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Essentially all methods of energy production—e.g., fracking, damming, drilling, nuclear fission, and

excavation of rare elements for photovoltaics—are associated with some degree of environmental

degradation. Organic solar cells (OSCs) are regarded as low-cost and potentially environmentally benign

sources of power. p-Conjugated (semiconducting) polymers—the components of OSCs responsible for

absorbing light and transporting charge—are not typically synthesized in laboratories in ways that are

amenable to manufacturing with low environmental impact. This article discusses strategies for

producing conjugated polymers using green chemistry. That is, reaction methodology with low energy

intensity, with minimal production of toxic waste, and at low cost. This article briefly reviews the major

findings in the literature on the energy intensity and carbon emissions associated with fabricating OSCs

on the laboratory scale, and identifies several strategies and materials invented by the community to

lower the cost and environmental impact of the components of the devices. The principles of green

chemistry, applied to the synthesis of conjugated polymers, are identified as important guidelines for the

multi-tonne manufacturing of these materials. A general theme in both green chemistry and process

research is that low cost can be correlated to environmental benignity when the costs of disposing wastes

are high. This Perspective then highlights five synthetic strategies that satisfy several of the criteria of

green chemistry: (1) polymerization using metal-mediated cross-coupling reactions that reduce or

eliminate stoichiometric organotin waste; (2) the use of heterogeneously catalyzed polymerizations; (3)

polymerization involving activation of C–H bonds; (4) use of biofeedstock-derived starting materials; and

(5) polycondensation reactions that evolve water as a byproduct.
Broader impacts

Organic solar cells have achieved efficiencies in the research laboratory of ten percent. Great progress in this eld has been driven by the development of new
organic semiconductors that maximize the absorption of light and the transport of charge, transparent electrodes that do not rely on rare and toxic elements,
barrier materials that reduce the rate of photochemical degradation, and substrate materials that improve mechanical robustness. One aspect of organic solar
cells that has received far less attention by the research community is the production energy, toxicity, and costs associated with synthesizing organic semi-
conductors at the scale required to satisfy even a small fraction of the growing worldwide need for energy. For organic solar cells to play a signicant role in the
worldwide production of carbon-neutral energy, organic solar panels will have to be manufactured to cover land on the scale of perhaps thousands of square
kilometers. The merit of high-performance organic semiconductors should thus be judged not only by the highest demonstrated efficiency, but also in light of
the costs and environmental impact of these materials when produced at scale. Identifying chemical reactions that can produce semiconducting polymers with
minimal production of waste and toxic byproducts—that is, green chemistry—should help the research community ensure that building a global infrastructure
for clean energy (which includes a substantial contribution from organic solar cells) does not cause further damage to the environment.
1 Introduction and background
1.1 Photovoltaics at large scale

Researchers in the area of organic photovoltaic materials and
devices are motivated by the potential of the technology to
generate power renewably and at low cost.1,2 The numerous
attractive features of organic solar cells (OSCs) cells easily justify
the resources committed to this research, which one can
judge by the roughly exponential increase in the number of
articles published per year on “organic solar cells” since 1995,
of California, San Diego, 9500 Gilman

USA. E-mail: dlipomi@ucsd.edu

Chemistry 2013
according to ISI Web of Knowledge. The ultimate goals of this
research are (1) to reduce the environmental degradation
brought about by the combustion of fossil fuels and (2) to do so
at low economic and environmental cost, and with high prof-
itability. Global photovoltaic capacity was 70 GW at the end of
2011; installed capacity has grown an average of 58 percent per
year over the last ve years.3 In 2011, photovoltaic systems
accounted for more new capacity for electricity in the European
Union than any other source.3 The market potential for solar
energy is immense, and could exceed USD 1 trillion over the
next several years. If organic systems eventually comprise even a
small fraction of the total photovoltaic market, substantial
public investments in research will be justied.
Energy Environ. Sci., 2013, 6, 2053–2066 | 2053
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1.2 Organic solar cells

An organic solar cell is a photovoltaic device whose active layer
comprises p-conjugated polymers and small molecules (Fig. 1).4

Among the arguments for pursuing research on OSCs are that
most—if not all—of the components can be deposited from
solution in a roll-to-roll manner,5,6 that the materials are in
principal earth-abundant,7 that devices can be semitransparent8

or aesthetically pleasing,9 that the devices are ultra-exible10

and even stretchable,10–13 and that the materials and whole
devices can be extraordinarily lightweight.10 Kaltenbrunner
et al., for example, have shown that ultrathin OSCs (2 mm total
thickness, including the 1.4 mmplastic substrate) have a specic
power of �10 W g�1—which is about an order of magnitude
greater than that of any other photovoltaic technology.10

Organic photovoltaic devices are thus unique not only in that
Fig. 1 Chemical structures of materials discussed in the text. P3HT and PCDTBT
are electron-donating semiconducting polymers; PC61BM (and PC71BM) is an
electron-accepting small molecule semiconductor; PEDOT:PSS is a permanently
conductive polymer often used as a transparent electrode; PET is a commodity
polyester used as a transparent, flexible substrate.
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they could have low costs per module, but that their thinness
and extremely small mass could also reduce the costs associated
with transportation and installation of modules (part of the
balance-of-system costs, which are generally independent of the
particular photovoltaic technology of the module).14

Organic solar cells typically comprise a heterostructure of
two types of semiconductors with offset frontier molecular
orbitals (Fig. 2).15 This heterostructure is sandwiched between a
low-work-function electrode (which collects the electrons) and a
Fig. 2 Schematic drawing and approximate energy levels of materials used in
organic solar cells. (a) A transparent substrate (not drawn to scale) supports a
transparent electrode, a semiconducting layer comprising an electron donor and
an electron acceptor, and a top electrode. In part (b), the energy levels of the
electrodes represent the values of work function, while the energy levels of the
organic donor and acceptor represent the frontier molecular orbitals (highest
occupied and lowest unoccupied molecular orbital, HOMO and LUMO). In the
“conventional” geometry represented in the figure, the work function of the
transparent electrode is higher than that of the top electrode; in the “inverted”
geometry, the polarity is reversed.
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high-work-function electrode (which collects the holes). This
sandwich-like structure sits on a thin substrate (e.g., glass or
polyethylene terephthalate, PET). Most, if not all, devices must
be encapsulated to exclude water and oxygen.16 Upon the
absorption of light, an electron is promoted in either the donor
or the acceptor from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO).
Transfer of an excited electron in the LUMO of the donor to the
LUMO of the acceptor produces free charge carriers. These
carriers dri to opposite sides of the device, in part, because of
the built-in electric eld established by electrodes with different
values of work function.4 This process is the basis of the
photovoltaic effect in OPV and other “excitonic” cells, and is in
contrast to the mechanism of conventional solar cells, in which
charge carriers are generated directly upon the absorption of
photons, and are segregated by the internal eld established by
a p–n junction.15,17

Organic photovoltaic cells are oen cited for their potential
to fulll roles in unique applications such as wearable elec-
tronics,18 portable energy sources in the developing world,19

articial retinas,20 and power-generating polarizing lters.21

Many of these applications are specically targeted to the
consumer market rather than to utility-scale generation of
power. Considering the rate at which once-state-of-the-art
consumer electronic devices are rendered obsolete by new
models, it may be more important to minimize environmental
impact than is it to maximize the lifetime—or even perfor-
mance—of some devices for some applications.

1.3 Energy cannibalism

Intensive research efforts in organic photovoltaic materials and
devices have produced cells with efficiencies around ten
percent2 and projected lifetimes around ten years.22 Organic
solar cells, despite recent setbacks,23 seem poised to garner
attention of global leaders in business, investment, and policy.
One aspect of the discussion about renewable energy that is
oen absent is the embodied energy and environmental impact
of building a global infrastructure for sustainable energy, or so-
called energy cannibalism.24 The production phase of the life
cycle of high-technology products such as microchips25 and
photovoltaic devices26 is famously energy intensive. The
embodied energy of 1 kg of polycrystalline silicon of the kind
needed for conventional silicon photovoltaic cells is approxi-
mately 1 GJ.25 This energy represents about 200 kg of carbon
dioxide emissions, and the lifetime of carbon dioxide in the
atmosphere is approximately 200 000 years.27 The environ-
mental costs of building an infrastructure for renewable energy
are thus signicant, and it is important to make the right
choices not only with respect to the specic technologies that
will make up the renewable infrastructure—i.e., wind, solar,
geothermal—but also in considering the materials we use in
these technologies.

1.4 Scale and costs of organic solar cells

Rigorous analysis of the environmental implications of
thin-lm photovoltaic technologies is an important—though
This journal is ª The Royal Society of Chemistry 2013
nascent—eld.28 Members of the research community have
already targeted many of the components of an OSC for the
reduction of cost. Reduced cost oen correlates with increased
“greenness,” as rare materials with high energies of production
and possibly high toxicities are replaced with more abundant,
environmentally benign alternatives.29 Networks of silver30–32 or
copper33–35 nanowires, carbon nanotubes,36–38 graphene and
reduced graphene oxide sheets,37,39,40 patterned metallic grids,41

lms of poly(3,4-ethylenedioxythiophene):poly(styrene sulfo-
nate) (PEDOT:PSS)42–44 are promising alternative materials for
tin-doped indium oxide (ITO) in large-area modules. While
vacuum deposition must give way to solution processing if
devices are to be manufactured in a roll-to-roll manner, evap-
orated low-work-function (usually top) contacts such as
aluminum can be replaced in some circumstances by solution-
processed metallic nanoparticles,32 carbon nanotubes,45 or
PEDOT:PSS modied to have a low work function by an addi-
tive.46 The cost and production energy per unit area of a
substrate can be reduced substantially simply by making it
extremely thin.10 It is likely that advances in barrier materials
will permit a reduction in cost by reducing the thickness of the
encapsulant required.47 The most chemically sophisticated
component of an OSC, however, is the organic active layer.
While these layers are thin (typically 80 to 200 nm) and
synthesized primarily from commodity petrochemicals, organic
semiconductors have, in general, not been the target of studies
designed to reduce the overall cost and environmental impact
of OSCs.

In 2006, Lewis and Nocera commented that a solar energy
conversion system should cost no more than $10 per square
meter in order to be competitive with fossil fuels for primary
energy.48 This value is approximately equal to the cost of carpet
per unit area, or ten times the cost of paint. Organic semi-
conductors—p-conjugated polymers and small molecules—are
brightly colored, processable from solution, and thus are
supercially similar to paint. Does the comparison extend to
price? A 200 nm lm of one of the structurally simplest conju-
gated polymers, poly(3-hexylthiophene) (P3HT, Fig. 1), over an
area of 1 m2 costs $120, based on current catalog prices. This
price per unit area is already an order of magnitude too
expensive. The prices of low-bandgap materials with greater
structural complexity than P3HT such as PCDTBT are roughly
ve times this price, or $600 m�2. The cost of PC71BM (the
organic acceptor used in most of the devices with the highest
efficiencies) of $500–$1000 m�2 makes use of this material at
scale especially problematic. While one can expect eventually to
negotiate prices for an organic semiconductor from a contract
manufacturing organization (CMO) or to manufacture it in-
house for 1–2 orders of magnitude less than the lowest catalog
price,29,49 one still obtains costs of the organic active layer that
are already dangerously close to Lewis' and Nocera's allotment
of $10 m�2, before accounting for the costs of the electrodes,
substrate, encapsulant, wiring, support racks, inversion,
permitting, and land.

While small-scale reactions in the laboratory are sufficient
for generating hundreds of milligrams of organic semi-
conductors for 1 cm2 devices, ultimately these materials must
Energy Environ. Sci., 2013, 6, 2053–2066 | 2055
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be produced at scales approaching the annual production of
structurally simpler commodity polymers, or 2–3 orders of
magnitude greater than those of top-selling small-molecule
drugs of similar structural complexity. For example, if 10 TW of
the 30 TW of power demanded in the year 2050 is to be gener-
ated by photovoltaics, and if organics account for 500 GW to 5
TW, then 10–100 kilotonnes of organic semiconductors will be
required to cover the land area required, given an average solar
ux of 200Wm�2, a module efficiency of 5%, a typical thickness
of the active layer of 200 nm, and a density �1000 kg m�3. This
extremely rough estimate assumes 100% yield of working
modules, no waste in the coating processes, and innite life-
time of devices. Both conjugated polymers and structurally
complex drugs require synthetic sequences of 5–10 steps to
produce. The multi-tonne synthesis of conjugated polymers will
be a challenge in process chemistry with few precedents, and
will inuence the materials that could be seriously considered
for installations that cover many square kilometers.

1.5 Green chemistry

The term green chemistry was coined by Paul Anastas of the
Environmental Protection Agency.50 While the twelve principles
of green chemistry50 are well known and practiced by process
chemists in the ne chemical manufacturing (e.g., of pharma-
ceuticals), green chemistry is somewhat less well known to
chemists in academia, where obtaining a specic target
compound is of principal importance. In brief, a green process
is tantamount to an efficient one. Such a process produces little
waste, avoids protecting groups, uses catalysis in place of stoi-
chiometric reagents, generates only environmentally benign
byproducts, and uses energy efficiently (i.e., it has a small
carbon footprint).50 Green chemistry represents a refocusing of
strategy from treating or sequestering waste to preventing
waste.51 It also represents a shi in risk management from
limiting exposure to toxic substances to eliminating them to the
extent possible.52

In the pharmaceutical industry, drug discovery chemists
benet from a synergistic relationship with process chemists.29

A medicinal chemist working on the gram scale may design a
route around inexpensive reagents identied or even prepared
by the process department in anticipation of eventual scale-up29

(although the notion that discovery chemists ought to be
designing their synthetic routes to anticipate the requirements
of process chemists is not consensus53). One of the goals of this
article is to identify promising, green approaches that might
lower the overall cost and environmental impact of organic
semiconductors. Whether or not an organic semiconductor can
be produced in an environmentally benign way may inuence
the materials studied by device specialists and ultimately which
materials are incorporated into manufacturing processes. A
recent analysis by Osedach et al. on the “synthetic accessibility”
of popular materials for OSCs reached a similar conclusion.54

1.6 Metrics for greenness

There are several approaches to evaluating the greenness of a
synthetic sequence.55 None of these approaches, however,
2056 | Energy Environ. Sci., 2013, 6, 2053–2066
provide a no-compromise assessment. The atom economy or
atom efficiency, introduced by Trost in 1991, is the ratio of the
molecular weight of the product by the molecular weight of all
substances formed.56 This approach is theoretical in that it
assumes exactly stoichiometric quantities of all materials and
100% yield. Another metric, which takes into account the actual
yield, solvents, and catalysts is the environmental factor (E-
factor).57 This concept was developed by Sheldon aer noting
that the cost of disposing of waste in the ne chemical industry
was comprising an increasing fraction of the revenue generated
by the product.57 The E-factor is the ratio of the mass of waste to
the mass of the desired product. The absolute mass of a waste
product is, however, not always as important as is its environ-
mental unfriendliness per unit mass.57 This fact led to the
introduction of the EQ factor, in which the mass of each
byproduct is scaled by a Q factor, which is an arbitrary number
that scales with undesirability of the waste compound.57 While
this approach suggests that a quantitative assessment of the
greenness of a chemical synthesis is in principle possible, the
arbitrariness of the Q factor invites a rigorously dened alter-
native. One alternative is the production energy of a chem-
ical.58,59 The production energy is the part of the embodied
energy of a good that represents the sum of the production
energies of all of the starting materials and the additional
energy required to form the product.25 This concept is used in
life-cycle analysis of manufactured goods. Its attractiveness
arises from the straightforward translation of production
energy to carbon emissions: 0.2 kg carbon dioxide per MJ
electricity given the average mix of fossil fuels and renewables
used in the United States in 2013.60 Production energy also
generally correlates with cost.59 The analysis by Williams et al.,
for example, led to the conclusion that a typical DRAM chip in
2002 cost more energy to produce than it used in its lifetime.25

The deciency of production energy as a metric for greenness is
that it only addresses one component of environmental
friendliness—carbon emissions—and ignores the negative
externalities of generation and disposal of toxic waste.
Production energy is also not trivial to calculate, as it is
dependent on details of manufacturing that can be difficult
to nd.

Cost can in some circumstances be used as a proxy for
environmental friendliness.29 The cost of producing a chemical
entity (cost of goods, CoG) is inuenced by the cost of the raw
materials, labor, quality control, and disposal of waste.29 (In
accounting terminology, cost of goods sold, COGS, includes
shipping as well.) In the pharmaceutical industry, the target
CoG for an advanced pharmaceutical intermediate is $1000–
$3000 kg�1.29 Cost estimates can be carried out with more or
less precision using commercial soware or back-of-the-enve-
lope methods. In general, cost increases with structural
complexity. In favorable circumstances, cost can even be esti-
mated by multiplying the number of rings, functional groups,
stereocenters, heteroatoms, and regiocenters in a molecule by
100 to yield the cost per kilogram.53 Short of negotiating prices
for all raw materials, one can estimate that it should be possible
to obtain raw materials for 3–10% of the lowest published
catalog price.49 An important drawback of using cost as a metric
This journal is ª The Royal Society of Chemistry 2013
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for environmental friendliness is that the costs of producing
toxic waste are dependent on local regulations. Furthermore,
the prices of raw materials, even if they could be obtained with
accuracy for every possible synthetic route, are subject tomarket
forces and thus only partially reect scarcity, difficulty of
extraction, and energy of production.
1.7 Strategies for reducing environmental impact

Despite advances in encapsulation and impressive demonstra-
tions of long lifetimes of devices, organic solar cells will have
nite lifetimes, and thus it is important to design components
that are easily recycled or discarded.47 Elimination of fullerenes
from bulk heterojunction cells is regarded as an important step
in this direction,61,62 because fullerenes (and especially deriv-
atized fullerenes) have uncertain effects on the environment
when manufactured at the needed scale and then released by
either degradation or disposal.47 Landi and coworkers per-
formed detailed analyses of the energy intensity of the
production of fullerenes59 and whole devices.58 Fullerenes
comprise 18–30% of the cumulative production energy of small
molecule and polymer-based cells.58 The production energy of
PC71BM—the acceptor used in essentially all of the highest-
performing research-scale OPV devices—is approximately 90 GJ
kg�1,59 nearly two orders of magnitude greater than that of
polysilicon (though polysilicon is used in quantities 2–3 orders
of magnitude greater in silicon solar cells than PC71BM is used
in organic solar cells). Conjugated polymers are signicantly
less energy intensive than are fullerenes, but the production
energy and therefore cost of these materials increases by
approximately an order of magnitude with each doubling of the
number of synthetic steps.58 The production energy of P3HT is
1.9 GJ kg�1; while that of PCDTBT is 5.8 GJ kg�1.58 Both poly-
mers, however, are substantially greener than is PCBM. Thus
the polymer–polymer planar or all-polymer bulk heterojunction
cell can be treated as an environmentally friendlier solution
than the standard polymer–fullerene system, with the caveat
that all-polymer systems are—usually far—less efficient.
Fullerenes can also be replaced by semiconductor nano-
crystals,63–65 though the environmental impact of these mate-
rials has not been evaluated and the toxicology of nanoparticles
is highly dependent on both geometry and composition.47

Moreover, the degradation products of organic solar cells
are not limited to the semiconducting components, but also
to additives such as dithio- and diiodooctane66,67 and
polydimethylsiloxane.68

Any material produced in quantities over 1000 kg is, in the
U.S., subject to rules set forth by the Toxic Substances Control
Act (TSCA) of 1976.52 In most cases, new substances are evalu-
ated for hazards by the premanufacture notication (PMN)
process. Polymers are oen exempted from PMN reporting if
they satisfy certain criteria. For example, high molecular weight
samples (>10 kDa) with a small fraction of unreacted monomers
(<10% oligomers below 500 Da), no additives, and no reactive
functional groups (such as allyl ethers, epoxides, cyanates,
imines, and others) are generally exempted from the PMN
process.52 A conjugated polymer by itself will generally be
This journal is ª The Royal Society of Chemistry 2013
exempted, except that it is usually blended with a small mole-
cule acceptor and one or more additives of small molecular
weight. The class of polymers described by Wei et al.,69 based on
the polyazine unit (see Section 2.5) would probably not be
exempted from the PMN process. A concise resource on the
environmental and regulatory aspects of polymers is the book
by Anastas, Bickart, and Kirchhoff.52
1.8 Scope

The remainder of this Perspective identies approaches to the
synthesis of conjugated polymers that satisfy several of the
criteria of green chemistry. Our purpose is not to provide an
exhaustive list of examples of such chemistry, but rather to
identify a few key developments in the eld that seem especially
suited to large-scale synthesis. Of all the materials that will
eventually be incorporated in manufactured OSCs—including
the substrate, transparent electrode, and encapsulant—we
decided to focus on the organic semiconductors because of (1)
our own expertise and (2) the fact that lowering the cost of these
other components is already the subject of a signicant
research effort within the community. While we believe that
molecular photovoltaic devices based on solution-processed
small-molecules will play a signicant role in the future of
organic photovoltaics and have already achieved impressive
efficiencies in the laboratory,70 we restrict our attention to
conjugated polymers. This decision also reects our expertise,
and should not be regarded as an endorsement of one type of
organic semiconductor over another.

The materials, energy, and time put into workup and puri-
cation for any multistep chemical synthesis are considerable.29

Workup and purication includes quenching (i.e., neutraliza-
tion of reactive species), extraction, chromatography, recrystal-
lization, and distillation or sublimation.54 The analysis by
Osedach et al. suggests that workup and purication contrib-
utes�50% of the cost for the laboratory-scale synthesis of P3HT
and a considerably greater fraction of the cost (#90%) for
conjugated polymers with greater structural complexity.54 We
selected some of the topics in Section 2, below, based in part on
the facility of workup and purication: e.g., heterogeneous
catalysis, direct heteroarylation polymerization, and water-
forming polycondensation reactions. In the interest of space,
however, we chose not to have a separate section on workup and
purication.

It is entirely possible that a reaction that is in many ways
“green” may not have a product that cannot be isolated in a
sequence that is environmentally benign. Failure to purify a
conjugated polymer completely can have deleterious effects on
the electronic properties. In particular, particles from residual
palladium catalysts have deleterious effects on electrical
performance.71 On the other hand, polymerization strategies
developed for polyphenylenevinylene (PPV) derivatives—such as
the Wessling72 and Gilch73 methods—tend to be relatively green
and are easy to workup. Polyphenylenevinylene derivatives,
such as MEH-PPV,74 however, are no longer found in OSCs with
the highest reported efficiencies, and thus we did not focus on
PPV derivatives in this Perspective.
Energy Environ. Sci., 2013, 6, 2053–2066 | 2057
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2 Green reaction methodology for organic
solar cells
2.1 Metal-mediated cross-coupling reactions

2.1.1 Stille polymerization and alternatives. The most
common reaction methodology employed to generate alter-
nating donor–acceptor, low-bandgap polymers is the Stille-
based condensation polymerization of bromide-terminated and
trimethylstannyl-terminated monomers (Fig. 3a and b).75–78 One
of the advantages of the Stille polymerization is its modular
nature. The potential suitability of a new conjugated monomer
as a subunit of a high-performance conjugated polymer is
typically evaluated by copolymerizing the monomer with a
number of popular complimentary conjugated units.79,80 It is
oen the case that seemingly minor changes in the chemical
structure of a polymer—e.g., alkyl chain length and branching—
can impart great differences between the efficiencies of
devices.75,81–85 While the copolymerization of two monomers
into an alternating copolymer is the most frequently used
strategy, methods of preparing both block86 and random87–90

copolymers via Stille polymerization have also generated new
types of conjugated polymers with interesting properties. Non-
alternating copolymers can be synthesized by non-Stille tech-
niques as well, such as ruthenium-catalyzed acyclic diene
metathesis reaction (ADMET, Fig. 3c).91

While the Stille polymerization has risen to prominence in
the eld of conjugated polymers due to its broad scope and
reliability, the reaction has several drawbacks that will increase
in severity when this reaction is implemented at the scale
required for utility-scale production of OSCs.92 Some of these
issues are inescapable realities of condensation polymeriza-
tions and palladium catalysis—e.g., sensitivity to variations in
stoichiometry and to exposure to air.93 Other factors may come
into play on the scale of the pilot plant, such as contamination
of metal reactor walls by tin,92 but are easy to overlook on the
laboratory scale. Issues with the preparation and purication of
stannane monomers and their polymerization raise a number
Fig. 3 Examples of polymerizations mediated by transition metals. A palladium-cat
of polythiophene and diketopyrrolopyrrole. (c) Ruthenium-catalyzed acyclic diene m
vinylene groups (ref. 91).

2058 | Energy Environ. Sci., 2013, 6, 2053–2066
of ags when running large-scale reactions, including the
necessity of lithiating monomers in order to add trialkylstannyl
groups, and the toxicity of organostannane compounds. To
amplify both of these considerations, many researchers prefer
to use the much more hazardous tert-butyl lithium in place of n-
butyl lithium on lab scale for improved purity of monomers,
and polymerizations of monomers bearing the trimethyl-
stannane group are much more effective than those bearing the
less toxic though seldom-used tributylstannane group.94–96

Chlorinated aromatic solvents, most commonly o-dichloro-
benzene, are standard for the polymerization of these materials
and happen to be both environmentally harmful and high-
boiling, and thus require signicant inputs of energy to
recycle.29 Finally, the stoichiometric generation of trimethyltin
bromide presents an added cost and environmental exter-
nality.92 It is telling that the Stille reaction is oen omitted from
prominent process29 and green chemistry51 textbooks, and that
it most frequently appears in process chemistry journals when
an alternative process is reported or when its problematic
aspects are assessed.92

2.1.2 Suzuki polymerization. The Suzuki reaction is in
some aspects environmentally preferable to the Stille reaction,97

though it brings its own set of potential complications. The
base, water, and phase transfer catalyst that are required for the
typical Suzuki reaction add signicant complexity to the reac-
tion setup, which will be exacerbated at large scale where
multiphase reactions are sometimes slower and more difficult
to mix. The stability of monomers is oen troublesome, as
boronic esters have a tendency to condense into cyclic trimers.98

Furthermore, the introduction of boronic esters still requires
lithiation, and the purication on large scale can still be
challenging.

An alternative method for producing boronic esters has
been the use of bis(pinacolato)diboron (BiPi) in a palladium-
catalyzed borylation procedure of aryl bromides,99–101 This
milder approach has proven especially useful in situations
where lithiation is problematic, such as in the preparation of
alyzed Stille reaction produces (a) block (ref. 86) or (b) random (ref. 87) copolymers
etathesis produces copolymers in which heterocylic moieties are linked through

This journal is ª The Royal Society of Chemistry 2013
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the benzothiadiazole diboronic ester. BiPi has also been used as
an A2monomer in polymerization reactions with dibromides as
a B2 monomer (Fig. 4).102 The in situ borylation and the cross-
coupling reaction can both be achieved by Pd(dppf)Cl2, and
resulting polymers were of comparable size to the Stille-
prepared analogs and exhibited much more well-dened, protic
chain ends.102

One promising advance in Suzuki methodology that has
gained popularity in organic chemistry is the replacement of
boronic esters with triuoroborates. Triuoroborate salts are
robust, stable functional groups that arehighly tolerant, stable to
chromatography, and oen readily recrystallize.98 Encourag-
ingly, one example of a polymerization of a bis(triuoroborate)
has been reported for the preparation of an electron-accepting
semiconducting polymer (Fig. 5).103 Additionally, polymeriza-
tions have been achieved by cascade Suzuki–Heck reactions with
vinyl triuoroborate salts,104–106 although the vinylene backbone
motif has fallen out of favor in solar applications and these
materials were studied in the context of electroluminescence. It
is unclear whether the dearth of bis(triuoroborate) monomers
speaks to the recent development of this methodology or to its
scope. Additionally, the installation of the triuoroborate
requires both lithiation and uorination, and thus adds a step to
those required to synthesize conventional boronic esters.

2.2 Heterogeneously catalyzed polymerizations

Another strategy that is popular in process chemistry and has
found some use in the preparation of conjugated polymers is
Fig. 4 Use of bis(pinacolato)diboron (BiPi) in a mild form of polymerization by Suz

Fig. 5 Use of trifluoroborate salts in Suzuki cross-coupling polymerization reaction

This journal is ª The Royal Society of Chemistry 2013
the implementation of supported catalysts (Fig. 6). Advanced
products such as PdEnCat have proven highly effective cross-
coupling catalysts that can vastly simplify removal of catalyst
and thus reduce contamination of the products, but when
simplicity and low cost are the goals, palladium on carbon
(Pd/C) is preferred. Ligand-free Suzuki, Stille, and Heck poly-
merizations have been carried out using Pd/C.107 The use of this
supported catalyst was found to decrease residual palladium as
measured by atomic absorption spectroscopy from thousands
to tens of parts per million.107 Its broad applicability to different
cross-coupling reactions is notable, especially considering the
comparative popularity of the Stille polymerization over the
Suzuki. In order to supplant the Stille reaction, an alternative
polymerization must offer substantial advantages.

2.3 Direct heteroarylation polymerization

The direct use of aryl C–H bonds as cross-coupling partners has
been an important subject of focus in the past decade, and the
scope of such reactions has been vastly expanded.108–110 Early
use of C–H activation in the preparation of organic semi-
conductors included the use of thiophene homocoupling to
prepare symmetric function monomers,111 as well as oligothio-
phenes and other oligomers.112–114 To replace the Stille reaction,
however, methodology to copolymerize difunctional monomers
into alternating polymers is required.108,115,116 This methodology
is referred to as direct heteroarylation polymerization (DHAP),
andmay hold more potential for decreasing the amount of toxic
waste produced as byproduct in conjugated polymer synthesis
uki cross-coupling (ref. 102).

s (ref. 103).
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Fig. 6 Heterogeneously catalyzed Suzuki, Heck, and Stille reactions applied to the synthesis of conjugated polymers (ref. 107).
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than any other single method (Fig. 7).117–119 In its simplest form,
DHAP is carried out with one dibromide monomer and one
monomer with activated protons. This simplicity invites
comparison to the typical Stille polymerization, which typically
requires dibromination of both monomers, followed by lith-
iation and stannylation (two equivalents each) of one of those
monomers. At minimum, assuming 100 percent yield at each
step, DHAP saves two steps, two equivalents of trimethyltin-
chloride, and either two equivalents of n-BuLi or four equiva-
lents of t-BuLi. The use of a diprotic monomer in place of a
distannane alsomeans that bothmonomers can be exhaustively
puried; purication leads to ease in matching the stoichiom-
etry precisely and obtaining polymers with high molecular
weight.117–119

The scope of DHAP is still being explored and expanded, but
already several high-performingpolymers havebeen synthesized
using the method. Polymers based on DPP,117 thieno[3,4-c]-
pyrrole-4,6-dione (TPD),118 dithienosilole and dithienogermole
monomers,119 cyclopenta[2,1-b:3,4-b0]dithiophene (CDT) and
benzothiadiazole (BT)120 have all been reported using various
optimized conditions, which usually employ the Herrmann–
Fig. 7 Direct heteroarylization polymerization (DHAP) produces less waste by mass
synthesis of the monomers (ref. 118).

2060 | Energy Environ. Sci., 2013, 6, 2053–2066
Beller catalyst. In each case, the molecular weight of the
polymer synthesized is comparable or greater than that of the
polymer synthesized from the same repeat units by Stille, though
in the case of electron-rich segments with terminal thiophenes,
it is necessary to functionalize the beta-position of that
monomer.119

DHAP has also been used to polymerize the A–B monomer 2-
bromo-3-hexylthiophene to synthesize the well-known material
regioregular P3HT.121 At a loading of one mole percent of
Herrmann catalyst and two mole percent phosphine ligand,
P3HT with 98% regioregularity and Mn � 30 kDa could be
prepared in 99% yield in THF—a substantially more atom-
economical route than the conventional Grignard metathesis
(GRIM) polymerization which produces stoichiometric
MgBr2.122 DHAP has also been used in place of Stille in the type
of semi-random copolymerizations shown in Fig. 3b, with A2,
B2, and A–B monomers.123 There is no reason the scope of
DHAP on A–B monomers must stop with these impressive
demonstrations: monobromination of oligothiophenes and
other short sequences of heterocycles is typically straightfor-
ward and high-yielding.113
than Stille coupling to produce the same polymer, and requires fewer steps for the

This journal is ª The Royal Society of Chemistry 2013
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2.4 Conjugated polymers comprising biologically derived
materials

While the ideal material for a green photovoltaic cell might be
natural product, either farmed or derived from a culture broth,
there have been only a few rare examples in which natural
materials have been directly useful in OSCs. In light of the
availability of materials such as Tyrian purple—a dibromated
indigo—it is somewhat surprising that natural dyes have not
been more extensively used as organic semiconductors.124

Unfortunately, though indigo itself has proven to be an
acceptable semiconductor for use in organic eld-effect tran-
sistors (OFETs),125 in order to make useful polymers for OSCs,
chemists turned to its synthetic isomer, isoindigo (Fig. 8).126–128

Other materials derived from natural products are used
frequently as dyes and have been used in OFETs, though only a
few examples of such applications exist.129

Some fully natural materials, such as indigo, aurin, and beta-
carotene, have been used in organic electronics.129–131 Though
they are excellent absorbers they occur in such low abundance
that their biological production is not a feasible source for
manufacturing. Other products are chemically modied deriv-
atives of natural products, or are synthetic equivalents made
from cheap, abundant petrochemicals. Examples of this class
include perylene diimides, Vat Yellow and Vat Orange dyes.
These naturally derived materials hold promise as being rela-
tively environmentally benign aer the device is discarded or
recycled.132

One monomer stands apart in that it is derived in large part
from biomass derivatives, and also nds application in some of
the best-performing small-molecule and polymer active layer
materials: diketopyrrolopyrrole anked by two furan rings
(DPPF).83 DPPF, derived from furfural and dialkylsuccinate, is
largely derived from biomass prior to alkylation. Furfural is one
of the most readily available, low-cost biorenewable materials
on the market, with annual production at approximately
250 000 tonnes.133 Similarly, approximately 15 000 tonnes of
succinic acid is produced each year. Though most of this
material is petrochemical in origin, biorenewable succinate
comprises a growing part of total production.134–136 The poten-
tial to derive DPPF from natural sources, on top of its greater
solubility over that of DPPT, make DPPF an extremely attractive
option for green production of OSCs. Indeed, DPPF is typically
Fig. 8 Structures of small molecule dyes discussed in the text.

This journal is ª The Royal Society of Chemistry 2013
alkylated with ethylhexyl chains, which are much smaller than
the octyldodecyl chains on similar DPPT polymers. The substi-
tution of DPPT with DPPF thus comes with two advantages: the
alkylating agent is less expensive and commercially available,
and the ratio of semiconducting backbone to solubilizing
“grease” is increased.

An interesting but seemingly seldom-used way to incorpo-
rate biomass into conjugated polymers is as the solubilizing
alkyl chains, which are either straight-chain or which contain at
least one branch. These alkylating agents are typically produced
from alcohols, and their prices increase with size. Branched
chains, produced by the Guerbet process at high temperatures,
typically cost approximately three times more than straight
chains of equal molecular weight. Therefore a savings in cost
can be achieved simply by using simpler straight chain solubi-
lizing groups. The substitution of branched sidechains with
linear ones is not necessarily deleterious to the photovoltaic
efficiency of devices.81,82,84 A strategy that utilizes inexpensive,
abundant materials, high yielding reactions, and produces
highly soluble polymers for low-temperature solution process-
ing is usually favorable. One such strategy is the use of natural
products as alkylating agents. In one example, farnesol is used
as a starting material, readily reduced and halogenated, and
used to alkylate DPPT (Fig. 9).137
2.5 Water-forming polycondensation reactions

Condensation reactions involving the loss of the carbonyl
oxygen atom in the form of water—as in the condensation of
aldehydes with amines or hydrazine to form imines or hydra-
zones—or the loss of water and carbon dioxide—as in the
Knoevenagel condensation—are some of the most ubiquitous
reactions in organic chemistry and are useful in the synthesis of
organic semiconductors because their products contain unsat-
urated bonds (Fig. 10). Such reactions are also green because
they are typically efficient, give off water or carbon dioxide as
byproducts, requires either no catalyst or simple acid catalysis,
and occur between relatively easily installed functional groups.
One of the simplest uses has been in the synthesis of qui-
noxaline,138,139 thienopyrazine,140 thiazole, and thiazolothiazole
units,141 all of which have found use in low bandgap polymers
for solar energy collection and use in OFETs.

These materials, however, should not automatically be
treated as greener alternatives to conventional monomers: the
synthesis of quinoxaline begins with the deconstruction of
dibromobenzothiadiazole. Thienopyrazine requires several
steps to product, requiring nitration of thiophene and subse-
quent reduction to form the diaminothiophene starting mate-
rial. Thiazole-based materials require the use of expensive
dithiooxamide. Such considerations must be balanced in
choosing materials for synthesis on a large scale. A specic
reaction should be used not simply because it is green, but
because it leads to a holistically efficient synthesis of the target
material even aer the steps taken to produce the starting
materials have been taken into account.

An especially successful example of a water-evolving poly-
condensation reaction is the recent report of a conjugated
Energy Environ. Sci., 2013, 6, 2053–2066 | 2061
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Fig. 9 Proposed DPPF unit alkylated with a farnesol derivative derives 94% of its molecular weight from biomass. All atoms except those labeled in red are derived
from natural materials.

Fig. 10 Water-forming condensation reactions as tools for synthesizing poly-
mers and monomers. (a) DPPT unit bearing two aldehydes polymerizes with
hydrazine to yield a fully conjugated ambipolar polyazine. (b) Imine-substitution
on CDT monomers can tune the properties of resulting polymers. (c) Alternating
polymers formed from polymerization of bis(cyanomethyl)benzene and oligo-
thiophene-dicarbaldehydes. (d) Heterocycles formed by condensation: thieno-
pyrazine (TP), quinoxaline (QU), thiazolothiazole (TzTz), and bithiazole (BTz). The
red bonds represent bonds formed by condensation reactions.
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polyazine based on the DPPT chromophore (Fig. 10).69 In this
case, the DPPT unit was functionalized with aldehydes, which
were then condensed with hydrazine. The resulting polymer
had impressive characteristics, including ambipolar transport
with electron and hole mobilities �0.4 cm2 V�1 s�1. (We note
that one caveat of polymers containing imine linkages or other
possibly reactive moieties when produced at the tonne scale is
that they will probably invite increased regulatory scrutiny, as
discussed in Section 1.7.) In another example of poly-
condensation involving loss of a carbonyl oxygen atom,
alternating copolymers of oligothiophene and cyano-
substituted polyphenylenevinylene (CN-PPV) were produced
from aldehyde-terminated thiophene oligomers and alkoxy-
2062 | Energy Environ. Sci., 2013, 6, 2053–2066
substituted biscyanomethylbenzene.142 The properties of the
polymers could be tuned by modifying the length of the thio-
phene oligomers. In a similar vein, complimentary bis(cyano-
methyl)uorene and uorene dicarbaldehyde can be used to
produce cyano-substituted poly(uorenevinylene), which
demonstrated improved electroluminescence over the poly-
(uorenevinylene) without cyano substitutions, which was
prepared by the Gilch polymerization.143

In some cases, a condensation reaction can be used to access
monomers that have chemical structures that are not neces-
sarily accessible by metal-mediated cross-coupling reactions.
For example, condensation was used in the polymerization of
some dioxythiophene, thiophene, and phenylene monomers,
but it was also used to prepare a bis(dioxythieno)cyanovinylene
monomer, which could then be polymerized by Yamamoto or
electropolymerization.144 Condensation reactions for monomer
synthesis and polymerization provided a library of new ele-
trochromic materials. In another example of novel monomer
synthesis, Azoulay and coworkers prepared a series of imine-
substituted cyclopentadithiophene monomers.145 Not only did
this synthesis provide a handle for tuning the electronic prop-
erties of resulting materials, but the imine substitution
provided solubility which otherwise would have necessitated
additional synthetic steps to reduce and alkylate the bridgehead
position of the cyclopentadithiophenone starting material.

3 Outlook

We began this Perspective by describing several aspects of the
fabrication of organic solar cells that might have a deleterious
effect on the environment. We then identied green chem-
istry—applied to the synthesis of semiconducting polymers—
as one way to mitigate environmental externalities of
manufacturing organic solar cells. Green chemistry is, of
course, not the only avenue the community can pursue to lessen
the environmental impact of organic solar modules. Replacing
fullerenes with conjugated polymers or small molecules, engi-
neering thinner substrates and barrier lms, and investigating
This journal is ª The Royal Society of Chemistry 2013
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solution-processable replacements for transparent electrodes
based on rare-earth elements will drastically reduce the
production energy, waste, and toxicity of manufacturing these
devices.

It seems increasingly likely that organic photovoltaics will
play a role in meeting the future global demand for energy. The
objective of this Perspective was to anticipate the need to
synthesize organic semiconductors at a scale much greater than
that used in laboratories in order to cover land areas on the
order of perhaps thousands of square kilometers. It seems that
whether or not a particular organic semiconductor can be made
in an environmentally benign way would inuence the choice of
a researcher as to whether the material is—or is not—worth
pursuing. We believe that cross-talk between device specialists
and synthetic chemists interested in process development will
support the “double bottom line” possible with organic solar
cells: the potential to produce clean energy using devices that
are manufactured according to green practices.
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P. M. Beaujuge, J. Am. Chem. Soc., 2013, 135, 4656–4659.

83 C. H. Woo, P. M. Beaujuge, T. W. Holcombe, O. P. Lee and
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