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y, synthesis, spectroscopy and
device efficiency to design and characterize donor
materials for organic photovoltaics: a case study
including 12 donors†

S. D. Oosterhout,a N. Kopidakis,*a Z. R. Owczarczyk,a W. A. Braunecker,a R. E. Larsen,a

E. L. Ratcliffb and D. C. Olsona

The remarkable improvements in the power conversion efficiency of solution-processable Organic

Photovoltaics (OPV) have largely been driven by the development of novel narrow bandgap copolymer

donors comprising an electron-donating (D) and an electron-withdrawing (A) group within the repeat

unit. Given the large pool of potential D and A units and the laborious processes of chemical synthesis

and device optimization, progress on new high efficiency materials can, and has been, slow with a few

new efficient copolymers reported every year despite the large number of groups pursuing these

materials. In this paper we present an integrated approach toward new narrow bandgap copolymers that

uses theory to guide the selection of materials to be synthesized based on their predicted energy levels,

and time-resolved microwave conductivity (TRMC) to select the best-performing copolymer–fullerene

bulk heterojunction to be incorporated into complete OPV devices. We validate our methodology by

using a diverse group of 12 copolymers, including new and literature materials, to demonstrate good

correlation between (a) theoretically determined energy levels of polymers and experimentally

determined ionization energies and electron affinities and (b) photoconductance, measured by TRMC,

and OPV device performance. The materials used here also allow us to explore whether further

copolymer design rules need to be incorporated into our methodology for materials selection. For

example, we explore the effect of the enthalpy change (DH) during exciton dissociation on the efficiency

of free charge carrier generation and device efficiency and find that DH of �0.4 eV is sufficient for

efficient charge generation.
Introduction

Solution processed organic photovoltaics (OPV) provide an
attractive approach for the conversion of solar energy to elec-
tricity, with high power conversion efficiencies up to 11% (ref.
1–6) recently achieved in single-junction devices. These
devices utilize a polymer electron donor interfaced with a
fullerene electron acceptor to efficiently separate photo-
generated excitons into free carriers at the heterojunction.
“Push–pull” copolymers, where electron donating (D) and
electron withdrawing (A) monomer units are alternating along
the polymer backbone, have been the main driver of the steady
increase of power conversion efficiency and are widely
considered state of the art for OPV donors. These copolymers
5013 Denver West Parkway, Golden, CO
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hemistry 2015
allow for ne-tuning of many variables with synthetic modi-
cations to the individual components, even though it is not
always possible to predict the effect of a particular modica-
tion of the D or A unit to the properties of the polymer and,
ultimately, to the nal device efficiency. When considering the
choice of copolymer material, there are various design
parameters that inuence the desired electronic properties.
These parameters typically include (1) the optical bandgap of
the polymer, which controls the absorption overlap with the
solar spectrum;5,7 (2) the Ionization Energy (IE) of the polymer
in the solid state, which inuences the voltage output of the
device;7 (3) the change in energy from the photoexcited exciton
to free carriers, usually described as a change in Gibbs energy
(DG),7–10 which affects the efficiency of the charge separation
process as well as the voltage output of the device;8,11 (4) the
side-chains on the backbone of the polymer, which inuence
solubility in different solvents, polymer stacking behavior in
thin lms, polymer–fullerene intercalation and nanoscale
morphologies;12–15 and (5) molecular weight, which can inu-
ence transport, stacking, and morphology.16–18
J. Mater. Chem. A, 2015, 3, 9777–9788 | 9777
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Given the enormous number of structures that can be envi-
sioned for this one subcategory of OPV materials development,
and accounting for the actual time it takes to synthesize these
materials, polymer synthesis is one major bottleneck in the
materials development process. Here we demonstrate that
theory can be used to predict design parameters 1 and 2 above,
therefore it can provide valuable guidance to choosing copol-
ymer structures for efficient OPV devices. A second major
bottleneck is the optimization of the devices, which is further
affected by interfacial transport layers, charge collection at the
electrodes, etc.19 Additionally, we show that contactless photo-
conductivity measurements in 5 ns–500 ns time scales can be
used to select the most promising copolymers for device opti-
mization. We recently reported on this methodology as a
strategy to dramatically accelerate the materials development
process for OPV polymers, focusing on a new class of push–pull
copolymers based on a cyclopenta[c]thiophene-4,6-dione (CTD)
electron withdrawing unit, shown in Fig. 1.20 Our approach
comprised the following steps: (i) quantum chemical calcula-
tions were used to test suitable functionalization of the CTD
electron withdrawing unit and appropriate electron donating
units to predict push–pull copolymers with desired optoelec-
tronic properties (optical bandgap and ionization energy); (ii)
target polymers based on chemical intuition and guidance from
the aforementioned calculations were synthesized; (iii) the
contactless Flash-Photolysis Time-Resolved Microwave
Conductivity (TRMC) method was then used to determine the
ability of the polymer to generate long-lived (ns time scales) free
charge carriers under illumination in a bulk heterojunction
thin lm; and (iv) fabrication and optimization of OPV devices
was carried out. The use of quantum chemical calculations as a
design and evaluation tool aims to address the synthetic
bottleneck by focusing synthetic efforts on only the most
promising materials. The use of the contactless TRMC probe
aims to address the device optimization bottleneck by focusing
device optimization efforts only on blends with intrinsically
high carrier yields and/or mobilities.
Fig. 1 Structures of monomers employed in synthesis.

9778 | J. Mater. Chem. A, 2015, 3, 9777–9788
The purpose of the methodology described above is to
provide a “ow chart” for the development of new OPV donors
that can accelerate the discovery of new materials for higher
efficiency devices. This, however, requires a larger-scale vali-
dation of (a) the theoretical prediction of the polymer energy
levels and (b) TRMC as a tool for selection of the most efficient
active layers for device optimization. In this work we demon-
strate the validity of our approach by investigating 9 new and 3
literature polymers. The new materials include a family of new
push–pull copolymers based on cyclopenta[c]thiophene-
4,6-dione (CTD) and benzodithiophene (BDT), where we exploit
the ease of synthetic functionalization of the CTD to produce
new BDT–CTD copolymers (Scheme 1) with varying absorption
onsets and energy levels. Further variation of the copolymers
was achieved by conguring polymer backbones in the
donating–withdrawing (D–A) (BDT–CTD) and D–D–A (bis-BDT–
CTD, denoted BBDT–CTD) conguration. Utilizing the BBDT
unit increased solubility of certain CTD-functionalized poly-
mers, which in our previous work limited our ability to draw
correlations in energetics due to the propensity of certain
polymers to aggregate. We also include three commercially
available donors (PTB7,21 BDT–TPD,22 and P3HT23) as references
to validate our methodologies, for a total of 12 different donor
materials. Previously, correlations between DFT-predicted
orbital energies and experimental quantities have been
demonstrated for small molecular units24 but our current
results provide validation of our general approach of using
computational evaluation of polymeric materials before
undertaking synthesis. We demonstrate good correlation
between theoretically calculated energy levels of polymers, and
experimentally determined ionization energies and electron
affinities. Photoinduced carrier generation, probed by TRMC,
also shows good correlation with device performance. These
results demonstrate the validity of our design methodology and
pave the way for its use for the accelerated design of new poly-
mers donors for OPV.
Scheme 1 Synthesis and structures of CTD and TPD-based copoly-
mers. Reagents and conditions: (i) cat. Pd2(dba)3/P(o-tolyl)3, chloro-
benzene, 110 �C, 48 h; (ii) Pd2(dba)3/P(o-tolyl)3, cat. ZnCl2,
chlorobenzene, 90 �C, 6 h; (iii) end-capping with 2-(tributylstannyl)
thiophene followed by 2-bromothiophene.

This journal is © The Royal Society of Chemistry 2015
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Finally, the information on the optical bandgap, energy
levels and photophysics for all materials studied here allow us
to seek further renement of our materials design method-
ology. Here we also address an important parameter pertaining
to OPV materials design, namely the change in enthalpy (DH)
during exciton dissociation to free charges, whose importance
is still unresolved.8,19,25,26,54 We conclude that DH as low as
�0.4 eV does not limit charge generation efficiency, which
suggests that high open circuit voltages (Voc) need not be
exclusive to high band gap polymers (>1.8 eV). In fact, one of the
materials we present in this study achieves Voc ¼ 0.95 V with an
optical bandgap of 1.64 eV.

The paper is structured as follows: we rst discuss the
synthesis and characterization of the materials that are the test
beds for this study. We then compare experimental optical
bandgap and energy level values to those predicted from theory
on these structures. Finally, we present TRMC results and their
correlation to device performance and conclude with a set of
simple design rules to select materials from theory to synthesis
and from TRMC to device optimization.
Results and discussion
Materials synthesis and characterization

In this work, CTD(CN), CTD(F), CTD(H) and CTD(Me) are
copolymerized with BDT and BBDT. As shown in our previous
publication, Poly-BDT–CTD(F) (P-BDT–CTD(F)) and P-BDT–
CTD(H) are insoluble in common organic solvents.20 However,
by copolymerizing CTD(F) and CTD(H) with BBDT (Scheme 1),
signicantly more soluble materials were obtained, permitting
us to obtain a systematic trend in optoelectronic properties with
hydrogen, methyl, uorine, and cyanomethyl-substituted CTD
units (Fig. 1). Moreover, the switch from the D–A (BDT–CTD)
comonomer to a D–D–A (BBDT–CTD) comonomer also shis
the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) levels closer to vacuum,
and changes the optical band gap, as described below. We also
Table 1 Number-average molecular weight (Mn), polydispersity index
defined as where the absorption is 10% of themaximum absorption on the
of states (ionization energy, IE, measured via UPS) of the polymers studie
the polymers that showed a good prospect for device performance (TR

Polymer Mn (kDa) PDI
lmax

(nm) (calc)
lm
(nm

P-BDT–CTD(CN) 10 1.5 785 681
P-BDT–CTD(F)a — — 795 —
P-BDT–CTD(H)a — — 738 —
P-BDT–CTD(Me) 84 3.0 737 646
P-BDT–TPD 46 2.2 670 632
P-BBDT–CTD(CN) 10 1.5 737 650
P-BBDT–CTD(F) 25 4.5 756 679
P-BBDT–CTD(H) 18 3.2 713 631
P-BBDT–CTD(Me) 18 3.1 713 617
P-BBDT–TPD 27 3.0 670 581

a These polymers were insoluble (see text).

This journal is © The Royal Society of Chemistry 2015
synthesized copolymers of BDT and BBDT with thienopyrrolo-
dione (TPD) for comparison.

The copolymers were synthesized using Pd-catalyzed cross-
coupling between the corresponding CTD or TPD and BDT or
BBDT comonomers, followed by end-capping with 2-(tributyl-
stannyl)thiophene and 2-bromothiophene (Scheme 1).
Synthetic details of these monomers and polymers are provided
in the Experimental section. Molecular weight data and addi-
tional characterization is provided in Table 1. Additionally, 2
high performance commercially available OPV polymers (Fig. 2)
were included in this study as standards for the development of
our integrated design methodology.

A comparison of the solution absorption spectra of the BBDT
series of polymers (le panel of Fig. 3) illustrates the very
systematic shi in absorption with the strength of the electron
withdrawing group of the acceptor comonomer: lmax red shis
more than 100 nm as the substituents on the acceptor become
increasingly electron withdrawing (N-alkyl on TPD to Me, H,
MeCN, and F on CTD).27 A systematic red shi of approximately
30 nm or more is also observed between BBDT and BDT
copolymers with analogous electron withdrawing comonomers
(right panel of Fig. 3), as the switch to BBDT effectively
decreases the push–pull effect in the copolymer, since the
electron withdrawing unit becomes less dominant. These
gures illustrate the power of synthetic chemistry to manipulate
and ne-tune optical band gaps in these materials.
Energy level dependence on polymer structure: theory and
experiment

The principal “selection rule” for choosing donor polymers for
efficient OPV performance with PCBM acceptors is related to
their energy levels. The best compromise between low optical
bandgap (Eopt), for improved overlap with the solar spectrum,
and a deep HOMO level (EHOMO negative with respect to
vacuum) for high Voc, is reached for 1.5 < (Eopt/eV) < 1.8 and
�5.7 < (EHOMO/eV) < �4.8.9,28 In addition, the exciton energy of
the polymer, which is related to the optical bandgap, inuences
(PDI), optical band gap (determined by onset of absorption, which is
red side of the absorptionmaximum) level and energetic onset density
d. The synthetic procedure to achieve high Mn was only optimized for
MC experiments, vide infra)

ax/l0.1max

) (solution)
Optical band
gap (calc) (eV)

Optical band
gap (lm) (eV)

IE from
UPS (eV)

/739 1.58 1.59 �5.61
1.56 — —
1.68 — —

/709 1.68 1.64 �5.33
/667 1.85 1.72 �5.09
/719 1.68 1.62 �5.65
/753 1.64 1.51 �5.44
/679 1.74 1.70 �5.09
/665 1.74 1.74 �5.12
/630 1.85 1.85 �4.99

J. Mater. Chem. A, 2015, 3, 9777–9788 | 9779
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Fig. 2 Structures of commercially available OPV materials employed
in this work.
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the energetic driving force for charge carrier generation and
also needs to be considered,8 as discussed further below.

The predictive power of theory for the purpose of OPV donor
design is that it can accurately calculate the values of Eopt and
EHOMO, therefore it can help select the most promising mate-
rials for synthesis. In the following we validate this proposition
using our 12 polymer donors and comparing theoretical and
experimental values for the energy levels of the systems.

Quantum chemical calculations were utilized to predict the
energy levels of the new CTD-containing polymers and of the 2
literature donors presented above. The solid diamonds in Fig. 4
show the highest occupied Kohn–Sham molecular orbital
energy calculations on these polymers, and the corresponding
“optical LUMO”, which we dene to be the HOMO + energy gap
(calculated lowest excited state energy).29 Further details about
calculations are described in the Experimental section. Here we
note that our use of the optical LUMO is justied since we are
using the optical LUMO energy as an estimate for the energy of
the excited state of the polymer (see below) and not as a
transport level.29

Ultraviolet photoelectron spectroscopy (UPS) measurements
were carried out on lms of the pure polymer on ITO substrates,
with representative spectra shown in the ESI.† Ionization
energies (IEs) were determined from the observed onset in the
occupied density of states; these values are included in Table 1
Fig. 3 Normalized polymer absorbance spectra in CHCl3 solution. (Left
BBDT containing polymers.

9780 | J. Mater. Chem. A, 2015, 3, 9777–9788
and as open diamonds in Fig. 4. Also shown in Fig. 4 are the
calculated optical LUMOs and the experimental values for the IE
plus the optical band gap as obtained from absorption
measurements of thin lms. Note that because the optical gap is
dened experimentally as the energy at which the absorption
spectrum is at 10% of the reddest peak in the spectrum,
whereas the theoretical gap would correspond to the energy of
the top of the lowest energy absorption peak, we expect the
measured gaps to be slightly lower than the predicted gaps due
to peak broadening.

The experimental values are compared to the theoretical
ones in Fig. 5, showing good agreement (linear t value and
Pearson's coefficient shown in gure) and validating the theo-
retical methodology as a tool to predict energy levels of candi-
date donor materials. It is worth noting that in most cases, the
calculated HOMO energies are closer to vacuum than the
measured IE values. We would expect the measured IE values to
be smaller than the �HOMO values (closer to vacuum), not
larger, due to possible band tails in lms. We rationalize this
systematic deviation as an artifact of our choice of basis set for
the DFT calculations. As noted in the Theoretical methods
section below, we have found that increasing the basis set size
by adding diffuse functions (from 6-31g(d) to 6-31+g(d)) leads to
a systematic downward shi of HOMO values by 0.2–0.3 eV
while leaving the predicted gaps unchanged. Adding additional
diffuse functions or polarization functions to the basis results
in almost no change in predicted HOMO values. Hence, we
consider the 6-31g(d) basis set calculations, which are standard
within the eld as a compromise between accuracy and
computational speed, to be accurate to within an offset of a few
tenths of an eV from experiment.

The results presented above show that by using 2 BDT units
for every CTD unit instead of one, the polymer becomes easier
to oxidize (decreased IE, or HOMO closer to vacuum) and the
optical LUMO shis closer to the vacuum level, for all copoly-
mers with CTD derivative or TPD unit. Fluorine atoms on the
CTD unit (CTD(F)) result in the strongest electron accepting
unit of the series studied, and the smallest band gap of the
series. By decreasing the strength of the electron withdrawing
group on the CTD unit (i.e. F > CN > H > Me) we observe
increases in the band gap, which ultimately, increases the
) Series of BBDT containing polymers. (Right) Comparison of BDT vs.

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 HOMO/LUMO levels of polymers determined by calculation, ionization energy from UPS, we define the experimental LUMO level adding
the band gap of the polymer as measured optically in a thin film to the IE. Literature values are displayed for P-BDT–TPD,30 PTB7,21 and P3HT.23

The black line in the figure represents the electron affinity of PCBM.9
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energy of the photogenerated exciton (Eexc). Likewise, we would
expect that increasing the strength of the electron withdrawing
group should increase the ionization energy (make the polymer
harder to oxidize). This is generally true, except for comparison
between the uoro- and cyano-substituted CTD units, where the
IE is slightly larger for polymers with CTD(CN), relative to
CTD(F). We have no explanation for this effect, and it is
currently under investigation.

Overall, by using the class of the BDT-based copolymers, we
can tune the IEpolymer by ca. 0.8 eV by the choice of the electron-
withdrawing unit, as predicted by DFT. This readily gives us the
opportunity to systematically study the energy dependence of
the process of free charge generation in more detail to predict
device performance. For example, the optical LUMO energy of P-
BBDT–CTD(F) is �3.65 eV, which is only 0.15 eV above the
electron affinity (�3.80 eV (ref. 5, 7 and 9)) of the fullerene
acceptor phenyl-C61-butyric acid methyl ester (PCBM), as
shown by the black line in Fig. 4. However, as discussed in more
detail in the next section, charge separation still occurs at the
Fig. 5 Comparison of calculated HOMO with measured IE (left) and (HO
The straight line is not a fit to the data, but has a slope of 1. Literature va

This journal is © The Royal Society of Chemistry 2015
interface between P-BBDT–CTD(F) and PCBM. The energy levels
of unsubstituted and methyl-substituted CTD monomers are
closer to vacuum, and these would be considered more suitable
as donor materials in OPV with PCBM as the acceptor.
Furthermore, the CTD-class polymers have IEs and EAs that
should better match the energy levels of PCBM than either P-
BDT–TPD or PTB7. Therefore, the polymers based on the CTD
unit are predicted to have a smaller energy loss upon charge
separation. P-BDT–TPD12–15,31,32 and PTB7 (ref. 6 and 16–18)
already reach efficiencies up to 8.5 and 9.2%, respectively, so
this suggests the potential of the CTD class of polymers studied
in this paper to create highly efficient devices.
Additional energetic considerations: dependence of free
carrier generation on enthalpy change

In the previous section we discussed design considerations for
OPV copolymers based on their bandgap and the HOMO energy.
Here we investigate the inuence of an additional parameter,
MO + calculated optical gap) with (IE + measured optical gap) (right).
lues are used as measured values for PTB7 (ref. 21) and P3HT.23

J. Mater. Chem. A, 2015, 3, 9777–9788 | 9781
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Fig. 6 PL quenching efficiency for blends of various polymers in a 50%
blend with PCBM, versus the pure material as function of DH as
described in the text.
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the change in enthalpy, DH, of the system during electron
transfer step from the photoexcited donor to the PCBM and its
effect on free carrier generation. DH is dened as DH ¼
(IEpolymer � EAfullerene) � Eexc, where IEpolymer is measured by
UPS, EA is the electron affinity of the acceptor as measured by
inverse photoemission spectroscopy (IPES) (�3.80 eV for
PCBM9,19) and Eexc is the energy of the exciton (estimated here
from the absorption maximum). We note that a better
description of the thermodynamics of electron transfer would
consider the change in Gibbs energy,8,20,26,33 however the diver-
sity of donors used here, and the associated changes in solid
state structure of the bulk heterojunctions, makes it impossible
to accurately estimate the change in entropy during electron
transfer. The purpose of this section is to discuss the depen-
dence of the processes of exciton quenching and free charge
generation on DH, motivated by the fact that the design of
donor polymers is guided by their energy levels, IE and IE + Eexc,
as determinants of the open circuit voltage (Voc) and the overlap
with the solar spectrum, respectively. These same energy levels
however might also play an important role in determining the
efficiency of free carrier generation following light absorption,
via the dependence of this process on DH. The enthalpy change,
DH, is negative in these material systems, hence separation of
the exciton into free charges is energetically favored and varies
between 0 and �1 eV for the donors considered here. The
question we aim to answer is: what is the range of DH that
results in efficient free charge carrier generation? In the
following we probe both exciton dissociation (by PL quenching)
and free charge carrier generation (by TRMC) to address this
question.

Exciton quenching was probed by steady-state photo-
luminescence (PL) measurements. Thin lms of the blends with
1 : 1 polymer : PCBM blend ratios were deposited on quartz
substrates. The PL intensity for the bulk heterojunction lms
were compared to the pure donors, and the PL quenching effi-
ciency determined by dividing the peak value of a spectrum of a
blend lm by the peak value of the spectrum of the pure
material. The PL quenching efficiency versus �DH is plotted in
Fig. 6. As �DH increases, the PL quenching efficiency increases
due to exciton splitting at the polymer–fullerene interface
competing with exciton recombination, as expected. We nd
that PL quenching is efficient (40% or higher) even for DH close
to zero, and almost complete quenching is observed for �DH >
0.1 eV.

In order to probe the efficiency of charge carrier generation
in these new polymers in blends with PCBM, photoconductance
was measured with the contactless time-resolved microwave
conductivity (TRMC) technique, using the same samples as
used for the PL experiments. The samples were placed in a
resonance microwave cavity at the end of an X-band waveguide
and photoexcited using a 5 ns laser pulse. The relative change in
microwave power in the cavity as microwaves are absorbed by
photoinduced free electrons and holes is proportional to the
photoconductance (DG) of the sample, which relates to the yield
of free carrier generation (4) per absorbed photon multiplied by
the sum of the local mobilities (

P
m) of free carriers (eqn (1)).
9782 | J. Mater. Chem. A, 2015, 3, 9777–9788
The product (4
P

m) is the principal gure-of-merit extracted
from TRMC measurements in this work:2,34,35

DG ¼ bqeI0FA(4
P

m) (1)

where b is the geometric factor for the X-band waveguide used
(b¼ 2.2), qe is the elementary charge, I0 the incident photon ux
and FA the fraction of light absorbed at the excitation
wavelength.

In the following we measure the 4
P

m gure of merit, taken
from the peak of the photoconductance transients and use it to
discuss the efficiency of free carrier generation during the exci-
tation pulse as a tool for selecting active layer materials for
efficient OPV devices. TRMC probes the primary step in the
photocurrent generation process, which is the generation, with
quantum efficiency 4, of free charges with mobilities

P
m. While

the 4
P

m gure of merit depends on the solid state structure of
the lm, it is much less sensitive to the details of optimization
of a given active layer than the long-range percolation of charges
to electrodes in a complete device.5 Hence the applicability of
TRMC as a tool to select promising active layers for device
optimization arises from the observation that a high value for 4
is a necessary (but not sufficient) condition for an efficient
device. For example, although the molecular weight of these
polymers is fairly low, with P-BDT–CTD(Me) and P-BDT–TPD as
exception, we have found that 4

P
m is fairly independent of

molecular weight, based upon TRMC measurements on
different molecular weight batches of P-BDT–CTD(Me) (not
shown).8,19,20,25,26

Representative photoconductance transients are shown in
the ESI.† A full analysis of photoconductance decays and their
relation to loss mechanisms (recombination and trapping) of
charges aer the end of the laser pulse will be presented in a
forthcoming publication.

Here, the 4
P

m of the 50% blend of polymer and PCBM is
used as identier for potentially efficient active layers in OPV,
since it shows good correlation with device performance (vide
infra).
This journal is © The Royal Society of Chemistry 2015
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In contrast to the PL results, there is no clear trend in the
TRMC gure-of-merit versus DH (Fig. 7). We note that although
DH, which depends on the molecular structure of the donors as
discussed above, might be expected to inuence the quantum
yield for free carrier generation, 4,8,9,25,29 the sum of the mobil-
ities of the free carriers,

P
m, also depends on the molecular

structure, but is also inuenced by the solid state microstruc-
ture of the blend.4,29,34,36–39 It is therefore not surprising that no
clear correlation between DH and 4

P
m is observed in this work.

It is however noteworthy that a number of successful OPV
donors that also exhibit the highest 4

P
m measured here, are

clustered around �DH ¼ 0.4–0.7 eV, suggesting that a �DH as
low as 0.4 eV can still result in efficient free charge carrier
generation in OPV bulk heterojunctions. This is in agreement
with several other publications,8,19,25,26 although there have been
reports of even lower numbers as well.54 This conclusion is
another selection rule that should be considered in OPV donor
design, in addition to the optical bandgap and HOMO energy as
discussed above. Since DH can be calculated, it should be used
to further rene the set of predicted polymer materials for
efficient OPV.

We note that, in principle, one more parameter for this
system should be considered, namely the reorganization energy
during electron transfer.33 However, accurate calculation of the
reorganization energy is challenging and goes beyond the
somewhat straightforward DFT calculations presented here. A
methodology for calculating the reorganization energy is under
Fig. 7 Logarithmic plot of TRMC signal (f
P

m) of 50% blends of
polymers with PCBM versus enthalpy change (DH) for the exciton
splitting process. Literature values are used for the HOMO level (for
calculating DH) of PTB7,21 and P3HT.23

Table 2 Optimized device performance for the different polymers st
Experimental). Values are averages for at least 4 devices, number betwe

Polymer Voc (V) Jsc (mA cm�2)

P-BDT–CTD(CN) 0.75 (0.89) 0.38 (0.40)
P-BBDT–CTD(CN) 0.82 (0.90) 2.0 (1.9)
P-BBDT–CTD(F) 0.75 (0.75) 3.3 (3.7)
P-BDT–CTD(Me) 0.94 (0.95) 7.9 (8.3)
P-BBDT–CTD(H) 0.85 (0.86) 6.8 (6.8)
P-BBDT–CTD(Me) 0.89 (0.90) 6.8 (6.8)
P-BBDT–TPD 0.89 (0.89) 5.4 (5.5)

This journal is © The Royal Society of Chemistry 2015
development and will be added to further renements of our
integrated materials design methodology.
Device characterization and comparison with TRMC

In this section we compare the TRMC gure of merit with device
efficiency results for our test bed materials, in order to validate
TRMC as a “screening tool” for efficient polymer–fullerene
combinations.

Photovoltaic devices were made in the glass/ITO/hole contact
layer (HCL)/polymer : PCBM/electron contact layer (ECL)
conguration. The ECL is Ca/Al, and as HCL, either
PEDOT : PSS or MoO3 was used. Devices were optimized for
polymer : PCBM ratio, thickness, and solvent combination (for
optimized efficiencies, see Table 2). Saeki et al.40 correlated the
power conversion efficiency (PCE) divided by the open circuit
voltage (Voc) (PCE/Voc, or Jsc � FF) with the 4

P
m. The efficiency

was divided by the Voc because TRMC only probes carrier
generation and mobility, not the energy of the carriers. We
found a similar trend in our data, as shown in Fig. 8. This leads
to the conclusion that the TRMC gure of merit, 4

P
m, of blends

of polymers with fullerene can help us predict device perfor-
mance for new active layer materials. Thus TRMC character-
ization allows for evaluation of materials performance without
requiring fabrication or optimization of full solar cell devices
that necessarily includes the laborious task of optimization of
udied. The Jsc is corrected using mismatch factor calculations (see
en brackets shows the best performing device

FF Eff (%) Thickness (nm)

0.30 (0.29) 0.08 (0.10) 135
0.35 (0.38) 0.56 (0.76) 45
0.38 (0.38) 0.93 (1.1) 60
0.51 (0.52) 3.7 (4.1) 77
0.46 (0.47) 2.6 (2.7) 75
0.52 (0.53) 3.2 (3.2) 95
0.50 (0.51) 2.4 (2.5) 130

Fig. 8 Jsc � FF as function of 4
P

m. Literature device data is used for
P-BDT–TPD,32 PTB7 (ref. 6) and, P3HT.42

J. Mater. Chem. A, 2015, 3, 9777–9788 | 9783
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Fig. 9 IQE vs. f
P

m (left) and IQE vs. DH. IQE values are taken from literature for P3HT.43
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processing, electrodes, and device architectures.41 Based on the
data from Fig. 8, efficient devices will result for materials with
f
P

m $ 0.01 cm2 V�1 s�1. We note that this value will not
depend on excitation intensity as it should be the value taken at
low excitation intensity, in the linear response regime of the
photoconductance of the system.2,34,38

The Internal Quantum Efficiency (IQE) of OPV devices is
proportional to the charge generation efficiency per absorbed
photon and the charge collection efficiency. The IQE was
determined for the optimized devices by correcting the
measured EQE for light absorption within the active layer,
determined by reectance measurements using an integrating
sphere. Low 4, measured by TRMC, would intuitively imply that
the IQE is also low. To rst order, a greater amount of free
carrier generation is expected to result in higher internal
quantum efficiency in photovoltaic devices.

The IQE is plotted versus the TRMC gure-of-merit in Fig. 9
(le panel). However, in contrast to our expectation, there
appears to be no strong trend between 4

P
m, and the measured

IQE. This indicates that although TRMC is a powerful technique
to predict device performance, the IQE is also dependent on
other factors, which are not evaluated in TRMC, such as long-
range charge transport and charge extraction from the active
layer to the electrodes.

Interestingly, when the IQE is plotted versus �DH (right
panel), a clear trend is observed: the IQE increases as �DH is
increased and remains high for all materials with�DH > 0.4 eV,
providing further validation of our selection criterion for DH
discussed above. Additionally, the polymers with low �DH
required relatively thin active layers to achieve these high
internal quantum efficiencies, which indicates that recombi-
nation in the active layer is higher in blends with these poly-
mers. This property is also reected in the low ll factor (FF) of
the devices.

Conclusion

In conclusion, we present and validate a methodology for
designing copolymer donors for OPV that uses theory to select
materials that can lead to high efficiencies, and TRMC to select
the best-performing materials for device optimization. This
methodology has the potential to greatly accelerate copolymer
9784 | J. Mater. Chem. A, 2015, 3, 9777–9788
development for OPV, as it focuses the time-consuming tasks of
synthesis and device optimization to only a small subset of
structures. We exploit the electronic and structural tunability of
CTD to design a set of copolymers that have a range of different
energy levels for application in OPV and also use three well-
known literature polymers as reference. Calculations predict a
trend in IE and optical absorption gaps that are experimentally
conrmed using UPS and optical measurements. The enthalpy
change during charge separation of the exciton, DH, in the
donor–acceptor BHJ system is systematically varied in order to
optimize charge generation efficiency, while minimizing energy
loss in the exciton separation step.

PL and complementary TRMC experiments were used to
verify the charge separation efficiency in a bulk heterojunction
of polymer and PCBM. The PL quenches to a larger extent as the
�DH is increased. The TRMC data does not show correlation of
4
P

m with �DH. However, the TRMC is a useful tool to identify
potential high-efficiency materials prior to device fabrication,
since there is a correlation between the measured 4

P
m and the

efficiency divided by open circuit voltage. This eliminates the
need for time-consuming device optimization for low-perfor-
mance polymers.

The internal quantum efficiency (IQE) is linked to �DH,
where we observe an optimal value of 0.4 eV needed for efficient
charge generation and collection within the device. Additional
recombination experiments conrm that below this value, not
only does charge generation decrease but recombination in the
layer increases, thereby limiting device performance.

The correlation between theoretically predicted and experi-
mentally measured energy levels, and between the TRMC gure
of merit and device efficiency, suggest that the following criteria
can be used for copolymer design:

Theory: select materials for synthesis that have theoretical
Eopt, EHOMO and DH in the range: 1.5 < (Eopt/eV) < 1.8, �5.7 <
(EHOMO/eV) < �4.8 and �DH/eV > 0.4.

TRMC: select materials for device optimization that (in the
linear response regime) have 4

P
m $ 0.01 cm2 V�1 s�1.

While these selection rules by no means cover all the
processes that determine OPV device efficiency, they can still
greatly accelerate polymer donor design and evaluation. As an
example, from 60 000 theoretical polymers in our OPV design
database, only 4425 (7.3%) fulll the theoretical requirements
This journal is © The Royal Society of Chemistry 2015
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presented above (taking into account the typical 0.2 eV shi
associated with the DFT calculations based on the 6-31G(d)
basis set only, see Experimental). This demonstrates the power
of relatively straightforward DFT calculations in guiding mate-
rials design through the vast pool of monomers and comono-
mers that can be envisioned as building blocks for OPV polymer
absorbers. We note that our approach can be applied to nd
materials with any desired range for Eopt and EHOMO; for
example, one can use it to select wide optical bandgap materials
for tandem devices.

The selection criteria discussed here for absorber design are
only related to the energies (Eopt, EHOMO and DH). It is
increasingly being recognized that while choosing materials
based on molecular energy levels is useful, changes between the
solid state structure of these materials may have an equal
inuence on nal device performance.54 For example, in a
literature survey of donor copolymers, EHOMO does not show a
clear correlation with Voc other than a general trend of higher
Voc as EHOMO becomes deeper than�4.8 eV vs. vacuum.7 Indeed,
we do not obtain a clear correlation between EHOMO and Voc in
the donor materials presented here. This creates the need to
expand the design methodology for OPV active layer materials
to also include properties of the structure in the solid state,
which is a considerably more challenging and computationally
expensive task that we hope to report on in the near future. Still,
the selection of materials will have to start from the much
simpler energy level calculations reported here.
Experimental
Theoretical methods

Density functional theory (DFT) and time-dependent density
functional theory (TDDFT) were used to predict the properties
of the polymers reported in this work for hydrogen-terminated
oligomers with n ¼ 1, 2. All calculations were performed with
the default settings in the Gaussian 09 electronic structure
package, revision B.01.44 The geometric structure of each olig-
omer was optimized in vacuum using the Becke-style three-
parameter density functional with the Lee-Yang-Parr correlation
function (B3LYP) with the 6-31G(d) basis set; subsequently, for a
few structures, diffuse functions were included (6-31+G(d)) for
calculation of the orbital energies and optical absorption
spectra of the optimized structures. Including diffuse functions
had little effect on the predicted absorption spectra; the main
change was a systematic shi of the molecular orbital energies
down by �0.2–0.3 eV.

Extrapolation to the polymer limit was performed using a
novel Huckel-like model that will be described in detail in a
separate manuscript.45 In its simplest form, used here, this model
predicts that all computed electronic quantities reported can be
taken to vary according with number of monomer units, n, as,

QðnÞ ¼ Qð1Þ þ 2ðQð2Þ �Qð1ÞÞcos
� p

nþ 1

�
(2)

where Q(n) denotes the quantity of interest for an oligomer
having n units. Hence, the extrapolation to the polymer limit is
Q(N) ¼ 2Q(2) � Q(1). More sophisticated versions of the model
This journal is © The Royal Society of Chemistry 2015
make use of information from larger oligomers than just n ¼ 1
and n ¼ 2 but we defer discussion of this to the later
publication.
Time-resolved microwave conductivity

TRMC is a pump-probe technique that can be used to measure
the photoconductance of a lm without the need for charge
collection at electrical contacts.34,46,47 The details of the experi-
mental methodology have been presented elsewhere.34,48 In
brief, the sample is placed in a microwave cavity at the end of an
X-band waveguide operating at ca. 9 GHz, and is photoexcited
through a grid with a 5 ns laser pulse from an Optical Para-
metric Oscillator (OPO) pumped by the third harmonic of an
Nd:YAG laser. The relative change of the microwave power, P, in
the cavity, due to absorption of the microwaves by the photo-
induced free electrons and holes, is related to the transient
photoconductance, DG, by DP/P ¼ �KDG, where the calibration
factor K is experimentally determined individually for each
polymer. Taking into account that the electrons and holes are
generated in pairs, the peak photoconductance during the laser
pulse can be expressed as34

DG ¼ bqeI0FA(f
P

m) (3)

where qe is the elementary charge, b ¼ 2.2 is the geometric
factor for the X-band waveguide used, I0 is the incident photon
ux, FA the fraction of light absorbed at the excitation wave-
length, f is the quantum efficiency of free carrier generation per
photon absorbed and

P
m the sum of the mobilities of electrons

and holes.34 Eqn (1) is used to evaluate the quantum efficiency
or free carrier generation per photon absorbed and the local
mobility of free carriers. These quantities can then be correlated
to the molecular structure to provide insight into the mecha-
nisms for free carrier generation and transport in polymer–
fullerene composites as a function of the microstructure. Pho-
toconductance decay traces are recorded and plotted in the
ESI.†
OPV device fabrication and characterization

10 nmMoO3 was evaporated onto a patterned glass/ITO substrate
(Edwards Auto 306 thermal evaporator, base pressure 4 � 10�6

mbar) as a hole transport layer. For some devices, PEDOT : PSS
(Clevios P VP Al 4083) was spin coated instead, at 4000 rpm
leading to a thickness of 35 nm. The parameters leading to best
device performance for the different polymers are summarized in
the ESI.† The devices were completed by thermal evaporation of a
top electrode composed of Ca/Al (20 nm/100 nm) using an
Angstrom Engineering thermal evaporator with a base pressure
below 3� 10�7 Torr, dening an active device area of 0.11 cm2. All
subsequent handling and analysis of the devices were carried out
under an inert atmosphere. Thin lms used for absorption, PL
and TRMC were fabricated in an analogous way. Devices were
illuminated using a Newport Oriel Sol3A class AAA solar simu-
lator, and J–V curves were measured in both dark and 1 sun
illumination. The measured short circuit current was corrected
for spectral mismatch, following the procedure of Shrotriya et al.49
J. Mater. Chem. A, 2015, 3, 9777–9788 | 9785
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EQE was measured using a Newport Oriel IQE200 system with
lock-in detection.
Synthesis of materials

General. All reagents and chemicals were purchased from
commercial sources (Aldrich, Acros, Strem, Fluka) and used
without further purication unless stated otherwise. All reac-
tions were performed under dry N2. Solvents were dried when
necessary or puried using Mbraun Solvent Purier. Column
chromatography was performed with Fluka Silica Gel 60 (220–
400 mesh). PCBM was purchased from Nano-C and used as
received. Patterned ITO-coated glass (30 ohm per sqr) was
purchased from Thin Film Devices, sonicated in acetone and
isopropanol, and treated with UV–ozone for 30 minutes prior to
use. All small molecules were characterized by 1H NMR (400
MHz) and 13C NMR (100 MHz) on a Varian Unity Inova.
Chemical shis in the NMR spectra were reported in ppm
relative to the singlet at 7.26 ppm for CDCl3. UV-Vis absorption
measurements were performed using a Hewlett-Packard 8453
UV-Vis spectrophotometer. Gel permeation chromatography
(GPC) measurements were performed on a PL-Gel 300 � 7.5
mm (5 mm) mixed D column using Agilent 1200 Series GPC-SEC
Analysis System.

1,3-Dibromo-4H-cyclopenta[c]thiophene-4,6(5H)-dione. 1,3-
Dibromo-4H-cyclopenta[c]thiophene-4,6(5H)-dione was synthe-
sized according to a literature procedure.50

General procedure for preparation of CTD(CN) and
CTD(Me). To a stirred suspension of K2CO3 (20 mmol) in DMF
(15 mL) was added 1,3-dibromo-4H-cyclopenta[c]thiophene-
4,6(5H)-dione (1.55 g, 5 mmol) at ca. 0 �C followed by the cor-
responding alkyl bromide (10.5 mmol) or methyl iodide
(20 mmol). The reaction mixture was stirred at room tempera-
ture for 4 h before it was poured into a cold water (200 mL). The
crude product was isolated by ltration, washed several times
with water, dried on air and puried either by recrystallization
from heptane or column chromatography using a mixture of
hexane and ethyl acetate as an eluent.

1,3-Dibromo-5,5-dimethyl-4H-cyclopenta[c]thiophene-4,6(5H)-
dione (2). 1,3-Dibromo-5,5-dimethyl-4H-cyclopenta[c]thiophene-
4,6(5H)-dione (2) was obtained in 67% yield as off white crystals.
1H NMR (400 MHz, CDCl3): d 1.30 (s, 6H). 13C NMR (100 MHz,
CDCl3): d 194.58, 143.11, 113.37, 59.48, 20.86.

2,20-(4,6-Dioxo-5,6-dihydro-4H-cyclopenta[c]thiophene-5,5-diyl)
diacetonitrile, CTD(CN). 2,20-(4,6-Dioxo-5,6-dihydro-4H-cyclo-
penta[c]thiophene-5,5-diyl)diacetonitrile, CTD(CN) was obtained
in 78% yield as a solid. 1H NMR (400 MHz, DMSO-d6): d 3.24 (s,
4H). 13C NMR (100 MHz, CDCl3): d 187.50, 142.49, 115.81, 115.72,
57.34, 20.29.

Preparation of CTD(F). CTD(F) was synthesized by a modi-
ed literature procedure.51 To a stirred suspension of K2CO3 (20
mmol) in DMF (15mL) was added 1,3-dibromo-4H-cyclopenta[c]
thiophene-4,6(5H)-dione (1.55 g, 5 mmol) at ca. 0 �C followed by
Selectuor® (3.90 g, 11 mmol). The reaction mixture was stirred
at rt for 1 h before it was poured into a cold water (200 mL). The
crude product was extracted with ethyl acetate, the organic layer
was washed several times with water, dried with anhydrous
9786 | J. Mater. Chem. A, 2015, 3, 9777–9788
sodium sulfate prior to evaporation of the solvent. The material
was further puried by column chromatography using a
mixture of hexane and ethyl acetate as an eluent to yield the title
product in 79% yield.

General procedure for preparation of copolymers P-BDT–
CTD and P-BBDT–CTD via palladium catalyzed Stille cross-
coupling copolymerization. All copolymers were prepared by the
same procedure using Pd-catalyzed cross-coupling of various
CTD based comonomers with either (4,8-bis((2-ethylhexyl)oxy)
benzo[1,2-b:4,5-b0]dithiophene-2,6-diyl)bis(trimethylstannane)
(BDT)52 or (4,40,8,80-tetrakis((2-ethylhexyl)oxy)-[2,20-bibenzo[1,2-
b:4,5-b0]dithiophene]-6,60-diyl)bis(trimethylstannane) (BBDT).55

Equal amount of each comonomer (0.20 mmol), Pd2(dba)3–
CHCl3 complex (2 mol%) and P(o-Tol)3 (10 mol%) were placed
in a small ask, purged with three nitrogen/vacuum cycles, and
subsequently dissolved in 5 mL of dry, oxygen free chloroben-
zene. Themixture was stirred for 48 h at 110 �C, aer which 8 mL
of 2-bromothiophene was injected as a capping agent. The
reaction was stirred for 4 h at 110 �C before 30 mL of 2-(tribu-
tyltin)thiophene was injected to complete the end capping.
Aer an additional 4 h of stirring, a complexing ligand (N,N-
diethylphenylazothioformamide)53 was stirred with the polymer
for 1 h before being cooled to rt and precipitated into methanol
(100 mL) to facilitate removal of any residual catalyst. The
precipitate was isolated by ltration and washed with methanol
and acetone. The crude copolymer was further puried via
Soxhlet extraction overnight with acetone, and nally was
collected with chloroform. The chloroform solution was then
concentrated by evaporation, the material was re-precipitated
into methanol (150 mL), isolated by ltration, washed with
methanol and vacuum-dried to yield the corresponding polymer
in 76–90% yield.

High molecular weight P-BDT–CTD(Me) was synthesized as
published in our earlier publication.20

Polymer molecular weight determination. Polymer samples
were dissolved in HPLC grade chloroform (�0.2 mg mL�1),
stirred and heated at 50 �C for several hours, stirred overnight at
rt, and then ltered through a 0.45 mm PVDF lter. Size exclu-
sion chromatography was then performed on a PL-Gel 300� 7.5
mm (5 mm) mixed D column using an Agilent 1200 series
autosampler, inline degasser, and refractometer. The column
and detector temperatures were 35 �C. HPLC grade chloroform
was used as eluent (1 mL min�1). Linear polystyrene standards
were used for calibration. The same general procedure was
performed for larger scale preparatory GPC work. 4.5 mL of a�3
mg mL�1 polymer solution in HPLC grade chloroform were
injected on two PL-Gel 300 � 25 mm (10 mm) mixed D columns
connected in series. An Agilent 1200 series autosampler, inline
degasser, and diode array detector were employed. The column
and detector temperatures were 25 �C. HPLC grade chloroform
was used as eluent (10 mL min�1).
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