indicate the strength
of bimolecular recombination under short-circuit conditions
because of the power law dependence of JSC on light
intensity.68−70 As shown in Figure 4a, the slopes (α) for all
four polymer blends are similar and close to 1. While the JSC
dependence does not yield any differences, the polymers
blends have a very different response from the VOC
dependence.
In a semilog plot of VOC vs light intensity (Figure 4b), the

value of the slope (factored into β with kbT/q) can provide
what type of recombination is the major loss mechanism under
open-circuit conditions. A β = 2 indicates that trap-assisted
recombination is the dominant recombination mechanism,
while β < 1 signifies that surface recombination is
prevalent.71,72 PyTAZ:PCBM has the largest value (β =
1.48), which indicates an increase of trap-assisted recombina-
tion. This is consistent with the morphological data, which
showed the PyTAZ:PCBM blends have the large and
excessively pure domains, which can lead to isolated traps.54

The addition of the fluorinated thiophene linker can help
reduce the amount of trap-assisted recombination through a
combination of a higher mobility, smaller domain size, and
more appropriate domain purity. On the other hand, with β
values close to 1, the cyano-functionalized polymers of
CNTAZ and 4FT−CNTAZ do not appear to suffer from
trap-assisted recombination, which results in the higher PCE.

3. CONCLUSION

In this study, we systematically explored various functionaliza-
tion approaches on TAZ-based conjugated polymers that are
used for organic solar cells. These approaches included the
addition of nitrogen heteroatoms, fluorine substituents, and
cyano groups along the polymer backbone. The Py-
TAZ:PCBM blend had the worst performance of the four
blends presented here. The weaker electronic effects of the
nitrogen heteroatom limited the VOC, and trap-assisted
recombination led to the lower JSC. The cause for the trap-
assisted recombination originated from a lower hole mobility
and a morphology of large and excessively pure domains.
Including a fluorine substituent on the thiophene linkers of
PyTAZ mitigated some of these issues and increased the solar
cell efficiency. More specifically, the electron-withdrawing

nature of the fluorine atom can tune the energy levels and
result in a higher VOC; furthermore, with a more planar
backbone, 4FT−PyTAZ has a red-shift in absorption and
higher mobility, which can boost the JSC.
As an alternative approach to incorporate nitrogen into the

TAZ-based polymers, a cyano substituent can also be utilized.
CNTAZ had the highest performance driven by the impact of
the strong cyano electron-withdrawing group. In a hope to
further improve the efficiency of the cyano-based polymers, the
same fluorine approach was also explored to make 4FT−
CNTAZ. While the VOC showed improvements, our data show
that the combination of two fluorines and one cyano per
polymer repeat unit results in overfunctionalization of the
polymer. Specifically, the 4FT−CNTAZ polymer has the
lowest driving force for exciton splitting, which can result in
geminate recombination; furthermore, the 4FT−
CNTAZ:PCBM blends have impure domains, which result in
FF loss. It is likely that one CN substituent is close to the
optimal functionalization for TAZ-based polymers, since
adding one additional CN was also detrimental to the device
performance as previously reported by us with the diCNTAZ
polymer. However, the field of cyano-based conjugated
polymers is in its infancy compared to those of other
functional groups like fluorine. Furthermore, there are even
fewer reports that explore cyano-functionalized polymers with
non-fullerene acceptors, and as non-fullerene acceptors have
recently demonstrated remarkable efficiencies, a natural
transition toward future improvement of these polymers
involves pairing with appropriate non-fullerene acceptors. We
anticipate that cyano-substituted polymers might offer
excellent efficiencies when paired with non-fullerene acceptors
and continue to push polymer solar cells toward commerci-
alization.
Overall, this work contributes to the larger understanding of

the structure−property relationships on TAZ-based polymers
and also demonstrates the thresholds for functionalization.
While using electron-withdrawing groups can offer great
improvements in the solar cell efficiency, thresholds exist
that can result in overfunctionalization and degradation in
performance. Finally, non-fullerene acceptor blends that
include cyano-functionalized polymers may offer a promising
future direction of exploration of new high-efficiency organic
solar cells.
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Figure 4. Light intensity measurements for (a) log−log fitting of JSC vs light intensity and (b) semilog fitting of VOC vs light intensity.
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