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Abstract: This account describes the work of our group in the
area of organic photovoltaics in the past six years. The emphasis
is on our experiences in the development of the organic materials,
their characterization, scale-up and application in devices. We
share our insight into the relationship between synthetic methods,
molecular properties, bulk material properties and device
performance.

1. Organic Photovoltaics

The field of organic photovoltaics (OPV) has been an area of
intense investigation for researchers with expertise in materials
chemistry, photophysics and engineering. Progress was slow in
the early studies of the 1980s and 1990s as much less was known
about the details of device operation mechanism and materials
design requirements. As the level of knowledge and expertise
accumulated across the disciplines, significant improvements
have been achieved in device efficiency as well as stability.
Advancing the state-of-the-art is a great challenge as it is only
possible through a combination of high performance material and
careful device optimization and processing.

1.1. State-of-the-art

Power conversion efficiency (PCE) is the most commonly
assessed metric for OPV materials and devices. The significance
of work in the area is often judged by the PCE values presented
whether or not it is done fairly or with intention. This drives
research groups to trial and error experimentation approach to
target high PCE numbers as quickly as possible. In this account,
the focus is on bulk heterojunction (BHJ) materials and devices
where the benchmark PCE is just over 10%.*% While
development in device architecture and assembly is an essential
ingredient to achieve state-of-the-art, we want to share here our
experiences on materials design, synthesis, characterization and
scale-up. Readers can refer to reviews on polymers* and
molecular materials*'-*¥ for more comprehensive surveys of the
literature.

1.2. Materials design requirements

Designing OPV materials from scratch is a complex problem.[*4
The essential components of the active layer of a BHJ device are
compatible electron donor and electron acceptor materials.
Achieving material compatibility is relatively straightforward as
orbital energies can be controlled by structural modification
guided by theoretical calculations dictated from the frontier orbital
state energy perspective (Figure 1). Similarly, desirable photo-
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physical properties can also be achieved through molecular
structure design. On the other hand, bulk material properties,
such as solvent solubility, thermal properties, crystallinity and
semiconducting behavior, can be hard to target with any degree
of accuracy. Yet, bulk properties are every bit as important as
molecular properties in determining device performance. This is
especially the case for BHJ devices where the mixing and phase
separation of donor and acceptor materials must result in the
formation of nanoscale interpenetrating networks for efficient
device operation (Figure 1). Certainly, correlation between
molecular and bulk properties and device performance has been
observed in many studies but it takes a brave scientist to predict
the performance of new sets of materials. In this account, we
present some of our studies on polymer design and synthesis,
continuous flow processing and various molecular materials.
These studies gave a variety of both predictable and unexpected
outcomes.
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Figure 1. Simplified state energy level diagram showing the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
energy level offset required for the electron donor and acceptor materials and
the process of excitation and charge separation in bulk heterojunction devices!®!
and an illustration of a nanoscale phase separated active layer generated from
transmission electron microscopy (TEM) tomography data.[*5!
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2. Conjugated Polymers

Conjugated polymers serve as a very popular class of materials
in OPV devices. The properties of polymers can be easily tuned
by varying the monomer building blocks. Indeed, the most often
studied polymer structures consist of electron donating (D) and
electron accepting (A) monomers. Properties can be controlled by
adjusting the electron affinity of the D and A units. Solution
processability is another selling point for polymeric materials as
the viscosity of polymer solutions enables deposition of uniform
defect-free films. As mentioned in the introduction, readers can
refer to a number of reviews on conjugated polymers in OPV
devices for more comprehensive overview of the area.[*1% This
section presents our group’s insights into polymer design and
synthesis and the effects on device performance..

Prior to 2008, most of the conjugated polymers synthesized
in our group were used for organic light emitting diode (OLED)
applications. While the polymers employed for OLED have some
features in common with those used in OPV, the design of
materials for OPV presented a different challenge. Apart from the
need to tune the absorption profile of the polymers, it is essential
to ensure that the frontier orbital energy levels are well matched
between the electron donor and acceptor components of the BHJ.
In addition, desirable semiconducting properties such as higher
charge mobilities that are required in OPV materials are more
difficult to realize. As a consequence, our group initially focused
on optimization of polymerization methods to produce known
conjugated polymers showing promising device performance.

2.1. Continuous flow processing and scale-up

A significant portion of our research program was devoted to
device fabrication and testing. Studies included the fabrication of
large area devices on flexible substrate using roll-to-roll printing
techniques (Figure 2).16-17] Substantial quantities of materials
were used for such experiments to optimize the printed devices.
While some OPV materials, such as poly(3-hexylthiophene)
P3HT, are commercially available at the scale required, we
anticipated that it would be advantageous to have the ability to
scale up the synthesis of materials, especially for ones developed
in-house.

Figure 2. Picture of a roll-to-roll printer for OPV device fabrication on flexible
substrate (left) and a continuous flow reactor!*®! (right).



Compared with conventional synthesis methods,
continuous flow processing is inherently scalable and it has
additional benefits of more controlled reaction conditions (e.g.
temperature, mixing, reagent stoichiometry, etc.) that can result
in higher reproducibility and product yield.**?°l Our group was one
of the first to examine flow methods for the synthesis of organic
semiconducting materials. The flow synthesis of intermediate
building blocks and molecular organic dyes?!! as well as fullerene
derivatives?? (vide infra) has been reported by our group. A
picture of the flow reactor®® used in our laboratory is shown in
Figure 2.

A variety of reactions for conjugated polymer synthesis in
flow has been reported.?>24 |nitially, the most commonly used
reactions were examined. This included Suzuki polycondensation,
Stille polycondensation and the synthesis of poly(phenylene-
vinylene) via the Gilch route.?® In general, it was found that
polymerization under flow conditions shortened reaction time as
a result of more efficient heat transfer and mixing. For the biphasic
Suzuki polycondensation, improved mixing was a key factor in
increasing the rate of the reaction. Stille polycondensation was
also well suited to flow processing, as solutions can be heated
under pressure (e.g. toluene at 170 °C) much like the conditions
used in microwave-assisted reactions.?!

The successful translation of batch reaction conditions to
flow processing relied on experimentation and accumulation of
know-how. For instance, the flow synthesis experiment for
polyfluorene PFO was relatively straightforward (Figure 3a).
However, problems were encountered for the flow synthesis of
PCDTBT (Figure 3b). It was found that the thieno-
benzothiadiazole monomer 3a did not have sufficient solubility in
the reaction media. This was not an issue in batch reactions as
the reactants became more soluble as the reaction progressed.
With the flow synthesis equipment available to us, reactants must
be fully dissolved for the pumps to operate. This led tto the use of
an alternative monomer 3b for the successful synthesis of the
analogous polymer PCDHTBT. Apart from the solubility of the
reagents and reactants, the solubility of the product is also an
important consideration. Poly(phenylene-vinylene)s have been
known to form gels in solvents at certain molecular weights. To
avoid blockage of the flow reactor, an additive was included in the
reaction to mediate the polymerization.3

The synthesis of P3HT via Grignard metathesis
polymerization (GRIM) was also demonstrated in flow processing
(Figure 4).24 The reaction conditions were difficult to optimise
because of the lack of stability of the thiophene Grignard
monomers and the nickel catalyst species. After optimization,
P3HT was successfully synthesized under flow conditions with
molecular weight control (Figure 4b).?4 Most recently, we
reported direct arylation polymerization using flow methods. [
The use of inorganic carbonate bases in anhydrous organic
solvents for these reaction meant that well-packed columns
containing carbonate had to be used to accommodate the flow
process. While we have demonstrated the possibility of flow
processing in the synthesis of conjugated polymers, only multi-
gram scale reactions were examined. However, we envisage that
the flow methods developed will be critical in supporting efforts to
upscale polymer solar cell fabrication in roll-to-roll processing.?]

WILEY-VCH

"L
Br Br Pd(PPhg),
Et4NOH (aq.) O O
Y LS
R R

toluene

o, 0 90°C
B . B PFO, R = -CgHyy
o o
2 R R
b)

n

Br. s X
[ ) 4
X —( S pr Pd(PPhg)
- Et,NOH (aq.)
3a,X=H S >
3b = -
X =-Cofra toluene
90 °C X
O, 0 CgHi7~ "CeHiz n
B =
o )N\ o PCDTBT, X = H
4 Coir” “CaHir PCDHTBT, X = -CgH3

toluene

c)
toluene 4®7
pump 1

valve pump 3
Et;NOH (1 M, aq.) — A
injection
loops polymer
2mL BPR
monomers (0.2 M) - (8 bar)
Pd(PPhg3)s (2 mol%) —@ coil reactor

in toluene valve 10 mL

pump 2
toluene 4@7

Figure 3. Polymer synthesis via Suzuki polycondensation for (a) PFO; (b)
PCDHTBT and (c) schematic of the continuous flow reaction.
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Figure 4. (a) Synthesis of P3HT in continuous flow from thiophene Grignard
reagent 5 and nickel catalyst 6 and (b) the molecular weight, Mn, of the polymer
scales linearly with monomer to catalyst ratio in both batch and flow reactions.

2.2. Synthesis and molecular weight control



At the same time as the development of flow processing methods,
our group was also interested in optimization of batch reaction
conditions to improve the quality of the polymeric materials. The
general observation in the field has been that polymers with
higher molecular weight range gave better performance in organic
electronic devices.?®34 Our group has reported some examples
of the effect of synthetic method on molecular weight and device
performance.2-3!

One example originated from the desire to translate
conventional batch polymerization to flow processing. The
polymer, PBDT-BT, was first synthesized by Stille
polycondensation (Figure 5).B3 A number average molecular
weight (Mp) of 40 kg/mol was achieved using this coupling method
and the material performance was promising in BHJ OPV devices
(~5% PCE). The scale-up of this material was considered using
flow processing. It was soon apparent that the benzothiadiazole
monomer building block 8 had poor solubility in the reaction
medium. To circumvent this problem, Suzuki polycondensation
was proposed with the use of the soluble boronic acid pinacol
ester monomer 10 (Figure 5). This move was fortuitous as much
higher molecular weight polymer (M, 112 kg/mol) was isolated
using Suzuki polycondensation. Even more remarkable was the
fact that the high molecular weight material showed a
substantially improved performance (8.5%) and with further
device optimization the PCE was increased to 9.4%.53 This is
almost double the performance of the polymer obtained by Stille
polycondensation.®? However, it is interesting to note that Suzuki
polycondensation also delivered an even higher molecular weight
fraction (M, 136 kg/mol) but resulted in a decrease in efficiency
(6.4%). This was attributed to the poor solubility of the large
polymer that resulted in lower quality thin films. This highlights an
interesting point concerning polymer semi-conductors. The
unique chemical and physical properties of each polymer mean
that a different optimal polymer size may be required for each
material. However, this can also be seen as a limiting factor as
rational chemical design cannot predict the desirable polymer size
for OPV applications. It is interesting to note that the Suzuki
polycondensation reaction was extremely fast for this system and
the polymeric material became difficult to process in fewer than
30 minutes if the reaction was heated at 90 °C. At first glance, this
appears to be the ideal reaction for a high performance material.
However, the speed of the reaction meant that molecular weight
outcome could vary significantly from batch to batch, resulting in
reproducibility issues that are yet to be resolved.
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Figure 5. Synthesis of polymer PBDT-BT using Stille and Suzuki
polycondensation methods giving samples of different molecular weight.

The dependence of device performance on molecular
weight of the polymeric material was reported in another system
synthesized using Stille coupling.®? Optimization of Stille
polycondensation conditions led to a series of polymers with
molecular weight (M,) varying from 10 kg/mol to 139 kg/mol. The
trend of higher molecular weight material giving higher device
performance was observed in this case except for the polymer
fraction at 139 kg/mol. At this very high M,, the processability of
the polymer was poor, resulting in problems during thin film
deposition.

Lastly, our group has also observed decrease in device
performance in polymeric materials made using different synthetic
methods where variation of molecular weight played no role. It has
been reported that the germole-based polymer, PDTGe-TPD,
was used in devices with >8% PCE.F4 The synthesis of this
polymer was re-examined by our group because it is generally
acknowledged that the tin reagent used in the Stille coupling
reaction has stability issues and was difficult to purify. The direct
arylation polymerization approach was investigated and polymers
of similar molecular weight to those from the Stille route were
isolated. Most characterization data, including UV-vis absorption
and redox properties, of the two polymer samples were very
similar,but a large difference in device performance was recorded
with the direct arylation polymer giving devices at ~2% PCE.
Interestingly, the *H NMR spectrum of the polymers revealed
some differences. The variable temperature NMR experiment
suggested that the polymer strongly aggregated in solution at
room temperature (Figure 6). By comparing the integration of the
resonances assigned to the proton on the polymer backbone in
the aggregated and ‘free’ state, it was possible to deduce that the
polymer produced by direct arylation did not aggregate as strongly
as the one prepared by Stille coupling. While no direct evidence
has as yet been obtained, we speculate that there are more defect
sites on the direct arylation polymer, therefore affecting
aggregation. It has been reported previously that carbon-carbon
bond formation by direct arylation can produce regioisomer and
homo-coupling defects on a polymer backbone. 3537
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PDTGe-TPD
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Figure 6. (a) Chemical structure of polymer PDTGe-TPD and possible polymer
backbone configuration in aggregated form and (c) variable temperature *H
NMR spectrum of the polymer synthesized by Stille coupling and direct arylation
at 25 and 130 °C in 1,2-dichlorobenzene-da.

2.3. Polymer structure

Like many other researchers, our group has also examined the
effect of modification of the polymer structure on properties and
device performance. Benzodithiophene (BDT) is a very popular
electron donating building block in polymers for OPV devices.® In
one study, a series of polymers was synthesized using mixtures
of electron acceptor monomers with the BDT building block
(Figure 7, P1-P3).8 By increasing the electron acceptor strength
from benzotriazole (BTz) to benzothiadiazole (BT) to
pyridylthiadiazole (PyT), the absorption edge of the polymers was
extended from 600 nm to 750 nm. The use of BTz with BT or PyT
broadened the absorption of the polymer with coverage over a
large portion of the visible range. The BTz unit with branched alkyl
substituents also improved the solubility and solution
processability of the polymers. Interestingly, the BDT-BT polymer
P1 showed remarkable molecular order in bulk samples prepared
by fiber extrusion.8 The analysis of the polymer structure in this
bulk sample is currently under investigation using a combination
of wide angle X-ray scattering and solid state NMR experiments.

The 3,6-positions of the benzene ring in the BDT core are
easily accessible for facile modulation of the electronic properties
of the BDT core. In the attempt to extend the conjugation in the
direction orthogonal to the polymer backbone, thienothiophene
was incorporated (Figure 7, P4 and P5).%% Thiazole was also
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substituted on the BDT unit (Figure 7, P6-P8).*% Thiazole is
known to be electron deficient compared to thiophene. The
properties of the resulting polymers were a little unexpected as
the thiazole unit did not appear to have a big impact on the frontier
orbital energy levels of the polymers. The photovoltaic
performances of all BDT derivatives as donor polymers is highly
dependent on the resulting film morphology when blended with
PC;1BM. Conjugated polymers containing electron deficient
building blocks only has also been systematically investigated by
using a weak electron deficient core, 2H-benzotriazole (Figure 7,
P9-P12).Y Increasing acceptor strength resulted to shifts in the
LUMO energies relative to the homopolymer P9 while the HOMO
energies of the polymers remain constant. Interestingly, polymers
P9 and P10 have quantum yields exceed 80%. The combination
of the BTz wunit with the highly electron deficient
benzobisthiadiazole (BBT) monomer gave a blue polymer with
absorption onset at 700 nm. The BTz-BBT polymer P12 was used
as the electron acceptor material in OPV devices with P3HT as
donor material, which showed moderate performance of 0.4%
PCE due to unfavorable phase separation between P3HT and
P12.
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Figure 7. Structures of polymers used in OPV devices.

3. Molecular Materials

Our group has been interested in molecular materials since we
started research into the OPV area. Compared with polymers, the



structure of molecular materials is defined, and higher purity
samples can be achieved. The consequence of this is that devices
based on molecular materials can have greater stability and
reproducibility. The deposition of molecular materials can be
achieved by solution processing as well as by thermal evaporation
under vacuum. Again, readers are directed to reviews in the area
for comprehensive overview as we will focus on our personal
experience and insight in this account.[*1-2l

3.1. Hexa-peri-hexabenzocoronene (HBC)

The defined structure of molecular materials is particularly
attractive for studies in intermolecular association and its effect
on bulk material properties and device characteristics. One
molecular system that drew our attention is hexa-peri-
hexabenzocoronene (HBC).*4 HBC is a class of polycyclic
aromatic hydrocarbons that has a very strong propensity to
associate through n—r interactions. A number of research groups
have taken advantage of this property and used the material to
form interesting self-assembled structures for a variety of
applications.*? Inspired by some early work, our focus has been
to use HBCs in organic electronics, in particular OPV devices. The
HBC core without substitution is insoluble and can only be
processed by thermal evaporation. As such a large number of
studies have reported on the functionalization of the periphery of
the HBC molecule. Our contribution to the area is the use of
fluorene groups to impart solubility and, at the same time, provide
a handle for further functionalization (Figure 8).14%

13, X=H

14, X =1

15, X = triarylamine oligomer
16, X = thiophene dendron
17, X = quinoxalinoporphyrin
18, X = fullerene derivative

M =H2orZn

Figure 8. Structures of FHBC derivatives.

Fluorenyl HBC (FHBC) derivatives showed self-association
behavior typical of HBC compounds. Association through n—rn
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stacking drives the assembly of columnar aggregates in solution
and in solid state. Evidence for this was observed in *H NMR
spectroscopy (Figure 9) and wide-angle X-ray scattering
experiments respectively (Figure 10). The feature that separates
FHBC derivatives from other HBC compounds is charge transport
pathway made possible by the fluorene groups connecting the
cores of the HBC columnar assembly. The result is improved
charge transport and enhanced semiconducting properties for the
FHBC materials.*¥ This led to OPV devices with PCE of 1.5%
despite the less than ideal spectral coverage of the FHBC material
13. Attempts to improve the performance of FHBC materials were
made by adding a variety of chromophores to enhance light
absorption.[*+8l Up to 3% PCE was observed but there was a
trade-off between the spectral coverage of the material and its
semiconducting properties. Essentially, greater absorption was
achieved with substituents, such as thiophene dendrons” 16 and
porphyrins8l 17, but the steric bulk of these units disrupted the
molecular order of the bulk material leading to poorer charge
transport. Apart from extending the absorption profile of these
materials, the HBC motif has also been used to build ambipolar
materials with fullerene derivatives.[*! Single component active
layer OPV devices were fabricated and maximum efficiency of
0.22%. While the close proximity of the electron donor and
acceptor units was advantageous for charge separation, the
possibility of charge recombination was also higher in these
structures. For a more detail discussion on the design, synthesis
and OPV application of FHBC derivatives, readers can refer to a
review article.*?
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Figure 9. The *H NMR spectrum of FHBC compound 13 in CDCls at a range of
concentrations. The up field shift for the HBC core protons with increasing
concentration is a result of the ring current effect due to the n—= stacking of the
molecules.



intercolumnar distance

Figure 10. (a) Thermal ellipsoid illustration of the crystal structure of compound
13 and (b) two-dimensional wide angle X-ray scattering data indicating
columnar structures in extruded fibre samples.

FHBC compounds have been used as an interface
modifier.’  Molecules containing amphiphilic groups were
designed to be deposited on surfaces or to accumulate at
hydrophilic/hydrophobic interfaces. As a result of the strong
supramolecular interactions in HBC assemblies, it was possible
to use these interface materials to promote bulk structure changes
in organic films. While there is some way to go before control of
film microstructure can be realized, we showed that the use of
interface modifiers is a viable strategy going forward. We believe
that using molecular structural changes to tune bulk material
structure and properties is a better strategy than the use
processing techniques, such as solution sheering, thermal
annealing, solvent annealing, etc.

3.2. Semiconducting dyes

Apart from n—= stacking, other supramolecular association forces
can also be important in OPV materials. The role of hydrogen
bonding in a series of oligothiophene and fullerene derivatives
was investigated.® Hydrogen bonding had a significant effect on
the bulk film structure of the materials. In our case, the strong
association between molecules led to greater aggregation. This
meant that there was larger electron donor and electron acceptor
domains in BHJ films. This study highlighted the need to consider
carefully not just the interactions of one material, but also the
interactions in material blends.

In organic materials, weak dispersion forces such as van der
Waal interactions can also make significant changes to bulk
material properties. An oligothiophene material, BTR, was
reported recently showing high performance (>9% PCE) in OPV
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devices.5@ The core structure of BTR has been used previously
by other groups and excellent performance of 8 to 9% was
recorded.> 5354 By positioning the alkyl side chains in a
‘regioregular’ manner, the thermal behavior and crystallinity of the
BTR compound are somewhat different from analogs in the
literature. A liquid crystalline transition was observed at 186 °C for
the BTR material (Figure 11). Further studies are in progress to
investigate the effects of side chain modification on this
oligothiophene system.
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Figure 11. Molecular structure, optical absorption spectra, DSC thermogram
and POM images. (a) Chemical structure of BTR. (b) Normalized UV-vis
absorption spectra of BTR in chloroform (5 mg/mL) and in spin-cast film. (c)
differential scanning calorimetry thermogram of BTR in nitrogen at a ramp rate
of 10 °C min. The lower trace is from heating cycle and upper trace from
cooling cycle. (d) BTR thin film sandwiched in between two glass slides
observed under a polarized optical microscope at a stage temperature of 185 °C,
(e) 195 °C and (f) 197 °C.

3.3. Fullerene acceptors

Fullerenes (Ceo and Cy0) and their derivatives have been
successfully used in OPV devices since the 1990s. Phenyl-Ce;-
butyric acid methyl ester (PCs:BM) and its C7o analogue (PC7:BM)
are still the most popular electron acceptor component in BHJ
OPV devices.’>%! There has been many studies to tune the
photophysical properties of fullerene derivatives but few have
surpassed the performance of PCs:BM and PC7:BM.

One successful example is the use of fullerene bis-adducts
in devices. As the open circuit voltage (Voc) of a device is directly
related to the HOMO energy level of the electron donor material
and the LUMO energy level of the electron acceptor material,
adjusting the LUMO energy level of the fullerene derivative can
provide a boost to device performance. With two substituents on
the fullerene molecule, the material is less electron deficient than
the mono substituted compounds leading to an increase in LUMO
energy. The result is a larger Voc, which can increase the overall
efficiency of the device. For example, the indene-fullerene



bisadducts (ICBA) gave devices with very good PCE of >7% for
both the Cgo and Cyo analogues.>7-581

The high performance for ICBA can be achieved despite the
fact that the materials are mixtures of regioisomers. It was
considered interesting to investigate the material properties and
device performance of ICBA samples that consist of a single
isomer. Our group has reported the chromatographic isolation of
a single isomer of IC;BA using a combination of silica and
nitrocarbazole-functionalized solid phases.® An interesting aside
is the fact that this work developed serendipitously from scale-up
experiments involving flow processing.?? In the multi-gram scale
synthesis of IC7BA, we found that the isomer mixture can be
separated into two fractions using flash chromatography on silica.
This set us on the path of isolating the single isomer. Single
crystal X-ray data provided the relative configuration of the isomer
(Figure 12). When compared with isomer mixtures, the single
isomer material showed higher electron transport mobility and
improved performance in OPV devices. We are currently in the
process of completing the analysis of other regioisomers from the
1C70BA mixture.

Going forward, it is uneconomical, both in chemicals
required and time, to use a material that requires chromatographic
isolation. Tether directed remote functionalization has been used
previously to control the regioselectivity of fullerene multi-adduct
formation.5%-621 We have recently used this synthetic strategy to
obtain a Cgo bisadduct single isomer from PCs1BM in one pot over
two steps.®®l The performance of this material compared
favorably with both PCs;BM and a Ceo bisadduct isomer mixture.

Figure 12. Structure obtained by X-ray analysis of a single isomer of IC70BA.
(a) Thermal ellipsoid illustration, (b) space filling model, and (c) packing diagram
where disordered CHCIs solvent molecules have been omitted for clarity.

4. Summary and Outlook

In this account, we have shared our experience and insight into
the development of materials for OPV devices. In all the examples
provided, it is clear that an intimate connection between material
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design, synthesis, characterization and device testing is of
paramount importance for a successful outcome. It is also
apparent that there is still a substantial gap in understanding the
relationship between molecular structure and properties, bulk
material properties and device performance. Further experiments
and additional examples are required to shed more light on this
subject. In the not-too-distant future, analysis of material libraries
will result in tangible outcomes and advancement for the field of
OPV. In addition to materials design and applications, we learnt a
valuable lesson in the continuous flow synthesis studies. The
primary aim of the flow experiments was to demonstrate material
scale-up capability which was shown to be possible for a wide
range of reactions commonly used in organic electronic materials
synthesis. In doing so, the synthesis and properties of materials
were carefully re-examined ultimately resulting in device
performance enhancements. There is still significant scope to
further develop flow processing in materials chemistry.
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