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HOMO highest occupied molecular orbital
Nomenclature Isc short circuit current

IC indolo[3,2-b]carbazole
A acceptor ICT intramolecular charge transfer
AFM atomic force microscopy IF indeno[1,2-b]fluorene
B1245DT benzo[1,2-b:4,5-b'|dithiophene IQE internal quantum efficiency
B,134DT benzo[2,1-b:3,4-b’'|dithiophene IPCE incident photon to current efficiency
BH]J bulk heterojunction Isc short-circuit current density
BTz bithiazole Jsc injection current
CB chlorobenzene kT thermal energy
CF chloroform LBG low band gap
CN chloronaphthalene LUMO lowest unoccupied molecular orbital
CN-PPV cyano-substituted poly(p- A incident photon wavelength

phenylenevinylene) MDMO-PPV poly[2-methoxy-5-(3/,7'-

CPDT cyclopenta[2,1-b:3,4-b’|dithiophene dimethyloctyloxy)-1,4-phenylene
CPP 4H-cyclopenta[def]phenanthrene vinylene]
CS charge separation MEH-PPV poly[2-methoxy-5-(2-ethylhexyloxy)-
CT charge transfer 1,4-phenylene vinylene]
CTC charge-transfer complex My number average molecular weight
v cyclic voltammetry My weight average molecular weight
D donor NDT naphtho[2,1-b:3,4-b’|dithiophene
DAD donor-acceptor-donor NMR nuclear magnetic resonance
DCPTCz dicyclopentathienocarbazole NREL national renewable energy laboratory
DPBz 4,7-diphenyl-2,1,3-benzothiadiazole ODCB  ortho-dichlorobenzene
DPV differential pulse voltammetry OPVs organic photovoltaics
DSC differential scanning calorimetry PBzP proDOT-[2,1,3]-benzothiadiazole-proDOT
DTPy dithieno[3,2-b:2/,3’-e]pyridine PCs1BM [6,6]-phenyl-Cg;-butyric acid methyl ester
DTP dithieno[3,2-b:2',3’-d]pyrrole PC71BM [6,6]-phenyl-C71-butyric acid methyl ester
DTS dithieno[3,2-b:2’,3'-d]silole PCE power conversion efficiency
DTT dithieno[3,2-b:2’,3’-d|thiophene PEDOT:PSS poly(3,4-ethylenedioxythiophene):
E electric field poly(styrenesulfonate)
Egia bond length alternation PF polyfluorene
Ecr charge transfer energy PFN poly[(9,9-dioctyl-2,7-fluorene)-alt-(9,9-
Einter intermolecular interactions bis(3’-(N,N-dimethylamino)propyl)-2,7
Eg optical band gap fluorene)]
ERes aromatic resonance energy photo-CELIV photoinduced charge carrier extrac-
Esup substituents tion in a linearly increasing voltage regime
Er triplet energy PIF poly(indeno[1,2-b]fluorene)
Ey planarity PII poly(indeno([2,1-a]indene)s
ECL effective conjugation length PM 2-pyran-4-ylidenemalononitrile
EDOT ethylenedioxythiophene PP pyrido|3,4-b]pyrazine
EQE external quantum efficiency PPV poly(p-phenylenevinylene)
FET field-effect transistor ProDOT propylenedioxythiophene
FF fill factor PTV poly(thienylenevinylene)
FT-IR Fourier transform infrared q elementary charge
GIXS grazing incidence X-ray scattering QDT dithieno[3,2-f:2’,3’-h]quinoxaline
GRIM  Grignard metathesis QTN quadrathienonaphtalene
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TP3ATs regioregular poly(3-alkylthiophenes)
rrP3HS regioregular poly(3-hexylselenophene)
rTP3HT regioregular poly(3-hexylthiophene)
Rs series resistances

Rsy shunt resistances

SAED selected area electron diffraction

SBzS selenophene-[2,1,3]-benzothiadiazole-

selenophene

SCLC space charge limited current measurements

SEM scanning electron microscopy

SiIDT silaindacenodithiophene

T triplet state

TBseT thiophene-2,1,3-benzoselenadiazole-
thiophene

TBzT thiophene-2,1,3-benzothiadiazole-
thiophene

TDPPT thiophene-diketopyrrolo[3,4-c]pyrrole-
thiophene

TDTQT thiophene-6,7-dihexyl[1,2,5]thiadiazolo[3,4-
g]quinoxaline-thiophene

TEM transmission electron microscopy

TP thieno|[3,4-b]pyrazine

TPD thieno[3,4-c]pyrrole-4,6-dione

TPT thiophene-phenylene-thiophene

TPyT thiophene-thiadiazolo|3,4-
c]pyridine-thiophene

TQT thiophene-quinoxaline-thiophene

TTPT thiophene-thieno[3,4-b]pyrazine-
thiophene

TVM bithiophenevinyl-2-pyran-4-
ylidenemalononitrile

UV-vis ultraviolet-visible spectroscopy

Voc open-circuit voltage
VPV vinylene-phenylene-vinylene
VTV vinylene-terthiophene-vinylene

XRD X-ray diffraction

1. Introduction

Organic and polymer photovoltaic cells are an
extremely active area of research, in order to meet
the urgent need for clean and renewable sources of energy.
During the last decade the field of polymer photovoltaics
has shown a continuous improvement in both device
efficiency and understanding of the underlying physical
processes. Despite exhibiting lower power conversion
efficiency (PCE) in comparison to conventional inorganic
technologies, polymer photovoltaic cells have attracted
particular attention due to their potential applications
as flexible, low-cost and solution processible energy
sources [1]. At present the so-called bulk heterojunction
(BH]J) structure based on blends of conjugated polymers
as electron donors and soluble fullerene derivatives
(especially [6,6]-phenyl-Cgi-butyric acid methyl ester
(PCs1BM) or [6,6]-phenyl-C;1-butyric acid methyl ester
(PC71BM)) as electron acceptors represent one of the most
extensively studied type of organic photovoltaics (OPVs)
[2,3] with PCEs in the range of 6-7.5% [4]. On the OPV

technology roadmap towards higher PCEs, studies on
existing materials have identified parameters limiting the
PCE in organic BH] solar cells. These include the charge
mobility, the optical band gap (Eg), the ionization potential
(HOMO level) and electron affinity (LUMO level) from
the part of the conjugated polymer [5,6], the elimination
of rotational barriers and the recently reported charge
transfer (CT) state of both components [7]. Hence, in order
to further enhance the PCE and to obtain the desired
performances with polymeric semiconductors, different
parameters at the molecular and supramolecular levels
(such as electronic structure, regioregularity, purity, solu-
bility, molecular weight, thermal transitions, crystallinity
and morphology within the blend) should be carefully
controlled. For example, the good solubility of polymers in
common organic solvents is an essential parameter for the
utilization of low-cost solution processing techniques. The
polymer solubility as well as the miscibility with fullerene
derivatives is usually controlled by the choice of the side
chain, its structure (linear or branched), and its position
along the backbone. However, it is not easy to predict how
such structural modifications at the molecular level affect
many of the above-mentioned parameters. Even though
several reviews have been published highlighting the
major classes of conjugated polymers applied as donors
in solar cells [8-13], an in-depth conjugated polymers
structure-property relationship study for OPVs is not
presented in the literature.

This review is based on how minor structural mod-
ifications in the main chain for the different classes of
conjugated polymers affecting their optoelectronic prop-
erties and photovoltaic performance. Published results will
be discussed, showing the effect of the nature (alkyl or
alkoxy), the type (linear or branched), the positioning and
the density of the solubilizing side chains on their opti-
cal band gap (Eg™"), HOMO and LUMO levels, charge carrier
mobility, morphology and photovoltaic performance when
blended with fullerene derivatives. The review is organised
as follows. In the first part, the basic principles of OPV oper-
ation and characterization are discussed and the design
principles for novel electron donor conjugated polymers
are presented. In the second part, we categorize and ana-
lyze how the structural parameters of the various classes
of conjugated polymers influencing their optoelectronic
properties and photovoltaic performance. The review focus
initially on poly(p-phenylenevinylene)-substituted deriva-
tives and polythiophene derivatives and later presents
details for more complex (fused) structures such as bridged
bithiophenes with 5- and 6-member fused aromatic rings
in the central core, bridged biphenylenes with 5-member
fused aromatic rings in the central core, polycyclic aromat-
ics bridged with fused aromatic rings and LBG conjugated
polymers based on various electron-deficient units. The
review is completed by concluding some of the main obser-
vations.

2. Basic principles and characterization of solar
cells

The active region of BHJ solar cells consists of a bicon-
tinuous interpenetrating network of an electron donor
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Fig. 1. Schematic of charge dissociation at the polymer (donor):PCBM (acceptor) interface, where kcr: exciton dissociation to form the hot charge-transfer
(CT) state, kg‘re"": thermal relaxation of the CT state, kcs+: dissociation of the hot CT state into a fully charge-separated (CS) state, kf:‘;”m: thermal relaxation
of the CS state, Kriplec: geminate recombination of the CT to the triplet exciton (T1), krecom: geminate recombination to the ground state and ks: dissociation

of the thermally relaxed CT state into the CS state [7,14,15].

(polymer) and acceptor materials (fullerene). Fig. 1 sum-
marises the energy level diagram of the main processes
involved within the charge photogeneration process within
the polymer:fullerene active layer. When photoexcitation
occurs (step 1), an electron from the donor’s HOMO into
the LUMO is promoted resulting in exciton formation. The
singlet exciton can diffuse to the donor (D)-acceptor (A)
heterojunction, where it can dissociate by energy transfer
(step 2) to the charge transfer (CT) state, if the optical band
gap (Eg) is higher than the energy of the CT state (Ecr) [7].
Since that CT state initially is formed with excess thermal
energy, then the possible pathways are either the thermal
relaxation of the CT state (step 3i), or the dissociation of
the hot CT state into a fully charge-separated (CS) state and
migration away from the D/A interface (step 3ii) [14-16].
Then, the bound polaron pair formed upon thermal relax-
ation of the CT state can undergo geminate recombination:
(i) into a triplet state T; on the donor by electron back
transfer (step 4i), if the triplet energy Er is smaller than
Ect, or (ii) to the ground state (step 4ii). Alternatively, it
can be separated (step 4iii), in case the Coulomb binding
energy of this geminate pair is overcome, to form dissoci-
ated charge carriers [7,14-16]. It should be noted that other
relaxation processes (not shown in Fig. 1) that compete
with charge photogeneration include excited-state relax-
ation of Frenkel excitons and bimolecular recombination
of separated charge carriers.

Important key points are: (i) the competition between
the thermal relaxation of the CT state and the dissocia-

tion of the hot CT state into a fully CS state determines
the efficiency of charge photogeneration in organic solar
cells. Because the dynamics of the electronic and vibronic
coordinates are highly coupled, diabatic descriptions of the
charge separation reaction are needed to properly describe
charge photogeneration on this process for these types of
materials [16]. (ii) Knowing the energy of the CT state, it is
observed that a minimal driving force of Eg — Ect > ~0.1eV
is sufficient to effectively populate the CT state in D/A
blends from the lowest energy singlet excited state of Dor A
[17].(iii) Recombination of CT states into the lowest Ty state
occurs if Ecr — Er>~0.1eV. Hence, triplet state energies
should be considered when designing materials for organic
solar cells with minimal Eg — Ect [17,18]. As a matter of fact,
Nelson et al. observed recently that triplet formation occurs
when the offset between the HOMO of the D and the LUMO
of the Ais larger than 1.6 eV by studying a series of polyflu-
orene:fullerene blends [19]. More information about the
formation of triplet states in organic semiconductors and
triplet state values of various conjugated polymers can be
found elsewhere [20]. Additionally, this CT state depends
on the HOMO of the D [21] and finally, carrier recombi-
nation through the CT excitons is mainly controlled by the
intrachain conformation of the polymer (D) and to a limited
extent by the mesoscopic morphology of the blend [22].
The PCE of a solar cell is determined by the open-circuit
voltage (Vo) value multiplied by the short-circuit current
density (Js¢) and the fill factor (FF) values and divided by the
incident-light intensity as shown by the formula given in
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Fig. 2. I-V curve and the characteristic parameters for the calculation of the power conversion efficiency of the organic photovoltaics.

the inset of Fig. 2. The open-circuit voltage of a conjugated
polymer:fullerene solar cell can be estimated by [23]:

Voe = K1 (]E ¥ 1)
q Jo

where kT is the thermal energy, q is the elementary
charge, jsc is the injection current driving the CT elec-
troluminescence and jo is the dark saturation current
that can be calculated from the experimental electrolu-
minescence and photoconversion experiments according
to: jo EQEgL(E)=qEQEpy(E) @pg(E). Owing to the logarith-
mic dependence of Vi on jg, Voc depends linearly on the
spectral position of the charge transfer state. This model
provides good correlation of Vo with the onset of the CT
state [24] or the peak of CT emission [25,26]. A more sim-
plified expression for V,,c has also been proposed by Janssen
etal. predicting that for organic BH] solar cell the maximum
attainable V. is ultimately set by the lowest optical band
gap energy of either D or A material via Voc =E; —0.6eV
[17]. Moreover, the short circuit current (Isc) can be esti-
mated from: Isc =neuE (ideal situation; loss free contacts),
where nis the density of charge carriers, e is the elementary
charge, i is the mobility and E is the electric field, or can be
determined by the amount of absorbed light and the inter-
nal conversion efficiency. Experimentally accessible is the
external quantum efficiency or incident photon to current
efficiency [IPCE(%)], describing the relation of the numbers

of electrons generated by the cell under short circuit condi-
tions to the number of the incident photons and is defined
from:

1240 x Isc(Acm—2)
A(nm) x Pi,(Wm—2)

IPCE (%) =

where A (nm) is the incident photon wavelength, Isc
(LAcm~2) is the photocurrent of the device and P,
(Wm=2)is the incident power. The fill factor (FF) is defined
by the equation shown in the inset of Fig. 2 and describes
the quality of the diode in the 4th quadrant. The FF for a sim-
plified equivalent circuit for a photovoltaic device is given
from:

U—-IR
I=1I (exp (%(U—ms)) - 1) ol

and is mainly influenced by the series Rs and shunt resis-
tances Rsy. To achieve high FF values the series resistances
should be minimized while the shunt resistances should
be maximized. Finally, Py, is the incident light power and is
standardized for solar cell testing at AM 1.5 (air mass 1.5)
spectrum. This is the solar irradiation (diffuse and direct) on
sea level on a 37° tilted, sun facing surface and attenuated
by the earth atmosphere [27].
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3. Conjugated polymers as electron donors
components

3.1. Design considerations for new electron donor
polymers

At present it is possible to calculate the theoretical PCE
of a BH]J solar cell consisting of an electron D polymer
blended with PCBM based on the Eg of the D along with
the difference between the LUMO level of the D with the
LUMO level of the A and experimental predicted values
for the device external quantum efficiency (EQE) and FF
[28,29]. Therefore, conjugated polymer control over the
HOMO-LUMO energy gap it is one of the most important
parameters for high PCE and has been extensive stud-
ied from the view of synthetic chemistry. The tuning and
modification of the band gap of a conjugated polymer
is a multiparameter effect involving six factors: molecu-
lar weight, bond length alternation (Eg;a), planarity (Ep),
aromatic resonance energy (Eges), substituents (Eg,,) and
intermolecular interactions (Ejr) (Fig. 3a) [30,31], thus,
the design and synthesis of most of the low band gap
(LBG) polymers reported in literature, is rationally based on
these parameters. However the exact control of individu-
ally the HOMO and LUMO energy levels is not a very simple
process because despite the fact that all the above men-
tioned six parameters have an influence on the band gap,
they also related to each other, affecting other important
chemical, mechanical, and physical properties. For exam-
ple, even though the solubility of conjugated polymers is
increased by the use of large alkyl or alkoxy chains, this
is also influences the Ej,;, the tendency for supramolec-
ular arrangement Ej..; and finally the increment of the

)
Repeating Unit Q Q@/D $n
LUMO—...,, —
Eﬂ
HOMO —" u

Y s
W4

Fig. 4. Development of the band gap structure of polythiophene from
energy levels of corresponding monomer during polymerization [34].

torsion angle (Ey). Therefore, any external stimulus that
will modify the planarity of the backbone and the degree
of m-orbital overlap, will alter Eg and as a sequence the rel-
ative position of the HOMO and LUMO levels [32]. Thus,
by synthesizing LBG conjugated polymers for solar cells
the positioning as well as the nature of the substituents
must be carefully designed and selected properly. When
substituents are employed, it is important to arrange them
in a regioregular way to avoid steric effects that would
cause twisting of the main chain (Fig. 3b). Another way
to insure greater conjugation is to rigidify the individual
monomer units by employing additional rings that serve
to enforce planarity and this also minimizes or eliminates
steric crowding (Fig. 3b) [33]. More details relevant to
the influence of the above six parameters on the Eg can
be found elsewhere [11,12]. On the other hand, there is
no theoretical model up to now predicting the density,
the appropriate length and the type of the substituents
that should be inserted in the main chain of conjugated
polymers in order to obtain a soluble high molecular
weight polymer (at least M, >20,000¢g/mol) with high
charge carrier mobility, properly aligned energy levels and
optimum segregation when blended with fullerene deriva-
tives to achieve simultaneously maximum EQE, Jsc and
Voc.

The onset of the optical absorption spectrum of a conju-
gated polymer is a measure by the Eg value of the polymer.
Therefore, in order to achieve a low Eg, it is necessary to
design polymers that absorb in the near infrared wave-
length region. However, in the case of conjugated polymers
the optical absorption reaches the maximum value after a
certain conjugation length, which is referred to as the effec-
tive conjugation length (ECL) (Fig. 4) [34]. Currently, two
are the more preferable strategies for improving the ECL
of conjugated polymers to a considerable extent, and thus
efficiently reducing their Eg. The first one includes the con-
version of a polyaromatic chain into a conjugated system
with an enhanced quinoid character and the second one
is based on the synthesis of the so-called “D-A” alternat-
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Fig. 5. (a) Schematic presentation of the non-degenerate fundamental
energy for the aromatic and quinoid resonance forms. (b) Typical hetero-
cyclic moieties used for the stabilization of the quinoid form.

ing copolymers containing alternating electron-rich and
electron-deficient building blocks.

The principal of the first approach is based on the stabi-
lization of the quinoid form, which is actually lying higher
in energy than the aromatic form (Fig. 5a) [31,35]. Stabi-
lization of the quinoid form can be achieved by the fusion
of a heterocycle ring (usually phenyl or thiophene) with an
aromatic or another heterocycle system with higher reso-
nance energy (Eges) (Fig. 5b). This results in the reduction of
Ega, thereby narrowing of Eg. However, this approach usu-
ally requires multiple and complex synthetic steps which
is a major drawback.

The second approach is based on the creation of an
intramolecular charge transfer (ICT) through association
of alternative donor and acceptor groups leading to a
broadening of the valence and conduction bands, thereby
increasing the double bond character between repeating
units, which lead to the reducing of Ega and Eg (Fig. 6)
[36,37]. Despite the fact that this is the preferred approach
for the synthesis of a plethora of new LBG conjugated poly-
mers for solar cell applications, many issues remain to be
addressed including the relative strength, the placement
and the ratio of the donor and acceptor moieties in the
polymer backbone.

Another important issue that should be considered
when designing new LBG conjugated polymers is their
hole mobilities. In general, low charge mobilities in conju-

Acceptor
Unit

LUMO

A

E.(A)

Fig. 6. Orbital interaction between donor and acceptor units lowers the
band gap of conjugated polymers by the creation of an intramolecular
charge transfer (ICT) [8,12].

gated polymers negatively influence the OPV performance
by allowing bimolecular charge recombination to compete
with charge collection, thereby reducing the photocur-
rent by limiting the optimum thickness values of the
photoactive layer. In addition, the FF decreases by the
high resistivity of the semiconductor layers and finally the
local charge mobility (influenced by the order of molecu-
lar packing) appears to influence the efficiency of charge
pair separation following exciton dissociation. Therefore,
it is essential the synthesis of high charge carrier mobil-
ity conjugated polymers. Recently, conjugated polymers
with hole mobilities up to 1cm?/Vs have been reported
[38]. On the other hand, one should always keep in mind
that since the bimolecular recombination is related to the
mobilities of the charge carriers in the two phases, achieve
balanced transport within the blend is also a parame-
ter of high importance for efficient OPV performance. For
example, when hole and electron transport within the
polymer:fullerene blend are unbalanced a build up of space
charge results to recombination losses limiting the FF val-
ues [28]. In order to determine the hole charge carrier
mobility in a D conjugated polymer, several types of exper-
imental techniques have been employed including the
field-effect transistor (FET) [39], space charge limited cur-
rent measurements (SCLC) [40,41], photoinduced charge
carrier extraction in a linearly increasing voltage regime
(photo-CELIV) [42], and time-of-flight photocurrent mea-
surements [43].

In parallel to the above requirements based on opti-
cal and electrical properties, other important factors of
T-conjugated polymers suitable for solar cell applications
including solubility issues, easy processing, simple and
high purity large scale synthetic quantities and importantly
environmental and photochemical stability. Therefore, it is
evident that the chemistry of functional conjugated poly-
mers is facing major challenges and suitable materials have
to achieve a broad range of specifications in order to be
established a suitable choice for high photovoltaic perfor-
mance.
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Chart 1. Chemical structures of MEH-PPV and MDMO-PPV.

In the following paragraphs the recent developments
on the main classes of conjugated polymer donors with
particular emphasis on the influence of chemical modifi-
cation in their optoelectronic properties and photovoltaic
performance are reviewed.

3.2. Categories of electron donor polymers

3.2.1. Poly(p-phenylenevinylene)-substituted derivatives

Two are the most extensive studied poly(p-
phenylenevinylene) (PPV) derivatives, processable in
common organic solvents, used as electron donor
in organic photovoltaics. The chemical structures
of 1 and 2 (the so-called poly[2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylene  vinylene]; MEH-PPV
and the poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-1,4-
phenylene vinylene]; MDMO-PPV) are shown in Chart 1.
The photovoltaic performance of MEH-PPV and MDMO-
PPV in blends with PCg1BM (1:4, w/w) is 1.1-1.3% [44]
and 2.5% [45], respectively. As reported by Shaheen et al.
the PCE of the MDMO-PPV:PCg1BM is dependent from
the casting solvent used to deposit the active layer. When
chlorobenzene was used as solvent an optimal morphology
with finer phase segregation and enhanced microstructure
was obtained which provided a PCE of 2.5% instead of the
0.1% PCE achieved when toluene was used as solvent. Fur-
ther improvement in the efficiency of MDMO-PPV:PCg1 BM
was achieved by two different approaches. The one way is
by increasing the regioregularity of the MDMO-PPV which
leads to a PCE of 3.1% [46] due to the increased crystallinity
of the polymer, resulting to higher hole mobility due
to better mixing (morphology) with the PCgBM. The
other way to improve PCE performance is by using an
isomeric mixture of C;y (PC71BM) instead of PCgBM. It
has be shown that in some cases the replacement of the
Cgo moiety of PCg1BM by Cyg fullerene derivative makes
the HOMO-LUMO transitions slightly more allowed and
increases the light absorption properties [47,48].

One very interesting observation of this system is
the increase of the hole mobility of the MDMO-PPV by
increasing the PCgBM concentration within the poly-
mer:fullerene blend [49,50]. Initially this phenomenon was
attributed to the fact that the addition of the PCgBM (up to
67 wt%) favors the uncoiling of the polymer chains, despite
the dissolution of the polymer [51]. However in a very
recently report it has been demonstrated that the hole
mobility of the MDMO-PPV increases upon addition of the
fullerenes, because the fullerenes intercalate between the
side-chains of the MDMO-PPV affecting the intermolecular
packing of the polymer [52]. Nevertheless, the main limi-
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Chart 2. Chemical structures of the thienylenevinylene-based poly(p-
phenylenevinylene) derivatives 3-5.

tations preventing this system for higher PCE are the high
band gap of the polymer and the unbalanced charge carrier
mobilities between MDMO-PPV and PCg1BM [53,54].

3.2.2. Substituted poly(p-phenylenevinylene)-based
copolymers

The need for lowering the band gap of the poly(p-
phenylenevinylene)-based derivatives has lead to the
synthesis of a variety of poly(p-phenylenevinylene) ran-
dom copolymers incorporating various percentages of
thienylene groups (3) [55] or alternative copolymers with
one or two thiophene rings in the main chain (4-5)
[55,56] (Chart 2). The random copolymers were synthe-
sized by Gilch method and the alternative copolymers by
Hornor-Emmons reaction. The Horner-Emmons coupling
reaction seems to be the most appropriate method to syn-
thesize well-defined polymers because it provides strict
regioselectivity and an all-trans configuration, in contrast
to Wittig’s reaction, which generally gives molecules hav-
ing a mixture of cis and trans isomers. The optical band
gap of the polymers decreased slightly from 2.2 eVto 1.8 eV
(5) as the thienylene vinylene content was increased and
demonstrate enhanced hole mobility in comparison to
MEH-PPV.

Since the band gap of 3-5 was slightly decreased
(up to 1.8eV) by the insertion of the thienylene or
dithienylene vinylene segments in the main chain, new
cyano-substituted poly(p-phenylenevinylene) copolymers
with either unsubstituted (6) [57] or alkyl substituted
thiophenes (7 and 8) [57,58] or ethylenedioxythiophene
(EDOT) rings (9 and 10) [57] were synthesized by oxidative
polymerization using FeCls (6, 7,9 and 10) or Knoevenagel
polycondensation (8) (Chart 3). In an analogous approach,
some more cyano-substituted poly(p-phenylenevinylene)
copolymers based on propylenedioxythiophene rings
(ProDOT) [58,59] were also synthesized (Chart 3) using
either the Knoevenagel polycondensation (11-15) or the
oxidative polymerization (16) or the Yamamoto cross-
coupling polymerization (17).

The optical band gaps, the energy levels and the
photovoltaic performance of the cyano-substituted poly(p-
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Chart 3. Chemical structures of the cyano-substituted poly(p-phenylenevinylene) derivatives 6-17.
Table 1
Optical, electrochemical and photovoltaic properties of the copolymers 6-17.
Polymers Eg™ (eV) LUMO (eV) HOMO (eV) PCE (%)
6 1.77 3.42 5.73 -
7 1.72 335 5.48 0.14
8 1.80 3.5 6.0 0.01
9 1.59 3.27 4.82 0.19
10 1.72 3.30 5.34 -
11 1.70 3.5 5.9 0.10
12 1.75 3.6 5.9 0.27
13 1.75 3.6 5.8 0.13
14 1.70 3.6 5.7 0.36
15 1.7 35 5.8 0.15
16 1.6 3.4 5.4 -
17 1.5 3.6 5.4 0.21

phenylenevinylene) derivatives (6-17) are presented in
Table 1. Polymer 8 has the highest band gap (1.8 eV), but is
lower than the similar analogue cyano-substituted poly(p-
phenylenevinylene) (CN-PPV) which has a band gap of
2.1eV [58], as expected since that thiophene is a stronger
electron donor compared to the phenylene. Further reduc-
tion of the band gap was achieved by introducing one more
thiophene ring in the polymer backbone of 8, providing
the copolymers 6 and 7. One can notice that the band
gap of 7 is lower than 6. This behaviour is a result of the
electron-releasing effect of the octyl chains. Apparently,
the electronic substituent effect created by the introduc-
tion of the alkyl side chains is larger than the possible effect
of reduced electronic interchain interactions as well as the
increased disorder in the conjugated system due to steric
hindrance imparted by the octyl side chains. The effect of
steric hindrance can be seen more clearly in9 and 10. When
the bulky tetradecyl group is used on 10 the band gap
is 1.72 eV in comparison to 1.59eV for the unsubstituted
EDOT derivative 9. Moreover, comparing the band gaps of
6 with 9, the band gap of 9 is 0.18 eV lower than 6 due to
the stronger electron-donating EDOT rings incorporated in
polymer 9. In addition, polymer 11 with the linear alkyl

chains on the phenylene and ProDOT rings has lower band
gap than the structural analogue 12, with the branched
alkyl chains on the ProDOT, due to the better w-1 stacking
of the polymer chains. Meanwhile, when unsymmetrical
branching is introduced on the phenylene ring induces a
large influence on the polymer disorder and conjugation
by shifting the absorption to the blue region and as the
branching becomes bulkier (13) in comparison to 14, the
band gap is higher (Table 1). Replacing the hexyloxy sub-
stituents from the ProDOT of 11 with hexyl side chainsin 15
the band gap remain unaltered, whereas adding one more
ProDOT ring in the polymer backbone of 15, the band gap
of 16 lowers by 0.1 eV and finally removing the phenylene
ring from 16, the band gap of 17 is further reduced by 0.1 eV
due to the stronger D-A interactions.

Concerning the energy levels, it is clearly observed that
the LUMO levels of 6 and 7 are not altered significantly by
the incorporation of EDOT rings in 9 and 10. This suggests
that the LUMO levels are localized on the cyanovinylene
linkages and that for these polymers the decrease of 0.7 eV
in the electrochemical band gap, by replacing the thio-
phene rings of 6 with EDOT rings in 9, is mainly due to
alteration of the HOMO levels of the polymers [57]. More-
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Chart 4. Chemical structures of the acetylene-based poly(p-phenylenevinylene) derivatives 18-24.

over, two different effects are observed in relation to the
role of the alkyl substitution on the HOMO levels of the
polymers. The octyl substitution in 7 elevates the HOMO
level as compared with the non-substituted analogue 6,
however the tetradecyl substitution in 10 shifts the HOMO
toadeeper level compared to the non-substituted analogue
9[57].

In general, analogous results are obtained by
exploring the energy levels of ProDOT-based poly(p-
phenylenevinylene) derivatives 11-17. The LUMO levels
are relatively constant in the range of 3.4-3.6eV. The
HOMO levels of the polymers with one ProDOT ring in the
main chain (11-15) have relatively low lying HOMO levels
varying between 5.7 and 5.9 eV and the polymers with two
ProDOT rings in the main chain (16 and 17) have upshifted
HOMO levels of 5.4eV. It is interesting to note that com-
paring 11 with 8, the HOMO level is raised from 6.0eV to
5.7 eV upon replacing the alkyl thiophene with the more
electron-rich ProDOT. An even more pronounced change
is observed by passing from 11 to 16, in which the HOMO
level further raises from 5.7 eV to 5.4 eV upon introducing
one more ProDOT ring in the polymer chain. The fact that
the HOMO level of 16 is the same with 17, points out that
the HOMO level values appears to be determined by the
ProDOT in either case. Finally, replacing the ProDOT rings
of 16 with the EDOT rings in 10 the HOMO level is slightly
raised (0.06eV) indicating that the HOMO level of these
polymers raise by increasing the donor strength and more
precisely by passing from EDOT as the strongest donor to
the ProDOT and then to thiophene.

The photovoltaic performance of the poly(p-
phenylenevinylene) copolymers 3-5 without the cyano
groups in the main chain is at least 3 times higher, 1.13%
the PCE of 3:Cgg in 1:2 (w/w) with Vo =0.66 V, Jsc =2.68 mA
and FF=0.43 [55] as compared to the polymers having the

cyano groups (6-17; 0.36% the highest PCE for 14) [59]. The
reasons for this result is that probably the cyano groups
act as trapping sites for the electrons [59] and the severe
macrophase separation that atomic force microscopy
(AFM) clearly demonstrates which is not improved even
after thermal annealing [57,60].

3.2.3. Poly(p-phenylenevinylene) derivatives containing
acetylene segments

Another very interesting class of poly(p-
phenylenevinylene) copolymers that has been extensively
studied in OPVs is the one consisting of alternating
arylene-ethylene units. Alkyl-substituted phenyl moieties
(18 and 19) [61], thiophene (20-23) [62] and anthracene
24 [63,64] units (Chart 4) have been introduced in the
main chain of these copolymers in order to alter their
optical and electrochemical band gaps while the rigid
and coplanar nature of the acetylene bond allow the
strong -t stacking which can be beneficial for transport
properties providing enhanced PCE.

The highest PCE of ~3.8% was observed for the
copolymers incorporating the anthracene unit in the
main chain [64]. Egbe et al. has synthesized and exten-
sively characterized eight anthracene-ethylene poly(p-
phenylenevinylene) derivatives which are varied on the
length and the type (linear versus branched) of the side
alkyl chains [63]. Polymer 24, consisting of segments of
linear octyloxy and segments of branched 2-ethylhexyloxy
side chains that are evenly distributed along the conjugated
backbone in a random manner, in blends with PCg;BM (1:1,
w/w) provides the maximum PCE with Jsc =8.49 mA/cm?,
Voc =0.83V and FF=0.53. Morphological studies on a series
of these alternating anthracene-ethylene copolymers in
blends with PCg;BM (1:1, w/w) presented more coarse
scale morphologies for the copolymers with linear alkyl
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Chart 5. Chemical structures of the poly(thienylenevinylene) derivatives
25 and 26.

chains close to the anthracene, indicating the formation of
polymeric aggregates. On the other hand, those copolymers
consisting of branched alkyl chains close to anthracene
showed finer scale morphologies [63]. The more coarse
grained film morphologies demonstrating higher PCEs
probably due to the formation of more percolation paths,
enhancing the charge transport properties. Another inter-
esting point to note is that asymmetrically copolymers
exhibit a 2-fold increase (1.9%) in the PCE when casted from
solvent mixtures [chlorobenzene (CB):chloroform (CF) 1:1
volume ratio] compared to CB (1%) showing that the use of
solvent mixtures is a possible way for optimizing the PCE
for this class of polymers. Finally, comparing the PCE of the
alternating alkyl-substituted phenyl-ethylene (18 and 19)
and the thiophene-ethylene poly(p-phenylenevinylene)
copolymers (20-23) when blended in 1:3 (w/w) with
PCg1BM, it is observed that the copolymers incorporating
the thiophene unit demonstrating higher PCE (1.2-1.7%).

3.2.4. Poly(thienylenevinylene)-substituted derivatives

Poly(thienylenevinylene)s (PTVs) are considered as an
interesting class of materials as alternative to poly(p-
phenylenevinylene) derivatives because the replacement
of the phenyl ring by a thiophene unit result to a lower
band gap material (~1.7 eV) combined with higher hole
mobility [65]. The main disadvantage of the non-alkyl sub-
stituted polymers is their pure solubility, hence a dodecyl
substituted PTV derivative 25 (Chart 5) has been initially
synthesized resulting in an easier processable polymer
with band gap of 1.72eV and absorption maximum at
580 nm [66]. Photovoltaic devices fabricated using a mix-
ture of 25 with PCs;BM in various compositions (from 1:1
to 1:20, w/w) exhibit a maximum PCE of 0.24% (for the 1:10,
w/w composition) [66]. It was shown that the composi-
tion of the mixture plays crucial role on the topography
and morphology, with the appearance of a rough surface
active layer for the 1:10 composition while large phase sep-
aration is detected in all the other compositions studied,
parameters negative affecting the PCE of this material sys-
tem [66]. Another important factor contributing to the poor
performance is that PTVs are non-luminescent because the
lifetime of the singlet excited state are extremely short due
to the fast thermal decay.

A breakthrough in the improvement of the PCE of
PTV derivatives has been achieved by the synthesis of
the poly(3-carboxylated thienylenevinylene) 26 [67]. The
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Chart 6. Chemical structure of the alternate ethynylene and bithiophene
copolymer 27.

insertion of the electron-deficient carboxylate group in
the 3-position of the PTVs results to the lowering of the
HOMO level and to the stronger photoluminescent emis-
sion as compared with the 3-alkyl PTV derivatives. The
initial PCE of the 26:PCg1BM (1:2, w/w) is 1.59%, while the
PCE increases to 2.01% with Voc=0.86V, Jsc =5.47 mA and
FF=0.43, upon annealing at 110 °C for 5 min. The 2.01% PCE
of 26 results to 10 times higher PCE compared to the 3-alkyl
PTV derivatives.

3.2.5. Acetylene-based polymers

Analogous structure to poly(thienylenevinylene)s is
polymer 27 consisting of alternative ethynylene and 4,3'-
dihexyl-2,2’-bithien-5,5’-diyl unit along the chain (Chart
6), presenting a HOMO energy level of 0.3 eV lower com-
pared to regioregular poly(3-hexylthiophene) [68]. When
27 implemented in BHJ devices with PCg1BM in 1:4 (w/w),
a PCE of 1.1% was exhibited.

As reported above, many poly(p-phenylenevinylene)
derivatives containing acetylene segments have been syn-
thesized and examined in OPVs showing PCEs as high
as ~3.8% [64]. These copolymers consisting of electron-
rich moieties, like thiophene and anthracene in their main
chain, however no aryleneethylene copolymers consisting
of electron deficient units have been largely explored for
OPVs. As the matter of fact, only few examples have been
reported in the literature including dialkoxy-substituted
phenylene diacetylenes and thiophene diacetylenes with
electron-deficient moieties like 2,1,3-benzothiadiazole and
thieno|[3,4-b]pyrazine (TP) (Chart 7) that have been syn-
thesized through Sonogashira cross-coupling reaction and
exhibit optical band gap of 1.94 eV (28)[69] and 1.57 eV (29
and 30) [70]. The fact that 29 and 30 have the same band
gaps indicates that 29 has higher interchain interactions
in the solid state, possibly due to a higher degree of pla-
narization of the phenyl rings and result to an increase of
the conjugation length for the resulting polymer [70]. On
the other hand, the electrochemical band gaps of 29 and
30 as estimated by cyclic voltammetry are not the same for
the two polymers. 29 has an electrochemical band gap of
1.99 eV with HOMO and LUMO levels at 5.29 eV and 3.30 eV,
respectively, whereas the electrochemical band gap of 30
is 1.86eV and its HOMO and LUMO levels are situated at
5.22eVand3.36 eV, respectively. Itis therefore evident that
the replacement of the dialkoxy phenylene ring of 29 with
the dialkyl thiophene in 30, lowers the LUMO level and raise
the HOMO level by similar value.

Comparing the influence of the electron-deficient unit
between 28 (having the 2,1,3-benzothiadiazole unit) and
29 (having the thienopyrazine unit) one can observe that
29 displays higher PCE (1.36%) in blends with PCg1BM (1:2,
w/w)[70] than 28 (0.022%)in 1:4 (w/w) blend with PCg;BM
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Chart7. Chemicalstructures of the copolymers 28-30 composed of aryle-
neethylene and different electron-deficient units.

[69]. Furthermore, the PCE can be increased to 2.37%
by replacing the dialkoxy-substituted phenylene with a
dialkyl-substituted thiophene in 30 when blended with
PCg1BM (1:1, wjw) with Jsc=10.72mA/cm?, Voc=0.67V
and FF=0.33 [70].

3.2.6. Vinylene-linked donor-acceptor based polymers
Conjugated polymers consisting of vinylene-linked D-A
segments are currently still largely unexplored in con-
trast to the classic D-A conjugated polymers that will be
reported in details later within this text. Some of the poly-
mers that have been reported consisting of vinylene-linked
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2,1,3-benzothiadiazole-various donor moieties, including:
dialkoxy-substituted phenylenes (31 and 32) [71,72],
diphenylamine (33) [72], triphenylamine (34) [72] and
dialkylthiophene (35) [73] (Chart 8).

31-34 have been synthesized using the Heck cross-
coupling reaction while 35 with Suzuki cross-coupling
reaction. The optical band gap of these polymers varies
from 1.94eV for 31 to 1.5eV for 35. It is interesting to
note the almost 0.2 eV difference on the optical band gap
of 31 compared to 32 (1.76 eV) which differ only to the side
alkyl chains (symmetrical versus non symmetrical), while
no significant difference on the optical band gap is observed
between33(1.87eV)and34(1.86eV).The energy levels are
in the range of 3.08-3.61 eV for the LUMO and 5.02-5.31 eV
for the HOMO, respectively. The photovoltaic performance
was examined in blends with PCg;BM (1:4, w/w for 31 [71];
1:2, w/w for 32-34[72] and 10% weight ratio of polymer for
35[73])and the PCE was varied between 0.2% and 0.52% (for
34 with Jsc =2.85mA/cm?2, Voc =0.57 V and FF=0.33). These
unsatisfactory PCEs are attributed to the low V,. and to
the low hole mobilities (10~>-10-6 cm?2/V s) that 32-34 are
demonstrating as measured by the SCLC method. It was also
shown that an important factor limiting the PCE of 35 is the
blend film morphologies as presented by measurements
of tapping mode AFM as a function of polymer concentra-
tion [73]. By increasing the percentage of the polymer in
the blend with PCg1BM, formation of small, round pits that
became deeper and coalesce and small valleys are observed
indicating that the polymer was concentrating close to the
anode surface, effect that negatively affect the IPCE and PCE
values.

3.2.7. Poly(3-alkyl)thiophene and
poly(3-hexylselenophene) derivatives

3.2.7.1. Poly(3-alkyl)thiophenes and their analogues. One of
the most extensively studied material for solar cell applica-
tions is the regioregular poly(3-hexylthiophene) (rrP3HT)
(36; Chart 9) achieving efficiency of around 5% in blends
with PCg1BM (1:1, w/w) [74-78]. The molecular weight
[79,80] and the regioregularity [81,82] (defined as the per-
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Chart 8. Chemical structures of the copolymers 31-35 consisting of vinylene-linked 2,1,3-benzothiadiazole with various electron-rich moieties.
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Chart 9. Chemical structure of the regioregular poly(3-hexylthiophene)
36.

centage of head-to-tail linkages in the polymer) of rrP3HT
have been determined to play a crucial role on the light
absorption and hole mobility within the blend and as a con-
sequence to the overall OPV efficiency. While it was shown
that when the molecular weight of rrP3HT ranged between
30,000 <M, <75,000 higher efficiencies are exhibited due
to the ideal morphology formed, the role of regioregular-
ity has been shown to be critical in order to achieve the
rrP3HT crystallinity during the annealing processing step
within the blend [77,81,82]. Moreover, the optical band gap
of rrP3HT is ~2.0 eV while the energy levels are situated at
2.8-3.0eV for the LUMO level and ~5.0eV for the HOMO
level.

The first report in the realization of an efficient device
based on rrP3HT:PC5;BM was based on the work of
Padinger et al. reporting PCE of 3.5% upon post-annealing
and annealing with an external bias [83]. After this report,
extensive efforts from many groups all over the world
towards the understanding and optimizing the rrP3HT
chemical properties and processing of the active layer have
been published, demonstrating PCE values of around 5%
[28,84]. It was manifested that the favourable morphol-
ogy, for balanced hole and electron mobilities resulting in
high external quantum efficiencies, is based on fibrillar-
like rrP3HT crystals embedded in a matrix that is probably
contain PCg;BM nanocrystals and amorphous regions of
rrP3HT [76]. However, in recent studies it is raising the
number of works pointing out that the primary role of ther-
mal annealing in increasing the PCE of the rrP3HT:PCg;BM
might be the reduced geminate recombination of the
dissociated exciton at the D/A interface [85-87]. As an
alternative to the thermal annealing, other methods of con-
trolling the morphology have been proposed [29,88], such
as the slow drying of solvent, the use of additives or selec-
tive solvents and slow cooling of the rrP3HT solution, as
well as various deposition techniques (doctor blading [89],
inkjet printing [82,90], brush painting [91] and spraying
coating [92]) have been used for indicating that this mate-
rial system can be suitable for large scale OPV production
towards the first OPV products.

Very recently, a series of regioregular poly(3-
alkylthiophenes) (rrP3ATs) with butyl (37) or pentyl
(38) alkyl side chains (Chart 10) were synthesized and
their optoelectronic and morphological properties were
compared with those of rrP3HT [93]. All the rrP3ATs were
synthesized based on the Rieke method. The weight-
average molecular weights of 37, 38 and rrP3HT are
33,400g/mol, 34,100g/mol and 46,000 g/mol, respec-
tively, whereas the regioregularities of 37, 38 and rrP3HT
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Chart 10. Chemical structure of the regioregular poly(3-butylthiophene)
37 and poly(3-pentylthiophene) 38.

are 92%, 93.8% and 94%, respectively, as determined by 'H
NMR spectroscopy.

In general, the rrP3ATs have the potential to deliver
comparably high PCE in solar cells irrespective of their side-
chain length. However, the variation of their morphology
with side chain length is the main source of differences in
solar cell performance. Transmission electron microscopy
(TEM) images show an increase in the degree of phase
separation with increasing rrP3AT alkyl side chain length.
The 37:PCg1BM displays relatively insignificant phase sep-
aration, while 38:PCg;BM has moderate phase separation.
Therefore, by passing from 37 to rrP3HT, the increas-
ing alkyl side-chain length facilitates the diffusion of
PCg1BM through the blend during film drying and/or ther-
mal annealing, resulting in increasing degrees of PCq1BM
clustering. The photovoltaic parameters of the studied
rrP3ATs are presented in Table 2. According to the val-
ues of Table 2, the photovoltaic parameter that is mainly
affected by comparing 37 with rrP3HT is the FF. In the
reported study, the shunts and series resistances values
of all the devices under studied were low limiting the
measured FF values. Charge transport properties of the
rrP3ATs reveal that, the hole mobility of 37:PCg1 BMis about
two orders of magnitude larger than its electron mobility
under all treatment conditions applied. The hole and elec-
tron mobilities of 38:PCs1BM also have large differences
in the non-annealed samples. However, these differences
are reduced significantly upon annealing the films. On the
other hand, in the rrP3HT:PCgBM the holes and elec-
trons exhibit well-balanced mobilities for both thermally
annealed and non-annealed blends [93]. The variation of
bipolar transport characteristics with side chain length can
be attributed to local morphology variations as observed
with TEM.

It should be noted that in a parallel study, blends of
37 with PCg1BM, where 37 was in the form of nanowires,
compared with blends consisting of conventional phase
separated 37:PCg1BM [94]. It was observed that the inter-
penetrating two-phase morphology enabled by the 37
nanowires provides improved hole transport properties
than the blend containing the conventional phase sepa-
rated polymer 37. Thus the PCE of 37 nanowires-based
devices (2.2%) is more than double higher compare to
the phase separated 37:PCg:BM devices (1.0%) and when
PCg1BM was replaced with PC;1BM, PCEs of 3.0% were
reported [94].
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Table 2

Photovoltaic parameters of the rr poly(3-alkylthiophenes):PCs1 BM devices.
Blends Jsc (mA/cm?) Voc (V) FF PCE (%)
37:PCs1BM (1:0.8, w/w) 11.2 0.54 0.53 32
38:PC1BM (1:1, w/w) 12,5 0.55 0.62 43
rrP3HT:PCsBM (1:1, w/w) 12.0 0.57 0.68 4.6

As mentioned before, a thermal annealing step, usually
above the glass transition temperature (Tg) of the rrP3HT, is
necessary so as both the rrP3HT and the PCg1 BM crystallize
to form a nanoscale interpenetrating network. But ther-
mal annealing also drives the phase segregation of rrP3HT
and PCg1BM since this morphology might not be thermally
stable. In fact, it was reported that a prolonged thermal
treatment during the processing step induces the forma-
tion of large aggregations of PCg1BM in the films, negative
affecting the device performance [95]. A possible expla-
nation is that the high driving force for crystallization of
the rrP3HT initiates the phase segregation of the BH] by
the exclusion of PCg;BM from the ordered P3HT domains
[76,95]. Therefore, in order to stabilize the morphology
upon annealing, two polythiophene derivatives (Chart 11)
were synthesized and employed as alternative candidates
of rrP3HT that were proved to be very effective in prevent-
ing the phase segregation of the active layer components.

The first approach is based on the fact to slightly reduce
the regioregularity of P3HT, since the high regioregularity
is responsible for the high degree of crystallinity, with-
out provoking its superior optoelectronic properties. 39
has been synthesized using the Grignard metathesis poly-
merization (GRIM method) by randomly incorporating a
thiophene monomer with hexyl side chains at both the 3
and 4 positions [96]. A control sample of rrP3HT has been
synthesized using the same methodology and the molec-
ular weights of the polymers were similar (22,000 g/mol
(39), 28,000g/mol (rrP3HT)). Photovoltaic devices based
on the control rrP3HT and 39 with PCg;BM in 1:1 (w/w)
were fabricated and tested with respect to their thermal
stability. It was shown that initial PCEs of 4.3-4.4%, for both
polymers, were obtained upon annealing for 30 min. How-
ever the continued annealing of rrP3HT devices causes a
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Chart 11. Chemical structures of the polythiophene derivatives 39 and
40.

decrease in performance (the average PCE fell to 2.6% after
300 min at 150°C), whereas the devices with 39:PCg; BM
showing better thermal stability with the appearance of
a slightly lowering performance (3.5% after 300 min at
150°C) [96]. These results indicating that the annealing
time and the degree of regioregularity are critical to achieve
stable photovoltaics.

The second approach is based on the synthesis of a cross-
linkable regioregular polythiophene (40) having a vinyl
group at the end of the side chain which will act as the
cross-linkable site [97]. Two are the main reasons for this
choice: (1) to maintain the high crystallinity of the polymer
because the use of large functionalities to the side chain can
prevent the -1 stacking and thereby decrease the crys-
tallinity and the hole mobility and (2) 40 is expected to
crystallize and generate nanoscale phase-separated struc-
tures in a manner similar to rrP3HT:PCg:BM films due to
their structural similarity, while simultaneously the ther-
mal treatment can induced a cross-linking reaction of the
vinyl group at the side chains. Therefore, 40 and a control
rrP3HT have been synthesized using the GRIM method. The
regioregularities of the polymers are the same (97%) while
their molecular weights (M;) are 42,600 g/mol (rrP3HT)
and 32,000 g/mol (40), respectively. BH] devices compris-
ing rrP3HT and 40 blended with PCg;BM, were fabricated
and subsequent annealed at 150°C. During this thermal
process 40 was cross-linked in the films as confirmed by
various spectroscopic techniques such as FT-IR and obser-
vation of insolubility of the films in chloroform. Initially,
both rrP3HT and 40 based devices showed similar aver-
aged PCEs of ~3.0%. During thermal annealing for 600 min
all the PCE parameters of rrP3HT:PCg; BM were decreased:
Voc from 0.54V to 0.46V, FF from 0.65 to 0.51 and Js¢
from 8.93mA/cm? to 4.22mA/cm?2. As a result the PCE
of rrP3HT decreased from 3.11% to 1.0%. In the case of
40:PCg1BM, the V,c increased slightly from 0.64V to 0.69V,
FF decreased from 0.63 to 0.43 and Js. was decreased from
7.55mA/cm? to 5.83 mA/cm?. This leads to a reduction of
the PCE of 40 from 3.03% to 1.74%, indicating that the drop
of PCE was suppressed by using the 40 polymer donor as an
alternative to rrP3HT. The more stable PCE of 40:PCg;BM
during the thermal annealing process was attributed to
the suppression of the formation of large PCg1BM aggre-
gations that were present upon thermal treatment of the
rrP3HT:PCg1 BM blends [97].

The considerably high optical band gap of rrP3HT, which
prevents devices for obtaining higher Js, and its relatively
high-lying HOMO level at 5.0eV, which leads to rather
low V,c are two of the major drawbacks concerning the
optoelectronic properties of the rrP3HT that needs major
adjustments for improved PCE. While in the first case many
LBG polythiophene derivatives were synthesized and will
be presented in detail within the next paragraphs, for the
latter only few examples (41-44) have been presented
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Table 3

Optical, electrochemical, charge transporting and photovoltaic properties of 41-44.
Polymers EQP (eV) LUMO (eV) HOMO (eV) FET (cm?/V's) SCLC (cm?/V's) Vo (V) PCE (%)
41 1.9 3.05 5.25 0.03 - 0.75 0.60
42 - 3.39 5.35 0.01 2.7x10°4 0.59 0.54
43 - 3.41 5.45 0.001 2.8x 1074 0.68 1.84
44 1.9 - 5.30 - - 0.82 3.40

towards lowering the HOMO level with the aim to increase
the Vyc. These examples include a series of terthiophene
(41[98],44 [99]), quaterthiophene (42)[100,101] and ran-
domly distributed bithiophene (43) [101] polymers (Chart
12) consisting of 3-alkylthiophenes (having various alkyl
side chains) combined with unsubstituted thiophene rings
in the polymer main chain that were synthesized using
either by the Stille cross-coupling polymerization (41, 42,
and 44) or by the Rieke method (43). The design concepts
behind the synthesis of polythiophene analogues 41-44 are
(i) that the introduction of unsubstituted thiophene units
in the polymer chain twist slightly out of plane, perturbing
the planarity of the backbone and lowering the HOMO level
as compared with rrP3HT and (ii) since alkyl is still an elec-
tron donating group, one of the simplest ways to reduce
the electron donating effect of the side chains would be to
reduce the number of alkyl side chains. In addition, based
on these polythiophene derivatives (Chart 12), the effect of
substituent sequence distribution as well as the influence
of the type and length of various alkyl side chains on the
crystallinity and PCE in polythiophene derivatives:PCg; BM
based BHJ] OPVs is examined.

s. (M \) s
\ S x\

R R

41 R:hexyl, x: 1
42 R:dodecyl, x: 2
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Chart 12. Chemical structures of the polythiophene derivatives 41-44.
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The optical band gaps, the energy levels and the PCE
(along with the V¢ ) of the polythiophene derivatives 41-44
are included in Table 3. It is observed that all the HOMO lev-
els of 41-44 are lying deeper than rrP3HT proving that the
above approaches efficiently lower the HOMO level. Unex-
pectedly though, the order of the HOMO level lowering is
not in agreement with the amount of the V. improvement.
For example, since that the HOMO level of 43 is 5.45eV it
is expected to exhibit higher V,, but this is not observed
on the V. values of Table 3. According to Table 3, 44 with
HOMO at 5.30eV exhibits the highest V,. (0.82V) and 41
with HOMO at 5.25 eV demonstrates the second highest V¢
(0.75V). Nevertheless, the reported V,c values of 41-44 are
higher than the Vy. of rrP3HT except from 42. Furthermore,
the crystallinity of the polymers as examined by X-ray
diffraction (XRD) measurements showed that 41 and 42
were significantly more crystalline than 43. This can be due
to the perfectly alternating structure of 41 and 42 relative
to the more random structure of 43. The higher degree of
crystallinity for 41 and 42 in contrast to 43 was also verified
to affect hole transport properties. While the hole mobili-
ties of 41 and 42 in FETs are 0.03 cm?/V's and 0.01 cm?/V's,
respectively, the hole mobility of43 in FET is 0.001 cm?2/V's,
one order of magnitude lower than 41 and 42. However,
the hole mobilities of 42 and 43 as measured with the
SCLC method are not in agreement with the hole mobili-
ties measured by using FETs measurements (Table 3). The
difference between these two techniques (SCLC and FETs) is
that SCLC measures the mobility perpendicular to the elec-
trodes rather than parallel to the substrate and not under
the influence of a gate bias, as in FETs. Possible explanation
of the discrepancy of 42 and 43 mobilities values measured
by FET and SCLC methods can be that despite the lack of
observed long range order in 43, locally ordered domains
should exist and can be a factor for the above mentioned
bulk mobility discrepancy [101].

The photovoltaic performance of 41-44 in blends with
PCs1BM was examined and a promising PCE of 3.4%
was recorded for 44:PCgBM system in 1:1 (w/w) with
Jsc=6.33mA/cm?, Vo =0.82V and FF=0.66 [99]. It is obvi-
ous that the combination of one alkyl side chain (in this
case the branched 2-hexyldecyl in order to provide good
solubility) for three thiophene units leads to lower HOMO
level, leading to improved V,. and surprisingly high FF
that is very close to the best FF of the rrP3HT:PCg;BM
based OPVs. The limiting factor preventing this polymer for
higher efficiencies is the rather high optical band gap that
limits the Jsc of the device. Moreover, comparing the PCEs
of 41-43, it is illustrated that the polymers with the higher
crystallinity (41, 42) exhibit lower PCEs than the amor-
phous 43. Especially for the two polythiophenes 42 and
43, which are compositionally and electronically equiv-
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Chart 13. Chemical structure of the regioregular poly(3-
hexylselenophene) 45.
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alent and differ only in the sequence distribution of the
alkyl side chains, the polymer with the random structure is
superior to the polymer with the precisely defined struc-
ture, in the context of solar cell performance. For all weight
ratios investigated, the random and amorphous 43 outper-
formed its highly ordered analogue 42 with the best PCEs
recorded for a 30:70 (w/w) blend of 43:PCq;BM (1.84%)
and for a 25:75 (w/w) blend of 42:PCg1BM (0.54%), respec-
tively [101]. Slightly higher is the PCE of 41 (0.60%) as
compared to that of 42. It is assumed that the reason for
the higher PCE of 43 is the higher miscibility with PCg;BM
and thereby the ability to form a bicontinuous structure
in contrast to the suboptimal mixing of 41 and 42 with
the PCs1BM [101]. In general, this is the first example, and
more will be reported later in the text, showing that the PCE
of conjugated polymers with similar chemical structures
and electronic properties influenced not only by the light
absorption and matching of energy levels but also from the
placement and choice of alkyl side chains affecting polymer
crystallinity and miscibility with PCgqBM.

3.2.7.2. Poly(3-hexylselenophene). Despite the high PCEs of
the rrP3HT:PCg1BM solar cells, the high band gap of rrP3HT
(1.9eV) is the major disadvantage preventing this system
to achieve higher efficiencies. An efficient approach for
lowering the band gap of rrP3HT by reducing the LUMO
level and keeping the HOMO level constant is the switch-
ing from the sulphur containing polymers to selenium
containing polymers. This approach was demonstrated
by the synthesis of a new class of LBG (1.6eV) polymer,
the regioregular poly(3-hexylselenophene) (rrP3HS (45);
Chart 13) [102,103]. rrP3HS was synthesized based on the
GRIM method and the energy levels are situated at 4.8 eV
for the HOMO energy level and 3.2 eV for the LUMO energy
level.

The photovoltaic performance of rrP3HS:PCg; BM blend
films showed PCE of 2.7%, with Jsc = 6.5 mA/cm?, Vo =0.52V
and FF=0.40. This OPV performance was achieved with
52 wt% PCg1BM after annealing at 150 °C. This PCE is lower
compared to rrP3HT:PCs;BM system (PCE of 3.0%) mea-
sured under the same conditions, due to lower charge
separation efficiency and limited charge transport prop-
erties [102,104]. It is observed that replacing the rrP3HT
with rrP3HS in the blend with PCgBM the Jsc is higher
(as expected from the lower band gap) and the V. is
similar (as expected from the similar HOMO level). How-
ever the external quantum efficiency (EQE) was much
lower for the P3HS-based devices. Despite the larger pho-
tocurrent the FF parameter was also reduced. The results
revealed that, despite the high crystallinity of rrP3HS
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Chart 14. Chemical structures of the imidazole-substituted polythio-
phene derivatives 46-48.

[as indicated by differential scanning calorimetry (DSC)],
XRD measurements for the rrP3HS:PCs;BM blends show
a lower degree of crystallinity than the rrP3HT:PCg;BM
blends [104]. Thus the low degree of phase segregation
is likely to contribute to the faster recombination kinetics
observed in rrP3HS:PCg1BM compared to rrP3HT:PCg1BM
blends, and this is likely due to the lower hole mobil-
ity in rrP3HS compared to that of rrP3HT [104]. These
results further indicating the importance of controlling the
polymer:fullerene blend microstructure through the self-
organizing properties of the component materials.

3.2.7.3. Imidazole-substituted polythiophene derivatives.
Based on the intramolecular D-A concept, a regioregular
polythiophene homopolymer (46) and a series of copoly-
mers (47 and 48) were prepared by covalently binding
the electron-withdrawing and conjugated phenanthrenyl-
imidazole moiety, either unsubstituted (47) [105] or alkyl
functionalized (46 [106], 48 [107]), as side chains onto the
polythiophene backbone (Chart 14). The GRIM method was
employed for the synthesis of the homopolymer 46 and
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Table 4

Molecular composition, optical-electrochemical properties and photovoltaic performance of 46-48.
Polymers n m Egpt (eV) LUMO (eV) HOMO (eV) PCE (%)
46 - - 1.85 2.90 4.70 4.10
47a 10 90 - 3.57 535 -
47b 20 80 - 3.60 5.30 -
47c 30 70 - 3.64 5.25 -
47d 50 50 1.82 3.66 5.21 1.68
47e 70 30 1.81 3.70 5.20 2.15
47f 80 20 1.77 3.75 5.15 2.80
48a 20 80 1.88 2.80 4.70 -
48b 40 60 1.86 2.87 4.70 2.42
48c 60 40 1.85 2.95 4.65 2.63
48d 80 20 1.83 3.02 4.65 2.85
48e 90 10 1.80 3.05 4.65 3.45

the copolymers 47 and 48 that contain different contents
from the phenanthrenyl-imidazole moieties along with
3-alkyl substituted thiophene monomers. Some of the
possible advantages of such a molecular architecture are:
(i) by incorporating the electron-withdrawing moieties as
side chains it is expected that the charge separation and
transportation through sequential transfer of electrons
from the main chain to the side chains will be facilitated
and (ii) multiple absorption can be occurred especially
if the electron withdrawing unit absorbs at a different
wavelength than the polymer main chain, an approach
that can be used to expand polymer absorption properties.

The optical band gaps and the energy levels of the syn-
thesized phenanthrenyl-imidazole-based polythiophene
derivatives 46-48 are included in Table 4. It is observed
that the band gap of 47 and 48 derivatives is reduced upon
increasing the content of incorporated phenanthrenyl-
imidazole moieties in the copolymers. Moreover, the
presence of the phenanthrenyl-imidazole moieties altered
the HOMO and LUMO levels of 47 and 48 derivatives. For
example, the HOMO energy levels of 47 raised from 5.35 eV
to 5.15eV, while those of 48 from 4.70eV to 4.65eV. It
should be noted, that even though the HOMO levels of
both 47 and 48 are elevated upon increasing the con-
tent of the phenanthrenyl-imidazole, the HOMO level of
47 is subsequent rising while the HOMO levels of 48a,
48b and 48c-e remain constant at 4.70eV and 4.65eV,
respectively. Similar with the HOMO levels, the LUMO
levels upon increasing the content of the phenanthrenyl-
imidazole are subsequent lower, from 3.57eV to 3.75eV
for 47 and from 2.80 eV to 3.05 eV for 48. To conclude, the
general trend is that the optical band gaps of the unsubsti-
tuted phenanthrenyl-imidazole polythiophene derivatives
47 are lower compared to 46 and 48 most probably due
to the better - stacking between the polymer chains,
whereas both the energy levels of 47 are lying lower than
48.

BH]J solar cells were fabricated based on the polymers
46-48 blended with PCg1BM and promising PCEs above
2% have been achieved. The maximum PCE of 4.1% was
reported for the 46:PCs;BM blend in 1:1 (w/w) ratio after
thermal annealing at 120°C for 30 min. The PCE parame-
ters reported have the following values Jsc =11.3 mA/cm?,
Voc=0.61V and FF=0.60 [106]. 46 comprised of ~20
repeating units and the HOMO level of 46 is around 4.7 eV,
this indicated sensitivity to air oxidation. The combination

of lower band gap with high and balanced charge transport
(1.9x 107> cm?2/Vs for holes and 4.2 x 10-5cm?/Vs for
electrons as measured based on the SCLC method) resulted
to higher external quantum efficiencies, thus much higher
short-circuit current densities for the 46:PCg1 BM BH] OPVs
compared to reference solar cells of rrP3HT:PCg;BM pro-
cessed under the same conditions [106]. Finally, a rather
unexpected outcome is observed by examining the pho-
tovoltaic parameters of the devices based on 47 and 48
copolymers. By increasing the phenanthrenyl-imidazole
moiety in the polymer backbone, the HOMO values of
both 47 and 48 derivatives are affected (Table 4). Despite
the subsequent differences on their HOMO levels, all Vs
reported ranged between 0.6 and 0.69 V, even if the HOMO
values of 47 are at least 0.5-0.6 eV higher than that of 48.

3.2.7.4. Polythiophene derivatives with vinylene groups as
side chains. Based on the consideration that extension
of the conjugation degree of conjugated polymers leads
to enhanced and red-shifted of the absorption spectra
of conjugated polymers [108], a series of polythiophene
derivatives with different ratios of conjugated thio-
phenevinylene side chains have been synthesized (49[109]
and 50 [110]) and applied as electron donor polymers in
OPVs (Chart 15). The bi(thienylenevinylene) substituted
polythiophene 49 and the branched (terthiopheneviny-
lene) substituted polythiophene 50 were synthesized using
the Stille cross-coupling polymerization.

The absorption spectra, the energy levels and the pho-
tovoltaic properties of 49 and 50 are influenced by the
content of the conjugated vinylene side chains as shown
in Table 5. The optical band gap in the series of copoly-
mer 49 increases from 1.80eV to 1.82 eV, by decreasing the
content of the conjugated side chains. In contrast, increase
on the content of the conjugated side chains in the series
of copolymer 50, showed that the absorption peak of the
branched polythiophenes was enhanced and blue-shifted,
thus the optical band gap was decreased. Regarding the
energy levels of 49, the HOMO level slightly decreases and
the LUMO level remains almost constant by decreasing
the content of the bithienylenevinylene side chain. On the
other hand, the HOMO level of 50 remains almost constant
but the LUMO level is subsequent rising upon increasing
the content of the terthiophenevinylene side chains. Fur-
thermore, comparing the energy levels between the two
copolymers 49 and 50, it is observed that the LUMO lev-
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Table 5

Molecular composition, optical-electrochemical properties and photovoltaic performance of 49-50.
Polymers n m Efa,’p‘ (eV) LUMO (eV) HOMO (eV) PCE (%)
49a 0 1 1.80 2.97 4.96 1.71
49b 0.01 0.99 1.81 2.95 4.94 2.57
49c 0.41 0.59 1.82 2.96 493 3.18
50a 1 0 - - - 0.87
50b 0.9 0.1 - 2.72 5.07 1.47
50c 0.8 0.2 - 2.75 5.07 1.91
50d 0.7 0.3 - 2.79 5.09 1.65
50e 0.6 0.4 - 2.84 5.09 1.47

Chart 15. Chemical structures of the polythiophene derivatives 49-50
with vinylene groups as side chains.

els of 49 derivatives are lower than those of 50, while
the electrochemical band gaps of the branched copoly-
mers 50 are higher than that of the 49 derivatives. This is
an indication that bithienylenevinylene side chains can be
used to decrease more effectively the band gap of the side
chain conjugated polythiophenes than terthiopheneviny-
lene side chains [109].

The photovoltaic properties of polymers 49 and 50 in
blends with PCg;BM were investigated and PCEs as high as
3.18% were recorded for polymer 49¢:PCg1BM in 1:1 (w/w)
ratio with Jsc=11.3mA/cm?, Voc=0.61V and FF=0.60. In
general, the PCE of 49 derivatives increases as the con-
tent of the bithienylenevinylene side chain decreases [109].
However, the PCE of the 50:PCg1BM derivatives increases
as the content of the conjugated side chains of 50 reach up
to 20% and then the PCE subsequent decreases for contents
above 20%. The maximum PCE for the 50:PCg;BM deriva-
tives was recorded for 50c:PCg;BM (1.91%) when blended
with PCgBM in 1:1 (w/w) ratio with Jsc =6.85 mA/cm?,
Voc=0.73V and FF=0.38 [110].

Chart 16. Chemical structures of the cross-linked polythiophene deriva-
tives 51 and 52.

3.2.7.5. Cross-linked polythiophene derivatives through con-
jugated bridges. One of the approaches for increasing the
charge transport properties of conjugated polymers is
the use of a network structure, like a cross-linked con-
jugated polymer due to their ability to better facilitate
the carrier interchain hopping [111]. On the basis of
this approach, several crosslinked polythiophene deriva-
tives with various percentages of conjugated bridges,
such as vinylene-phenylene-vinylene (VPV) (51) [112]
or vinylene-terthiophene-vinylene (VTV) (52) [113] were
synthesized (Chart 16) through the Stille cross-coupling
polymerization.

The absorption spectra, the energy levels and the pho-
tovoltaic properties of 51 and 52 are influenced by the
content of the conjugated bridges as shown in Table 6.
Despite, that no absolute values for the optical band
gaps of 51 and 52 is provided within the literature, both
copolymers exhibit blue shifted absorption spectra as the
content of the conjugated bridge increases. The increase of
conjugated bridges, might result to a more pronounced dis-
tortion of the polymer backbone that effectively reduce the
conjugation length of the polymer [112,113]. Comparing
the absorption spectra of 51 and 52, it is revealed that the
presence of the longer VTV bridge of 52a-d blue shifts their
absorption spectra to a lower extent compared to that of
51a-d. This is an indication that the distortion of the main
chains should be less for the polymers with the VTV bridges
compared to that with VPV bridges [113]. Regarding the
energy levels of the polymers, the HOMO level of 51 is sub-
sequent getting deeper as the VPV bridge increases but has
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Table 6

Various percentages of conjugated bridges, electrochemical properties and photovoltaic performance of 51 and 52.
Polymers X LUMO (eV) HOMO (eV) PCE (%)
51a 0 2.77 5.06 0.37
51b 0.02 2.76 5.07 1.05
51c 0.05 2.74 5.13 1.26
51d 0.1 2.73 5.23 0.78
52a 0 2.77 5.06 0.87
52b 0.02 2.77 5.06 1.72
52c 0.04 2.75 5.06 1.47
52d 0.08 2.74 5.11 1.21

53 CeH1s

Chart 17. Chemical structure of the cross-linked polythiophene 53.

only slight influence on their LUMO levels. It is interesting
that the HOMO and LUMO levels of 52b are the same as
those of 52a, indication that small amount of VTV bridges
(2%) have minor influence on the electrochemical proper-
ties of the polymers. By increasing further the VTV bridges,
both the HOMO and LUMO level up-shifted to some extent.
Finally, an interesting point is that the energy levels of both
51 and 52 are similar regardless of the type of conjugated
bridged chains (Table 6).

BHJ solar cells based on polymers 51 and 52, in
blends with PCgBM in 1:1 (w/w) ratio, were fab-
ricated and PCEs as high as 1.26% for 51c with
Jsc=4.06 mA/cm2, Voc=0.72V and FF=035 [112] and
1.72% for 52b with Jsc=6.82mA/cm?2, Voc=0.67V and
FF=0.38 [113], have been reported. One possible rea-
son for the improved PCE for the polymer:fullerene BH]
solar cells based on 51b and 51c¢, compared to that
of 51a and 51d electron donors can be the higher
hole mobilities, which are 1.28 x 10~4cm?2/Vs (51b) and
7.01 x 1073 cm?2/Vs (51¢) compared to 5.23 x 10~ cm?2/V's
(51a) and 2.34 x 10> cm?2/V's (51d), respectively as mea-
sured by SCLC method. Except of the different hole
mobilities, the large number of conjugated bridges in
51d result in main chain distortion and poor solubility of
the polymer. Similar to polymer:fullerene BHJ solar cells
based on 51b and 51d electron donors, the higher PCE of
52b:PCg1BM can be attributed to its higher hole mobility
4.70 x 10-3 cm?2/V's compared to 5.23 x 10-6 cm?2/V's for
52a, 2.58 x 10~3 cm?/V's for 52¢ and 9.48 x 10~% cm?2/V's
for 52d, also measured by the SCLC method.

In another example, regioregular  poly(3-
hexylthiophene) copolymers (53; Chart 17) having
different degree of branching through simple bonds were
synthesized and employed in photovoltaic cells as electron
donors in blends with PCg;BM [114]. However, a distinctly

decreased hole mobility and a reduced solar cell PCE with
increasing amount of interchain branching was observed,
compared to rrP3HT:PCg1 BM material system, because the
formation of ordered poly(3-hexylthiophene) domains is
suppressed.

3.2.7.6. Polythiophene derivatives with thiophene rings as
side chains. In an attempt to obtain LBG polythiophene
derivatives with broad absorption and high hole mobility,
a bithiophene unit, functionalized with alkylthiophenes
as side chain pendants, was copolymerized with either
an electron rich thiophene ring (54 and 55) [115] or an
electron withdrawing 2,1,3-benzothiadiazole unit (56)
[116] or various DAD segments with thiophene rings as
the constant donor and different acceptor moieties includ-
ing: 2,1,3-benzothiadiazole (TBzT) segment (57) [116] or
alkoxyphenyl-functionalized quinoxaline (TQT) segment
(58) [116] or finally diketopyrrolo[3,4-c]pyrrole (TDPPT)
segment (59) [116] through Stille cross-coupling poly-
merization (Chart 18). The design and synthesis of these
copolymers was based on the fact that the incorporation
of conjugated side chains, such as bi(thienylenevinylene),
into polythiophene significantly broadened the absorption
spectrum, while the cross-linked polythiophene deriva-
tives with conjugated bridges were shown to have high
charge carrier mobility, as also discussed in more details
above.

The optical band gaps, the energy levels and the PCEs
of the two-dimensional polythiophene copolymers 54-59
are presented in Table 7. The optical band gap of 55 is
lower than 54 because of the longer length of its conjugated
side chains [115]. Furthermore, the band gaps of the D-A
polythiophene derivatives 56-59 are tuned by copolymer-
izing with different conjugated electron-accepting units.
For example the band gap values of 56-59 follows the
order: 56 >58 >57 > 59 but are significantly lower than that
of 54. Regarding the energy levels of the copolymers, it is
revealed that the HOMO level of 55 is deeper than that of
54, pointing out that despite the fact of the lower opti-
cal band gap of 55, the electron donating ability of 54 is
higher. Furthermore, according to the energy level values
of 56-59, it is observed that the HOMO level of 57 is raised
to a value of 0.48 eV upon the addition of one more thio-
phene ring next to the 2,1,3-benzothiadiazole compared to
56, whereas the LUMO level of 57 is lower by only 0.14eV.
Among the studied copolymers, 59 exhibits the lower
LUMO level and optical band gap. This can be an indica-
tion that the combination of the higher electron affinity and
the planarity of the diketopyrrolo[3,4-c]pyrrole unit, can
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59 R: 2-ethylhexyl

56 57 58 R:2-ethylhexyl
Chart 18. Chemical structures of the polythiophene derivatives 54-59 with thiophene rings as side chains.

Table 7

Optical band gaps, electrochemical properties and photovoltaic performance of 54-59 with PC71BM in [a] 1:3 (w/w) and [b] 1:2 (w/w).
Polymers Eg™ (eV) LUMO (eV) HOMO (eV) PCE (%)
54 1.98 - 5.46 2.50
55 1.77 - 5.62 1.30
56 1.88 3.24 5.52 1.39
57 1.60 3.38 5.04 1.28
58 1.83 3.22 5.28 1.29
59 1.29 3.62 517 1.67121/2.43[b]

provide stronger - interactions between the polymer
chains [116].

The photovoltaic performances of the synthesized
copolymers were evaluated in blends with PC71BM using
different composition ratios. The highest PCE (2.5%) was
obtained from 54:PC71BM system in 1:3 (w/w) with
Jsc=6.4mA/cm2, Vo =0.91V and FF=0.43 upon annealing
at 140°C for 20 min [115]. Comparing the photovoltaic
characteristics of 54 with those of 55 (Jsc=6.3 mA/cm?,
Voc=0.60V and FF=0.35), one can clearly notice that the
Voc of 55 is significant lower than that of 54 despite its
higher HOMO level. Furthermore, the PCEs of the D-A
polythiophene derivatives 56-59 in blends with PC;;BM
in 1:3 (w/w) ratio are in the range 1.28-1.67%. The PCE
was increased up to 2.43% for the 59:PC7;BM in 1:2 (w/w)
because of the balanced hole (4.20 x 104 cm?/Vs) and
electron (2.83 x 10~4 cm?2/V's) mobilities values measured
by FETs [116].

3.2.7.7. Oligothiophene copolymers incorporating 2,1,3-
benzothiadiazole unit. A small library of D-A conjugated

polymers (60-70) composed of oligothiophenes (as donor)
and 2,1,3-benzothiadiazole (as acceptor) were synthesized
from various research groups by Stille cross-coupling poly-
merization [117-119] and are included in Chart 19. The
number of the thiophene rings vary from 1 to 8, the alkyl
chains differs relating to the position on the thiophene ring,
the number of the carbon atoms and the type; linear versus
branched.

As can been seen in Table 8, the optical band gap
variation presents an interesting trend. By increasing the
number of the thiophene units is expected that the optical
band gap should be decreased [117]. However, the optical
band gap seems to be a function of not only the number
of the thiophene rings around the 2,1,3-benzothiadiazole
core but also to the density and the relative position of
the side alkyl chains attached on the thiophene rings. For
example, the band gaps of 60 [117] and 61 [117] are the
same despite the addition of the one more thiophene ring
in the polymer backbone of 61. However, the band gap
of 62 [118] is 0.13 eV lower than that of 61, consisting of
the same number of thiophene units. This means that the
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Chart 19. Chemical structures of the oligothiophene copolymers 60-70 consisting of 2,1,3-benzothiadiazole.

introduction of the alkyl side chain on the thiophene unit
in the 3 position in relation to the 2,1,3-benzothiadiazole
results to lower band gap values most likely due to the less
steric hindrance. Similar observations will be reported to
other chemical structures with more details later within
the text (see polymers 175 and 176). Moreover, the addi-
tion of one more thiophene ring in the polymer backbone
(63 [117] and 64 [118]) results to further band gap reduc-
tion. The decrease of the band gap related to the position
of the side alkyl chains on the thiophene rings. When there
are no alkyl side chains on the thiophene rings next to the
2,1,3-benzothiadiazole and a branched dodecyl side chain
on the thiophene unit between the two thiophenes (63) the
band gap is 1.82 eV. While the band gap of 64, consisting
of two dodecyl side chains on the thiophene units in the
[ position regarding to the 2,1,3-benzothiadiazole and no
alkyl chain on the thiophene between the other two thio-
phenes, is 1.59 eV. This indicates that the polymer chains
of 64 adopt a more planar geometry and closely packing in
solid state. Furthermore, the band gaps of 65[117](1.65 eV)
and 66 [118] (1.72 eV) are lower than 63 but higher when
compared to 64. This suggests that the increase of the
thiophene units next to the 2,1,3-benzothiadiazole in the

Table 8

Optical band gaps and electrochemical properties of 60-70.
Polymers Egp‘ (eV) LUMO (eV) HOMO (eV)
60 2.10 3.30 5.40
61 2.10 2.82 4.92
62 1.97 3.23 5.59
63 1.82 4.02 5.84
64 1.59 3.17 5.03
65 1.65 3.02 4.67
66 1.72 3.18 5.20
67 1.56 3.10 4.88
68 1.78 3.37 5.26
69 1.52 3.18 494
70 1.82 3.30 5.23

polymer backbone is not leading always to band gap reduc-
tion. This might be due to the steric repulsion between the
[3-alkyl chains in 3,3’-dialkyl-2,2’-bithiophene units, which
prohibits the polymers from forming more planar chains in
the solid state [118].

Additionally, the further increase of the thiophene num-
ber to 5, 6 and 8 units next to the 2,1,3-benzothiadiazole
reveal a controversially trend as presented by two inde-
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Table 9
Electrochemical properties of 71-73.

Polymers Cyclicvoltammetry LUMO-HOMO (eV) Differential pulse voltammetry LUMO-HOMO (eV)
71 3.53 5.35 3.59 5.35
72 3.50 5.60 3.63 5.53
73 3.47 5.28 3.62 5.24

pendent research groups. Yue et al. [118] show that the
band gaps of 67 and 69 are 1.56 eV and 1.52 eV respectively,
while Liang et al. [119] reported that 68 and 70 exhibit
band gapsof 1.78 eV and 1.82 eV, respectively. These results
are rather unexpected especially if someone compares 68
and 69. Although, these two polymers have similar molec-
ular weights (M;; =8200 g/mol (68) and 7200 g/mol (69)),
the difference on their band gap is 0.26 eV and cannot be
explained by the different alkyl side chains within their
polymer backbones. Furthermore, as Yue et al. reported the
band gap decreases when passing from the 5 thiophene
rings (67) to 6 thiophene rings (69) [118]. On the contrary,
comparing 68 and 70, the band gap of 68 is lower than 70,
even though the polymer backbone of 70 has two more
thiophene units than 68 [119].

Concerning the HOMO-LUMO energy levels direct com-
parison between the polymers cannot be provided since
different experimental techniques (cyclic voltammetry and
ultraviolet photoelectron spectroscopy) have been used
for HOMO-LUMO energy levels calculation [117-119]. The
PCE of these polymers in blends with PCg;BM are ranged
from 0.93% to 2.23%. The highest PCE (2.23%) is observed for
the 69 whenis blended with PCg1BMin 1:3 (w/w)ratio with
Jsc=5.62mA/cm?, Vo =0.85V and FF=0.47 [118]. It should
be noted that no difference on the PCE values is observed
when thermal treatment is applied.

3.2.7.8. Alkoxy-substituted oligothiophene copolymers with
2,1,3-benzothiadiazole unit. Another series of D-A con-
jugated polymers (71-73) comprised of electron-rich
3,4-dioxythiophenes and 2,1,3-benzothiadiazole have also
been synthesized (Chart 20) and their photovoltaic prop-
erties were extensively investigated [120,121].

All polymers have been synthesized by oxidative poly-
merization using the mild oxidizing agent FeCls [120]. 71
has been also synthesized from another research group
using the nickel-catalyzed Yamamoto polycondensation
procedure [121]. The optical band gaps of the polymers
are 1.6eV (71), 1.65eV (72) and 1.55eV (73). The HOMO
and LUMO energy levels of the polymers are presented
in Table 9 and were determined using two different
experimental techniques [cyclic voltammetry (CV) and dif-
ferential pulse voltammetry (DPV)]. All the electrochemical
band gaps were found to be slightly larger than the opti-
cally estimated values but the electrochemical band gaps
obtained using the DPV method are closer to the optically
estimated values than that obtained using the CV method
[120].

The PCE of the unsubstituted bithiophene 72 in blends
with PCgiBM (1:8, w/w) is 1.90% (Jsc=5.56 mA/cm?,
Voc =0.77V and FF=0.44) two times higher than that of 71
(0.88%) and 73 (0.70%) [120]. The reason for the low PCE of
71 and 73 is their low hole mobility and their unfavourable

73 R:2-ethylhexyl

Chart 20. Chemical structures of the alkoxy-substituted oligothiophene
copolymers 71-73 consisting of 2,1,3-benzothiadiazole.

thin film morphologies. The thin film morphology of the
polymers in blends with PCg1BM was examined with AFM
[120]. For the 71:PCg1BM (1:4, w/w) the AFM images show
a particularly coarse morphology with the formation of
very large PCg1BM clusters and without the appearance of
any interpenetrating network. The 72:PCgBM (1:8, w/w)
demonstrates a more heterogeneous morphology with dis-
persed large PCg1BM domains in the active layer. Finally,
the 73:PCg1BM (1:5, w/w) exhibits a more homogeneous
morphology suggesting no obvious phase separation which
is necessary for the formation of bicontinuous transport
network. Further optimization on the solar cell device
configuration for the 72:PCs;BM has been achieved by
replacing the PEDOT:PSS with molybdenum oxide (MoOj3)
(2.12%) and finally a PCE of 2.71% (Jsc =5.96 mA/cm?,
Voc =0.80V and FF=0.57) has been demonstrated replacing
both the PCs;BM with PC7;BM and PEDOT:PSS with MoO3
[120].

3.2.7.9. Oligothiophene copolymers incorporating alkoxy-
substituted 2,1,3-benzothiadiazole unit. Three new D-A
oligothiophene copolymers containing alkoxysubstituted
2,1,3-benzothiadiazoles and one (74), two (75) or three (76)
thiophene rings in the polymer backbone have been syn-
thesized using both Stille and Yamamoto cross-coupling
polymerization reactions (Chart 21) [122].

The optical band gap of 74 is 1.74 eV, for 75 is 1.73 eV
and for 76 is 1.75 eV with the appearance of a fine vibronic
feature centered at 625 nm for 74 and 76. The PCE of the
polymers in blends with PCg1BM (1:2, w/w) are 2.22% (74),
0.62% (75) and 1.78% (76) [122]. The photovoltaic charac-
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Table 10
Optical band gaps, electrochemical properties and photovoltaic efficiency of 77-80.
Polymers EgP (eV) Eeq (V)/LUMO (eV) Eox (V)[HOMO (eV) PCE (%)
77 1.01 -/3.59 -/4.71 0.11
78 1.38 -1.52/- 0.01/- 0.72
79 1.28 -1.18/- 0.15/- 0.24
80 1.64 —/3.60 -/5.20 1.92
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Chart 21. Chemical structures of the alkoxy-substituted 2,1,3-
benzothiadiazole-based oligothiophene copolymers 74-76.

teristics of the best cell are Jsc =5.18 mA/cm?, Vo =0.93V
and FF=0.46. As reported, the possible reason for the lower
PCE of 75 compared to 74 and 76 is the different poly-
merization procedure followed (Yamamoto instead of Stille
coupling) where excess of nickel(0) was used instead of
palladium [122].

3.2.7.10. Other polythiophene derivatives with various
electron-deficient groups. As also mentioned above, the
most common D-A polythiophene derivatives consisting
of 2,1,3-benzothiadiazole (unsubstituted or alkoxy func-
tionalized) as the electron deficient units. However, other
electron-withdrawing groups have been also incorporated
into a polythiophene matrix and these are thieno[3,4-
c][1,2,5]thiadiazole (77) [123], pyrazino[2,3-g]quinoxaline
(78, 79) [124] and N-(dodecyl)-phthalimide (80) [125]
(Chart 22). These polymers have been synthesized using
either the Stille cross-coupling (77, 80) or Yamamoto cross-
coupling (78, 79) polymerization reactions.

The optical band gap of the polymers follows the order
80>78>79>77 according to the values shown in Table 10.
The fact that the band gap of 78 is higher than 79 indicates
the influence of the substituents on the optical proper-
ties, similar with previous examples reported previously.
The alkyl chains reduce the electron deficiency of the
pyrazino[2,3-g]quinoxaline resulting to a larger band gap
for 78 [124]. It should be noted that aggregate formation,
even in solution, is detected for 78 due to the linear octyl
side chains that were introduced in order to enhance the

=a
R 78 R: octyl

79 R: 3,5-di(2"-ethylhexyl)phenyl

Chart 22. Chemical structures of the polythiophene derivatives 77-80
consisting of various electron-withdrawing moieties.

aggregate formation through the closer packing of the poly-
mer chains. Furthermore, 78 exhibits a red shift of the
absorption maxima passing from solution to the solid state
while 79 absorption shows a blue shift probably due to the
presence of the bulky substituents that prevent the forma-
tion of a planar structure and inhibit the aggregation of
polymer chains that usually causes the bathochromic shift
in a conjugated polymer film.

Concerning the energy levels of the polymers, it is
observed that 77 and 80 have similar electron affinities.
However, the HOMO level of 77 is significantly up-shifted
as compared to 80. This result indicates that the presence
of the thiophene ring of thieno[3,4-c][1,2,5]thiadiazole in
77, which is more electron rich than the phenyl ring of the
phthalimide, has stronger effect on HOMO level than the
dodecyloxy side chains in the bithiophene unit of 80, which
also elevate the HOMO level through their strong electron
donating effect. Moreover, comparing the effect of the sub-
stituents on the energy levels of 78 and 79 it is observed
that the electron affinity of 78 is lower than 79 because
the existence of the linear octyl side chains reduces the
electron deficiency of the pyrazino[2,3-g]quinoxaline via
an inductive effect. This effect can be explained if you take
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81 R:tetradecyl
82 R: hexadecyl

Y

Chart 23. Chemical structures of the polythiophene derivatives 81-82
consisting of thieno[3,2-b]thiophene unit.

into consideration that the sterically less demanding octyl
chains facilitate to the more planar conformation of the
polymer chain [124].

BH]J solar cells based on blends consisting of 77-80 with
fullerene derivatives were fabricated and investigated. The
most promising PCE of 1.92% originates from 80 in com-
bination with PC7{BM (1:1, w/w) with Jsc =6.15mA/cm?,
Voc=0.56V and FF=0.55 [125]. One of the reasons of the
higher PCE of 80 as compared with 77-79 is the crystalline
nanoscale morphology of 80:PC71BM with the appearance
of a hole mobility as high as 4.0 x 10~4 cm?2/V's, as mea-
sured by the SCLC method. Attempts to improve the PCE
of 80:PC71BM with thermal treatment were not successful
due to the severe phase separation of the films [125]. The
limited PCEs of 78, 79 are caused due to low current densi-
ties, a consequence of the reduced electron transfer to the
fullerene which can be attributed to their very high elec-
tron affinity values [124]. On the other hand, the limiting
factor preventing 77 for higher PCE is the low V¢ (0.35V)
due to raised HOMO level [123].

3.2.8. Thieno[3,2-b]thiophene-based polymers
3.2.8.1. Polythiophene derivatives with
thieno[3,2-b]thiophene. Poly(2,5-bis(3-alkylthiophen-2-
yl)thieno[3,2-b]thiophene) derivatives (81, 82; Chart 23)
are very promising electron donor materials for BH]J solar
cells due to their high reported hole mobility, 0.6 cm2/V's
in FETs [126] as a result of their ability of forming large
crystals. The formation of large crystals is attributed to
the incorporation of the thieno[3,2-b]thiophene fused
ring into the polythiophene backbone which enhance the
crystallization [127]. Extensive studies in blends of 82 with
PC7;BM and bisadduct bisPC7{BM demonstrate that the
intercalation of the fullerene derivatives between the side
chains of 82 can be controlled by adjusting the fullerene
size [128]. By specular X-ray diffraction it was shown
that the addition of the PC;1BM leads to the intercalation
of 82, while by the addition of bisPC;;BM, 82 shows
no intercalation. The maximum PCE of the intercalated
82:PC71BM (1:4, w/w) is 2.51% with Jsc=7.99 mA/cm?,
Voc=0.57V and FF=0.55 [128]. The observation of the
optimum performance at 1:4 (w/w) ratio is in agreement
with the intercalated blends of the MDMO-PPV:PCg;BM
(maximum PCE at 1:4, w/w) [52]. On the contrary, the
nonintercalated 82:bisPC;1BM outperforms at 1:1 (w/w)
ratio with maximum PCE of 1.94% and Jsc =5.35 mA/cm?,
Voc=0.65V and FF=0.56.

However, the high bandgap (~2.0eV) with HOMO and
LUMO levels at 5.1eV and 3.1eV, respectively and a hole

Chart 24. Chemical structures of polythiophene derivatives 83-86 con-
sisting of both thieno[3,2-b]thiophene and 2,1,3-benzothiadiazole units.

mobility of 3.8 x 10~4 cm?2/V s in 81:PC7;BM [129], as mea-
sured by the SCLC method are the major drawbacks
preventing higher efficiencies. The recorded hole mobility
of 81 in the blend is one order of magnitude less than the
typical reported out-of-plane mobility of PCgBM [129].

3.2.8.2. Oligothiophene copolymers with both thieno[3,2-
bjthiophene and 2,1,3-benzothiadiazole. Attempts to obtain
thieno[3,2-b]thiophene-based polymers with lower band
gaps than 81, 82 led to the synthesis of 83-86 (Chart 24) by
Stille cross-coupling polymerization [130-132]. The incor-
poration of the electron-deficient 2,1,3-benzothiadiazole
in the polymer backbone proved to be an efficient approach
for lowering the band gap. Other structural modifications,
including the increase of the conjugation length by the
introduction of two more thiophene rings in the polymer
backbone (84)[131] or changing the positioning of the alkyl
side chains from the thiophene rings to the thieno[3,2-
b]thiophene unit (85) [132] or replacing the thiophene
rings with 3,4-ethylenedioxythiophene (EDOT) units (86)
[132], were also explored with respect on the modification
of the band gap and energy levels.

The optical band gaps, the energy levels and the PCE
of the synthesized copolymers are included in Table 11.
The optical band gap of 83, consisting of a TBzT segment
with dodecyl side chains at the 3-positions of the thiophene
rings alternate with thieno[3,2-b]|thiophene unit, is 1.88 eV.
Further lowering of the band gap at 1.80eV is achieved by
the addition of two more 3-dodecylthiophene rings around
the 2,1,3-benzothiadiazole in 84 [130,131]. However, the
lowering of the band gap is not accompanied by the low-
ering of the electrochemical band gap (Table 11). Instead
an increase of the electrochemical band gap is observed
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Table 11
Optical band gaps, energy levels and photovoltaic efficiency of 83-86.

Polymers Eg™ (eV)

LUMO (eV)

HOMO (eV) PCE (

59

83 1.88 3.18
84 1.80 3.16
85 1.62 3.66
86 1.48 3.48

5.34 1.00
5.43 1.80
5.17 1.72
5.00 0.045

by the additional lowering of the HOMO level of 84. On the
other hand, the LUMO levels of 83 and 84 are almost similar
(Table 11) showing that the LUMO level is localized on the
2,1,3-benzothiadiazole. Usually, the HOMO level is raised
upon increasing the number of the unsubstituted electron
rich compounds, for example thiophene rings, in the poly-
mer backbone (Fig. 4). However, the presence of two more
dodecyl side chains at the 3-position of the thiophene rings
in 84, enhance the steric hindrance through the twisting of
the bonds between the adjacent units, disrupting the effec-
tive conjugation length, and as a consequence the HOMO
level is further lowering instead of raising.

Moreover, changing the position of the alkyl side chains
from the thiophene rings of the TBzT segment in 83 to
the thieno[3,2-b]thiophene unit in 85, the band gap of 85
significantly lowers by 0.26eV (Table 11). It seems that
stronger - stacking between the polymer chains of 85
is obtained when the alkyl side chains are attached on the
thieno|[3,2-b]thiophene unit. Based on this result, it can be
concluded that the positioning of the dodecyl side chains
at the 3-position on the TBzT segment of 83 is causing
severe steric hindrance between the thiophene rings and
the 2,1,3-benzothiadiazole. This prevents 83 for providing
lower band gap. Regarding the influence of the different
positioning of the alkyl side chains on the energy levels of
83 and 85, the HOMO level of 85 is elevated by 0.17 eV,
whereas the LUMO level significantly lowers by 0.48 eV.
Finally, replacing the thiophene rings of 85 with the more
electron rich EDOT units, the optical band gap of 86 is
1.48 eV, slightly lower than that of 85, whereas both the
energy levels of 86 are upshifted by ~0.17 eV.

BH] solar cells based on blends of 83-86 with fullerene
derivatives were prepared and PCE of 1.80% was obtained
from 84:PC71BM in 1:4 (w/w) ratio with Jsc =8.5 mA/cm?,
Voc=0.54V and FF=0.39 upon annealing at 150°C for
30min [131]. In addition, the PCE of 84:PCs;BM in 1:4
(w/w) ratio is 1.1% with Jsc =4.0 mA/cm?, Vo =0.79V and
FF=0.34 upon annealing at 110°C for 15 min. By replac-
ing the PCg1BM with PC71BM the current density of the
84:PC71BM system is more than doubled in the optimized
devices. This increase in Jsc reflects the improved pho-
ton harvesting ability of the active layer. On the other
hand, the V,. in 84:PC7:BM devices is lower than that of
84:PCg1BM devices (0.54V compared to 0.79V) [131]. The
origin of this drop in Vy is rather unclear and is in con-
trast with what is generally observed in other polymer
systems that will be presented next in the text. Finally,
comparing the photovoltaic parameters of the optimized
85:PC7:BM system in 1:3 (w/w) ratio (Jsc =6.86 mA/cm?2,
Voc=0.67V and FF=0.37) [132] with those of 84:PC71BM,
it is obvious that the V. of 85 is higher than that of 84
despite the elevated HOMO level. On the contrary, the Js
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Chart 25. Chemical structures of the polythiophene derivatives 87-89
consisting of both thieno[3,2-b]thiophene and quinoxaline units.

of 84 is higher than that of 85 despite its higher optical
band gap.

3.2.8.3. Oligothiophene copolymers with both thieno[3,2-
bjthiophene and quinoxaline. Three new D-A conjugated
polymers consisting of unsubstituted (87) or substituted
with dipentadecyl side chains thieno[3,2-b]thiophene (88,
89) as the donor and quinoxaline as the acceptor have
been synthesized by the Stille cross-coupling polymeriza-
tion reaction (Chart 25) [133].

The optical band gaps of the polymers 87-89 are shown
in Table 12. The large difference on the optical band gaps
between 87 and 88 is attributed to the increased steric
effects that thieno[3,2-b]thiophene is affecting when it is
substituted with long alkyl side chains. Moreover, compar-
ing the HOMO and LUMO energy levels of 87 and 88, the
steric effect that alkyl chains are producing, significantly
influence the HOMO levels while the LUMO levels remain
unaltered (~0.1eV difference). In addition, the insertion
of the two thiophene rings between the quinoxaline and
the substituted thieno[3,2-b]thiophene influence more the
HOMO level. The presence of two electron-rich units in the
polymer chain elevates the HOMO level by 0.48 eV. On the
contrary, the LUMO level is less affected and is lowered by
0.15eV.

The photovoltaic performance of the polymers was
examined in blends with PCg;BM or PC7;BM. The highest
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Table 12
Optical band gaps and energy levels of 87-89.
Polymers Eg™ (eV) LUMO (eV) HOMO (eV)
87 1.65 3.61 4.96
88 2.30 3.53 5.60
89 1.70 3.68 5.12

PCE of 2.27% was recorded for 89:PC71BMin 1:3 (w/w)ratio
(Jsc =8.8 mA/cm?, Vo =0.71V and FF=0.36). In addition, 87
and 88 in blends with PC71BM (1:3, w/w) exhibited PCEs
of 1.39% and 0.30%, respectively [133]. The limiting fac-
tor preventing the polymer:fullerene systems for achieving
higher PCE is the FF that most likely is attributed to the poor
morphology (incomplete channels between polymers and
fullerene derivatives) as the AFM images revealed. Finally,
it is rather unexpected the very low V. of 88 (0.36-0.37V)
despite the higher HOMO level between all the polymers.

3.2.9. Thieno[3,4-b]thiophene-based polymers

Other examples of fused thiophene-based polymers
are those consisting of the thieno[3,4-b]thiophene unit,
which vary from the thieno[3,2-b]thiophene analogue
regarding the location of the sulphur atom in the
peripheral thiophene. The UV-vis absorption spectrum of
thieno[3,4-b]thiophene unit is red shifted compared to
the thieno[3,2-b]thiophene [134] and the poly(thieno[3,4-
b]thiophene) has a very low band gap of 0.84eV. This is
due to the fact that thieno[3,4-b]thiophene is capable of
stabilizing the quinoid form of the main chain [135].

Very recently, a soluble copolymer 90, consisting of an
alternating ester-substituted thieno[3,4-b]thiophene and a
thiophene, was synthesized by Stille cross coupling poly-
merization reaction [136] (Chart 26) and exhibited high
external quantum efficiency in the near-IR region. How-
ever, a PCE below 1% was obtained probably due to the
unfavourable position of the energy levels [136]. Thus a
series of regio random copolymers based on the same ester-
substituted thieno|[3,4-b]thiophene, but with dodecyl side
chain, and thiophene units (91) [137] were synthesized in
an attempt to control the band gap of the polymers and as
a consequence the energy levels (Chart 26). It is shown that
by increasing the content of the 3-hexylthiophene unit the
band gap is increasing and the hole mobility is decreasing.
This observation was attributed to the irregular insertion
of the 3-hexylthiophene unit in the polymer backbone
that is causing the twisting of the main chain [137]. The
optimum ratio between the thieno|[3,4-b]thiophene and 3-
hexylthiopheneis 1:3.7 leading to aband gap of 1.45 eV and
more suitable energy levels relative to PCg BM. The PCE of
the optimum copolymer:PCg:BM (1:1, w/w) is 1.93%.

Furthermore, 92 was synthesized in order to examine
the influence of the regioregularity of the oligothiophene
units on the properties of the thieno[3,4-b]thiophene-
based copolymers (Chart 26). In this case, a perfluorohexyl-
substituted thieno[3,4-b]thiophene was used instead of
the ester analogue. The reason is that the proton at the
4-position of the alkylthiophene which is next to the
thieno[3,4-b]thiophene is more prone to bromination, pre-
venting the synthesis of the desired polymer [138]. 92
exhibits an optical band gap of 1.62 eV and a HOMO level

CgH17
0.0

Z s

I\ s
s\
a0

n

CyaHas

CeHis 92 CeHia

Chart 26. Chemical structures of the thieno[3,4-b]thiophene-based poly-
thiophene derivatives 90-92.

of 4.92 eV. The introduction of regioregularity between the
alkyl thiophene units results with higher hole mobility
(1.9 x 10~ cm?/Vs by the SCLC method) as compared to
the optimum 91 (4.8 x 10~> cm?2/V's). The enhanced hole
mobility of 92 improved also the PCE of 92:PCq:1BM (1:1,
w/w) blend to 2.38% with Jsc =10.22 mA/cm?, Voc=0.59V
and FF=0.40 [138]. The thin film morphology of the sys-
tem revealed the formation of nanofibers with diameter
ranging from 15 to 20 nm.

3.2.10. Isothianaphthene-based polymers

One of the first LBG conjugated polymer synthesized
is poly(isothianaphthene) [139]. This polymer exhibits
a very low optical band gap of 1.1eV and thus an
absorption spectrum extending until the near-infrared.
The lowering of the band gap is attributed to the
increased quinoidal structure of the polymer back-
bone. However, poly(isothianaphthene) is not soluble
in organic solvents and thus not processable. Introduc-
tion of dithioctyl side chains on poly(isothianaphthene)
provided 93 [140] (Chart 27) which is more soluble
compared to poly(isothianaphthene) but its molecu-
lar weight (7000g/mol) is still low. Accordingly, the
PCE of 93 in blends with PCqBM was extremely poor
(0.008%) with solar cell characteristics of Jsc =45 wA/cm?2,
Voc=550mV and FF=0.30 [141]. In another example,
a poly(bisthienylene dithiooctyl isothianaphthene) 94
(Chart 27) was synthesized by oxidative polymerization
with FeCl; [142] and the molecular weight (M,,) obtained
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Chart 27. Chemical structures of the isothianaphthene-based conjugated
polymers 93-97.

is 10,000 g/mol. The optical band gap is 1.4eV and the PCE
of 94 in blends with PCgBM is 0.4% with Jsc =2.4 mA/cm?,
Voc =0.37V and FF=0.28 [143]. The low molecular weight
significantly limited the film-forming ability of 94 and thus
the PCE of the solar cells. As a matter of fact, poly(methyl
methacrylate) had to be employed as a host matrix material
for casting thin films of 94.

In another example, three isothianaphthene-containing
copolymers 95-97 (Chart 27), the properties of which,
such as solubility, band gap and HOMO/LUMO levels,
can be fine-tuned through the careful selection of proper
co-monomers, were synthesized and their photovoltaic
performances in blends with PCg; BM were examined [ 144].
A new distannylated isothianaphthene monomer is served
as a versatile building block for the synthesis of 95-97 by
Stille cross-coupling reactions. The molecular weights (M;)
0f95-97 were in the range of 3600 and 11,000 g/mol, while
their optical band gaps and energy levels are presented
in Table 13. The band gaps of the polymers are depend-
ing on the chemical nature of the different co-monomers
(fluorene and thiophene structures) used, but surprisingly
the band gaps of 96 and 97 are the same. This points out

Table 13
Optical band gaps and energy levels of 95-97.
Polymers Eg™ (eV) LUMO (eV) HOMO (eV)
95 2.34 2.70 5.26
96 1.66 3.56 5.22
97 1.66 3.41 5.07

that the relative position of the alkyl chains attached on
the thiophene rings has no impact on the optical band gap
but significantly influences the energy levels of the poly-
mers. The HOMO levels of the thiophene derivatives (5.07
and 5.22 eV) are elevated compared to that of the fluorene
derivative (5.26 eV), due to the stronger electron rich thio-
phene ring, while the LUMO levels are situated between
2.70 and 3.56 eV. As reported above, the relative position of
the second alkyl chain for the copolymers 96 and 97 influ-
ence both the HOMO and the LUMO levels (Table 13). When
the second alkyl chain of copolymer 97 is introduced on the
left side of the thiophene, close to the first alkyl side chain,
both HOMO and LUMO levels are upshifted by exactly
0.15eV as compared to copolymer 96. The PCEs of 95-97 in
blends with PCq1BM in 1:4 (w/w) ratio are ranged between
0.12% and 0.43%. Despite the lower molecular weight and
the higher optical band gap, 95 exhibits the higher PCE with
Jse=1.37mA/cm?, Vo =0.63V and FF=0.50 [144].

3.2.11. Bridged bithiophenes with 5-member fused
aromatic rings in the central core
3.2.11.1. Cyclopenta[2,1-b:3,4-b’|dithiophene-based  poly-
mers. One of the most well studied heteroaromatic
electron-rich unit which serves as efficient electron
donor building block in LBG polymers is cyclopenta[2,1-
b:3,4-b’'|dithiophene (CPDT), where a 2,2’-bithiophene is
covalently bridged and rigidified at the 3,3’-position by
a carbon atom. Because of the fully coplanar structure,
the intrinsic properties based on bithiophene can be
altered, leading to more extended conjugation, lower
band gaps and stronger intermolecular interactions [145].
CPDT has been copolymerized with either electron-rich
or electron-withdrawing groups in order to obtain LBG
polymers.

3.2.11.1.1. Poly(cyclopenta[2,1-b:3,4-b’ [dithiophene)
derivatives with electron-rich units. CPDT homopolymers
have been synthesized by Suzuki or nickel-catalyzed
Yamamoto cross-coupling polymerization [145,146], and
their absorption maxima are extended to longer wave-
lengths compared to that of the rrP3HT by exhibiting
an optical band gap of ~1.8eV. However, despite the
lower band gap achieved compared to that of rrP3HT, the
photovoltaic performance of the CPDT homopolymers is
very poor. For example, the PCE of 98:PCg1BM in 1:2 (w/w)
ratio is 0.016% [146]. In order to improve the PCE of the
CPDT-based polymers, the synthesis of CPDT copolymers
incorporating electron-rich units like carbazole (99) [146],
bithiophenes (100) [147] and biselenophenes (101-103)
[147] (Chart 28) was achieved. The percentage of the
carbazole unit incorporated in 99 does not alter signifi-
cantly the optical band gap (1.83 eV) and the energy levels
(HOMO at 4.98 eV and LUMO at 2.48eV) as compared to
98 (band gap of 1.82 eV and HOMO at 4.92 eV and LUMO
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101 X: Se, R: 2-ethylhexyl
102 X: Se, R: octyl
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Chart 28. Chemical structures of the poly(cyclopenta|2,1-b:3,4-b’|dithiophene) derivatives 98-103 consisting of electron-rich moieties.

at 2.49eV). Hence, the PCE of 99:PCs1BM in 1:4 (w/w)
(0.013%) is similar to 98 [146].

100 and 101-103 were synthesized by Stille cross-
coupling polymerization reaction and their optical band
gaps and energy levels are summarized in Table 14. The
band gap of the CPDT-based copolymer incorporating the
bithiophene unit (100) is 1.88 eV, whereas lower band
gaps of 1.71-1.77 eV were revealed for the related bise-
lenophene derivatives (101-103). In detail, a decrease of
0.1 eVisobserved comparing the band gaps of 100 and 101,
which is explained by the higher m-electron delocalization
and bandwidth of selenophene unit than that of thiophene
[147]. Examining, the band gaps of the selenophene-based
CPDT copolymers (101-103), it is shown that the linear
alkyl side chain derivatives (102, 103) have lower band
gaps than that of 101 due to the improved packing of the
polymer chains.

By replacing the bithiophene unit in 100 with the bise-
lenophene (101), the influence on the energy levels is
presented in Table 14, where the HOMO of 101 is slightly
raised and the LUMO is lowered by 0.1 eV. The change of the
type of the side alkyl chains between 101 and 102, influence
only the LUMO (102 with the linear alkyl chain has lower
LUMO than 101), whereas the HOMO remains constant
(Table 14). The photovoltaic performance of copolymers

100-103 has been examined in blends with PC7;BM [147].
The PCE of the copolymer with the bithiophene unit (100)
is higher than those consisting of the selenophene unit
(101-103). In addition, the PCE of the selenophene deriva-
tives with the different type of side alkyl chains is higher for
the copolymer with the branched alkyl side chain (101). For
102 and 103, as the length increases, the PCE is decreasing
(Table 14). The copolymers show moderate hole mobilities
in the range of 103 to 10~* cm?2/V s in FET measurements,
with 100 exhibiting the highest (1.9 x 10~3 cm?2/Vs). For
the selenophene-based CPDT derivatives, 102 consisting
of the octyl side chain exhibits the highest hole mobility
(1.3 x 1073 cm?2/Vs) due to the improved packing of the
polymer chains and this value is comparable to the cor-
responding bithiophene-based 100.

Furthermore, three new CPDT-based copolymers
(104-106) were synthesized by Suzuki cross-coupling
polymerization (Chart 29), consisting of two modified
bithiophene units with one of them planarized by bridging
intrinsically different 7 system to bithiophene moiety like
benzo (104), naphtha (105) or quinoxalino (106) segments,
respectively [148].

The energy levels and the optical band gaps are included
in Table 14. The band gap of 104 is 2.00 eV while lower
band gaps are presented for 105 (1.91 eV)and 106 (1.94 eV).
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Table 14

Optical band gaps, energy levels and photovoltaic efficiency of 100-106.
Polymers Egp‘ (eV) LUMO (eV) HOMO (eV) PCE (%)
100 1.88 2.89 5.38 2.22
101 1.77 2.99 5.31 1.86
102 1.71 3.03 5.30 1.50
103 1.72 3.04 5.31 0.70
104 2.00 2.83 5.04 0.38
105 1.91 294 5.04 0.55
106 1.94 3.05 5.15 1.14

Chart 29. Chemical structures of the poly(cyclopenta[2,1-b:3,4-b’]dithiophene) derivatives 104-106 consisting of various electron-rich moieties.

Such a decrease in the band gap can be explained due to
the stronger -1 stacking interactions of the naphthalene
and quinoxaline units as compared to the benzene ring
when incorporated into the bithiophene unit. However, the
band gaps of 104-106 are higher than those of 100-103
indicating that the packing of the polymer chains is more
effective in the unbridged and less rigidified bithiophene
and selenophene based CPDT copolymers. Furthermore, by
passing from the phenyl ring of 104 to the naphthalene in
105, the HOMO levels remain unchanged while the LUMO
is lowering by ~0.1eV (Table 14). On the contrary, both
HOMO and LUMO are lowering by 0.11 eV, when the naph-
thalene unit of 105 is replaced by the quinoxaline in 106.
The hole mobilities of 104-106 are relative low with the
maximum reach 5.15 x 10~2 cm?2/V s (for 106) in FETs mea-
surements. The recorded hole mobilities of 104-106 is one
and two order of magnitude lower than those of 100-103,
supporting the less effective packing of 104-106 chains
[148]. For these reasons, polymers 104-106 exhibit mod-
erate PCEs with the maximum of 1.14% for the 106:PCg;BM
in 1:1.6 (w/w) ratio with Jsc =4.56 mA/cm?2, Vo =0.53 V and
FF=0.47.

3.2.11.1.2. Poly(cyclopenta[2,1-b:3,4-b’ [dithiophene)
derivatives with electron-deficient units. The alternating
copolymer 107, consisting of CPDT with 2-ethylhexyl side
chains and 2,1,3-benzothiadiazole has been proven to be
one of the most efficient LBG electron donor polymer with
PCE of 5.5% [149-156]. 107 has been synthesized by Stille
or Suzuki cross-coupling polymerization [149,152-155].
Improvement in the synthetic procedure has been pre-
sented by Bazan et al. very recently [156] with the use of
microwave-assisted Stille cross-coupling polymerization
in combination with the screening of comonomer reactant
ratios affording high molecular weight polymers and in
high yields. The high PCE of 107 has stimulated extensive
research efforts towards related structural polymers
like 108-116 which are shown in Chart 30, and have
been synthesized by Suzuki and Stille cross-coupling
polymerizations [152-155].

The optical band gaps, the electrochemical properties
and the PCE of the polymers are presented in Table 15. For
the majority of the polymers, the oxidation and reduction
potentials presented in Table 15 were estimated in ODCB
solution rather as thin films. Nevertheless, a general con-
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107 X=S, R: 2-ethylhexyl n
108 X=S, R: dodecyl

109 X= O, R: 2-ethylhexyl

110 X= Se, R: 2-ethylhexyl

115 R: 2-ethylhexyl

111 R;: 2-ethylhexyl, Ry: H
112 Ry: 2-ethylhexyl, Ry: octyl

n

R: 2-ethylhexyl

114 <
CBH17 C8H17

116 R: octyl

Chart 30. Chemical structures of the poly(cyclopenta[2,1-b:3,4-b'|dithiophene) derivatives 107-116 consisting of different electron-deficient units.

Table 15

Optical band gaps, electrochemical properties and photovoltaic efficiency of 107-116.
Polymers Ered (V)/LUMO (eV) Eox (V)/[HOMO (eV) Eg"t (eV) PCE (%)
107 -1.67/3.55 —-0.07/5.30 1.40 3.65‘/5.5b
108 -/3.50 -/5.12 1.25 2.70
109 -1.52/- +0.16/- 1.47 2.50
110 -/3.34 -/5.10 1.35 0.89
111 -1.80/- —-0.06/- 1.54 1.10
112 - - - 0.74
113 -1.60/- +0.22/- 1.53 2.00
114 -1.73/- -0.39/- 1.18 0.10
115 -/3.44 -/5.20 1.89 1.12
116 -/3.43 -/5.24 1.86 0.59
2 Without.

b With the use of 1,8-diiodooctane as surfactant.

clusion is that the selection of the electron-withdrawing
unit can have an equally large effect both on the HOMO
and the LUMO level of the polymers as derived from
the study of the electrochemical properties of 107-116.
Regarding the optical band gap of the polymers, it is
shown that the bithiazole based CPDT copolymers (115
and 116) [155] exhibit the highest band gap among all the
copolymers, while quinoxaline (111 and 112) [152] and
bis(benzothiadiazole) (113) [152]-based CPDT copolymers
have slightly higher band gaps than the thieno[3,4-
blpyrazine (TP) (114) [152], 2,1,3-benzooxadiazole (109)

[152], 2,1,3-benzoselenadiazole (110) [153,154] and 2,1,3-
benzothiadiazole (107 and 108) [149,152,153,156]-based
CPDT copolymers. The influence of the type of the alkyl side
chains (linear versus branched) on the band gap is clearly
observed comparing 107, 108 and 115, 116. The band gaps
of 107 and 115, with the branched alkyl side chains, are
1.40eV and 1.89eV, respectively. However, by replacing
the branched alkyl side chains of 107 and 115 with the
linear dodecyl side chains in 108 or with the linear octyl
side chains in 116, a significant reduction of 0.15 eV in the
band gap of 107 and 108 and a less significant reduction of
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0.03 eV for 115 and 116, is presented (Table 15). Two of the
reasons for the significant red shift is (i) the increased order
of 108 as compared to 107, with the close - stacking dis-
tance as TEM and selected area electron diffraction (SAED)
images are demonstrating, and (ii) the higher molecular
weight of 108 (the M, of 108 is 44,000 g/mol and 107 is
35,000 g/mol). Furthermore, the fact that the band gap of
113 with the bis(benzothiadiazole) unit is higher than that
of 107, which has a single benzothiadiazole, is attributed
to unfavourable steric interactions between the neigh-
boring benzothiadiazole units in the bis(benzothiadiazole)
that lead to twisting around their interring bonds, causing
reduced conjugation [152].

Initially, the PCE of 107 in blends with PC;;BM
(1:3.3, w/w) was 3.2% with Jsc=11mA/cm?2, Voc=0.70V
and FF=0.47 [150]. Despite the high hole mobility
(1 x 1073 cm?2/Vs) of 107 in FETs measurements [149], the
inefficient nanomorphology of the bulk composite with
a non-optimized phase structure between the PCq1BM or
PC71BM and 107 limits the efficiency of the solar cell
due to the low FF, short carrier lifetime and high rate of
charge recombination [150]. Even though annealing was
the suitable process to control the morphology in the
rrP3HT:PCg1BM solar cells, only slightly improvement (PCE
of 3.6%) in the case of 107 was observed upon extensive
studies of the thermal treatment on 107:fullerenes blends
[157]. A breakthrough was achieved by the use of small
concentrations alkanedithiols in the solution from which
the BH]J films are cast [151]. Thus, several 1,8-di(R)octanes
with various functional groups (R) as processing addi-
tives have been investigated [158] and certified PCEs of
5.21% with maximum PCEs values of 5.5% were obtained
when iodine was used as the R functional group without
the use of any thermal treatment. It was shown that 1,8-
diiodooctane is a selective solvent for the fullerene than
the polymer, resulting in three separate phases in solution:
(i) a fullerene-di(R)octane phase, (ii) a polymer aggregate
phase, and (iii) a polymer-fullerene phase [158]. This effect
dramatically increases the aggregation and order within
the polymer domains while avoiding excessive crystalliza-
tion of the fullerene in the solid state. In addition, a very
important observation has been demonstrated recently by
Janssen et al. It is suggested that the increase in the yield
of photoinduced free carrier formation by the use of pro-
cessing additive on the 107:PCg;BM system can be also
attributed to the suppression of the photogenerated car-
riers recombination into the lowest triplet excited state of
the polymer, parameter which enhanced the formation of
free charge carriers out of the CT state [159].

Each of the other polymers also exhibit promising PCEs
(above 2.00%), especially 109 with the benzooxadiazole and
113 with the bis(benzothiadiazole) in blends with PCg;BM
in 1:3 (w/w) ratio (Table 15). The V, of the devices with
109 and 113 is higher than that of 107 while the FF of
the 109:PCg1BM device is particularly high (0.60), indicat-
ing that neither charge transport nor electron-hole pair
lifetime seem to limit the performance [152]. The lower
performance of the TP, 2,1,3-benzoselenadiazole, quinoxa-
line and bithiazole-based CPDT copolymers is attributed
to a loss in Js¢ (111), the low EQE (114), the weak
absorbance and the unbalance hole and electron transport-

ing properties of 110 and the very low hole mobility of
2.0 x 1076 cm?2/V's for 115 and 116 in FET measurements.

Finally, a series of conjugated copolymers containing
the coplanar CPDT unit [incorporated with arylcyanovinyl
and keto groups in different molar ratios (117)] were syn-
thesized (Chart 31) and employed in solar cells [160]. The
optical band gap and HOMO and LUMO levels of 117 were
varying depending on the molar ratio. For example, the
optical band gaps were in the range of 1.38-1.70eV, while
the HOMO and LUMO levels at 4.90-5.25eV and ~3.6eV,
respectively. In addition, by increasing the molar ratio of
the cyclopentadithiophenone the HOMO level is expected
to remain constant and the LUMO lowering. In contrast, the
LUMO level remains almost constant and the HOMO level
is elevated. Preliminary results on the photovoltaic proper-
ties of 117 in blends with PCg1BM in 1:4 (w/w) ratio were
recorded providing a V. of 0.84V, a Jsc of 2.36 mA/cm?,
and a FF of 0.38, providing a PCE of 0.77% for the poly-
mer derivative without the cyclopentadithiophenone unit
[160].

3.2.11.1.3. Poly(cyclopenta[2,1-b:3,4-b’ |[dithiophene)
derivatives with both electron-rich and electron-deficient
units. As reported in the previous paragraph, the alternat-
ing copolymer 107 represents one of the most promising
LBG polymer for use in OPVs due to its very high PCE,.
Although such a structurally well-defined alternating D-A
copolymer can effectively shift its absorption spectrum
to longer wavelengths in the near-infrared region (ca.
600-800 nm), significantly decreases the localized w-*
transitions and weakens the absorption ability in the
visible region from 450 to 600 nm. To address this issue,
the alternating copolymers 118, 119 consisting of the
CPDT with either the TBzT segment (118) [161] or the
thiophene-benzoselenadiazole-thiophene (TBseT) seg-
ment (119) [154] were synthesized by Stille cross-coupling
polymerization reaction (Chart 32). Moreover, the random
copolymers 120-123 [162] where the CPDT with either
the 2,1,3-benzothiadiazole (120) or the quinoxaline (121)
or the TQT segment (122) or the TP (123) are dispersed
and separated by the unsubstituted thiophene spacers in
the conjugated backbone, were also synthesized by Stille
cross-coupling polymerization reaction (Chart 32).

The optical band gaps, the energy levels and the PCEs
of the copolymers are presented in Table 16. Comparing
the band gaps of the alternating copolymers with those
of the random copolymers, it is shown that the alternat-
ing copolymers reveal lower band gaps, except from 123
that demonstrates the lowest band gap (1.20eV) of all the
polymers presented in this category. This is due to the fact
that TP tend to favorably adopt the quinoid form through
mr-electron delocalization, because pyrazine has larger
aromatic resonance energy than thiophene, in order to
selectively preserve the pyrazine’s aromaticity [162]. This
in turn decreases the bond length alternation and greatly
reduces the band gap. In addition, the insertion of a thio-
phene ring between the CPDT and 2,1,3-benzothiadiazole
in 118 or CPDT and 2,1,3-benzoselenadiazole in 119 results
with an increase in the band gap of 0.17eV or 0.11eV,
respectively, as compared with the structural analogue
polymers 107 and 110. It seems that the two additional
thiophene rings attached at the 2,1,3-benzothiadiazole or
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Table 16

Optical band gaps, energy levels and photovoltaic efficiency of 118-123.
Polymers EgOpt (eV) LUMO (eV) HOMO (eV) PCE (%)
118 1.57 - - 2.10
119 1.46 3.25 5.09 1.34
120 1.59 3.58 517 2.00
121 1.77 3.28 5.05 0.30
122 1.82 3.31 5.13 0.70
123 1.20 3.82 5.02 0.60

R: 2-ethylhexyl

117 R R

Chart 31. Chemical structures of the conjugated polymer 117.

2,1,3-benzoselenadiazole can effectively reduce the degree
of the ICT. Moreover, the alternating copolymer 118 and
the similar random copolymer 120 present similar band
gaps and PCEs in blends with fullerenes, showing that the
different polymeric architecture does not influence dras-

118 X=S, R: 2-ethylhexyl
119 X=Se, R: 2-ethylhexyl

123 R: 2-ethylhexyl

Chart 32. Chemical structures of the poly(cyclopenta[2,1-b:3,4-
b'|dithiophene) derivatives 118-123 consisting of both electron-rich and
deficient units.

tically the optoelectronic properties of these polymers.
Furthermore, by replacing the 2,1,3-benzothiadiazole unit
in the random copolymer 120 with quinoxaline in 121,
the band gap is increased by 0.16eV. Whereas, the two
additional thiophene rings attached at the quinoxaline
in 122 resulting to the further increase of the band gap
as compared to 121, similar with the case of 107 and
118.

The HOMO energy levels of the polymers are between
5.17eV and 5.02eV with small variation, showing that
the HOMO level is more dependent on the electron-rich
CPDT and thiophene units in the polymer backbone, while
their LUMO levels are determined by the electron-deficient
units. For example, the LUMO levels of the quinoxaline-
based random copolymers are 3.28eV (121) and 3.31eV
(122) and those of the 2,1,3-benzothiadiazole (120) and
TP (123) are 3.58 eV and 3.82 eV, respectively. Finally, the
2,1,3-benzoselenadiazole-based alternate copolymer 119
exhibits the higher-lying LUMO level (3.25eV).

The PCE of 118 in blends with 75 wt% PCg1BM is 2.1%,
which is lower than 107 and the very promising analogous
polymers 171, 198, 248 and 259 as will be shown in the fol-
lowing. Two are the main factors limiting the performance
of 118, (i) the low hole mobility (2 x 104 cm?2/V s in FETs)
and (ii) the improper morphology of the blend. Studies on
devices prepared from mixtures of 118 and PCg1BM using
many casting solvents showed a very large phase sepa-
ration. The use of a 19:1 (v/v) mixture of CB and anisole
exhibit the best performance. This has been achieved
because the addition of anisole to the CB resulted in the for-
mation of two distinct domains from the two components
and also in the formation of an intermediate mixed con-
centration domain that had improved electrical properties
leading to better FF and PCE [161]. On the other hand, the
PCEs of the quinoxaline based copolymers 121 and 122 are
lower as compared to the 2,1,3-benzothiadiazole counter-
parts due to the lower hole mobilities (9.5 x 107> cm?2/V's
for 121 and 1.8 x 10~4cm?/Vs for 122, as determined
by the SCLC method) which resulted lower Js.. However,
although 123 has the lower band gap and exhibits the
higher hole mobility (7.7 x 10~4cm?2/V's as measured by
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124 X=S, R: 2-ethylhexyl
125 X=S, R: dodecyl
126 X=0, R: dodecyl

Chart 33. Chemical structures of the poly(dithieno[3,2-b:2’,3'-d]silole)
derivatives 124-126 consisting of 2,1,3-benzothiadiazole or 2,1,3-
benzooxadiazole units.

SCLC), the PCE in blends with PC7;BM in 1:1 (w/w) ratio
is low (0.6%). The reason for the low PCE is the improper
alignment of the energy levels between 123 and PC;;BM
[162].

Finally, an improvement in the PCE (2.5%) has been
achieved through a BH] device with an active layer contain-
ing the ternary blend 118 and 120 as the electron donors
with PC7;BM in 1:1:4 (w/w) ratio with Jsc=11.1 mA/cm?,
Voc =0.64V and FF=0.36. This is the first example of using
two p-type conjugated polymers with complementary
absorption ability within a single active layer to improve
the solar cell performance [162].

3.2.11.2. Dithieno[3,2-b:2',3'-d]silole-based polymers.

Dithieno[3,2-b:2',3'-d]silole (DTS)-containing polymers
have attracted attention as novel systems[163] in which
the silicon-carbon o*-orbital effectively mixes with the
Tr*-orbital of the butadiene fragment to afford a low-lying
LUMO and a relatively low band gap [164,165]. In addi-
tion, silicon introduction stabilizes the diene HOMO level
compared to the carbon counterparts [166], which should
enhance the ambient stability of silole polymers. For these
reasons, the silole polymer 124 [167-170], an analogue of
the carbon-bridged 107, along with 125 [156,171], which
varies regarding the type of the side alkyl chains and 126
[172] where the 2,1,3-benzothiadiazole has been replaced
by the 2,1,3-benzooxadiazole (Chart 33), have been syn-
thesized by the Stille cross-coupling polymerization either
by thermal heating (124) or by microwave heating (125,
126). Moreover, their optoelectronic as well as their photo-
voltaic properties have been extensively analyzed in some
very recently reported papers.

The optical band gaps and the energy levels of copoly-
mers 124-126 are presented in Table 17. The optical band
gap of the silicon bridged 124 is similar to the carbon
bridged 107. However, from the absorption profiles of 124
and 107 it is revealed that 124 is more crystalline than that
of 107 due to the fine vibronic feature of the absorption
spectrum. On the contrary, 107 exhibits a broad featureless
absorption spectrum in the solid state [167-170]. These
conclusions are in agreement with results obtained from
grazing incidence X-ray studies [168,170]. The transition
from the amorphous phase in 107 to a more crystalline
phase in 124 by just replacing the carbon atom with silicon
can be attributed to the longer C-Si bond as compared with
the C-C bond, based on simulation results, which reduces

Table 17

Optical band gaps and energy levels of 124-131.
Polymers Eg™ (eV) LUMO (eV) HOMO (eV)
124 1.45 3.60 5.30
125 1.37 3.55 5.36
126 - 3.70 5.50
127 1.40 3.23 5.13
128 1.51 3.19 5.02
129 1.53 3.17 4.99
130 1.57 3.58 5.15
131 1.79 3.28 5.07

the steric hindrance from the branched alkyl side groups.
Moreover by replacing the branched alkyl side chains of
124 with the linear dodecyl side chains in 125, the band gap
decreases due to the more efficient - stacking. On the
contrary, the band gap value of 125 is 0.12 eV higher than
that of the related analogue 108 (both consisting of dodecyl
side chains) most likely due to the higher molecular weight
0f 108 [156,171].

Concerning the modification on the energy levels, it was
revealed that changing the carbon-bridged atom of 107
with silicon, the HOMO level of 124 remains unchanged
while the LUMO levelis slightly decreased (~0.05 eV). Com-
paring the energy levels of 124 with those 0of 125, the HOMO
and LUMO levels of 125 are shifted by ~0.05 or 0.06 eV but
on the opposite way (LUMO is raised and HOMO is lower-
ing). On the other hand, comparing the structural related
polymers 108 and 125 another trend is revealed. The LUMO
levels of both 108 and 125 are almost similar, but the HOMO
level of 125 is lower than that of 108 by 0.24 eV. Summa-
rizing, the LUMO level remains almost constant regardless
the bridging atom and the type of the alkyl chain while the
HOMO level is mostly a function of the type of the alkyl
chain and not of the bridging atom. Finally, further lower-
ing of both the HOMO and LUMO levels by ~0.15eV can
be achieved by replacing the 2,1,3-benzothiadiazole of 125
with 2,1,3-benzooxadiazole in 126.

The photovoltaic performance of 124 has been exam-
ined in blends with PC7;BM. Initially, a PCE of 3.8%
has been recorded for 124:PC71BM in 1:1.5 (w/w) with-
out any special treatment [167,168] which was further
improved to 5.6% upon thermal annealing (140 °C for 5 min)
[168]. The increased hole mobility of 124 upon anneal-
ing (3 x 103 cm?/V s as determined in FET measurements),
which is approximately five times higher than that before
annealing (~6 x 10~4 cm?/V's), is likely one of the reasons
for the increased PCE. Moreover, since that the crystallinity
of 124 is improved by replacing the carbon atom in 107
with silicon, as mentioned above, the recorded hole mobil-
ities both as pristine films and in blends with PC7;BM are
exceeding those of 107 in all cases. Consequently, the PCE
of 124 is slightly higher than that of 107 which has been
achieved upon addition of additive (1,8-diiodooctane) and
a higher loading of PC71BM (1:3, w/w).

In order to further explore the higher photogeneration
achieved in 124:PC;1BM blends, extensive morphological
and fluorescence spectroscopy studies have been per-
formed and the obtained results were compared with those
of 107:PC71BM films [170]. The major difference between
the two blend films is that the introduction of the sili-
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con bridge induces a larger phase separation between the
polymer and the fullerene, compared to that of the carbon
counterpart. As a consequence the fullerene separates from
124 matrix, and is found to partially arrange in crystallites,
providing an efficient transport for electrons as confirmed
by bright-field TEM [170]. Moreover, the enhanced aggre-
gation of 124 significantly reduces the formation of the
charge-transfer states [the so-called charge-transfer com-
plexes (CTC)] and increases the formation of free charge
carriers, an outcome that was also confirmed by steady
state fluorescence spectroscopy studies [170]. On the other
hand, CTC are present in 107:PC7;BM films and show
dependence on the polymer-fullerene composition ratio,
but upon addition of 1,8-diiodooctane, a partial suppres-
sion of CTC was detected [157,170].

PCE of 5.9%, which is even higher from that of 124, was
obtained by fabricating 125:PC7:BM films (1:1, w/w) from
solvent mixture of 4% chloronaphthalene (CN) in CB with
Jse=17.3mA[cm?, Vo =0.57 V and FF=0.61 [156]. The pho-
tovoltaic performance of this system is dependent from
the molecular weight of 125 [156,171]. By increasing the
molecular weight, a slight decrease in V. is observed from
0.64V at M;; =7000g/mol to 0.57V at M, =34,000 g/mol;
however, there is a more significant increase in Jsc from
4.2 to 17.3mAJ/cm?2, which is accompanied by a simi-
larly large increase in FF from 0.35 to 0.61 [156]. By
changing the 2,1,3-benzothiadiazole unit in 125 with 2,1,3-
benzooxadiazole in 126, a slightly lower PCE was obtained
(5.4%) from 126:PC7:BM films (1:2, w/w) fabricated from
a solvent mixture of 2% by volume CN relative to CB with
Jse=13.7mA/cm?, Vo =0.68V and FF=0.58 [172].

In both cases (125 and 126) CN (having a boiling point of
250°C) was selected based on the fact that a solvent addi-
tive which could slow down the drying of the film and at the
same time would not induce further aggregation in 125 or
126 is necessary, since that the pristine 125 or 126:PC;1BM
films present a complex morphology that is not optimal for
high performance solar cells due to the strong aggregation
tendency of the 125 and 126 polymer chains. The addition
of CN leads to smoother films (the surface of the active layer
was planarized), less heterogeneous surface features and
improved PCEs. These results open the way for the wider
selection of solvent additives as an effective tool towards
to the desired manipulation of the active layer [156,172].

All the above results inspired the further exploita-
tion of new silole containing derivatives such as 127-131
as alternative electron donor candidates for OPVs (Chart
34). Thus, three new alternating copolymers consist-
ing of different alkyl substituted DTS and TBzT segment
(127-129) [173] have been synthesized by Stille cross-
coupling polymerization reaction. In addition, the random
copolymers (130 and 131) [162] where the DTS with
either the 2,1,3-benzothiadiazole (130) or the quinoxaline
(131) are dispersed and separated by the unsubstituted
thiophene spacers in the conjugated backbone, were also
synthesized by Stille cross-coupling polymerization reac-
tion similarly as the CPDT derivatives 118, 120 and 121
reported above.

The optical band gaps and the energy levels of the
copolymers are presented in Table 17. For the alternating
polymers 127-129, the optical band gaps of the polymers

127 R: hexyl
128 R: dodecyl
129 R: 2-ethylhexyl

CgHiz~

Si‘CSH17

R: 2-ethylhexyl

131 N}/KR

Chart 34. Chemical structures of the poly(dithieno[3,2-b:2',3'-d][silole)
derivatives 127-131 consisting of both electron rich and deficient units.

containing the linear alkyl chains (127, 128) are lower
than that of 129 (having the branched alkyl side chain)
due to the better - stacking. In addition, comparing
the band gaps of 127 and 128 it is shown that the shorter
the alkyl chain the lower the band gap is. Regarding the
energy levels of 127-129, both the HOMO and LUMO lev-
els are raised by passing from the polymer 127 (shorter
linear alkyl chain) to 128 (longer alkyl side chain) and
then to 129 (branched alkyl side chain). On the other
hand, the band gaps of both the random copolymers 130
and 131 are higher than that of the alternating copoly-
mers 127-129, but are similar with the structural related
random copolymers 120, 121 (Table 16). Furthermore, by
replacing the 2,1,3-benzothiadiazole in random copolymer
130 with quinoxaline, although both the HOMO and LUMO
levels are raised, the LUMO level is being shifted in greater
extent than HOMO level.

The photovoltaic performance of the copolymers
127-131 was examined in blends with PC7{BM and was
found that the PCE of the alternating copolymers were
superior to those of random copolymers. In detail, the
PCE of the alternating copolymers 127-129 are influenced
from the type of the alkyl side chains [173]. 128 bear-
ing the dodecyl side chains in blends with PC71BM, in
1:1 (w/w) ratio exhibits the highest PCE (3.43%) with
Jsc=10.67 mA/cm?2, Vo =0.62V and FF=0.52 and is almost
16% improved by that of the 2-ethylhexyl counterpart 129
which exhibits a PCE of 2.95% in (1:1, w/w PC71BM) with
Jsc=9.76 mA/cm?2, Vo =0.60V and FF=0.50. The PCE of 127
is very low 0.18% due to the lack of complete solubility in
common organic solvents and easy processing [173,174].
On the other hand, the PCE of 130:PC71BM in 1:2 (w/w) is
lower (2.2%) than that of the alternating copolymers (128,
129) with Jsc =9.6 mA/cm?, Vo =0.51V and FF=0.45 [162],
while the PCE of 131:PC7;BM in 1:1 (w/w) is very low
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Chart 35. Chemical structures of the poly(dithieno[3,2-b:2',3'-d]pyrrole)
derivatives 132-135 consisting of 2,1,3-benzothiadiazole.

(0.3%). It is shown that even though the HOMO level of 130
is higher than that of 128 and 129, the V¢ of 130:PC;;BM
is lower by ~0.1V.

3.2.11.3. Dithieno[3,2-b:2',3'-d|pyrrole-based polymers.

Structural related analogue of CPDT and DTS is
dithieno[3,2-b:2',3'-d]pyrrole (DTP) where a 2,2'-
bithiophene is covalently bridged and rigidified at the
3,3’-position by a nitrogen atom. As reported above, two
of the most promising LBG polymers for high performance
OPVs are the alternating D-A copolymers 107 and 124
which demonstrate PCEs above 5%. According to this,
four structurally related LBG alternating D-A copolymers
consisting of N-alkyl DTP as the electron-rich unit and
2,1,3-benzothiadiazole as the electron-deficient unit were
synthesized by Stille cross-coupling polymerization (Chart
35), containing different alkyl side chains, such as two
octyl (132) [175], two hexyl (133) [175], two pentyl (134)
[175] and a dodecyl (135) [176], in the periphery of the
DTP.

The optical band gap of the polymers are 1.41eV (132),
1.42eV (133), 1.43eV (134) and 1.2 eV (135) showing that
the type of the alkyl side chain affects the band gap of the
resulting polymers. The linear alkyl side chain of 135 allows
the efficient -1 stacking of the polymer chains result-
ing to the lower band gap. Regarding the energy levels, the
three polymers (132-134) have the same LUMO level at
3.08eV, while their HOMO levels have minor difference
in the range 4.81-4.89 eV. Moreover, the energy levels of
135 are situated at 4.65eV (HOMO) and 3.13 eV (LUMO),
respectively. It seems that by replacing the bulkier alkyl
side chains of 132-134 with the linear alkyl side chain
in 135, the HOMO is upshifted by almost 0.25 eV, while
the LUMO of 135 is somewhat lower as compared to that
of 132-134. In addition, the higher-lying HOMO levels of
132-135 as compared to the similar polymers 107-108 and
124-125 indicates that DTP is somehow stronger electron
donor than CPDT and DTS units, respectively.

BHJ solar cells were prepared based on blends of
132-134 with PCg:BM in 1:3 (w/w) ratio [175]. 134 with
the shortest alkyl chain exhibits higher PCE (2.80%) as
compared to 132-135 with Jsc =11.9 mA/cm?, Vo =0.54V
and FF=0.44, whereas the PCEs of 132 and 133 are 1.23%
and 2.06%, respectively. The unoptimized PCE of 134 is
comparable with the unoptimized PCE of 107 (3.2%) and

124 (3.8%), showing the potential of this polymer towards
higher PCE. Moreover, the PCE is drastically improved as
the length of the side chain decreases, due to the enhanced
film absorption coefficient and improved thin film mor-
phology. It was reported that as the length decreases, the
film becomes more uniform and the domain size decreases
from 400-900 nm for 132 to 50 nm for 134 [175]. This result
is supporting the fact that optimizing the structure of the
side alkyl chain is crucial for the design and synthesis of
conjugated polymer for high performance solar cells.

Furthermore, a series of D-A alternating copolymers
(Chart 36) based on N-aryl and N-alkyl DTP donors linked
through thienylene bridges to 2,1,3-benzothiadiazole-
based acceptors have been synthesized by Stille cross-
coupling polymerization and extensively characterized
with respect to their optical and electrochemical properties
and photovoltaic performances [177,178].

The optical band gaps and the energy levels of the syn-
thesized copolymers 136-142 are presented in Table 18.
In general, it is demonstrated that the LUMO levels and
the optical band gaps are strongly influenced by the
choice of the acceptor, in contrast to the HOMO levels
that are only weakly dependent on the acceptor used.
For example, the band gaps are lowering by passing from
the 2,1,3-benzothiadiazole (136-139) to thiadiazolo[3,4-
glquinoxaline (140-141) and then to benzobisthiadiazole
(142). Moreover, a rather controversial result is revealed
about the influence of the type (alkyl versus aryl) of the side
groups on the band gap of copolymers 136-141 containing
different acceptor units. For example, comparing the band
gaps of 136-139, consisting of the same acceptor unit in
the polymer backbone, the band gap of 139, with three lin-
ear alkyl side chains linked one on the DTP and two on
the 4-position of the thiophene rings of the TBzT segment,
exhibits lower band gap than polymers 136, 137 consist-
ing of bulky alkyl side chains only on the DTP monomer.
Similar observation with 136 and 137 is presented for 138,
having an alkoxy substituted phenyl ring attached in the
nitrogen atom of the DTP. Thereby, the lower band gap of
139 is possibly attributed to the better w- stacking of the
polymer chains in the solid state [177]. Furthermore, 136
with N-alkyl and 138 with N-aryl substituents on the DTP
demonstrating similar band gaps. On the contrary, compar-
ing the band gaps of 140 and 141, where both incorporate
the thiadiazolo[3,4-g]quinoxaline as the acceptor unit in
the main chain, is shown that the band gap of 141 is slightly
lower than that of 140.

The photovoltaic performance of the polymers was
examined in blends with PCq;BM and the PCEs are pre-
sented in Table 18.137:PCg;BM in 1:1 (w/w) ratio exhibits
the highest PCE (2.18%) with Jsc =9.47 mA/cm?, Voc =0.52V
and FF=0.44 while 138:PCs;BM in 1:3 (w/w) ratio shows
a moderate PCE of 1.3% with Jsc=3.9mA/cm?, Voc =0.51V
and FF=0.47 [178]. The limiting factors preventing the
DTP-based copolymers 136-142 for obtaining higher PCEs
is the low Vi that is significantly lower than other D-A
copolymers such as the copolymers 198 (Voc~1V), 248
(Voc~0.9V) and 259 (Vo ~0.9V) that will be reported
next in the text, and in part to the reduced driving force
for charge transfer to PCg1BM, especially for 140-142
[177]. However, one of the potential advantages of these
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Chart 36. Chemical structures of the poly(dithieno[3,2-b:2’,3'-d]pyrrole) derivatives 136-142 consisting of both electron-rich and deficient units.

Table 18

Optical band gaps, energy levels and photovoltaic efficiency of 136-142.
Polymers EQ™ (eV) LUMO (eV) HOMO (eV) PCE (%)
136 141 3.40° 4.802 0.17
137 1.46 3.43 5.00 2.18
138 1.41 3.20° 4.90° 1.30
139 1.30 3.13 5.07 0.43
140 0.92 3.70° 4.80° -
141 0.87 3.70? 4.90° 0.22
142 0.56 4.002 4.702 0.007

2 Values estimated by DPV technique.

polymers is that they might act as active components in
tandem solar cells due to their broad absorbance in the
near-IR, especially when mixed with stronger electron-
withdrawing acceptors than PCg;BM.

3.2.11.4. Dithieno[3,2-b:2',3'-d]thiophene-based polymers.
Structural related analogue of CPDT, DTS and DTP is
dithieno[3,2-b:2',3’-d]thiophene (DTT) where a 2,2'-
bithiophene is covalently bridged and rigidified at the
3,3’-position by a sulphur atom. Conjugated polymers
consisting of unsubstituted (143 [179], 144 [176]) or
alkyl substituted DTT units (145 [180], 146 [176]) with
various electron-rich and electron-deficient units have
been synthesized (Chart 37) by oxidative polymerization
using FeCl; (143) or Stille cross-coupling polymerization
(144-146).

The optical band gaps and the energy levels of the poly-
mers are included in Table 19. From all the DTT-based
conjugated polymers presented in this category, only 144
can be considered a LBG polymer since that its optical band
gap is 1.5eV, while those of 143, 145-146 are between
2.0eV (145, 146) and 2.1 eV (143). It is demonstrated that
the insertion of an electron-rich unit like thiophene or
bithiophene in the backbone of the DTT-based conjugated
polymers is not an effective approach for lowering the band
gap. On the other hand, the incorporation of both the DTT
moiety and the 2,1,3-benzothiadiazole into the same poly-
mer chain, effectively lowers the band gap of 144, but the
band gap of 146 still remains high (Table 19). This result

Chart 37. Chemical

of the
d]thiophene) derivatives 143-146 consisting of both electron-rich
and deficient units.

structures poly(dithieno[3,2-b:2',3'-
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Table 19
Optical band gaps, energy levels and photovoltaic efficiency of 143-146.
Polymers EgP (eV) LUMO (eV) HOMO (eV) PCE (%)
143 2.1 3.84 5.84 0.81
144 1.5 2.90 5.12 0.17
145 2.0 3.40 5.40 0.70
146 20 3.28 5.60 -
Table 20 0012H25 0012“25
Optical band gaps and energy levels of 147-154.
Polymers EgP* (eV) LUMO (eV) HOMO (eV)
147 2.13 2.67 5.16
148 2.03 2.86 5.07 147 OC12H25 148  OCizHs
149 2.06 3.69 5.05
150 1.97 2.66 456 OC12H25 OC1ZH25
151 1.63 3.28 478
152 1.70 3.19 5.10 / |
153 1.52 3.33 4.88
154 1.05 3.46 4.65

indicates that the position of the alkyl side chains dras-
tically affects the band gap, through the steric hindrance
that favors the highly twisting conformation structure of
the polymer chain and prevents the effective conjugation
length [176].

The photovoltaic performance of the polymers was
examined in blends with PCgBM and the PCEs are
presented in Table 19. Blends of 143 with PCgBM in
1:3 (w/w) ratio showed the highest PCE (0.81%) with
Jsc=2.56mA/cm?2, Voc=0.80V and FF=0.36 [179], even
though it is low as compared to the other fused dithieno-
based conjugated polymers reported above.

3.2.12. Bithiophenes with 6-member aromatic rings in

the central core

3.2.12.1. Benzo[1,2-b:4,5-b'|dithiophene-based  polymers.
Benzo[1,2-b:4,5-b’|dithiophene (B1345DT)-based LBG con-
jugated polymers present the highest PCE in plastic solar
cells when blended with fullerene derivatives. The major
advantage of conjugated polymers consisting of B1245DT is
the demonstration of a high hole mobility (0.25 cm?/V's in
FETs) because B1245DT can easily form - stacking due
to its large planar structure [181]. Taking this into account,
Hou et al. designed and synthesized a series of B1245DT-
based conjugated polymers where the band gap and the
energy levels were fine tuned through the copolymer-
ization with different electron-rich or electron-deficient
aromatic units (Chart 38) [182,183]. Since the band gap of
conjugated polymers is generally very susceptible to steric
hindrance, 4,9-bis-alkoxy-B1245DT having no substituent
on 1, 3, 5, and 7 positions was used because the steric
hindrance between adjacent units is very small.

The energy levels and the band gap of the synthe-
sized polymers are summarized in Table 20 [182]. Only a
slight decrease (~0.1-0.15eV) in the band gap is observed
when B1245DT unit is copolymerized with electron-rich
units such as vinylene (148), thiophene (149) and EDOT
(150) as compared to the homopolymer 147. On the
contrary, when Bj45DT unit was copolymerized with
electron-deficient units such as quinoxaline (151), 2,1,3-
benzothiadiazole (152), 2,1,3-benzoselenadiazole (153)

149 OC;zHzs

OQ

150 OCizHzs

OC12H25 N/ 0012H25
/
151 OCi2Hzs 152 OCq2Hos

0012H25 ’ OCI2H25
w
153 OCizHas 154 OCi2Hzs

Chart 38. Chemical structures of the
b'|dithiophene) derivatives 147-154.

poly(benzo[1,2-b:4,5-

and thieno[3,4-b]pyrazine (TP) (154), the resulting alter-
nating D-A conjugated polymers exhibit lower band gaps
as compared to 147-150. Regarding the modification of the
energy levels, it is revealed that the By,45DT-based poly-
mers consisting of the EDOT (150) and TP (154) cannot
be used as electron donor polymers in plastic solar cells
because their HOMO levels are significantly raised after the
incorporation of these units in their polymer backbones.
Furthermore, the use of the 2,1,3-benzothiadiazole can
lower the band gap of 152 by reducing only the LUMO level.
Further lowering of the band gap of 153 can be achieved
by the use of the 2,1,3-benzoselenadiazole unit, whereas
both the HOMO and LUMO levels are shifted. Initially, 149
exhibited the maximum PCE (1.6%) in blends with PCg;BM
(1:1, w/w) with Vo =0.75V, Isc =3.8 mA/cm?, and FF=0.56
[182]. However, it was shown very recently [184] that
the bis(2-ethylhexyloxy) substituted 148 in blends with
PC71BM (1/4, w/w ratio) provides a PCE of 2.63% with
Jsc=6.46 mA/cm?, Vo =0.71V and FF=0.57.

As shown above, the band gap values of the B145DT-
based conjugated polymers containing the electron-rich
units are higher from what is reported to be the ideal
band gap of a conjugated polymer for OPVs [28]. How-
ever, Yu et al. demonstrated very recently the synthesis
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Table 21
Energy levels and hole mobilities of 155-163.

Polymers LUMO (eV) HOMO (eV) Hole mobility (x10~4 cm?/V's)

155 3.20 4.90 47
156 3.22 494 4.0
157 3.29 5.04 7.0
158 3.31 5.12 7.7
159 324 5.01 4.0
160 3.17 5.01 2.6
161 3.31 5.15 5.8
162 3.35 5.12 2.0
163 3.45 5.22 7.0

O\\ OR tune the physical properties of 156-161. The electrochem-

G ical properties and their hole mobilities are presented in

Table 21.

Ry STR—X Since that all the side chains of 155 are linear, the

S general structural modification occurred on 155 was the

4 / / \ combination of linear and branched side chains (156-160)

S S or the use of all branched side chains (161) on the poly-

n mer backbone. The primary modifications include: (i)

155 X =H, Ry =nCy3Hs, Ry = n-octyloxy

156 X =H, R, = 2-ethylhexyl, R, = n-octyloxy

157 X=H, Ry = 2-ethylhexyl, R, = n-octyl

158 X =F, Ry = n-octyl, R, = 2-ethylhexyloxy

159 X =H, Ry = n-octyl, R, = 2-ethylhexyloxy

160 X =H, R, = 2-butyloctyl, R, = n-octyloxy

161 X =F, R, = 2-ethylhexyl, R, = 2-ethylhexyloxy

Chart 39. Chemical structures of the various alkyl substituted benzo[1,2-
b:4,5-b'ldithiophene alternate thieno[3,4-b]thiophene copolymers
155-161.

of a series (155-161) of LBG (~1.6 eV) B1p45DT-based con-
jugated polymers consisting of the highly electron-rich
thieno[3,4-b]thiophene (Chart 39) which lowers the band
gap through the stabilization of the quinoidal structure
in the main chain [183,185,186]. The new polymers were
synthesized via the Stille polycondensation between an
ester functionalized 2,5-dibromothieno[3,4-b]thiophene
and B145DT distannane monomers.

One of the highest PCEs in solar cells has been ini-
tially recorded using 155 as the electron donor and
PCs1BM (4.76%) or PC71BM (5.6%) in 1:1 (w/w) ratio with
Jsc=15.6 mA/cm?, Vo =0.56 V and FF=0.63 [183]. The com-
bination of the band gap at 1.6eV and the high hole
mobility (4.7 x 10~4cm?2/Vs) as measured by the SCLC
method resulted the impressive Jsc and FF values. How-
ever, the limiting factor preventing the 155:PC7; BM system
of achieving higher PCE is the low V. resulting from the
HOMO level of the 155 (4.9eV), while the LUMO is sit-
uated at 3.2 eV as estimated from the CV measurements
(Table 21). Therefore, six related polymers (156-161) were
further developed with the aim to adjust the HOMO-LUMO
energy levels in order to further optimize their photo-
voltaic performance [185,186]. Various side chains (linear
versus branched and alkoxy versus alkyl) have been used
in both B1245DT and thieno[3,4-b]thiophene in order to fine

the replacement of the dodecyl chain on the thieno[3,4-
b]thiophene with the shorten and branched 2-ethylhexyl
(156) or the bulkier 2-butyloctyl (160) and (ii) the use of
the 2-ethylhexyloxy side chain on the By345DT with the
simultaneously shortening of the dodecyl chain on the
thieno[3,4-b]thiophene with octyl (159). The steric hin-
drance that introduced in the main chain lowered the
HOMO level (4.94eV for 156 and 5.01eV for 159 and
160) and decreased the hole mobility. Moreover, as it is
generally known alkoxy side chains are strong electron-
donating groups leading to the raise of the HOMO level.
Hence their replacement with the less electron-donating
octyl groups in 157 lead to the slight lowering of the
HOMO (5.04 eV) and simultaneously the hole mobility was
increased (7.0 x 10~4cm?2/V's).

However, no significant drop in the HOMO levels of the
above mentioned polymers was obtained as compared to
155. Therefore, another approach presented for modifying
the energy levels of the alternating B,45DT-thieno[3,4-
b]thiophene copolymers was achieved by introducing an
electron-withdrawing group onto thieno[3,4-b]thiophene.
Based on this concept, fluorine was chosen due to its high
electronegativity and small atom size and introduced in the
3-position of the thieno[3,4-b]thiophene (158, 161). The
resulting polymers exhibited relatively low-lying HOMO
levels (5.12 eV for 158 and 5.15 for 161) while their hole
mobilities were maintained high (Table 21). These com-
bined properties lead to further improvement on the initial
photovoltaic performance of 155 and record PCEs of 6.1%
and 7.4% were obtained for 158 and 161, respectively.
Therefore, 161 is one of the first polymers showing PCE
over 7%. The photovoltaic parameters of the 158:PCs1BM in
1:1 (w/w) are Jsc=13.0mA/cm?2, Vo =0.74V and FF=0.61
[185] while those of the 161:PC71BM in 1:1.5 (w/w) are
Jsc=14.50mA/cm?, Vo =0.74V and FF=0.69 [186]. The V,¢
has been improved almost 28% over the 155 system with-
out negative influence on the photocurrent value.

Morphological studies performed on blends of 155-161
with fullerenes by TEM indicated unoptimized morpholo-
gies for 157-161 with the appearance of large domains
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OR4
163 R, = 2-ethylhexyl

Chart 40. Chemical structures of the benzo[1,2-b:4,5-b']dithiophene
alternate thieno[3,4-b]thiophene copolymers 162 and 163.

when blends were prepared from CB or dichlorobenzene
(DCB) as solvents, while 155 and 156 exhibit finer features
[185]. The large domains observed on 157-161-based
blends suggest that diminish exciton migration to the
D/A interface is the factor preventing efficient charge
separation. Improvement on the morphology of the
157-161:fullerene systems has been achieved by the use
of processing additives. Addition of 3% by volume ratio of
1,8-diiodooctane on either CB or DCB resulted into uniform
thin film morphologies without large phase separation
and formation of appropriate interpenetrating networks.
Especially for 161, the exciton dissociation, the charge
transport properties in donor and acceptor networks and
the charge extraction properties in both organic/electrode
interfaces are all very close to 100% implying that the
morphology of the 161:PC71BM is close to the ideal donor
and acceptor nanometer-scale interpenetrating network
[186]. Contrary to rrP3HT:PCg; BM solar cells, annealing of
155:PCg1BM films decreased the PCE to 1.92% due to the
reduced interfacial area between the electron donor and
the acceptor [187].

Further attempts to modify the HOMO of the alternating
B1245DT-thieno[3,4-b]thiophene based polymers are pre-
sented by the addition of another electron-withdrawing
group except ester in the 4 position of the thieno[3,4-
b]thiophene (Chart 40). By changing the ester with a ketone
group, the HOMO levels of 162 [188], 163 [189] were suc-
cessfully lowered since that the alkyloxy group on the
carbonyl of the thieno[3,4-b]|thiophene is much stronger
electron-donating than the alkyl side chain [188]. The
energy levels of 162 and 163 are presented in Table 21.
Comparing 159 with 162 and 158 with 163, the HOMO
and LUMO levels have been shifted by more than 0.1eV.
Solar cell devices prepared using 162 or 163 in blends
with PC71BM in 1:1.5 (w/w) demonstrated PCEs as high as
6.58%(6.3% the average value based on 200 devices) for 162
with Jsc =14.7 mA/cm?, Vo =0.7V and FF=0.64 [188] and a
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Chart 41. Chemical structures of the benzo[1,2-b:4,5-b'|dithiophene
alternate N-alkylthieno[3,4-c|pyrrole-4,6-dione copolymers 164-166.

record efficiency of 7.73% (7.4% the average value based on
200devices)for 163 with Jsc =15.2 mA/cm?, Vo =0.76 Vand
FF=0.67 [189]. However, there is a difference between the
laboratory measured PCE of 163 with the PCE as certified by
the National Renewable Energy Laboratory (NREL) (6.77%).

In light of these outstanding results, many research
groups have focussed their research efforts towards alter-
native candidates of thieno[3,4-b]thiophene. Very recently,
one symmetric and planar heterocycle unit that has
attracted the interest of three research groups is the N-
alkylthieno|3,4-c]pyrrole-4,6-dione (TPD), due to its ability
to gain some stabilization energy by forming a quinoidal
thiophene-maleimide structure in its excited state. Hence,
when TPD is combined with Bq545DT, three Bq545DT-alt-
TPD copolymers 164-166 (Chart 41) are provided through
the Stille cross-coupling polymerization [190-192]. In
164-166, the branched alkoxy side chains were maintained
constant on the B1245DT unit while three different alkyl side
chains have been attached on the TPD in order to investi-
gate the correlation between different alkyl substituents
and optoelectronic properties, as well as photovoltaic per-
formance. The M, of 164 (42,000 g/mol) [192] and 165
(39,000 g/mol) [192], consisting of the branched alkyl
chains, are higher than 166 [190-192] (having the octyl
side chain) that ranges between 13,200 and 35,000 g/mol.

The optical band gaps, the energy levels and the photo-
voltaic parameters of the synthesized copolymers 164-166
are included in Table 22. The optical band gaps of 164-166
vary as a function of the type of the substituent used. The
band gap of164is 1.75 eV, however by replacing the shorter
and bulkier 2-ethylhexyl chain in 164 with the longer and
less bulky octyl side chains in 165 and 166, a reduction
of the band gap (1.70eV for 165 and 1.73 eV for 166) is
observed, combined with the appearance of broader and
red-shifted absorption spectra with more defined vibronic
structure [192]. However, that the optical band gap of 166
as reported from the other two research groups is slightly
higher (1.80-1.82eV) [190,191]. Moreover, the absorption
of 166 in solution is very similar to that obtained in the
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Table 22
Optical band gaps, energy levels and photovoltaic parameters of 164-166.
Polymers Eg (eV) LUMO (eV) HOMO (eV) PCE (%) Jsc (MAJcm?) Vo (V) FF
164 1.75 - 5.48 4.0 8.1 0.87 0.56
165 1.70 - 5.57 5.7 9.7 0.81 0.67
166° 1.73 - 5.40 6.8 115 0.85 0.68
166° 1.80 3.75 5.56 5.5 9.81 0.85 0.66
166°¢ 1.82 3.40 5.43 4.19-4.2¢ 9.89-9.1¢ 0.844-0.87¢ 0.509-0.54¢

2 Values according to Ref. [192].

b Values according to Ref. [190].

¢ Values according to Ref. [191].

d Values for standard configuration device.
¢ Values of inverted structure device.

solid state, indicating a similar rigid-rod conformation for
both states. Furthermore, the band gap of the B1,45DT-alt-
TPD copolymer is higher by ~0.15eV as compared to the
B1245DT-alt-thieno[3,4-b]thiophene copolymers. Regard-
ing the energy levels, the HOMO level of 166 is close
to 5.40eV based on the results reported by two groups
[191,192], whereas the third group estimated the HOMO
level at 5.56 eV [190]. In addition, the HOMO levels of 164
and 165 are 5.48 eV and 5.57 eV, respectively. Similar with
the HOMO level of 166, two different values for the LUMO
level of 166 were also reported, as shown in Table 22.

The photovoltaic performance of 164-166 copolymers
was examined in blends with PC7;BM [190-192]. The PCE
of 166:PC71BM without any treatment is 5.5% in 1:2 (w/w)
[190] and 6.4% in 1:1.5 (w/w) [192], while upon opti-
mization with the use of 1,8-diiodooctane (1% in volume)
the PCE was increased to 6.8% [192] (the photovoltaic
parameters are shown in Table 22). In the optimed devices
of 164:PC71BM (1:2, w/w with 2% by volume of 1,8-
diiodooctane) and 165:PC71BM (1:1.5, w/w with 1% by
volume of 1,8-diiodooctane) the PCE increases from 4.0%
for 164 to 5.7% for 165, showing that the elimination of
branching on the TPD enhances the photovoltaic perfor-
mance [192]. Further studies on the morphology of the
thin films were performed and the correlation between
the structural modifications of 164-166 with their molec-
ular organization as thin films was accomplished using
the grazing incidence X-ray scattering (GIXS) technique
[192].1tis revealed that most of the polymer backbones are
oriented parallel to the substrates while their m-stacking
distances are reduced by replacing the 2-ethylhexyl side
chain of 164 with the dimethyloctyl and n-octyl analogues
on 165 and 166, respectively. In addition, 164-166 are
still able to retain the same face-on orientation and -
stacking distances when blended with fullerenes [192].
The reduced m-stacking distances by passing from 164
to 165 and 166 correlates well with the increased device
performance. Moreover, one of the research groups com-
pared the PCE of 166 in both conventional and inverted
device structure. Under the same experimental condi-
tions the PCE of 166 in the inverted structure (4.2%)
is slightly higher than in the conventional structure
(4.1%) [191]. The configuration of the inverted device was
based on ITO/ZnO/C7¢-SAM/166:PC;1BM/PEDOT:PSS/Ag.
The C79-SAM is based on a carboxylic acid functionalized
C70 molecule used to modify the ZnO surface and thus the
properties of the bottom electrode for the inverted struc-
ture under study.

167 R;: 3-hexylundecyl; Ro, Rz H

168 Rj: 3-butylnonyl; Ry: hexyl; Ra: H

169 R;: 2-ethylhexyloxy; R,: H; Ra: hexyl
170 R;: 2-ethylhexyloxy; Ry: H; R3: hexyloxy

Chart 42. Chemical structures of poly(benzo[1,2-b:4,5-b’]dithiophene)
derivatives 167-170 consisting of both electron-rich and electron-
deficient units.

As shown above, avariety of heterocycle units have been
copolymerized with B1245DT moiety in order to fune tune
the energy levels and the optical band gap of the resulting
copolymers. Based on this concept, several B145DT-based
copolymers consisting of the TBzT segment either unsub-
stituted or functionalized with hexyloxy and hexyl side
chains at different positions (Chart 42) have been also
synthesized by Stille cross-coupling polymerization, in
order to investigate the influence of the side chains on
the optoelectronic and photovoltaic properties of 167-170
[193,194].

The optical band gaps and the energy levels of 167-170
are presented in Table 23. The band gaps of 167 and 168 are
the same, showing that the introduction of an alkyl chain
at the 4-position on the TBzT segment does not alter sig-
nificantly the optical properties of the resulting polymer as
compared to the polymer consisting of the unsubstituted
TBzT segment. A small difference on the optical properties
of 167 and 168 is the profiles of the absorption spectra with
the appearance of a more pronounced shoulder at ~650 nm
for 167, which can be attributed to a slightly increased -
stacking and extension of the conjugation [193]. On the
other hand, when the hexyl side chains are placed on the
3-position of the TBzT segment, the band gap of 169 is
0.15eV higher, indicating that between the thiophene and
2,1,3-benzothiadiazole of TBzT segment high steric hin-
drance is formed. Lowering of the band gap at 1.55eV
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Table 23

Optical band gaps, energy levels and photovoltaic efficiency of 167-170.
Polymers Eg (eV) LUMO (eV) HOMO (eV) PCE (%)
167 1.70 3.17 5.33 3.85
168 1.70 2.96 5.26 431
169 1.85 - 5.23 1.95
170 1.55 - 4.80 1.28

was achieved for 170 though, by replacing the hexyl side
chains at the 3-position with hexyloxy side chains due to
the strong electron-donating effect of the alkoxy groups.
Regarding the energy levels, the HOMO level of 169 is sit-
uated 0.4 eV lower than the HOMO level of 170. The strong
electron-donating effect of the alkoxy groups is the main
reason for the raised HOMO level of 170, which indicates
that although alkoxy is a very effective functional group to
reduce band gap, it is not a good choice for lowering the
band gap, because a deeper HOMO level is crucial to obtain
a high V.

The photovoltaic performance of 167-170 was explored
in blends with PCg1BM [193,194]. Overall, the PCEs of 167
and 168 are higher than 169 and 170, with 168:PCz;BM
(1:1, w/w ratio) providing the highest PCE (4.31%) with
Jsc=9.70mA/cm?2, Voc=0.81V and FF=0.55 [193]. Even
though the HOMO of 168 is slightly raised as compared
to 167, the Vycs of 167:PCg1BM and 168:PCg1BM devices
are similar. One of the reasons for the higher PCE of 168
as compared to 167 is the improved solubility, which can
lead to more homogeneous mixture with PCg1BM and the
higher molecular weight of the polymer. The PCE of 169 and
170 are 1.95% and 1.28%, respectively which is lower than
167 and 168 due to the severe steric hindrance between
the two adjacent unit of the TBzT segment. Although some
individual parameters of the 170:PCs;BM devices, such as
the FF and the hole mobility (2.5 x 10-> cm?2/V s based on
the SCLC method) combined with the lower band gap of
170, are better than the 169:PCg;BM system, the PCE of
169:PCg1BM is higher than 170. This result shows that the
very low Vi (0.4V) is the limiting factor preventing the
170:PCg1 BM system for obtaining higher efficiencies [194].

Finally, by replacing the alkyl or alkoxy substituents
from Bqy45DT unit with the symmetrically octyl-
substituted thienylene groups, a new Bjy45DT-based
conjugated polymer 171 [195] was synthesized by Suzuki
cross-coupling polycondensation (Chart 43). The optical
band gap of 171 is 1.75 eV which is higher than that of the
structural related analogue 167 indicating that the use of
the bulkier and electron rich octyl substituted thiophene
ring prevents the efficient m-m stacking between the
polymer chains. Moreover, comparing the energy levels of
167 and 171 it is revealed that the HOMO levels of both
polymers are similar (5.31 eV for 171 and 5.33 eV for 167).
By incorporating the thiophene rings as side pendants on
the B1,45DT, the electron donating ability of 171 remains
similar with 167, albeit it consists of alkyl side chains on
the B1245DT unit. On the other hand, the LUMO level of
171 is surprisingly lower than 167 pointing out that the
electron affinity of 171 is higher than 167. Furthermore,
BH] solar cells based on blends of 171 with PC;;BM (1:2,
w/w) exhibited a PCE of 5.66% with Jsc=10.7 mA/cm?,
Voc =0.92V and FF=0.57 [195]. It is shown that the V¢ of

CgH17

Chart 43. Chemical structure of the benzo[1,2-b:4,5-b'|dithiophene
based copolymer 171.

171 is almost 0.1V higher than 167 despite their similar
HOMO levels.

3.2.12.2. Benzo[2,1-b:3,4-b’|dithiophene-based polymers.
3.2.12.2.1. Poly(benzo[2,1-b:3,4-b’|dithiophene)
homopolymers and copolymers with electron-deficient unit.
Other examples of fused bithiophene-based polymers are
those consisting of the benzo[2,1-b:3,4-b’]dithiophene
(B2134DT), which vary from the benzo[1,2-b:4,5-
b’]dithiophene (B1245DT) analogue regarding the relative
position of the thiophene units incorporated next to the
central phenyl core. The homopolymer 172 and the related
alternating D-A copolymer 173 consisting of the By134DT,
functionalized with alkylthiophene derivatives, and the
electron-deficient 2,1,3-benzothiadiazole (Chart 44) were
synthesized by the Stille cross-coupling polycondensation
[196]. As compared with 147, 172 demonstrates similar
LUMO (2.65eV), lower lying HOMO (5.7eV) and higher
optical band gap (2.31 eV). Moreover, the optical band gap
of 173 is lower (1.78 eV) than that of 172, but comparable
to the analogue 152, and the energy levels of 173 are
situated at 3.16eV (LUMO) and 5.34eV (HOMO). Even
though the LUMO level of 173 is similar to 152, the HOMO
level of 173 is situated 0.24 eV deeper than that of 152.
The photovoltaic performances of 172 and 173 in blends
with PCg1BM (1:3, w/w) are 0.1% and 0.6%, respectively
and their photovoltaic parameters are Jsc =0.34 mA/cm?,
Voc=0.76V and FF=0.40 for 172 and Js =2.06 mA/cm?,
Voc=0.72V and FF=0.42 for 173 [196]. The PCE of 173 is
slightly lower than the structurally related 152 (0.90%),
however the PCEs of both 172 and 173 are still low due
to the unfavourable morphology of 172 (large phase sep-
aration is observed by AFM) and the low hole mobility of
173 (4.21 x 1076 cm?/V s as measured by the SCLC method)
[196]. The hole mobility of 173 is two order of magnitude
lower than that of 172 (1.58 x 10~% cm?2/V s) showing that
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CgHiz~-CeHia  CgHiz~_-CgHi7

Chart 44. Chemical structures of the poly(benzo[2,1-b:3,4-
b'|dithiophene) derivatives 172 and 173.

even though the introduction of the 2,1,3-benzothiadiazole
is beneficial for lowering the band gap and as a sequence
to increase the Jsc, the thiophenes are twisted out of plane
resulting to the low mobility and low PCE.

3.2.12.2.2. Poly(benzo[2,1-b:3,4-b’ [dithiophene) deriva-
tives with both electron-rich and electron-deficient units.

CgHi7

CsHiz  CgHya

Table 24
Optical band gaps and energy levels of 174-177.
Polymers Efg’pt (eV) LUMO (eV) HOMO (eV)
174 1.63 3.16 5.27
175 1.97 3.13 538
176 1.69 2.98 5.21
177 2.35 3.01 5.69

As reported above the main limitation preventing 173
for achieving higher PCEs in OPVs is the combination
of the moderate optical band gap (1.78eV) and the low
hole mobility (4.21 x 10-6cm?/V's). To further optimize
the B,134DT-based polymers, You et al. presented the syn-
thesis of a series of alternating copolymers (174-177)
[197] consisting of the By134DT with TBzT moiety in the
polymer backbone by Stille cross-coupling polycondensa-
tion (Chart 45). The incorporation of the TBzT segment is
expected to enhance the hole mobility of the polymers due
to its tendency to form strong - stacking. Moreover,
an extensive structure-property relationship studies have
been achieved for 174-177 through the different position-
ing of the alkyl chains on TBzT [197].

The optical band gaps and the energy levels of 174-177
are presented in Table 24. It is shown that the positioning of
the alkyl chains on the TBzT has a strong influence on the
optical and electrochemical properties of these polymers
with identical polymer backbones. 174 and 176 exhibit
almost identical optical band gaps (1.63eV for 174 and
1.69eV for 176) and HOMO levels (5.27eV for 174 and
5.21eV for 176) indicating slight steric hindrance within
the polymer backbone by the anchoring of the alkyl side

Chart 45. Chemical structures of the poly(benzo[2,1-b:3,4-b’|dithiophene) derivatives 174-176 consisting of TBzT segments.
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chains at the 4-positions on the thiophene rings of the
TBzT.Hence, the extended conjugation of the non-alkylated
TBzT polymer derivative (174) is maintained [197]. More-
over, the introduction of the two thiophene rings around
the 2,1,3-benzothiadiazole raise the HOMO level of 174 as
compared to that of 173 (5.34 eV) due to the increased elec-
tron density in the polymer backbone. A small variation
between 174 and 176 is observed on their LUMO levels (the
LUMO of 176 is raised by 0.18 eV). On the contrary, when
the alkyl side chains are located at either the 3-positions
on the thiophene rings of the TBzT (175) or at the 5- and 6-
positions of the 2,1,3-benzothiadiazole (177), severe steric
hindrance is formed between the thiophene rings and the
central 2,1,3-benzothiadiazole, resulting in the twisting of
the polymer backbone at the D-A linkage. The increased
steric hindrance of both 175 and 177 results in higher opti-
cal band gaps (1.97 eV for 175 and 2.35eV for 177) and
lower lying HOMO levels (5.38 eV for 175 and 5.69eV for
177) due to the reduced electron delocalization.

The photovoltaic performance of 174-177 was exam-
ined in blends with PCgBM (1:1, w/w ratio) [197].
Interestingly, 176 exhibited higher PCE (1.83%) than 174
(0.72%) due to (i) the improved solubility and the higher
molecular weight (M =27,000 g/mol) of 176 than that of
174 (M, =9000 g/mol) as a result of the presence of the side
alkyl chains at the 4-positions on the thiophene rings of
TBzT and (ii) the higher hole mobility (9.20 x 10-6 cm?2/V's
as measured by the SCLC method) of the 176:PCg;BM sys-
tem compared to that 0f 174:PCg1BM (3.94 x 10-6 cm?/V s).
The higher hole mobility of 176 is attributed to the
higher molecular weight in contrast to the lower molec-
ular weight of 174 that limits the interaction between
different domains, due to the shorter chains and increased
number of end groups, leading to an overall suppressed
mobility [197]. Further enhancement of the PCE to 2.17%
for the 176:PCs;BM has been achieved by the addition
of 3% volume ratio of 1,8-diiodooctane in the CF solu-
tion with Jsc=6.38 mA/cm?, Vo =0.67V and FF=0.51. The
addition of the 1,8-diiodooctane led to the improvement
of the thin film morphology with increased ordering of
the polymer domains and as a sequence to the enhanced
hole mobility to 1.60 x 10~ cm?/V's. On the other hand,
the PCEs of both 175 (0.21%) and 177 (0.01%) were very
low due to their high optical band gaps and the conjuga-
tion interruption in the polymer backbone from the severe
steric hindrance between the thiophene rings and the 2,1,3-
benzothiadiazole [197].

3.2.12.3. Quadrathienonaphthalene-based polymers.
Another class of polycyclic aromatic polymer is the one
consisting of the quadrathienonaphthalene (QTN) moiety.
QTN-based conjugated polymers have been developed
through the extensive research efforts of You research
group in an attempt to optimize the structurally related
B,134DT-based polymers reported above. More precisely,
extensive theoretical studies, using computational mod-
elling, performed on 173 showed that the two pendant
substituted thiophene rings on B,134DT adopt an almost
orthogonal configuration to the B,134DT main chain weak-
ening the efficient -1 interaction between the polymer
chains, leading to the observed low hole mobilities [198].

CgHi7~_-CsHiz  CgHia~_.CgHy7

Chart 46. Chemical structures of the poly(quadrathienonaphtalene)
derivatives 178 and 179.

Thus, a simple oxidative photocyclization successfully
converted the By134DT with the two pendant thiophene
rings into an enlarged planar polycyclic aromatic unit, the
QTN. The QTN-based conjugated polymers 178 and 179
(Chart 46) have more planar structures with minimized
steric hindrance as compared with the related structural
analogue polymers 172 and 173, thereby promoting the
-1 interaction between the polymer chains. 178 and 179
were synthesized by Stille cross-coupling polymerization
reaction and their M, are 8000g/mol and 6100 g/mol,
respectively [198].

The optical band gaps of 178 (2.0eV) and 179 (1.61 eV)
are lower than that of the related structural homopolymer
172 and copolymer 173 by 0.3eV and 0.17 eV, respec-
tively. The energy levels of 178 are situated at 2.72 eV the
LUMO and at 5.39 eV the HOMO, whereas those of 179 are
3.34eV the LUMO and 5.38 eV the HOMO. It is shown that
despite the incorporation of the 2,1,3-benzothiadiazole,
178 and 179 have identical HOMO levels which are similar
to the HOMO of 173 (5.34 eV) and slightly raised from 172
(5.7 eV). On the contrary, the LUMO level of 179 decreases
to 3.34eV which is attributed to the intrinsic alternating
D-A structure of its polymer backbone and is rather lower
than that of 173 (3.16eV). The energy levels of 178 and
179 indicate that the integration of the QTN moiety into
the polymer backbone provided conjugated polymers with
low lying stable HOMO levels and somewhat lower LUMO
levels, especially for 179.

The photovoltaic performance of either 178 or 179 in
blends with PCq:BM in 1:2 (w/w) ratio has been exam-
ined and PCEs of 2.03% for 178 and 2.06% for 179 have
been recorded. The photovoltaic parameters of 178 are
Jse=5.02mA/cm?, Vo =0.76V and FF=0.53 while those of
179 are Jsc=5.69 mA/cm?, Vo =0.72V and FF=0.50 [198].
The PCE of 178 is similar to 179 even though that the optical
band gap of 178 is 0.4 eV higher than that of 179. The higher
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Chart 47. Chemical structures of the poly(naphtho[2,1-b:3,4-
b’]dithiophene) derivatives 180-182.

hole mobility of 178 (8.18 x 10~ cm?2/V's, as measured by
the SCLC method)as compared to 179 (1.28 x 10~> cm?2/V s)
is a possible reason for the similar PCE. Even though, the
hole mobility of 178 is slightly lower than that of 172
(1.58 x 10~% cm?/V s), its PCE (2.03%) is significantly higher
than that of 172 (0.1%) due to the efficiently lowering of the
optical band gap. Moreover, the PCE of 179 is higher than
that of 173 (0.6%) due to the simultaneously lowering of the
band gap from 1.78 eV to 1.61eV and the enhanced hole
mobility. Finally, examination of the thin film morpholo-
gies of either 178 or 179 with PC4;BM in 1:2 (w/w) by AFM,
scanning electron microscopy (SEM) and TEM revealed (i)
a phase segregation between PCg;BM and 178 on the order
of tens of nanometers but this phase separation is not
uniform across the entire film and (ii) very homogenous
microstructures with grain sizes averaging in the hundreds
of nanometers for the 179:PCg1BM system [198].

3.2.12.4. Naphtho[2,1-b:3,4-b’|dithiophene-based polymers.
Further attempts to alter the optical band gap and the
energy levels of the QTN-based polymers led to the
synthesis of the naphtho([2,1-b:3,4-b’]dithiophene-based
homopolymer (180) and copolymers (181, 182) consisting
of the naphtho[2,1-b:3,4-b’'|dithiophene alternate with a
thiophene ring (181) or a 2,1,3-benzothiadiazole unit (182)
(Chart 47), by Stille cross coupling polymerization [199].
Naphtho[2,1-b:3,4-b’]|dithiophene (NDT) is the structural

analogue of QTN moiety without the presence of the two
pendant thiophene rings in the backbone.

The optical band gaps, the energy levels and the PCEs of
the NDT-based polymers 180-182 are included in Table 25.
It is shown that the optical band gap of 180 is 2.12eV,
0.12eV higher than that of 178, while the band gap of
182 is 1.59 eV, almost similar to the structural related 179
(1.61eV). The incorporation of the electron rich thiophene
ring in 181 results with a slightly lower band gap (2.05 eV)
as compared to 180. Regarding the energy levels, it is shown
that the HOMO levels of 180 and 182 are similar, while
the LUMO level of 182 is significantly lower than that of
180 due to the insertion of the electron deficient 2,1,3-
benzothiadiazole. Thus, the decrease of the band gap of
182 as compared to 180 is mostly attributed to the low-
ering of the LUMO level. Moreover, the insertion of the
thiophene ring in the polymer backbone of 180 elevates
the HOMO level of 181 in greater extent than the lowering
of the LUMO level. Furthermore, comparing the energy lev-
els between 178 and 180, as well as between 179 and 182,
a general observation is that by switching from the QTN
based polymers to the NDT based polymers both the HOMO
and LUMO levels are raised, but the upshift of the LUMO
level is more obvious than that of the HOMO level. In detail,
the difference on the HOMO level of 182 (5.35eV) with
that of 179 (5.38 eV) is negligible (only 0.03 eV), while the
difference between their LUMO levels are 0.24 eV. Consid-
ering that both copolymers consisting of the same electron
deficient unit (2,1,3-benzothiadiazole), a possible explana-
tion for the lower LUMO of 179 can be the higher electron
affinity of the QTN as compared to NDT. This is rather unex-
pected, since that QTN has two pendant thiophene rings
in the backbone. Strong evidence that verifies the above
assumption is the lower LUMO level of 178 as compared to
180.

Blends of all three polymers with PCg;BM were
prepared and their photovoltaic performance was exam-
ined by fabricating BH] solar cells [199]. PCE of 1.27%
was obtained for 182:PCs;BM in 1:4 (w/w) ratio with
Jsc =2.90mA/cm?2, Vo =0.83 V and FF=0.53. The PCE of 182
is lower compared to 179 (2.06%), however the V, is more
than 0.1V higher, despite the similar HOMO levels, and
the FF is slightly improved. The limiting factor preventing
182 towards higher PCE is the low Jsc most likely due to
the low hole mobility (6.23 x 106 cm?/V s as measured by
the SCLC method), which is almost one order of magnitude
lower than 179 (1.28 x 10~> cm?/V's). In addition, the low
M, value of 182 (9000 g/mol) can be also one of the reasons
for the low hole mobility.

3.2.12.5. Dithieno[3,2-b:2',3'-e]pyridine-based  polymers.
Dithieno[3,2-b:2',3’-e]pyridine (DTPy) is structurally
similar to B,134DT having a central pyridine core instead
of a benzene ring. Two alternating DTPy-based con-
jugated polymers (Chart 48) consisting either with
electron-rich thiophene ring (183) or electron-deficient
2,1,3-benzothiadiazole (184) have been synthesized by
Stille and Suzuki cross-coupling polycondensation reac-
tions, respectively [200]. The measured molecular weights
of 183 (M;=4300g/mol) and 184 (M, =1500¢g/mol) are
very low, which is attributed to the lower solubility
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Table 25
Optical band gaps, energy levels and photovoltaic efficiency of 180-182.
Polymers EgP (eV) LUMO (eV) HOMO (eV) PCE (%)
180 2.12 2.57 5.33 0.56
181 2.05 2.63 5.20 1.18
182 1.59 3.10 5.35 1.27
3.2.13. Bridged biphenylenes with 5-member fused
J N\ A S aromatic rings in the central core
| A\ | n 3.2.13.1. Fluorene-based polymers. Itis envisioned that flu-
S ZZ S orene unit, which is a rigid and planar molecule with
associated low HOMO energy levels, can emerge as an
CaH CeH attractive building block for the design of new conju-
g 17 67113 gated polymers acting as electron donors for photovoltaic
183 applications due to the fact that the low-lying HOMO lev-
S els and the high hole mobilities of the polyfluorene (PF)
N’ N derivatives are expected to provide higher Voc and Js,
N \ respectively [201]. However, PFs exhibit optical band gaps
g N in the range of 2.8-3.0eV which are too high for efficient
| OPVs. Therefore, extensive research efforts towards the
S = S n development of PF copolymers with lower optical band
gaps were performed following two major approaches
[202]. The first approach is based on the copolymerization
CeHﬂ CGH13 of the fluorene unit with more electron rich compounds
184 and the second approach is based on the incorporation of

Chart 48. Chemical structures of poly(dithieno[3,2-b:2’,3'-e]pyridine)
derivatives 183 and 184.

during the polymerization reactions, and preventing the
formation of high quality films.

The optical band gaps of 183 and 184 are 2.3eV and
2.1eV, respectively. The band gap of 183 is higher than
that of 149 (2.06 eV), while similar behaviour is observed
comparing the band gap of 184 with those of the related
polymers 152 (1.70eV) and 173 (1.78 eV). The higher band
gaps of 183 and 184 are attributed to the presence of the
more electron-deficient pyridine instead of the benzene
ring into the bithiophene matrix, which weakens the elec-
tron donating ability of the DTPy moiety or diminishes the
D-A interaction especially in 184 [200]. The energy lev-
els of 183 are 2.97eV (LUMO) and 5.43 eV (HOMO) and
those of 184 are 3.33 eV (LUMO) and 5.56 eV (HOMO). The
HOMO of 184 is lying deeper by 0.22 eV as compared to
that of 173 due to the less electron donating ability of the
DTPy unit.

The PCEs of 183:PCg:BM in 1:3 (w/w) ratio or
184:PC3:BM in 1:1 (w/w) ratio are 0.27% and 0.09%,
respectively. The photovoltaic parameters of 183 are
Jse=1.93mA/cm?, Vo =0.41V and FF=0.34 while those of
184 are Jsc=0.75mA/cm?, Voc=0.31V and FF=0.37 [200].
The obtained Vs are significantly lower than the theoret-
ically expected based on their low lying HOMO levels. Their
poor photovoltaic performance can be attributed in part on
the high optical band gaps as well as their low molecular
weights which in combination with the bulky alkyl chains
lead to very low hole mobilities (3.55 x 10-6 cm?/V's for
183 and 2.55 x 106 cm?2/V's for 184 as measured by the
SCLC method).

donor-acceptor-donor (DAD) segments in the PF chain in
order to form a D-A alternating arrangement and hence
narrowing the band gap.

3.2.13.1.1. Polyfluorene copolymers with electron-rich
groups. Electron-rich compounds such as thiophene
(185) [203], bithiophene (186-187) [204,205], thieno[3,2-
b]thiophene (188-190) [206], substituted silole (191)
[207], pentacene (192) [208] and anthradithiophene (193)
[208] have been successfully copolymerized with the
fluorene unit (Chart 49), providing LBG PF derivatives
(Table 26). Comparing the optical band gaps of 185, 186
and 188, it is revealed that by switching the thiophene
unit in 185 with the bithiophene unit in 186 the band
gap remains unaltered (Table 26), while the band gap of
188 (2.54eV) is higher than that of 186 (2.40eV). Since
the fused thieno[3,2-b]thiophene is more rigid and planar
than bithiophene is expected the band gap of 188 to be
lower than that of 186 due to closer -7 stacking of the
polymer chains. However, the opposite happens. This
result indicates a reduced electron delocalization in the
presence of thieno[3,2-b]thiophene which may be related
to the larger resonance energy of the fused thiophene ring,
in comparison to bithiophene [131,206]. Moreover, the
presence of the 3-alkyl chain on thieno[3,2-b]thiophene in
189 and 190 results with higher optical band gaps (~0.2 eV
as compared to 188) since that increased steric repulsion
is formed between the pentyl or the undecyl side chains
on thieno[3,2-b]thiophene with the hexyl side chains from
fluorene unit. In addition, further decrease of the band gap
of PF derivatives is achieved by incorporating a substituted
silole unit between two thiophene rings in 191 (2.08 eV) or
by introducing five-fused-ring acene systems such as pen-
tacene (192) or anthradithiophene (193). 192 and 193 are
the first examples of soluble acene-based PF copolymers
with low band gaps (1.78 eV and 1.98 eV, respectively).
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Table 26

Optical band gaps, energy levels and photovoltaic efficiency of 185-193.
Polymers EQ™ (eV) LUMO (eV) HOMO (eV) PCE (%)
185 2.43 2.51 5.20 0.62
186 241 2.52 5.41 2.70
187 2.40 3.10 5.50 2.14
188 2.54 2.58 5.27 -
189 2.74 2.42 5.12 -
190 2.78 2.35 5.15 -
191 2.08 3.60 5.71 2.01
192 1.78 3.56 5.20 -
193 1.98 3.31 5.22 0.68

CeHia

[C;l 1:':5S \ N

186 R: hexyl
187 R:octyl

189 R: pentyl
190 R: undecyl

CgHiz Ceflr 193 | |

R: triisopropylsilyl R

Chart 49. Chemical structures of the polyfluorene derivatives 185-193
consisting of electron-rich moieties.

Regarding the energy levels, it is shown that the addi-
tion of one more thiophene ring in 185 has no effect on the
LUMO level of 186, but the HOMO level of 186 unexpectedly
presents a significant lowering of 0.21 eV (Table 26). On the

other hand, by replacing the thiophene ring of 185 with the
thieno[3,2-b]thiophene in 188 both the HOMO and LUMO
levels are slightly lowering by 0.07 eV. This result points
out that the presence of the unsubstituted bithiophene in
186, which possess some rotational freedom, disrupts the
Tr-conjugation to an extent that imparts sufficient oxida-
tive stability to the system [204-206]. Moreover, the HOMO
and the LUMO levels of 189 are upshifted by ~0.15 eV upon
alkylation on the thieno[3,2-b]thiophene. On the contrary,
upon increase the length of the alkyl side chain in 190
(undecyl side chain), the HOMO level remains unaltered
as compared to 189 but the LUMO level is further raised
by 0.07eV. Although the alkylation on the thieno[3,2-
b]thiophene disrupts the planarity between the fluorene
and the thieno[3,2-b|thiophene unit as reported above,
the upshift of the HOMO levels of 189 and 190 remains
unclear. Furthermore, lowering of both HOMO and LUMO
levels is observed by using the 3,4-diphenylsilole unit
between the two thiophene rings in 191 (Table 26). The
low-lying LUMO level of 191 is associated with the pres-
ence of the 3,4-diphenylsilole and more precisely with the
o*~m* conjugation along the polymer chain arising from
the interaction between the o orbital of two exocyclic o
bonds on the silicon atom and the 7* orbital of the buta-
diene moiety [207]. Finally, it is demonstrated that the
anthradithiophene-based PF derivative 193 has lower elec-
tron affinity than the pentacene-based PF copolymer 192
since that the LUMO levels of 192 and 193 are 3.56 eV and
3.31eV, respectively, whereas their HOMO levels are simi-
lar (Table 26).

BHJ solar cells were prepared based on blends of
185-193 with fullerene derivatives. PCE of 2.70% was
obtained from the 186:PCg;BM system in 1:4 (w/w) ratio
with Jsc=4.96mA/cm?, Voc=1.03V and FF=0.53 [204],
whereas the PCE of blends of the longer alkyl chain ana-
logue 187:PCs1BM in 1:2 (w/w) ratio is lower (2.10%, upon
annealing at 70°C) with Jsc =4.24 mA/cm?, Vo =0.99V and
FF=0.51 [205]. Even though the hole mobility of 187
is higher (10-7 cm?/V's, based on the SCLC model) than
that of 186 (3 x 10-8 cm?2/V's, based on SCLC model), the
finer nanophase separated network for the 186:PCgq1BM
is responsible for the improved photovoltaic performance.
Finally, PCE over 2.0% was presented for 191:PCs;BM in
1:4 (w/w) ratio with Jsc=8.67 mA/cm?2, Voc=0.65V and
FF=0.36 [207], while the anthradithiophene-based PF
derivative 193 in blends with PCg;BM in 1:3 (w/w) ratio
exhibits a PCE of 0.68% with Jsc =2.35mA/cm?, Vo =0.75V
and FF=0.39 [208]. On the other hand, the devices based
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on the pentacene copolymer 192 were shorted, hence
extremely poor PCEs were attained.

3.2.13.1.2. Polyfluorene copolymers with
donor-acceptor-donor (DAD) segments. PF copolymers
incorporating a DAD segment are the most popular group
of materials for solar cell applications because they can be
synthesized easily since that the diboronic diakylated flu-
orene derivatives which provide the broad energy gap, the
hole mobility and the high V,. are commercially available
in high quantities, while the DAD segment can be easily
modified to provide the lowering of the band gap. Among
the various PF derivatives, the most extensively studied is
the one consisting of the TBzT segment as the DAD moiety
(Chart 50). A plethora of TBzT-based PF copolymers have
been synthesized by Suzuki cross-coupling polymeriza-
tion, which the majority of them varied regarding the type
(linear versus branched) and length of the alkyl side chains
attached on the fluorene unit (194-204) [209-214] and
less attention has been paid to the strength of the donor
(205-208) [215-217].

The optical band gaps of 194-200 vary as a function
of the length of the alkyl side chains. 194 and 200 reveal
band gaps of 1.95eV [209], 195 and 198-199 of 1.90eV
[209,211] and 197 of 1.87 eV [209]. Regarding the energy
levels, the HOMO level of 195 and 198-199 is 5.5eV
[211,213], while the LUMO level of both 195 and 198 is
3.4eV[202,211], showing that the different alkyl chains do
not significantly affect the band gap and the energy levels
of the polymers. However, the unsubstituted TBzT seg-
ment is a limiting factor preventing copolymers 194-200
of achieving high molecular weights and good solubilities,
two very important parameters influencing the PCE of solar
cells as reported above. Thus, two PF derivatives consist-
ing of a dioctylfluorene and a functionalized TBzT segment
with hexyl side chains at the 4-position (201) or octyloxy
side chains at the 3-position (202) have been prepared
[212-214], exhibiting very high molecular weights (M, of
175,000 g/mol for 201) and improved solubilities in com-
mon organic solvents. The anchoring of hexyl side chains at
the 4-position of TBzT in 201 leads to a slight increase of the
band gap at 1.97 eV as compared to 195, while the band gap
of 202 is 1.78 eV. The band gap of 202 is lower than that of
201, despite the presence of substituents at the 3-position
on the thiophene of the TBzT that is known to cause severe
steric hindrance (see 175 and 176). This is attributed to
the stronger electron donating ability of the alkoxy side
chains. Furthermore, the HOMO level of 201 is displayed
at 5.6 eV, which is 0.1 eV lower than that of 195, whereas
the HOMO and LUMO levels of 202 are 5.14eV and 3.36 eV,
respectively. Comparing the HOMO and LUMO levels values
of 202 with those of 195 is demonstrated that the HOMO
level of 202 is raised by 0.36eV upon substitution with
the alkoxy side chains on the TBzT segment, as expected,
while the LUMO levels are almost similar, indicating that
the LUMO level is localized on the 2,1,3-benzothiadiazole.
Finally, changing the position of the alkoxy side chains from
the thiophene rings to the 2,1,3-benzothiadiazole and use
two different linear alkyl side chains (methyl and octyl) on
the fluorene unit (203-204) [213], the band gap of 204 is
estimated at 2.01 eV, which is 0.23 eV higher than that of
the structural related analogue 202. It seems that the inser-

tion of the electron donating octyloxy side chains on the
2,1,3-benzothiadiazole weaken the electron-withdrawing
ability of the 2,1,3-benzothiadiazole and thereby facilitat-
ing the increase of the band gap. The use of the shorter alkyl
side chains on the fluorene in 203 leads to lower band gap
(1.96 eV), due to the more efficient m—1r stacking between
the polymer chains. Besides, the positioning of the octyloxy
side chains on the 2,1,3-benzothiadiazole in 204 results to
deeper HOMO value (5.5 eV) as compared to 202, while the
HOMO level of 203 is situated at 5.4 eV.

Up to now the most common electron rich unit
used as donor along with 2,1,3-benzothiadiazole in the
DAD sequence is thiophene ring. Except from thiophene,
some other electron donor units such as diphenylamine
with and without methyl group (205-206) [215], ProDOT
(207) [216], and selenophene (208) [217] have also been
employed. The band gaps of 205-206 are 1.99eV and
1.98 eV, respectively while the band gaps of 207 and 208
are varying as a function of the content of the DAD seg-
ment. For example, the band gap of 207 gradually decreases
from 1.88eV to 1.73 eV by increasing the content of the
ProDOT-[2,1,3]-benzothiadiazole-ProDOT (PBzP) segment
up to 35%. Similar to 207, the band gap of 208 decreases
from 2.92 eV to 1.85 eV as the content of the selenophene-
[2,1,3]-benzothiadiazole-selenophene (SBzS) increases up
to 30%. Moreover, the HOMO levels of 205-206 are similar
(5.04 eV and 5.03 eV, respectively), while the LUMO level
of 205 is 2.74 eV, 0.04 eV lower than that of 206 (2.78 eV).
Regarding the energy levels of 207 and 208, the HOMO level
of both copolymers is raised upon increase the content of
PBzP and SBzS, respectively. For example, the HOMO level
of 207 with 10% of PBzP is 5.39eV while upon increasing
the content of the PBzP segment to 35% the HOMO level is
5.16eV. Similar to 207, the HOMO level of 208 with 1% of
SBzS is 5.70 eV and that with 30% of SBzS is 5.51 eV. On the
other hand, the LUMO level of 208 with 1% of SBzSis2.13 eV,
while the LUMO of 208 with 30% of SBzS is 2.76 eV show-
ing that upon increasing the content of the SBzS lowering
of the LUMO level is detected.

In order to further alter the band gap and the energy lev-
els of the D-A PF copolymers, the 2,1,3-benzothiadiazole
has been replaced by various heterocycle units (Chart
51) including: thieno[3,4-b]pyrazine (TP) (209-211)
[218-220], thieno[3,4-c]|[1,2,5]thiadiazole (212-214)
[221], [1,2,5]thiadiazolo[3,4-g]quinoxaline (215-217)
[222-225], quinoxaline (218-222) [219,226-229] and
pyrazino[2,3-g]quinoxaline (223) [230]. All the polymers
have been synthesized by the Suzuki cross-coupling
polymerization and their optical, electrochemical and
photovoltaic properties are presented in Table 27.

Generally, it is demonstrated that the optical band gap
of the [1,2,5]thiadiazolo[3,4-g]quinoxaline (1.2-1.4eV),
thieno[3,4-c][1,2,5]thiadiazole (1.34-1.36eV) and
pyrazino[2,3-g]quinoxaline (1.4eV) based PF derivatives
are in the same range and lower than that of the TP (1.6 eV)
and quinoxaline (1.9-1.96eV) based PF derivatives.
The band gaps of the TP, quinoxaline and thieno[3,4-
c][1,2,5]thiadiazole based PF copolymers remain almost
unaltered regardless the length and the position of the
side alkyl chains in the polymer backbone while the band
gaps of the PF derivatives with the [1,2,5]thiadiazolo[3,4-
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Chart 50. Chemical structures of the polyfluorene derivatives 194-208 consisting of various donor-[2,1,3]-benzothiadiazole-donor segments.
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Chart 51. Chemical structures of the polyfluorene derivatives 209-225 consisting of various donor-acceptor-donor segments.

glquinoxaline are varied based on the type of substituents
(alkyl versus aryl) attached on the [1,2,5]thiadiazolo[3,4-
g|lquinoxaline unit (Table 27). Furthermore, comparing
the band gap of 222 with those of 218-220 it is expected
that the band gap of 222 being lower than that of 218-220
due to the stronger electron donor used (EDOT). However
it seems that the position of the alkoxy chains on the
phenyl rings of the quinoxaline unit affect the strength of

the electron-deficient unit. For example, when the alkoxy
groups are placed on the para position on the phenyl rings
of the quinoxaline (222), weakening of the strength of the
electron accepting unit will be performed through electron
donation from the alkoxy groups into the quinoxaline.
In contrast, the electron donation from the alkoxy group
into the quinoxaline unit is avoided when the alkoxy
groups are placed on the meta position of the phenyl
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rings. Regarding the energy levels, it is shown that the
LUMO levels of [1,2,5]thiadiazolo|[3,4-g]quinoxaline and
pyrazino|2,3-g]quinoxaline PF derivatives are lying lower
(3.9-4.0eV) than that of the other copolymers consisting
of TP or thieno[3,4-c][1,2,5]thiadiazole (3.5-3.7eV) and
quinoxaline (3.3-3.45eV).

Finally, two alternating D-A PF derivatives (224-225)
consisting of cyano substituted phenylene vinylene seg-
ments inserted between two thiophene rings were
synthesized and their optical band gaps were found to
be depended on the relative position of the cyano groups
[231]. When the cyano groups are located in the a-position
(225), the band gap is lower (1.95eV) than that of 224
(2.21eV), where the cyano groups are located at the 3-
position because the aromatic subunits exhibit weaker
torsion (Table 27). However, no significant variation on
the HOMO levels of 224 and 225 is detected regarding the
relative position of the cyano groups.

The photovoltaic performance of the DAD PF copoly-
mers was evaluated in BHJ solar cells using various
fullerene derivatives as the electron acceptors. The first
and most extensively studied derivatives are those con-
sisting of the TBzT as the DAD segment. The initial PCE of
200 with PCg1BM in 1:4 (w/w) ratio was 2.4% [232] while
upon optimization, a PCE of 4.5% was recorded from the
199:PC7;BMin 1:4 (w/w)withJsc =9.1 mA/cm?, Vo =0.97 V
and FF=0.51 [211]. The balanced carrier transport in the
active layer (electron and hole mobilities of 7 x 10~ and
3 x 10~> cm?/V s, respectively based on the SCLC method)
is one of the factors for this high efficiency. In addition,
a PCE very close to 4.5% has been also recorded from
196 (4.2%) when blended with PCg1BM in 1:4 (w/w), with
Jse=7.7mA/cm?, Vo =0.99V and FF=0.54[210]. Among the
other TBzT based PF derivatives, 204 exhibits a PCE above
3% (3.1%) when blended with PC7;BM in 1:3 (w/w) with
Jsc=6.7mA/cm?, Vo =0.97 V and FF = 0.47, using DCB as the
solvent [213]. Changing the solvent from DCB to CF, the
PCE of 204 decreases to 2.1%, as a result of the increased
phase separation (about 200 nm domains) observed in the
morphology of 204:PC71BM by AFM.

Up to now, it is evident that the combination of the TBzT
segment and fluorene provides copolymers that exhibit
high PCEs when used as electron donors in BH]J solar cells.
However, in recent studies the use of quinoxaline instead
of the 2,1,3-benzothiadiazole as the electron withdraw-
ing unit in the DAD sequence demonstrates even higher
PCEs than the 2,1,3-benzothiadiazole based PF copoly-
mers. For example, an impressive PCE of 5.5% has been

recorded from devices based on 218:PC;:BM (1:4, w/w)
as the active layer, that were processed from a solvent
mixture of CB and CF, with Jsc=9.72 mA/cm?, Vo =0.99V
and FF=0.57 [226]. On the contrary, 218:PC7;BM (1:4,
w/w) devices prepared from CF solutions provided PCE
as high as 2.90%. Except from the different solvent used
for the deposition of the active layers, the M, values
of 218 were also different. The M,, of 218 that exhibits
the higher PCE is 16,600 g/mol, while the batch of 218
with the lower PCE has a M, of 8400g/mol. Further-
more, the octyloxy substituted quinoxaline PF copolymer
220 exhibits also a promising PCE of 3.5% when blended
with PCg;BM (75 wt%) with Jsc =6.0mA/cm?, Voc=1.00V
and FF=0.63 [227,228]. The origin of the high V,c and
FF are the suitable mismatch of the energy levels and
the balanced hole and electron transport in 220:PCg;BM
films, respectively. From the rest of the electron-deficient
units used in the DAD segment, the TP and pyrazino[2,3-
glquinoxaline based PF copolymers exhibit moderate PCEs
(above 2%; Table 27). In details, the PCEs of 209-211 with
PCg1BM are varying between 0.9%, for 209:PCg;BM in 1:6
(w/w) [218], to 2.2%, for 211:PCg:BM in 1:3 (w/w) with
Jse=8.8mA/cm?2, Vo =0.59V and FF=0.42 [220]. The rea-
son for this difference in PCE is that the hole mobility of 209
is ~8 x 1076 cm?2/V's and that of 211 is ~8 x 10~% cm?2/V's.
This two orders of magnitude increase in the hole mobility
of 211 has a significant effect on Jsc value and con-
sequently on the PCE of the solar cells [218,220]. In
addition, the PCE of 223:PC71BM in 1:3 (w/w) is 2.3%
with Jsc =6.5 mA/cm?, Vo =0.81V and FF=0.44 [230]. How-
ever, one of the advantages of 223 is that exhibits a
remarkable high V., especially for such low band gap
polymer (1.4eV), due to the optimized HOMO and LUMO
levels. Based on these properties, 223 has already been
used with great success in tandem solar cells, along
with 195, providing an extremely high Vo of 1.8eV
[230,233].

On the contrary, the lower band gap PF copolymers
consisting of the [1,2,5]thiadiazolo[3,4-g]quinoxaline as
the electron-withdrawing unit (215-217) show very poor
PCEs when combined with either the PCg;BM or PC7;BM
[225]. Photoluminescence experiments between 215-217
and PCg1BM indicate no quenching of photoluminescence,
indication of inefficient charge separation at their interface.
For this reason, a new C;q fullerene derivative was syn-
thesized (Chart 52) that can absorbs light up to ~700 nm
and when it is blended with 215-217, efficient photo-
luminescence quenching is detected [224]. The proper

Table 27

Optical band gaps, energy levels and photovoltaic efficiency of 209-225.
Polymers E‘g’pt (eV) LUMO (eV) HOMO (eV) PCE(%) Polymers E‘g’pt (eV) LUMO (eV) HOMO (eV) PCE (%)
209 - 3.6 5.6 096 218 1.95 3.43 5.56 [227]/5.37 [226]  2.90 [227]/5.50 [226]
210 1.6 3.7 5.7 1.40 219 1.96 3.44 5.61 2.90
211 1.6 34 5.0 2.20 220 1.96 343 5.69[227]/5.36 [226] 3.50
212 1.34 3.71 5.01 - 221 2.0 33 5.8 2.84
213 1.36 3.54 494 - 222 1.9 3.4 5.6 1.10
214 1.36 3.52 5.02 - 223 14 3.9 5.7 2.30
215 14 3.9 54 0.59 224 2.21 - 5.65 0.98
216 1.2 3.9 5.1 0.70 225 1.95 - 5.59 1.02

217 13 4.0 53 0.37
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CaHﬂ' CaHﬁ C6H13 228

Chart 53. Chemical structures of the polyfluorene derivatives 226-228.

alignment of the energy levels and the suitable morphology
between 215-217 and BTPF; are two of the reasons for the
enhanced driving force for charge separation. The highest
PCE obtained from the blends of 215-217 and BTPF;( is 0.7%
for 216 [223,224] (in 1:4, w/w ratio), with Jsc =3.4 mA/cm?2,
Voc=0.58V and FF=0.35.

Finally, alternative attempts of further lowering the
band gap of the TBzT based PF derivatives without replac-
ing the 2,1,3-benzothiadiazole with another heterocycle
unit led to the synthesis of three new PF copolymers
(226-228) [234] consisting of 2,1,3-benzothiadiazole and
four thiophene rings substituted with alkyl side chains at
different positions (Chart 53). The polymers were synthe-
sized by Suzuki cross-coupling polymerization and their
optoelectronic properties and photovoltaic performance
are summarized in Table 28.

As expected, the optical band gaps of 226-228 are lower
than that of the TBzT based PFs (194-202) and are slightly
influenced by the positioning of the side alkyl chains. In
addition, the HOMO and LUMO levels of 226-228 are not
varying remarkably by the different positioning of the
alkyl side chains (Table 28). When the alkyl side chains
are attached on the thiophene rings next to the 2,1,3-
benzothiadiazole (226) the HOMO level is deeper than that
of 227-228 where the alkyl side chains are inserted on the
outer thiophene rings (next to the fluorene). Moreover, the
HOMO level of 227 is 0.3 eV higher than 228, indicating
that when the dodecyl side chains on the thiophene rings

are located next to the fluorene, the effective conjugation
lengthis slightly lower as compared to 228, where the hexyl
side chains on the thiophene rings are attached closer to
the 2,1,3-benzothiadiazole. On the other hand, the LUMO
level of 228 is lying lower by 0.5eV as compared to 227
pointing out that the positioning of the hexyl side chains
on the thiophene rings close to the 2,1,3-benzothiadiazole
enhance the electron affinity of the resulting polymer.

Even though, the different positioning of the alkyl side
chains does not alter significantly the optical band gaps
and the energy levels of 226-228, the PCEs of the copoly-
mers present vast variation (Table 28). 228 when blended
with PCg1BM in 1:2 (w/w) ratio exhibits the highest PCE
of 2.63% with Jsc =5.86 mA/cm?, Voc=0.86V and FF=0.52
[234], while the similar analogue 227 blended with PCq;BM
in 1:2 displays a lower PCE of 0.7% with Jsc =2.80 mA/cm?,
Voc=0.70V and FF=0.38. A possible reason for this varia-
tion in the PCE between 227 and 228 can be the different
Mp. 227 has a My of 9000 g/mol, while 228 has a M, of
62,000 g/mol [234].

3.2.13.1.3. Polyfluorene copolymers with
donor-mbridge-acceptor side chains. As shown in the
previous paragraph, the optical band gap of various PF
copolymers with alternating electron-rich and -deficient
units along their backbones can be readily tuned by con-
trolling the ICT from the donors to the acceptors. However,
in order to ensure efficient processability and charge
transporting properties in this linear D-A polymers, the
molecular interactions and packing orientation of the
conjugated moieties need to be designed properly. On the
other hand, one possible strategy for improving the prop-
erties of the active materials is the use of two-dimensional
conjugated polymers, in which the electron-deficient units
are located at the ends of the side chains and connected
with donors on the electron-rich PF backbone through
a m-bridge like in a D-mwbridged-A architecture type
[203,235-237].

Based on this approach, initially two alternating copoly-
mers consisting of thiophene-fluorene (229) [203] and
terthiophene-fluorene (230) [203] with oxadiazole unit
as side chains and two triphenylamine-fluorene alter-
nating copolymers possessing pendant monocyano (231)
[235] and dicyano (232) [235] acceptor groups (Chart 54)
were effectively synthesized. The optical and electrochem-
ical properties as well as the photovoltaic performance of
229-232 are presented in Table 29.

Comparing the optical band gap of 229 with that of 185 it
is shown that 229 has higher band gap due to the steric hin-
drance of the bulky oxadiazole side chain, which resulted
in distortion of the polymer backbone and a decrease in
the effective conjugation length. However, extending the
thiophene units in the conjugated main chain in 230, sig-
nificant lowering of the band gap is achieved through the
increase of the effective conjugation length. The increase of
the effective conjugation length is a result of the reduced
steric hindrance from the oxadiazole side chain. More-
over, the band gap of 231 is 2.46 eV whereas that of 232
is slightly lower, indicating that as the strength of the
acceptor increases the band gap decreases. Regarding the
energy levels (Table 29), it is revealed that both the HOMO
and LUMO levels of 229 are lower than that of 185, as
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Table 28

Optical band gaps, energy levels and photovoltaic efficiency of 226-228.
Polymers EgP (eV) LUMO (eV) HOMO (eV) PCE (%)
226 1.79 3.13 5.40 1.82
227 1.81 3.17 5.37 0.74
228 1.77 3.22 5.34 2.63

Table 29

Optical band gaps, energy levels and photovoltaic efficiency of 229-236.
Polymers Eg"t (eV) LUMO (eV) HOMO (eV) PCE (%)
229 2.62 2.60 5.34 0.03
230 2.24 2.78 5.24 1.49
231 2.46 - 5.51 0.22
232 239 - 5.54 0.11
233 1.87 3.43 5.30 4.74
234 1.83 3.49 5.32 2.50
235 1.76 3.50 5.26 4.37
236 1.74 3.61 5.35 3.15

expected since that the electron-withdrawing oxadiazole
side chain effectively lowers the LUMO level. Addition-
ally the disruption of the conjugation along the polymer
chain weakens the electron donating ability of 229, thereby
the HOMO level lowers. Besides, the introduction of -
excessive thiophene rings in 230 resulted the raising of
the HOMO level, as compared to 229 as well as to the fur-
ther lowering of the LUMO level. In the case of 231 and
232, the HOMO levels are similar indicating that the HOMO
level is independent from the strength of the acceptor.
Moreover, the electron coupling between the alternating
triphenylamine-fluorene backbone and the different elec-
tron acceptor groups does not affect the hole generation
in the bulk of the resultant polymer to a significant extent
[235].

Photovoltaic cells were prepared based on blends of
229-232 with PCgBM and PCE of 1.49% was obtained
from 230:PCg;BMin 1:1 (w/w)ratio withJsc =6.27 mA/cm?,
Voc=0.73V and FF=0.32 [203]. The other copolymers
exhibited low PCEs most likely due to the relatively high
optical band gaps (above 2.0eV), despite the fact that
all the copolymers reveal high Vycs due to the low-lying
HOMO levels. Moreover, the PCE of 231 is higher than
that of 232, although the band gap of 232 is lower,
which can be attributed to the finer phase separation of
the 231:PC1BM as compared with that of 232:PCg;BM.
The significant morphological difference between the two
composite polymer films suggests that chemical simi-
larity of the carboxylic ester functionality attached to
231 and PCg1BM can improve the miscibility between
them in the composite film, thereby efficiently suppress-
ing the tendency of the PCgiBM molecules to phase
segregate [235].

In order to further lower the optical band gap of the
D-mbridged-A type copolymers, an efficient approach
seems to be the increase of the conjugation length of the
side chain of 232. This is verified by the addition of the
styrylthiophene, affording copolymer 233 [236] (Chart 55)
which exhibits an optical band gap of 1.87 eV (Table 29).
The use of the styrylthiophene strengthens the ICT charac-
ter of the polymer, thereby facilitates the lowering of the
band gap. In addition, by replacing the bridged carbon atom

from the fluorene unit of 233 with silicon, a dibenzosilole
containing copolymer 234 was obtained which displays
a slightly lower band gap (1.83 eV) than that of 233, due
to the better m-1r stacking between the polymer chains
[237]. Furthermore, by switching from the pendant dicyano
acceptor group in 233 and 234 to the stronger acceptor
diethylthiobarbituric acid moiety in 235 [236] and 236
[237], the band gap further lowers at 1.76eV and 1.74 eV,
respectively. Regarding the energy levels, it is observed
that the HOMO level of 233 is raised upon insertion of the
electron-rich styrylthiophene segment in the side chain as
compared to 232, while the silicon substitution in 234 does
not influence the HOMO level (Table 29), but lowers the
LUMO level by 0.06 eV. On the other hand, both the HOMO
and LUMO levels of 235 are lowered by ~0.1 eV upon sub-
stituting the bridged carbon atom of fluorene unit with
silicon in 236. In general, comparing the energy levels of
233 with 235 and 234 with 236 it is concluded that the
HOMO levels remain unaltered due to their similar donor
main chain, while their LUMO levels are dictated by the
acceptors on the side chains.

The photovoltaic properties of 233-236 were studied in
BH] solar cells using PC71BM and it is shown that the PCEs
of the fluorene-based 233 [236] and 235 [236] are higher
than the dibenzosilole-based 234 and 236 (Table 29). A
possible reason for the higher PCEs of 233 and 235 than
those of 234 and 236 is their higher hole mobilities which
are 5.27 x 1074 cm?2/V's for 233 and 1.16 x 103 cm?/V s for
235 as compared to that of 234 (1.77 x 10~* cm?2/V's) and
236 (2.11 x 104 cm?/V's), measured by the SCLC method.
However, this result is different from the general view that
the mobility of the silicon bridging conjugated polymers
are higher than their carbon analogues, which is widely
observed in linear conjugated polymers, as reported above.
Moreover, 233:PC71BM in 1:4 (w/w) ratio reaches a PCE
of 4.74% with Jsc=9.62mA/cm?, Voc=0.99V and FF=0.50
[236], which is comparable to that of the linear narrow
band gap D-A PF and polydibenzosilole derivatives (will be
reported next in the text). Therefore, these initial results
indicate that by the further structural and device opti-
mization for this class of materials, higher PCEs can be
anticipated in the future.
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Chart 54. Chemical structures of the polyfluorene derivatives 229-232
consisting of donor-wbridged-acceptor side chains.

3.2.13.2. Phenylene-based low band gap polymers. A sim-
ple structural analogue of fluorene unit is phenylene
and even though it does not belong to the category of
bridged biphenylenes with 5-member fused aromatic ring
in the central core, the properties of some LBG conju-
gated polymers based on dialkoxy-phenylenes will be
presented at this point and compared with the corre-
sponding fluorene analogues before proceed to the other
examples of bridged biphenylenes. The chemical struc-
tures of the copolymers 237-240 are presented in Chart
56, consisting of a dioctyloxy-phenylene unit alternate
with various DAD segments containing thiophene rings

CaHiz+y-Catlz

233 X:C
234 X:si

CgH17~ CsH17

W~
'“@*

235 X:C e
236 X:Si
ST
\ O

Chart 55. Chemical structures of the polyfluorene and polydibenzosilole
derivatives 233-236 consisting of donor-wbridged-acceptor side chains.

OCgH17
O )
CgHy70 N, N
237 R'H R Q H
238 R: butyloxy
239 R: octyloxy
.S.
OCgHi; NN
asElgta
S S
n
CgH470 N, N
R: 2-ethylhexyl O O
240 Rro

Chart 56. Chemical structures of the poly(phenylene) derivatives
237-240 consisting of various thiophene-electron deficient-thiophene
segments.

as the donor and substituted quinoxaline (237-239) [227]
or [1,2,5]thiadiazolo|3,4-g]quinoxaline (240) [238] as the
electron deficient units and have been synthesized by
Suzuki cross-coupling polymerization.

The optical band gaps and the energy levels of the poly-
mers are presented in Table 30. The optical band gaps of
237-239 are 1.80eV, which is 0.2 eV lower than that of the
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Table 30
Optical band gaps, energy levels and photovoltaic efficiency of 237-240.
Polymers EQP (eV) LUMO (eV) HOMO (eV) PCE (%)
237 ~1.80 3.37 5.22 0.38%/1.01°
238 1.80 337 5.28 1.682/2.82>
239 1.80 3.37 5.32 2.042[2.47°
240 1.00 3.90 5.30 0.38
2 Using PCg1BM.
b Using PC71BM.
structural related PF copolymers (218-220), and in com- y S
bination with their raised HOMO levels as compared to O O /
218-220, it can be concluded that the dialkoxy-phenylene N " N 242 "
unit is more electron-rich compared to fluorene. More- R R
over, it is observed that regardless the length of the alkoxy 4 CgHi7
substituents in the outer phenyl rings of quinoxaline, the ’M/W\
LUMO levels of 237-239 remain unaltered. In addition, as O 7\ J s
the length of the alkoxy side chains increases, the HOMO N CgH17 n
level drops, indicating a decrease in the electron donat- R 243
ing ability. Furthermore, the band gap of 240 is 1.00eV, CoHrr
well below of 237-239, as well as the similar PF analogue s. I\ s /Y
217. Similar with the observations on the band gaps of the O O N\ s \ 7 s 4
237-239 and 218-220, the band gap of 240 is more than N CoHir 44 n
0.2 eV lower than that of 217 due to the more electron-rich R

alkoxy-phenylene. Regarding the energy levels, the LUMO
levels of 240 and 217 are the same, while the HOMO of 240
israised by 0.1 eV as a result of the presence of the alkoxy-
phenylene unit. Finally, the fact that the LUMO levels
of the quinoxaline-based PF and polyphenylene copoly-
mers are the same, indicates that the LUMO is localized
on the electron-withdrawing unit. This is also verified
comparing the LUMO levels of the [1,2,5]thiadiazolo[3,4-
g]quinoxaline-based PF and polyphenylene copolymers.

BHJ solar cells using 237-240 and fullerene deriva-
tives have been prepared and PCEs of 2.82% were obtained
for 238:PC71BM in 1:4 (w/w) ratio with Jsc =6.54 mA/cm?,
Voc=0.71V and FF=0.60 [227]. Within the series of poly-
mers, the length of the alkoxy substituents in the outer
phenyl rings of quinoxaline play an important role in phase
separation on a micrometer scale, which in turn has a
large impact on device performance. The phase separa-
tion behaviour is observed in the devices with the PC7;BM
where the best performing devices are obtained using the
polymers with the short alkoxy groups [227]. On the other
hand when PCg1BM is used, interestingly the PCE of 239
with the longer alkoxy side chains is higher than that of
238.

3.2.13.3. Carbazole-based polymers.

3.2.13.3.1. Poly(2,7-carbazolenevinylene)  derivatives.
The optoelectronic properties of the polycarbazole deriva-
tives, which are structurally related with PF but the
two phenylene rings are bridged with a nitrogen atom
instead of a carbon atom, can be fine tuned through
copolymerization with various DAD segments for better
mismatch with the absorption spectrum. Two approaches
have been reported for lowering the band gap of polycar-
bazole derivatives [239]. Initially, conjugated copolymers
consisting of alternating 2,7-carbazole and different olig-
othiophene moieties linked by vinylene groups (241-245)
have been synthesized by Horner-Emmons reactions

s, 1.2
O O 7\ s \ /s \S/ AN
CeHiz  CgHyg n
OOCaHn 245

Chart 57. Chemical structures of the poly(2,7-carbazolenevinylene)
derivatives 241-245.

o A~z

between dialdehyde and diphosphonate derivatives (Chart
57) [240].

The optical band gaps and the energy levels of the
polymers are presented in Table 31. The band gap of the
polymers is decreasing as the number of the thiophene
units increases, while the insertion of the S,S-dioxide thio-
phene in 245 induces a further lowering of the band gap
below 2.0eV. Moreover, all polymers are showing rela-
tively low lying HOMO levels (5.4-5.6 eV) which decrease
proportionally with the increase of the thiophene units
in the main chain, except in the case of 245. In addition,
the introduction of the S,S-dioxide thiophene in 245 leads
to an increase in the electron affinity as observed by its
lower LUMO level. However, unoptimized PCEs of BH] pho-
tovoltaic cells consisting of either 241-245 with PCg;BM
in 1:4 (w/w) ratio were relatively low. The maximum PCE
obtained is 0.8% for 245 with Jsc = 1.56 mA/cm?, Voc =0.80 V
and FF=0.55, due to the lack of high solubility and desired
organization in the solid state [240]. Meanwhile, all the Jsc
values of the polymers, except 245, were in the same range
indicating that the number of the thiophene units is not
influencing the solar-cell performance. This shows that the
mobility of the charge carriers for these copolymers is more
important than that of the relatively small-variations in the
fraction of the absorbed light [240].

3.2.13.3.2. Poly(2,7-carbazoles) with both electron-rich
and electron-deficient units. Since that the interesting
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Table 31
Optical band gaps and energy levels of 241-245.
Polymers Eg™ (eV) LUMO (eV) HOMO (eV)
241 2.30 2.83 5.61
242 2.20 2.92 5.52
243 2.10 3.02 5.49
244 2.00 2.96 5.40
245 1.70 3.50 5.50

optoelectronic properties of polycarbazole derivatives
can be easily modulated, new polycarbazole deriva-
tives based on the D-A approach (Chart 58) were
effectively designed based on theoretical models and
synthesized by Suzuki cross-coupling polycondensa-
tion (246-254) [241,242]. A diboronic ester carbazole
derivative containing a secondary alkyl side chain was
copolymerized with nine DAD segments with thiophene
ring as the fixed donor and different heterocycles as
the acceptor units such as 2,1,3-benzooxadiazole (246)
[241], [1,2,5]oxadiazolo[3,4-d]pyridazine (247) [242],
2,1,3-benzothiadiazole (248) [241], [1,2,5]oxadiazolo[3,4-
c]pyridine (249) [241], [1,2,5]thiadiazolo[3,4-c|pyridine
(250)[241], quinoxaline (251)[241], pyrido|[3,4-b]pyrazine
(252) [241], pyrazino|2,3-d]pyridazine (253) [242] and
2,3-dioctylpyrazino[2,3-d]pyridazine (254) [242].

The optical band gaps and the energy levels of the syn-
thesized polycarbazole derivatives 246-254 are included
in Table 32. The polymers according to their optical band
gaps (starting from higher to lower), excluding the 2,3-
dioctylpyrazino[2,3-d]|pyridazine due to the fact that the
band gap is also influenced by the presence of the alkyl side
chains are presented. As can be seen, the band gaps follow
the order: 251>252>248>246>253>250>249>247.
This demonstrates that the electron-withdrawing unit in
the polymer backbone that efficiently lower the band gap
of the studied polycarbazoles (246-253) follows the order:
[1,2,5]oxadiazolo|3,4-d]pyridazine >[1,2,5]oxadiazolo
[3,4-c]pyridine >[1,2,5]thiadiazolo[3,4-c]pyridine >
pyrazino[2,3-d]pyridazine > 2,1,3-benzooxadiazole >

246 X=0;Y=C
247 X=0;Y=N
248 X=5;Y=C

251 X, Y=C;R=H
252 X=N,Y=C;R=H
253 X, Y=N;R=H
254 X, Y=N; R= octyl

CgHi7~ "CgHyz

Chart 58. Chemical structures of the polycarbazole derivatives 246-254
consisting of various thiophene-electron deficient-thiophene segments.

2,1,3-benzothiadiazole > pyrido[3,4-b]pyrazine >
quinoxaline (Fig. 7a).

On the other hand, a very interesting trend can be
observed as derived from the results of the energy lev-
els of the polycarbazole derivatives (246-253). Based
on the LUMO level values presented in Table 32, the
acceptor strength of the different heterocycles incor-
porated in the polycarbazole backbones follows the
order: [1,2,5]oxadiazolo[3,4-d]pyridazine > pyrazino[2,3-
d]pyridazine >[1,2,5]oxadiazolo[3,4-c]pyridine > [1,2,5]

L0, O, .S, /N 0. S, 7N /R
a NN NN NN N N NN NONONN N W

\ \ /) N/ \ \

5888 888Y

N-N \ \_ N-N =N

1 1 1 1 1 | 1 1
Bandgap | | | | | | | |

Lowering 1.57eV  1.67eV  1.75eV

1.79 eV

1.87eV 1.88eV 1.8%9eV 2.02eV

PON 7 Q. S. 7 0. N 7
b N NN N N NN NN NN NN
S’ N4 /. / '
& N-N N-N \_y \ =N
LUMO | | | | | | | |
Level 415eV  3.99eV 6.93 eV 3.80eV  3.67 e\b \3.65 eV 3.60ev 342 e\b
(Acceptor ™ v 4 N
Strength) Pyridazine core Pyridine core Benzene core

Fig. 7. Influence of the various heterocycles used as electron-deficient units on (a) the band gap lowering and (b) LUMO level ordering of the polycarbazole

derivatives 246-253.
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Table 32

Optical band gaps, energy levels, hole mobility and photovoltaic efficiency of 246-254.
Polymers E;’pt (eV) LUMO (eV) HOMO (eV) Hole mobility (cm?/V's) PCE (%)
246 1.87 3.65 5.47 1x10°4 2.4
247 1.57 4.15 5.70 - 0.47
248 1.88 3.60 5.45 1x10°3 3.6%/6.1°
249 1.67 3.93 5.55 5x 104 0.8
250 1.75 3.80 5.53 4%x10°° 0.7
251 2.02 342 5.46 3x104 1.8
252 1.89 3.67 5.52 2x107° 1.1
253 1.79 3.99 5.76 - 0.37
254 1.91 3.88 5.73 - 0.13

2 Using PCg1 BM.
b Using PC71BM.

thiadiazolo[3,4-c|pyridine > pyrido[3,4-b]pyrazine > 2,1,3-
benzooxadiazole > 2,1,3-benzothiadiazole > quinoxaline
(Fig. 7b). This result demonstrates that the electron affinity
increases by the transition from the benzene core-based
polycarbazoles (246, 248, 251; lower electron affinity) to
the pyridine-based polycarbazoles (249, 250, and 252)
and finally to the pyridazine-based polycarbazoles (247,
253; higher electron affinity). More importantly though, it
is revealed that the order of the acceptor strength is not
in agreement with the order of the band gap reduction
ability of the different heterocycle as shown in Fig. 7.
This clearly verifies that reduction of the band gap of the
polymers through the incorporation of various electron-
withdrawing units in a DAD segment is not a parameter
related only to the electron affinity (strength) of the
acceptor moiety but also other important factors should
be taken into account such as the energy resonance of the
monomer and the intermolecular interactions between
the polymeric chains.

Although the HOMO levels of these polymers seem to
be fixed by the carbazole moiety [241,242], the nature of
the heterocycle acceptor unit also contributes to the overall
HOMO value. For example, the HOMO levels are increased
by passing from the three polymers (246, 248, and 251)
with the benzene core-based acceptor units in the main
chain (HOMO ca. 5.46 eV) to the three polymers (249, 250,
and 252) with the pyridine core-based acceptor units in the
main chain (HOMO ca. 5.53 eV) and finally to the two poly-
mers (247, 253) with the pyridazine core-based acceptor
units (HOMO ca 5.73 eV). At the same time, these values
confirm that all the polymers show good air stability.

Despite the higher LUMO level values of some poly-
mers (247, 249, 250, 252, and 253), the better structural
organization in copolymers (246, 248, and 251) and the
slightly higher molecular weight obtained, leads to bet-
ter hole mobilities of about 1 x 103 cm?2/V's for 248 and
as a sequence an initially PCE of 3.6% for the 248:PCs;BM
in 1:4 (w/w) ratio with Jsc=6.8 mA/cm?, Voc=0.86V and
FF=0.56 is recorded [241,243]. The fact that 247 with the
higher LUMO value and the lowest band gap exhibits a PCE
of 0.47% can be attributed to the fact that the LUMO level
is too low to expect efficient charge transfer to the PCq; BM
[242], while the structural related analogue 250, with the
more suitable energy levels for use with PCg1BM exhibits
also a low PCE of 0.7% mainly due to its lower hole mobility
which is almost 2 orders of magnitude lower than that of
248 [241].

255 CgHyiyO  OCgHy; N

Chart 59. Chemical structure of the polycarbazole derivative 255.

By further optimizing the molecular weight of 248
(M =20,000g/mol, PDI=2.2) [244], the blending ratio
between 248 and PCg;BM (1:2, w/w) and the active layer
thickness (60 nm), an improvement of the PCE (4.35%) was
obtained with Jsc =9.42 mA/cm?2, Voc=0.90V and FF=0.51
[244]. Then, replacing the PCgBM with PC7;;BM an
enhanced PCE (4.6%) was recorded for the 248:PC;;BM
in 1:2 (w/w) and an active layer thickness of 70 nm with
Jse=10.22mA/cm?, Vo =0.89V and FF=0.51 [244]. Finally,
by the addition of a titanium oxide layer (TiOyx) between
the 248:PC;;BM thin film and the aluminium electrode,
modifying the blending ratio to 1:4 (w/w) and changing
the deposition solvent from CF to DCB, a very high PCE of
6.1% was recorded with Jsc =10.6 mA/cm?, Vo =0.88V and
FF=0.66. This high efficiency is accompanied also with an
impressive internal quantum efficiency (IQE) close to 100%
implying that essentially every absorbed photon results in
a separated pair of charge carriers and that all the pho-
togenerated carriers are collected at the electrodes [245].
In addition, neither thermal annealing nor the addition of
processing additives is required for achieving this high PCE.

Another very promising polycarbazole derivative for
high performance OPVs is 255 (Chart 59) which has
been synthesized by Suzuki cross-coupling polymerization
between a diboronic ester carbazole derivative containing
an octyl side chain and a DAD segment with thio-
phene ring as the donor and an octyloxy-substituted
2,1,3-benzothiadiazole as the acceptor unit [246]. The
introduction of the octyloxy substituents onto 2,1,3-
benzothiadiazole weakens the electron strength of the
acceptor unit (LUMO at 3.35 eV, while the HOMO is situated
at 5.21eV) due to the electron donating ability of the octy-
loxy side groups as also reported before, leading to a band
gap of 1.95 eV, slightly higher as compared to the structural
related 248.

Despite the relatively high band gap, a very high PCE
of 5.4% with Vo =0.81V, Jsc =9.6 mA/cm? and FF=0.69 was
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Chart 60. Chemical structures of the polycarbazole derivatives 256-258.

Table 33
Optical band gaps and energy levels of 256-258.
Polymers Egm (eV) LUMO (eV) HOMO (eV)
256 1.30 3.80 5.10
257 1.10 3.70 4.80
258 1.25 3.80 5.05

recorded when 255 blended with PC7;1BM in 1:2.5 (w/w)
ratio [246]. The FF of 0.69 is one of the highest among
all the high performance conjugated polymers for OPVs
reported so far, which verifies the balanced charge trans-
port of the 255:PC71BM system (1 x 10~4 cm?2/V s for holes
and 3 x 10~4cm?/V's for electrons in FET measurements)
when deposited from a mixture of DCB:1,8-diiodooctane.

Finally, three LBG polycarbazole derivatives based on
the DAD concept have been synthesized [247] by Suzuki
cross-coupling polymerization and consisting of an alkyl-
functionalized (256) or a triarylamine-functionalized
carbazole unit (257, 258) alternate with a thiophene-
[1,2,5]thiadiazolo[3,4-g]quinoxaline-thiophene segment
(Chart 60).

The optical band gaps and the energy levels of 256-258
are included in Table 33. The alternating copolymer 256
displays a low band gap of 1.30eV, while the alternating
copolymers 257, 258 exhibit lower band gaps of 1.10eV
and 1.25eV, respectively. Moreover, comparing the LUMO
levels of the structural analogue copolymers 256 and 258 it
is clearly shown that passing from the alkyl substituent on
256 to the triarylamine substituent on 258, the LUMO lev-
els are maintained the same (Table 33), indicating that the
electron affinity of the polycarbazole derivatives 256-258
is adjusted by the [1,2,5]thiadiazolo[3,4-g]quinoxaline. On
the other hand, by replacing the two methyl groups at the
3,6-positions on the carbazole unit of 258 with two hydro-
gen atoms on 257, both the HOMO and LUMO levels are
upshifted by 0.15eV and 0.1 eV, respectively.

CgH17~q.-CaHi7 N-S,

Si

259 n

Chart 61. Chemical structure of the polydibenzosilole derivative 259.

Furthermore, spectroscopic studies on blends consist-
ing of either 256 or 257 or 258 as the electron donors and
PCg1BM as the electron acceptor reveal that 257:PCg1BM
blend exhibits complete photoluminescence quenching in
contrast to the partial quenching in the photoluminescence
for 256:PCs1BM and 258:PCg1 BM blends. These results can
be explained by the fact that the LUMO of PCg;BM is much
closer in energy to those of 256 and 258, which both have
LUMO levels of 3.8 eV. However the LUMO of PC5; BM is fur-
ther offset in energy from that of 257 (3.7 eV) allowing the
efficient electron transfer from 257 to PCg1BM [247]. Based
on the above observations, the photovoltaic performance
0of 257:PCs1BM in 1:1 (w/w) ratio was studied and a PCE of
0.61% with Jsc =5.16 mA/cm?, Voc =0.41 V and FF=0.29 after
thermal annealing at 150°C for 10 min, is exhibited [247].

3.2.13.4. Dibenzosilole-based polymers. Structural related
analogue to fluorene and carbazole units is dibenzosilole
where the two phenylene rings are bridged with a sili-
con atom. It has been reported that poly(dibenzosilole)
shows similar photophysical properties as PFs but with
higher electroluminescent efficiency, thermal stability and
hole mobility comparable to those of PFs [163]. Based on
these observations and considering that TBzT based PF
and polycarbazoles exhibit high PCE in BH]J solar cells, two
research groups have independently reported the synthesis
of the alternating copolymer 259 (Chart 61) consisting of
the dioctyl substituted dibenzosilole and the TBzT segment
by Suzuki cross-coupling polymerization [248,249]. The
reported molecular weights of 259 are M, =15,000 g/mol
[248] and M, =79,000 g/mol [249]. The optical band gap of
the lower My, derivative is 1.85 eV and that of the higher M,
is 1.82 eV, which is ~0.1eV and ~0.05 eV lower than that
of 195 and 248, respectively. Regarding the energy levels,
two different values were reported for both the HOMO and
LUMO levels from the two groups. The HOMO is 5.70 eV and
the LUMO is 3.81 eV for the lower M, polymer [248], while
the HOMO of the higher M, polymer is 5.39 eV [249].

The PCE of the low M, 259 in blends with PCg;BM in
1:4 (wjw) is 1.6% with Jsc=2.8mA/cm?2, Voc=0.97V and
FF=0.55 [248], while the PCE of the high M, 259 when
blended with PCgBM in 1:2 (w/w) ratio is remarkably
high (5.4%) with Jsc =9.5mA/cm?, Vo =0.90V and FF=0.51
[249]. This result indicates the effect of the molecular
weight of the polymer on the overall PCE and is in accor-
dance with the observations of Janssen et al. for the
diketopyrrolo[3,4-c|pyrrole (DPP)-based copolymer 296
that will be reported next in the text.

3.2.13.5. Germafluorene-based polymers. Very recently
Leclercetal. reported the synthesis of a new hetero-bridged
phenylene unit based on germanium (germafluorene) and
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Table 34

Optical band gaps, energy levels and photovoltaic efficiency of 260-263.
Polymers EgP (eV) LUMO (eV) HOMO (eV) PCE (%)
260 2.95 2.82 5.95 -
261 1.79 3.91 5.58 2.8
262 1.63 3.70 5.38 1.5
263 1.64 3.64 5.38 1.2

C4Hg. ,CaHo

260 CeHi7 “CgHyy

262 R:butyl
263 R:octyl

Chart 62. Chemical structures of the polygermafluorene derivatives
260-263.

its related homopolymer 260 [250] and alternating
copolymers 261-263 [250] (Chart 62). The alternating
copolymers 261-263 are consisting of an alkyl substi-
tuted germafluorene and DAD segments with thiophene
as the donor and 2,1,3-benzothiadiazole (261) or octyl
substituted diketopyrrolo[3,4-c]pyrrole (DPP) (262, 263)
as the acceptor moiety. The polymers were synthesized
by Suzuki cross-coupling polycondensation but the
obtained molecular weights were moderate, ranging from
M, =10,000 g/mol for 260 to M, = 14,000 g/mol for 263. The
optical band gaps and the energy levels of the synthesized
germafluorene copolymers are included in Table 34.

The optical band gap of 260 is very similar to that of
the dioctyl substituted PF and polydibenzosilole, while the
optical band gap of 261 (1.79eV) is lower compared to
those of its homologues 195, 248 and 259. This result indi-
cates that the incorporation of the germafluorene unit in
the polymer backbone might lead to better w- stacking
due to enhanced intermolecular interactions. Furthermore,
262 and 263 exhibit the lowest band gap among the stud-
ied polygermafluorene derivatives showing that the DPP
unit facilitates better the lowering of the band gap as com-
pared to 2,1,3-benzothiadiazole, whereas the length of the
alkyl side chain attached on germafluorene does not alter
significantly the band gap of 262 and 263. Moreover, by
studying the energy levels of the polymers it is observed
that the electron affinity of 261 is higher (LUMO =3.91 eV)

than that of 262 (LUMO=3.70eV) and 263 (LUMO =3.64).
In addition, by replacing the 2,1,3-benzothiadiazole in 261
with DPP in 262 both the energy levels are upshifted by
~0.2eV.

The photovoltaic performance of 261-263 was exam-
ined in blends with PC71BM and the results are summarized
in Table 34. 261 exhibits the higher PCE even though
its lower hole mobility (1.1 x 10~4cm?/Vs in FET) and
the higher band gap as compared to 262 and 263.
The hole mobilities of 262 and 263 are 0.04cm?/Vs
and 7.7 x 103 cm?/V s, respectively [250]. Comparing the
unoptimized PCE of 261 (2.8%) with the initial PCEs of the
analogue polymers 195 (2.3%), 248 (3.6%) and the low M
259 (1.6%) it is expected that with further optimization
on the structural characteristics (for example improving
the reaction conditions towards 261 with higher molecu-
lar weights) and the processing conditions, this polymer
can provide even higher PCEs.

3.2.14. Polycyclic aromatics bridged with fused aromatic
rings
3.2.14.1. Ladder-type oligo-p-phenylene-based polymers.
Conjugated polymers based on the indeno[1,2-b]fluorene
moiety (a pentacene-like organic molecule using phenyl-
capped ladder oligo(p-phenylene) derivative with two
carbon bridges) are attractive alternative materials with
more extended coplanar fused structure, which enables
enhanced m-conjugation, m-1 intermolecular interactions
and improved charge carrier mobility as compared to PFs
[251]. For these reasons, indeno[1,2-b]fluorene (IF) can
serve as an efficient building block for the synthesis of
LBG polymers for OPVs based on the D-A approach. Thus,
new alternating poly(indeno[1,2-b]fluorene) (PIF)-based
copolymers (264-268) consisting of an alkyl substituted
IF along with various DAD segments have been synthe-
sized by Suzuki cross-coupling polymerization (Chart 63)
[252,253]. As DAD segments, thiophene ring is the fixed
donor component, while different heterocycle monomers
like quinoxaline (264) [252], 2,1,3-benzothiadiazole
(265-267) [252,253] and thieno|3,4-b]|pyrazine (TP) (268)
[253] have been used as the electron-withdrawing units.
The optical band gaps and the energy levels of 264-268
are included in Table 35. The band gap of 264-268 lower
by passing from the quinoxaline based-PIF (264; 2.00eV) to
2,1,3-benzothiadiazole based-PIFs (265-267; 1.97 eV) and
finally to TP-based PIF (268; 1.61 eV), while no difference
on the band gap of 265-267 is detected by varying the
length of the alkyl side chain. Moreover, the LUMO levels
of the polymers 264-268 are a function of the electron-
deficient unit. For example, the lowest LUMO level is
presented when TP is used and then the order is as follows:
2,1,3-benzothiadiazole > quinoxaline. On the other hand,
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Table 35

Optical band gaps, energy levels, hole mobility and photovoltaic efficiency of 264-268.
Polymers Egpt (eV) LUMO (eV) HOMO (eV) Hole mobility (cm?/V's) PCE (%)
264 2.00 3.36 5.45 23x10°* 3.04
265 1.97 3.46 5.49 1.1x10°3 0.97
266 1.97 3.71 5.64 1.1x1073 1.70
267 1.97 3.44 5.47 1.8x104 2.44
268 1.61 3.89 5.50 5.7 x107% 0.45

265 R: hexyl
266 R:octyl
267 R:decyl

Chart 63. Chemical structures of the poly(indeno[1,2-b]fluorene) deriva-
tives 264-268.

the HOMO levels are situated between 5.45 and 5.64eV
confirming that all the polymers show good air stability.

Among the PIF copolymers 264-268, 264 exhibits
the higher PCE (3.04%) when blended with PC71BM in
1:3.5 (w/w) ratio with Jsc =7.57 mA/cm?, Vo =1.00V and
FF=0.40 even if it shows the higher band gap and
lower hole mobility (2.3 x 10~% cm?/V's in FETs measure-
ments) [252] than that of 265 or 266 (1.1 x 10~3 cm?/V s)
[252,253]. Moreover, comparing the resulting hole mobil-
ities of the structural analogue copolymers 265-267 with
respect to their photovoltaic performance a controversial
trend is detected. Despite that the hole mobility of 265-267
decreases with the presence of longer alkyl chains in their
polymer backbone, the PCE of 265-267 increases as the
length of the alkyl side chains is longer. This was explained
on the basis of the better solubility and easy processability
of 267 as compared to 265.

Furthermore, expanding the studies on longer deriva-
tives of the ladder-type oligo-p-phenylene based copoly-
mers, a new alternating conjugated polymer consisting of a
ladder-type tetra-p-phenylene moiety with TBzT segment

Chart 64. Chemical structure of a ladder-type tetra-p-phenylene based
copolymer 269 consisting of TBzT segment.

(269) [252] has been synthesized by Suzuki cross-coupling
polymerization (Chart 64).

BH] solar cells based on 269 and PC7;1BM in 1:4 (w/w)
ratio were prepared and a PCE of 4.5% was exhibited with
Jsc=10.3mA/cm?2, Voc =1.04V and FF=0.42 [252]. This PCE
is the highest among 264-269. Replacing the indeno[1,2-
b]fluorene monomer, containing four hexyl side chains, by
the more planar and ladder-type tetra-p-phenylene moi-
ety substituted with six hexyl side chains, only a slight
decrease on the band gap (1.96 eV for 269 whereas 265 has
1.97eV) and a reduced hole mobility (6.1 x 10~4cm?/V's
for 269 in FET measurements) are revealed, which cannot
obviously explain the improved PCE of 269. It seems that
the number and the length of the alkyl side chains on the
backbone of the ladder-type oligo-p-phenylene monomer
play an important role on the relationship between the
solubility-processability and the hole mobility of the corre-
sponding copolymers. As mentioned before, the four hexyl
side chains on the backbone of 265 provided better w-
stacking between the polymer chains, higher hole mobil-
ities but less solubility and processability. On the other
hand, the lower hole mobility of 269 indicates a lower
degree of ordering of the polymer chains upon the addi-
tion of two more hexyl side chains on the backbone of 269,
but the improved solubility and the easy processability of
269, due to the presence of six hexyl side chains per repeat
unit, could lead to a difference in the nanoscale morphol-
ogy of the polymer-fullerene blend, important parameter
to maintain the PCE of the corresponding solar cells high.
Finally, the LUMO level of 269 (3.45eV) is similar to 265
(3.46 eV) while the HOMO level (5.45 eV) is slightly raised,
but still maintained sufficiently high for preventing the
material from air oxidation degradation and providing a
relatively high V.

3.2.14.2. Indeno[2,1-alindene-based polymers.
Poly(indeno[2,1-al]indene)s (PIls) and its copolymers
(270-273) are new class of materials having similar struc-
ture with PFs but with one more 5-member ring in the
backbone [254]. The introduction of four alkyl chains to
the sp3 carbon atoms in the bridge increases the solubility
of the polymers without distorting the conjugation. The
subsequent copolymerization with 2,1,3-benzothiadiazole
(270) or TBzT segment (without (271) or with alkyl (272)
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271 R: 2-ethylhexyl, Ry, Ro: H
272 R: 2-ethylhexyl, Ry: hexyl, Ry: H
273 R: 2-ethylhexyl, Ry: H, Ry: hexyloxy

Chart 65. Chemical structures of the poly(indeno[2,1-a]indene) deriva-
tives 270-273.

or alkoxy (273) substituents) by Suzuki cross-coupling
polymerization provide copolymers (Chart 65) with lower
band gaps as compared to Plls (2.48eV) and uniform
absorbance in the whole visible region [254].

The optical band gaps, the energy levels and the PCE of
270-273 are presented in Table 36. The alternating D-A
copolymer 270 consisting of the indeno[2,1-a]indene unit
as the donor and the 2,1,3-benzothiadiazole as the accep-
tor moiety exhibits a band gap above 2eV (2.18eV) but
lower from the corresponding PIl homopolymer (2.48 eV).
The insertion of a thiophene ring around the benzothiadi-
azole core in 271, results with the further lowering of the
band gap to 1.84eV. The anchoring of hexyl side chains at
the 4-positions on the thiophene rings of the TBzT, close
to the indeno[2,1-a]indene, for 272 increases the band
gap by 0.12 eV as compared to 271, showing that a slight
steric hindrance within the polymer backbone is formed.
On the other hand, when alkoxy side chains are added at
the 3-positions on the thiophene rings of the TBzT (273),
further lowering of the band gap (1.79 eV) is detected. The
fact that the band gap of 273 is lower than that of 272
is attributed to the stronger electron donating ability of
the alkoxy side chains similar to the results obtained for
201 and 202.

Regarding the energy levels of 270-273, the intro-
duction of the two thiophene rings around the 2,1,3-
benzothiadiazole raise the HOMO level of 271 as compared
to 270 (Table 36) due to the increased electron density in
the polymer backbone. The HOMO of 272 is lying lower
than that of 271 due to the reduced electron delocalization
as the consequence of the slight steric hindrance within the
polymer backbone. Furthermore, the HOMO level of 273 is
considerably raised upon substitution with the alkoxy side
chains since the electron density in the polymer backbone
is significantly increased due to the electron donating abil-
ity of the alkoxy groups. Finally, BH]J solar cells prepared
from blends of either 271-273 with PCg;BM in 1:3.5 (w/w)
ratio exhibit PCEs of 1.88% for 271 with Jsc =5.93 mA/cm?,
Voc =0.74V and FF=0.43 [254].

3.2.14.3. Influence of the presence of the thiophene unit
around the 2,1,3-benzothiadiazole on the optical band gap of
various LBG conjugated polymers. At this point it is neces-
sary to make a comparison and summarize the effect on
the optical band gap for the main LBG conjugated poly-
mers reported up to now (Fig. 8). The most extensive and
well studied D-A conjugated polymers towards high per-
formance OPVs are those consisting of various electron
donor monomers and 2,1,3-benzothiadiazole as the accep-
tor unit, with or without the presence of the thiophene
ring around the 2,1,3-benzothiadiazole core in the polymer
backbone. Based on the above mentioned results and Fig. 8,
the alternating D-A LBG conjugated polymers based on the
CPDT, DTS and DTP as the electron donor monomers and
2,1,3-benzothiadiazole as the electron acceptor, exhibit
lower band gaps as compared to the analogue polymers
with the CPDT, DTS and DTP linked with the TBzT seg-
ment. On the other hand, the band gaps of the alternating
copolymers consisting of either the By134DT or the fluo-
rene or the indeno[2,1-a]indene as the donor units and
2,1,3-benzothiadiazole, are higher than those of the related
polymers containing the same donor units alternate with
the TBzT segment.

These initial results indicate that lower band gap
conjugated polymers are obtained (i) when the bridged
bithiophenes with 5-member fused aromatic rings in
the central core are copolymerized with the 2,1,3-
benzothiadiazole and (ii) when the bithiophenes with
6-member aromatic rings in the central core (for example
the B,134DT) or the bridged biphenylenes with 5-member
fused aromatic rings in the central core or the polycyclic
aromatics bridged with fused aromatic rings are copoly-
merized with the TBzT segment. However, it should always
considered that the influence of additional main-chain
thienylene units on the HOMO and LUMO energy levels
is a complex interplay of several factors, including D-A
strength, mean D-A distance and the amount of bond
length alternation and aromaticity [255].

3.2.14.4. Indolo[3,2-b]carbazole-based polymers.

3.2.14.4.1. Poly(indolo[3,2-b]carbazole-alt-electron-
deficient units). Structural related analogue of IF monomer
is the indolo[3,2-b]carbazole (IC) unit which is a
pentacene-like semiconducting organic material based on
a phenyl-capped ladder oligo(p-aniline) derivative with
two nitrogen bridges. Very recently some alternating D-A
copolymers (Chart 66) consisting of a bulky (2-ethylhexyl)
substituted-IC with various acceptor units like quinoxa-
line (274) [256], 2,1,3-benzothiadiazole (275) [256] and
TP (276, 277) [256] have been synthesized by Suzuki
cross-coupling polymerization and have been explored as
electron donor polymers in BH] solar cells.

The optical band gaps, the energy levels and the PCE of
274-277 are presented in Table 37. As shown in Table 37,
the band gaps of 274 and 275 are above 2.0 eV while only
after the insertion of the TP in the polymer backbone of
276 and 277 the band gaps drop below 2.0eV, follow-
ing the order: 277 <276 < 275 <274. Interestingly, the band
gap of 277 is considerably lower than that of 276 due
to the presence of the electron-donating alkoxyphenylene
side groups on the TP moiety, which drastically raises
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Table 36

Optical band gaps, energy levels and photovoltaic efficiency of 270-273.
Polymers EgP* (eV) LUMO (eV) HOMO (eV) PCE (%)
270 2.18 3.42 5.60 -
271 1.84 3.61 5.45 1.88
272 1.96 3.56 5.52 1.03
273 1.79 3.33 5.12 1.28

Optical Band gap
~ (Eg)

Fig. 8. Variation of the optical band gap in a series of donor-acceptor conjugated polymers.

Table 37

Optical band gaps, energy levels and photovoltaic efficiency of 274-277.
Polymers E,‘g’pt (eV) LUMO (eV) HOMO (eV) PCE (%)
274 2.31 2.81 5.12 0.872/1.40°
275 2.09 2.81 4.90 0.49°
276 1.89 2.99 4.88 0.222
277 1.58 3.04 4.62 0.14?

2 Using PCg1BM.
b Using PC7;BM.

the HOMO level while at the same time keeps almost
similar the LUMO levels between 276 and 277. How-
ever, the high lying HOMO levels of 275-277 (above
5.0eV) indicate that are more prone to air oxidation and

will prevent these polymers for achieving high V. when
employed in solar cells. The photovoltaic results obtained
when 274-277 are blended with PCg;BM in 1:4 (w/w)
ratio verified the above assumption since that the Vyc of
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R1 R1

276 R: 2-ethylhexyl, Rq: dodecyl
277 R: 2-ethylhexyl, Ry: 3(2-ethylhexyloxy)phenylene

Chart66. Chemical structures of the poly(indolo[3,2-b]carbazole) deriva-
tives 274-277 consisting of various electron deficient units.

275-277 are decreasing (0.55V (275)>0.49V(276)>0.35V
(277)) following the same order as the HOMO Ilevel.
Despite the very high band gap of 274 (2.31eV), the rel-
atively low lying HOMO level, as compared to the other
copolymers, provides enhanced V. (0.66V) and hence
higher PCE (0.87% with PCg1BM or 1.4% with PC7;BM)
[256].

3.2.14.4.2. Poly(indolo[3,2-b]carbazole) derivatives with
both electron-rich and electron-deficient units. Further
improvement of the PCE to 3.6% for the poly(indolo[3,2-
b]carbazole)-based copolymers has been achieved by the
synthesis of 278 [257] consisting of a bulky substituted-
IC unit alternate with a pentamer segment based on a
dioctyl bithiophene around a 2,1,3-benzothiadiazole core
(Chart 67). On the basis of this promising result, three
new alternating IC-based copolymers (279-281) contain-
ing a secondary alkyl side chain substituted-IC along with
either the TBzT (279) [258] or a pentamer segment with a
bithiophene unit around the 2,1,3-benzothiadiazole (280)
[258] or a modified TBzT segment where thiophene has
been replaced by the fused thieno[3,2-b]thiophene (281)
[259] have been also synthesized by Suzuki cross-coupling
polymerization (Chart 67).

The optical band gaps, the energy levels and the PCE of
278-281 areincluded in Table 38. As shown in Table 38,279
exhibits slightly higher optical band gap as compared to the
other three copolymers but is somewhat lower (0.06 eV)
than that of the structural related analogue 267 (1.97 eV)
and 0.18 eV lower than that of 275, similar to the observa-
tions for the indeno[2,1-a]indene-based copolymers 270
and 271. Moreover, the addition of one more thiophene
ring around the TBzT segment in 280 lowers the band gap

CgHq7

caH17)\C3H17 281

Chart 67. Chemicalstructures of the poly(indolo[3,2-b]carbazole) deriva-
tives 278-281 consisting of both electron rich and deficient units.

by 0.06eV due to the longer conjugation length. In addi-
tion, the substitution of the bithiophene unit around the
2,1,3-benzothiadiazole core with octyl side chains in 278
results a minor increase of the band gap as a consequence
of the less efficient packing of the polymer chains. Further-
more, by replacing the thiophene ring of 279 with the fused
thieno|[3,2-b]thiophene in 281, the band gap decreases by
0.08 eV, while as compared to 280 the band gap is main-
tained almost the same.

Regarding the energy levels of the IC-based copoly-
mers 278-281, it is observed that the HOMO levels of
279 and 280 are similar, a rather unexpected result since
that by the addition of two more thiophene rings, which
would strengthen the electron donor character of 280, it
is expected a significant raise of the HOMO level of 280.
For 281, when the fused thieno[3,2-b]thiophene is incor-
porated in the polymer backbone, the HOMO level is raised
by 0.27 eV and 0.25 eV as compared to 279 and 280, respec-
tively. On the contrary, the LUMO level of 280 is lower than
that of 279 indicating that by increasing the conjugation
length of the IC-based copolymers by the use of non fused
thiophene rings, lowering of the band gap is achieved by
the subsequent increase of the polymer’s electron affinity.
Moreover, comparing the energy levels of 279 with those
of the structural analogue 267, it is revealed that the HOMO
levels of both 279 and 267 are similar, whereas the LUMO
level of 279 is lower than that of 267 by 0.11 eV, indicating
a higher electron effinity for the IC-based copolymer. The
presence of the bridged nitrogen atoms in IC unit, which
posses higher electronegativity than the bridged carbon
atoms in IF unit is most likely one of the reasons for the
lower LUMO level of 279.
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Table 38

Optical band gaps, energy levels and photovoltaic efficiency of 278-281.
Polymers EQ™ (eV) LUMO (eV) HOMO (eV) PCE (%)
278 1.89 3.15 5.17 3.60
279 191 3.55 5.45 1.47
280 1.85 3.62 5.43 2.07
281 1.83 3.35 5.18 2.40

Table 39

Optical band gaps, energy levels and photovoltaic efficiency of 282-285.
Polymers Egpt (eV) LUMO (eV) HOMO (eV) PCE (%)
282 2.10 3.08 5.18 0.6?
283 2.08 3.02 5.10 2.23/3.3P
284 2.11 3.07 5.18 1.722.7°
285 2.10 3.07 5.17 1.12

2 Using PC¢1BM.
b Using PC7;BM.

As mentioned in the beginning, 278 when is blended
with PCg1BM in 1:2 (w/w) ratio exhibits a very promising
PCE of 3.6% with Jsc =9.17 mA/cm?, Vo = 0.69 Vand FF=0.57
[257]. Although three new IC-based copolymers have been
synthesized (279-281) which in some cases presenting
more suitable energy levels and band gaps than that of
278, the PCE obtained was not improved (Table 38). From
the three new copolymers (279-281), the maximum PCE
was recorded for 281 (2.4%) when blended with PC;;BM
in 1:2 (w/w) ratio with Jsc =6.02 mA/cm?2, Voc=0.75V and
FF=0.42 [259], while 279 and 280, in blends with PCg;BM
in 1:3 (w/w)ratio, demonstrated very high V. 0f 0.94 V and
0.90V, respectively [258].

3.2.14.5. Conjugated polymers with thiophene-phenylene-
thiophene as building block.

3.2.14.5.1. Poly(thiophene-phenylene-thiophene)
derivatives with electron-rich units. Four new con-
jugated polymers (282-285) based on the coplanar
thiophene-phenylene-thiophene (TPT) building block
have been designed and synthesized by Stille cross-
coupling polymerization for application in OPVs (Chart
68) [260]. The TPT segment is the structural analogue
of the IF where the phenylene rings at the two edges
have been replaced by thiophene rings. The TPT segment
presents nearly coplanar configuration which is expected
to enhance the rigidity of the molecular backbone, avoid-
ing possible “chain folding”, which may limit the charge
carrier mobility at higher molecular weights [261] and
enhance the degree of conjugation [262]. In addition, the
use of tetrahexylaryl groups, positioned as peripheral
substituents of the TPT units, tailors the intermolecular
interactions between the polymer chains to provide easy
processability. Furthermore, the presence of the two
thiophene rings instead of the phenylene rings should
possibly lower the band gap of the TPT-based polymers
more than the related PIF-based derivatives.

The optical band gaps, the energy levels and the PCE
of 282-285 are included in Table 39. As expected, the
band gap of TPT-homopolymer 282 is lower than that of
the IF-based homopolymers (2.83 eV) [260], while upon
addition of one thiophene ring in the polymer backbone
slight lowering of the band gap by simultaneously rais-

Chart 68. Chemical structures of the
poly(thiophene-phenylene-thiophene) derivatives 282-285.

ing of the HOMO level is observed for 283. On the other
hand, by the introduction of a non-functionalized bithio-
phene (284) or an alkyl substituted bithiophene (285) in
the TPT-homopolymer backbone both the band gaps and
the energy levels of the polymers remain unaltered. More-
over, even though the HOMO level of 284 is expected to
raise and the band gap to be reduced in greater extent by
the presence of a bithiophene unit in the polymer back-
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Chart 69. Chemical structures of the poly(thiophene-phenylene-thiophene) derivatives 286-292 consisting of both electron rich and deficient units.

bone as compared to 282, none of these happens. On the
contrary, the band gap and the HOMO level of 284 are sim-
ilar to those of 282, while as compared to 283 the band gap
is higher and the HOMO is lying deeper. One of the possible
reasons is that the insertion of the second thiophene ring
in the backbone of 283 prevents the efficient - stacking
of the polymer chains.

BH]J solar cells prepared based on blends of 282-285
using either PCg:BM or PC;1BM in 1:3 (w/w) ratio
demonstrated PCE of 3.3% based on 283:PC;1BM with
Jsc=7.6mA/cm?, Voc=0.80V and FF=0.54, while the same
polymer with the PCq;BM revealed a PCE of 2.2% with
Jse=5.3mA/cm?2, Vo =0.77 Vand FF=0.53, even though 283
has lower hole mobility (8.3 x 10~4cm?/V's in FET mea-
surements) than that of 284 (3.0 x 10~3 cm?2/Vs) [260]. This
high PCE is very promising especially for a polymer with
a band gap above 2.0eV, showing that TPT segment is an
efficient building block for the development of a series of
TPT-based conjugated polymers towards high performance
solar cells.

3.2.14.5.2. Poly(thiophene-phenylene—thiophene)
derivatives with both electron-rich and electron-deficient
units. On the basis of these exciting results and based on
the fact that the PCE of TPT-based copolymers (282-285)
is limited by the insufficient absorption (band gap around
2.1eV), further research efforts towards the synthesis of
LBG TPT-based copolymers according to the D-A approach
have been employed. This led to the synthesis of seven
new random D-A TPT-based copolymers (Chart 69)
[263,264] by Stille-cross coupling polymerization. These
polymers consisting of a tetrahexylaryl-functionalized
TPT moiety as donor and various electron with-
drawing units including: 2,3-diphenylquinoxaline
(286), 2,1,3-benzothiadiazole (287, 288), thiophene-
diketopyrrolo[3,4-c]pyrrole-thiophene (TDPPT) (289),
2,3-diphenylthieno|3,4-b]pyrazine (290), thiophene-6,7-
dihexyl[1,2,5]thiadiazolo[3,4-g]quinoxaline-thiophene
(TDTQT) (291), 6,7-dihexyl|[1,2,5]thiadiazolo[3,4-
glquinoxaline (292).

The optical band gaps, the energy levels and the
PCE of 286-292 are presented in Table 40. By incor-
porating the various electron withdrawing heterocy-
cles, the band gaps of the resulting random TPT-
based copolymers were effectively reduced following the
order: 286>288>287>289>290=291>292. Comparing
the energy levels of the polymers, even though it seems
to be a trend in the reduction of the LUMO level by
the subsequent introduction in the polymer backbone
of the 2,3-diphenylquinoxaline, 2,1,3-benzothiadiazole,
TDPPT, 2,3-diphenylthieno[3,4-b]pyrazine, TDTQT and 6,7-
dihexyl[1,2,5]thiadiazolo[3,4-g]quinoxaline (Table 40), the
non-reproducibility of the estimated values as presented
by the two different LUMO level values of 287 (Table 40)
for the same molecular composition cannot easily support
the above mentioned outcome. On the other hand, the band
gap of 287, regardless the two different reported energy
level values, is situated at 1.70 eV.

Among the LBG TPT-based copolymers 286-292,
those consisting of the diphenylquinoxaline (286), 2,1,3-
benzothiadiazole (287, 288) and TDPPT segment (289)
exhibit PCEs above 3.9% and as high as 4.3% when blended
with PCg;BM in 1:3 (w/w) (Table 40) [263,264]. 287
presents the highest PCE with Jsc =10.1 mA/cm?2, Vo =0.8V
and FF=0.53 while the PCE of 286 clearly represents one of
the highest reported PCE among the known quinoxaline-
based LBG polymers. The PCEs of 290-292 are significantly
lower in comparison to the other polymers due to the
lower current densities and V¢, which for the latter can
be attributed to their raised HOMO levels. In addition,
morphological studies revealed relatively low level of
roughness (<0.8 nm) and no significant aggregation for 286,
287 and 289, whereas 290-292 feature higher degrees
of roughness and island-like aggregation [263,264]. Fur-
ther optimization of the PCE of 287 to 5.8% was achieved
by replacing the PCgiBM with PC;1BM by using 1,8-
octanedithiol (1.25% by volume) as an additive in DCB,
mainly due to the remarkable increase in the FF [265]. TEM
analyses revealed that small donor and acceptor domains
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Table 40
Optical band gaps, energy levels and photovoltaic efficiency of 286-292.
Polymers Eg™ (eV) LUMO (eV) HOMO (eV) PCE (%)
286 1.80 3.37[263] 5.30 [263] 4.20
287 1.70 3.53[263]/3.66 [264] 5.30[263]/5.43 [264] 4.30[263,264]/5.80 [265]
288 1.76 3.56 [264] 5.46 [264] 3.90
289 1.40 3.60[263] 5.25[263] 4.20
290 1.20 3.63[263] 5.03 [263] 0.40
291 1.20 3.66 [263] 5.12 [263] 0.84
292 1.00 3.67 [263] 5.16 [263] 0.50

R= 2-ethylhexyl

Chart 70. Chemical structures of the multifused heptacyclic based
copolymers 293 and 294.

were formed directly during the spin-coating process,
thereby providing an optimal interpenetrating network
and improved performance.

3.2.14.6. Conjugated  polymers  based on  multi-
fused heptacyclic structures. Based on the chemical
structures of the well studied 195 and 248 in
order to fully take advantage of their excellent
properties, two new D-A copolymers poly(fluorene-
dicyclopentathiophene-alt-benzothiadiazole) 293
[266] and poly(carbazole-dicyclopentathiophene-alt-
benzothiadiazole) 294 [266] (Chart 70) were synthesized
by Stille cross-coupling polymerization. The structural
uniqueness of 293 and 294 is that the 3-positions of
the two outer thiophenes are covalently tied with the
3,6-position of central fluorene or carbazole units by a
carbon bridge, forming two cyclopentadienyl (CP) rings
embedded in a multifused heptacyclic structure.

The optical band gaps of 293 and 294 are 1.76eV and
1.66 eV, respectively which are lower than that of the
non-fused analogues 195 and 248. The absorption spec-
tra profiles of 293 and 294 are essentially unchanged with
slight broadening of the bands and red shift of the band
edges from solution to the solid state which in combination

with the no obvious thermal transition in the differential
scanning calorimetry measurements confirms the amor-
phous nature of the polymers. This can be explained by the
fact that the two 4-(2-ethylhexyloxy)phenyl moieties sub-
stituted at the carbon of cyclopentadienyl rings dilute the
strong intermolecular m—r interactions between the poly-
mer chains [266]. Moreover, comparing the energy levels
of 293 and 294 (Fig. 9) it is revealed that the LUMO level
of 294 is 0.06 eV lower than that of 293, as expected since
that the nitrogen atom is more electronegative than car-
bon, whereas the HOMO level of 293 is situated 0.06 eV
higher than that of 294. This result is in contrast with
the results obtained comparing the HOMO levels of 195
and 248. The HOMO level of 195 is 0.05eV lower than
the HOMO level of 248, indicating that the raising of the
ionization potential of the multifused heptacyclic struc-
ture formed upon chemical rigidification of the fluorene
unit with the two outer thiophene rings is significantly
higher. In addition, the upshift in the HOMO of 293 is
higher that that of analogue carbazole-based heptacyclic
structure (Fig. 9). On the other hand, the LUMO levels of
both 195 and 248 remain unaltered upon their chemical
rigidifications.

Preliminary photovoltaic results based on blends of
either 293 or 294 with PC71BMin 1:2 (w/w) ratio show very
promising results with PCEs of 2.8% for 293 and 3.7% for
294 with Jsc=10.7 mA/cm?, Vo =0.8V and FF=0.43 [266].
The reason for the moderate FF is most likely the high
surface roughness as observed by AFM, rather than the
hole mobilities because despite their amorphous nature,
293 and 294 show good hole transporting properties such
as 2.5 x 1074 cm?/Vs (293) and 1 x 10~% cm?/Vs (294) as
measured by the SCLC method. In addition, the hole mobil-
ities in blends with PC;;BM were found 5 x 10~> cm?2/V's
for 293 and 4 x 10~% cm?2/V s for 294.

3.2.15. Low band gap conjugated polymers based on

various electron-deficient units

3.2.15.1. Diketopyrrolo[3,4-c]pyrrole-based polymers.
Diketopyrrolo[3,4-c|pyrrole (DPP) is a versatile build-
ing block for the preparation of many LBG conjugated
polymers through the D-A approach due to its high
electron-withdrawing effect. Significant progress was
made very recently for the DPP-based conjugated poly-
mers in the area of OPVs by the synthesis of a LBG (1.4eV)
polythiophene derivative (295), containing the electron-
rich quaterthiophene segments with the DPP unit (Chart
71), and shows a very promising PCE of 4.0% when blended
with PC7BM in 1:2 (w/w) ratio with Jsc=11.3mA/cm?,
Voc=0.61V and FF=0.58 [267]. In addition, 295 exhibits
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Chart 71. Chemical structures of the poly(diketopyrrolo[3,4-c]pyrrole) derivatives 295-311.

excellent ambipolar charge transport properties (hole
and electron mobilities up to 0.1cm2/Vs) and energy
levels at 4.7 eV for the HOMO and 3.0eV for the LUMO.
Finally, it was demonstrated that the selection of solvent
affected the photovoltaic performance of the 295:PCs;BM

blends [267]. For example, when CF:o-dichlorobenzene
(ODCB) mixture or ODCB are used as solvents, higher
PCE was observed compared to CF, which is related
with the morphology of the as-deposit layer. The surface
morphology of layers from CF:ODCB mixtures and from
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ODCB dispersions displays small features (<100 nm), while
films from CF present domains with dimensions of several
hundreds of nanometers. The unfavourable morphology of
the CF processed films cannot be improved even after the
application of thermal treatment [267].

On the basis of this high PCE, a large library of DPP-based
conjugated polymers has been synthesized (296-311)
[268-274] from many research groups by either Suzuki or
Stille cross-coupling polycondensation (Chart 71). Several
typical conjugated building blocks (including: thiophene,
fluorene, carbazole, dibenzosilole, CPDT, DTS, DTP, B1345DT
and B,134DT) have been used to tune the optoelectronic
properties of the DPP-based polymers. The optical band
gaps, the energy levels and the PCEs of the synthesized
copolymers are presented in Table 41.

As can be seen, the copolymer 296 with an unsub-
stituted terthiophene segment between each pair of DPP
units presents enhanced PCE (4.7%) as compared to that
of 295 when blended with PC71BM in 1:2 (w/w) [268].
Moreover, it was shown that the PCE of 296 is dependent
from its molecular weight. The higher the molecular weight
(Mp =54,000 g/mol), the higher the PCE. This behaviour is
attributed to the fact that the lower M, (10,000 g/mol)
of 296 presents a reduction in the photocurrent and as a
sequence to the PCE (2.7% in blends with PC7;BM in 1:2,
w/w), which is in contrast to the constant FET mobility of
both high and low Mj, derivatives of 296 that exhibit almost
the same values (102 cm?2/V s) for both electron and holes
[268].

Among the other DPP-based conjugated polymers with
either 5 or 6 membered fused bridged bithiophene units
B1245DT (298-300) [269,274], B134DT (301) [269], DTS
(302, 303) [269,272], CPDT (304) [273] and DTP (305,
306) [270,271], 301 exhibits the highest PCE of 4.45%
when blended with PC71BM in 1:2 (w/w) ratio with
Jse=10mA/cm?2, Voc=0.72V and FF=0.62 after thermal
annealing at 110°C for 30 min [269]. Then, the PCE follows
the order: 299 (2.78%) [274],305 (2.71%) [270], 298 (2.53%)
[269], 304 (2.27%) [273], 302 (2.10%) [269], 300 (1.51%)
[274] and 306 (1.12%) [271], which is not in accordance
with the order of the band gap lowering that is as follows:
300 (1.70eV)>299 (1.43eV)>298=304 (1.31eV)>302
(1.29eV)>303 (1.24eV)>305=306 (1.13eV). The higher
optical band gap of 300 cannot be attributed to the B1245DT
unit but rather to the presence of the phenyl rings next to
the DPP unit because by switching the phenyl rings with
the more electron rich thiophene rings in 299, the band
gap significantly drops to 1.43 eV. The lowering of the band
gap is achieved through the raising of the HOMO level since
that the LUMO levels of 299 and 300 are almost similar (a
small variation of 0.05eV is detected), indicating that the
LUMO level is localized at the DPP unit. The structural ana-
logue 298 with the longer octyl side chain on the B145DT
and the 2-ethylhexyl side chains on DPP exhibits lower
band gap than that of 299 indicating that most probably
the -1 stacking between the polymer chains is more effi-
cient with the presence of branched alkyl chains on the DPP
unit. In addition, even though the band gap of 298 is equal
to 304 (1.31eV), the replacing of the B145DT with CPDT
upshifts both the energy levels of 304 by 0.2 eV. Moreover,
further lowering of the band gap at 1.24 eV was achieved

by changing the bridged carbon atom of 304 with silicon
in 303. Opposite to what is observed in 298 and 299, the
presence of branched alkyl side chains on the DPP unit of
302 results with slightly increased band gap as compared
to 303. Further lowering of the band gap can be achieved by
switching from the DTS to the DTP. The optical band gaps
of 305 and 306 are the same (1.13eV) showing that the
type of the alkyl side chains does not influence the optical
band gap but rather the energy levels of the copolymers
(Table 41). It is obvious that the LUMO levels of both poly-
mers are similar, verifying that the LUMO level is localized
on the DPP unit, whereas the HOMO level of 306 is situ-
ated 0.12 eV deeper than that of 305. This can be explained
by the disruption of the conjugation along the polymer
chain as a result of the presence of the branched alkyl
side chains. Comparing the energy levels of the structural
related copolymers 302 and 306, the lowering of the band
gap by passing from the DTS to the DTP unit is achieved
by the lowering of the LUMO level since that the HOMO
levels of both polymers are similar (Table 41). This is the
result of the presence of the more electronegative nitrogen
atom of the DTP unit as compared to the silicon atom of
the DTS. The PCE of 305:PC7;BM in 1:2 (w/w) is 2.71%, the
highest recorded among copolymers that cover the whole
range of the solar spectrum from 300 to 1100 nm and have a
very LBG (1.13 eV) with Jsc = 14.87 mA/cm?, Vo =0.38 Vand
FF=0.48 [270]. The HOMO level of 305 (4.90 eV) is possibly
responsible for the low V.

Concerning the DPP-based copolymers with fluorene
(307, 308) [269,271,272], carbazole (309, 310) [271,272]
and dibenzosilole (311) [272], the optical band gaps of the
fluorene and carbazole DPP based copolymers are influ-
enced from the choice of the alkyl side chain (linear versus
branched), as shown in Table 41. For example, 307 contain-
ing a fluorene with linear alkyl chains has a much lower
band gap (1.31 eV) than the similar analogue 308 (1.75eV)
with branched alkyl chains due to the better packing of the
polymer chains. This is also verified based on the energy
level values of 307 and 308. Even though their LUMO levels
are similar, the presence of the branched alkyl side chains
in 308 results to a deeper HOMO level. Similar observa-
tions are presented in 309 and 310 where a small increase
in the length of the linear alkyl side chain of the carbazole
monomer in 310 results to a small increase of the band
gap (1.63 eV) as compared to 309 (1.57 eV). Interestingly,
311 containing a dibenzosilole with the same alkyl side
chains in the polymer backbone as the fluorene unit of
307 exhibits an optical band gap of 1.31 eV similar to that
of 307 indicating that the bridged atom of the bipheny-
lene unit does not influence the band gap of the resulting
copolymers, opposite to what is observed in the 5 mem-
ber bridged bithiophene-based copolymers 303 and 304.
Finally, the photovoltaic performance of 307-311 has been
examined and 310 exhibits the higher PCE (2.26%) in blends
with PCgBM in 1:2 (w/w) ratio with Jsc=5.35mA/cm?,
Voc=0.76V and FF=0.56 [271] which is 40% increased from
the related 309 (1.6%) [272]. The improved miscibility with
the appearance of a rather smooth surface and intimate
mixing of the 310:PCg1BM blend compared to the rough
surface and coarse phase separation of 307 or 308:PCg1BM
blends, as confirmed from the morphology studies based



1392 C.L. Chochos, S.A. Choulis / Progress in Polymer Science 36 (2011) 1326-1414

Table 41

Optical band gaps, energy levels and photovoltaic efficiency of 295-311.
Polymers Egpt (eV) LUMO (eV) HOMO (eV) PCE (%) Polymers Eg™ (eV) LUMO (eV) HOMO (eV) PCE (%)
295 1.4 3.00 4.70 4.00 304 1.31 3.31 4.95 2.27
296 13 3.61 5.17 4.70 305 1.13 3.63 4.90 2.71
297 1.2 3.87 5.26 - 306 1.13 3.64 5.02 1.12
298 1.31 3.51 5.16 2.53 307 1.31 3.60 5.23 0.78
299 143 3.69 5.15 2.78 308 1.75 3.64 5.42 0.88
300 1.70 3.74 5.47 1.51 309 1.57 3.92 5.44 1.60
301 1.34 3.63 5.21 4.45 310 1.63 3.66 5.35 2.26
302 1.29 347 5.04 2.10 311 1.31 3.90 5.43 -
303 1.24 3.80 5.31 -

on AFM, explain the higher PCE of the carbazole based DPP
copolymers [271].

3.2.15.2. Thieno[3,4-b]pyrazine-based polymers. One of the
most well-studied electron deficient unit, except 2,1,3-
benzothiadiazole, quinoxaline and DPP, used for lowering
the band gap of conjugated polymers through the D-A
approach is thieno[3,4-b]pyrazine (TP). TP moiety is an
attractive building block owing to its ability to provide
more planar backbone between repeating units due to
the less steric hindrance of the thiophene compared to
the benzene ring in 2,1,3-benzothiadiazole or quinoxaline
polymers [275]. By replacing the 2,1,3-benzothiadiazole
in the TBzT segment with TP, a new thiophene-
thieno[3,4-b]pyrazine-thiophene (TTPT) segment has been
synthesized, where upon its homopolymerization or
copolymerization with various electron rich units, like fluo-
rene, carbazole and thiophene (Chart 72), several TP-based
copolymers were synthesized (312-326) [124,275-280]
that their optoelectronic properties can be easily fine
tuned.

The optoelectronic properties and the PCEs of 312-326
are presented in Table 42. The optical band gaps of the alter-
nating copolymers 312-315[276] are ranged between 1.68
and 1.81eV and are significantly higher than that of the
other TTPT-based homopolymers (316-323) and copoly-
mers with thiophene units (324-326), which are between
1.20 and 1.33 eV. Regarding 312-315, the optical band gaps
of the carbazole alternating TTPT copolymers 314-315 are
lower than the related fluorene analogues 312-313, while
the phenyl substituted TP derivatives 313 and 315 show-
ing lower band gaps than that of the methyl substituted TP
derivatives 312 and 314. Moreover, the polymers 312-315
demonstrate similar HOMO levels (Table 42), while the
LUMO levels of 313 and 315 are ~0.1eV lower that the
related methyl substituted 312 and 314, indicating that the
presence of aromatic substituents on the TP unit increasing
the electron affinity of the resulting copolymers.

The preparation of 312 along with the above men-
tioned 308 allow for the reliable comparison on how the
three different electron withdrawing monomers (2,1,3-
benzothiadiazole, TP and DPP) influence separately the
HOMO and LUMO levels and the overall optical band gap
of the PF derivatives presented in Fig. 10. The selection of
these PF derivatives was made on the basis to compare
polymers with identical conjugated backbones and vary-
ing only the electron withdrawing unit, in order to avoid
the influence of any side effects. For example, as shown

3.47 3.45

LUMO Y] eV
3.64
eV

5.26

—_— eV
5.42
5.56 — o/

HOMO sy
Eg 1.85 eV 1.61eV 175 eV

Fig. 10. Comparison of the energy levels and optical band gaps for the
polyfluorene derivatives 198, 312, and 308.

above in this text any differentiation on the length of the
alkyl side chains affect both the energy levels and the band
gap of the resulting polymers. Based on Fig. 10, the opti-
cal band gap of the PF derivatives decreases following the
order 2,1,3-benzothiadiazole > DPP > TP. However, it can-
not be excluded the fact that the band gap of the DPP-based
PF derivative 308 is higher than that of the TP-based PF
derivative 312 due to the presence of the side alkyl chains
on the DPP. Moreover, comparing the energy levels of the
polymers it is realized that the LUMO levels of the 2,1,3-
benzothiadiazole and TP-based PF derivatives are similar
[276], within the accuracy of the measurement, indicating
that the electron affinity is almost the same for these two
polymers and the observed variation on the band gap can
mainly be attributed to the raised HOMO level of the TP-
based copolymer [276]. For the DPP-based PF copolymer
it is observed that the LUMO level is situated lower than
that of the other two PF copolymers indicating that upon
insertion of the DPP unit into the polymer backbone the
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Chart 72. Chemical structures of the poly(thieno[3,4-b]pyrazine) derivatives 312-326.

electron affinity of the resulting PF copolymer significantly
increases despite the fact of the presence of the bulky alkyl
chains in the sides of the DPP unit.

Moreover, studying the oxidation and reduction poten-
tial of homopolymers 318-321 it is shown that in 318
[277], where two octyl-substituted thiophene rings were
combined with an unsubstituted-TP unit, the reduction

potential is —1.68 V and the oxidation potential is +0.14 V.
Upon substitution of the TP unit with linear (319) [278]
or branched (320) [278] alkyl chains, the reduction poten-
tials are identical and slightly higher than that of 318
(0.13V and 0.15V, respectively). On the other hand,
the oxidation potential between these three polymers
(318-320) presents significant variation. By passing from

Table 42

Optical band gaps, electrochemical properties and photovoltaic efficiency of 312-326.
Polymers Egp‘ (eV) Ereq (V)/LUMO (eV) Eox (V)[HOMO (eV) PCE (%)
312 1.81 -1.35/3.45 +0.46/5.26 1.37
313 1.74 -1.27/3.53 +0.47/5.27 0.89
314 1.79 -1.35/3.45 +0.44/5.24 1.02
315 1.68 -1.25/3.55 +0.43/5.23 0.90
316 1.28 -1.47/- -0.14/- 0.61
317 1.21 -1.40/- -0.11/- 1.46
318 1.30 -1.65/- +0.14/- 0.09
319 1.28 -1.78/- -0.17/- 0.70
320 1.31 -1.80/- -0.29/- 0.50
321 133 -1.79/- -0.26/- 0.80
322 1.28 -1.65/- -0.19/- 0.29
323 1.20 -1.47/- -0.01/- 1.10
324 ~1.30 -/- -/- 0.22
325 ~1.30 -/~ -/ 0.011
326 ~1.30 -/- -/~ 0.0028
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the unsubstituted-TP 318 to octyl substituted-TP 319 or to
2-ethylhexyl substituted-TP 320 subsequent lowering of
the oxidation potential by 0.31V and 0.43 V, respectively is
observed indicating that introduction of alkyl side chains
on the TP affects mostly the HOMO level of the polymers
and less the LUMO level. In addition, the constant reduc-
tion potential of 319 and 320 points to a more localized
LUMO on the TP in the polymer chain. Furthermore, the
replacement of the octyl side chains from the thiophene
rings of 320 with n-butoxymethyl chains in 321 [278] has
minimum impact on the reduction potential, while the
oxidation potential of 321 is slightly decreased due to an
inductive effect [278].

The TTPT-based homopolymers 318-321 studied con-
taining unsubstituted TP units or TP functionalized with
linear or branched alkyl side chains that exhibit band gaps
between 1.28eV and 1.33 eV, while the values of their
reduction potentials provide a rather high lying LUMO lev-
els. Thus, in order to achieve further lowering of the band
gap by decreasing the reduction potential, two phenyl-
substituted TP homopolymers based on TTPT segment
were synthesized, that carry four 2-ethylhexyloxy side
chains on the thiophene rings of 322 [279] or on the
outer phenyl rings in 323 [279]. As reported previously for
copolymers 312-315, the phenyl-substituted TP copoly-
mers 313-315 exhibit at least 0.1 eV lower band gaps and
0.1 eVlower LUMO levels than alkyl-substituted TP copoly-
mers 312-314. In this case, the optical band gaps of 322 and
323 are 1.28eV and 1.20eV, respectively indicating bet-
ter chain organization in the solid state when the alkoxy
side chains are situated to the outer phenyl rings in 323,
while the band gap of 323 is ~0.1eV lower than that of
318-321. Regarding the reduction and oxidation poten-
tials, 322 reveals a low oxidation potential at —0.19V and
a reduction potential at —1.65V, similar to that of 318
consisting of the unsubstituted TP. Upon switching the
alkoxy side chains from the thiophene rings in 322 to the
outer phenyl rings in 323 both the oxidation and reduction
potentials are shifted by 0.18 V (Table 42). Finally, all the
thiophene-alt-TTPT copolymers 324-326 [280] present a
virtually identical band gap of 1.30eV, regardless the use
or not of alkyl side chain on the thiophene ring and the
length of the alkyl side chain on the phenyl rings of the TP
unit.

The polymers 312, 314 and 323 when blended with
PCs1BM in 1:3 (w/w) ratio (312, 314) [276] or 1:4 (w/w)
ratio (323) [279] and 317 in blends with PC71BM in 1:4
(w/w) ratio [124] present promising photovoltaic per-
formance with PCEs above 1%. The PCE of 317 (1.46%)
with Jsc =5.9 mA/cm?, Vo =0.65V and FF=0.38 is the high-
est reported for a TP-based copolymer [124]. In addition,
despite the fact that 312 exhibits the higher optical band
gap among the TP-based copolymers, its PCE (1.37%) with
Jsc=3.97mA[/cm?, Vo =0.60V and FF=0.57 [276] is very
close to 317. Based on these results, it is evident that
the methyl substituted TP-based PF (312) or polycarbazole
(314) exhibit slightly higher PCEs than that of the phenyl-
substituted TP copolymers 313 and 315. Moreover, the
positioning of the solubilizing side chains influence the PCE
since that changing the position of the alkoxy side chains
from the thiophene rings in 322 to the outer phenyl ring

in 323 the PCE improved from 0.29% (322) to 1.10% (323)
[279]. The improvement in the PCE was attributed to the
more favourable morphology of the blend and higher Vi
due to the deeper HOMO level. In addition, the choice of
the side chains (linear/branched/ether function) between
the three copolymers 319-321 also affects the PCE of
the devices. The introduction of the ether side chains (n-
butoxymethyl) in the polymer backbone of 321 increases
the solubility and as a consequence the processability,
without preventing the aggregation between the polymer
chains. All these lead to enhanced charge transport and PCE
(Table 42) [278]. Finally, the other copolymers generally
demonstrate low PCEs due to the very low Vj, as a result
of their high lying HOMO levels, signifying as well their
poor oxidative stability.

Other examples of TP-based copolymers are those
consisting of fused aromatic TP units in their polymer back-
bone. The presence of fused aromatic TP unit provides a
flat m-electron rich face, which can promote w-1r stacking
between the polymeric chains. These enhanced interac-
tions can improve the crystallinity as well as the absorption
coefficiencies of the polymers in the solid state [275,280].
Therefore, several fluorene, thiophene and bithiophene
copolymers containing fused phenanthrene (327-331) and
acenapthalene (332-335) TP moieties were synthesized by
Suzuki and Stille cross-coupling polymerization (Chart 73)
[275,280].

The optical band gaps, the energy levels and the PCEs
of 327-335 are included in Table 43. Initially, comparing
the optical band gaps of 328-330 [280] with the structural
analogue polymers 324-326 it is evident that by adding
an extra bond between the two phenyl rings on the TP of
324-326, in order to form the planar 11-thia-9,13-diaza-
cyclopenta[b]triphenylene (phenanthrene) acceptor, the
absorption spectra of 328-330 were red shifted providing
alower optical band gap around 1.2 eV. Moreover, the band
gaps of 327 [275] and 331-335 [275] depend significantly
on the fused-aromatic moiety present in the TPs, show-
ing that the phenanthrene-containing polymers have lower
band gaps than that of the acenapthalene copolymers. The
phenanthrene copolymers containing the bithiophene unit
exhibit the lowestband gap (1.16 eV)(Table 43). Comparing
the band gaps of the structural related PF copolymers 327,
333 or the bithiophene copolymers 331, 335 it is shown
that the band gaps of 333 and 327 are 1.62 eV and 1.40eV,
respectively whereas those of 335 and 331 are 1.43 eV and
1.16eV, respectively. In addition, the band gap of the lin-
ear alkyl substituted acenapthalene copolymer 332 islower
than that of its corresponding branched alkyl substituted
copolymer 333, due to the better m—r stacking between the
polymer chains. Similar observation is reported by study-
ing copolymers 334 and 335. Regarding the energy levels,
the LUMO level of the phenanthrene-containing polymers
is lower than that of the acenapthalene copolymers point-
ing out that the phenanthrene moiety has higher electron
affinity than the acenapthalene unit. On the other hand, the
HOMO level of the polymers is independent from the elec-
tron withdrawing unit and is primarily determined by the
fluorene and the bithiophene units.

The photovoltaic properties of the acenapthalene and
phenanthrene-containing polymers 327-335 were inves-
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Chart 73. Chemical structures of the fused poly(thieno[3,4-b]pyrazine) derivatives 327-335.

Table 43

Optical band gaps, energy levels and photovoltaic efficiency of 327-335.
Polymers Egpt (eV) LUMO (eV) HOMO (eV) PCE (%)
327 1.40 3.53 493 0.57
328 ~1.20 - - 0.003
329 ~1.20 - - 0.014
330 ~1.20 - - 0.0015
331 1.16 3.79 495 0.14
332 1.58 3.34 492 0.39
333 1.62 3.38 5.00 0.70%/1.30°
334 1.33 3.44 477 0.13
335 1.43 3.49 4.92 0.34
2 Using PCs1BM.
b Using PC7;BM.

tigated in BHJ devices using fullerene derivatives as CeHiz

electron acceptors. PCEs of 1.3% were achieved for 333 in A\ s |>I \ s

blends with PC;; BM (1:4, w/w ratio) with Jsc = 5.1 mA/cm?, & s -

Voc=0.62V and FF=0.42 [275]. Moreover, the PF (333) N n

and bithiophene (335) acenapthalene copolymers with the CegHi3

branched alkyl chains showed better PCEs as compared to

their linear analogues 332 and 334 (Table 43). However,

the high lying HOMO levels and the low absorption coeffi- o : O‘ O

ciencies of these polymers are most likely responsible for

the limited efficiencies. 8H17 CthT

CSH17 CgH17
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3.2.15.3. Bithiazole-based polymers. Bithiazole (BTz) with
two thiazole rings connected together is an electron accep-
tor unit because thiazole is a well-known electron deficient
unit since it contains one electron-withdrawing nitrogen of
imine in the place of the carbon atom at the 3-position of
thiophene ring. Taking this into account, BTz has been used
very recently for the synthesis of a series of new alternating
LBG conjugated polymers through the D-A approach (Chart
74) with fluorene (336) [281], carbazole (337) [282], DTP
(338)[282],and DTS (339) [282] as the electron donor moi-
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Chart 74. Chemical structures of the poly(bithiazole) derivatives
336-339.
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eties by Suzuki(336,337) or Stille (338, 339) cross-coupling
polymerization.

The optical band gap, the energy levels and the PCE
of 336-339 are included in Table 44. 336 and 337
display higher optical band gaps (2.21eV), 339 has a
band gap of 1.85eV and finally 338 exhibits the low-
est band gap (1.68eV). The photovoltaic performance of
the four copolymers in blends with PCg1BM (337-339)
[282] or Cgp (336) [281] in 1:1 (w/w) ratio was exam-
ined and 339 demonstrates the higher PCE (1.63%) with
Jsc=5.14mA/cm?2, Voc=0.70V and FF=0.45 due to the
more favourable energy levels and high hole mobility
(3.07 x 10~% cm?2/V s based on the SCLC method). The hole
mobility value of 339 is one order of magnitude higher
than that of 338 (5.01 x 10~> cm?2/V's) and two order of
magnitude than that of 337 (1.02 x 10-6 cm2/V's) [282].
In addition, some other disadvantages preventing both
337 and 338 for providing higher PCEs are the low Jsc
(1.24mA/cm?) of 337 due to the high optical band gap
and the low Vi (0.28 V) of 338 as a result of its high lying
HOMO level (4.76 eV). Further optimization of 339:PCg; BM
devices through changing the weight ratio at 1:2 (w/w)
led to the slightly improvement of the PCE at 1.66%
with Jsc =4.49 mA/cm?, Voc =0.73V and FF=0.51 [282]. The
lower Js¢ at higher PCg1 BM content could be ascribed by the
reduction of the absorption of the active layer. By replacing
the PCg1BM with PC71BM a significant higher PCE of 2.86%
was obtained from the 339:PC;;BM in 1:1 (w/w) ratio with
Jsc=7.85mA/cm?, Vo =0.68V and FF=0.54 [282]. Appar-
ently, the Jsc increased significantly by using the PC7;BM
as a result of its enhanced visible absorption whereas the
Voc retained almost similar to the 339:PCg; BM device.

3.2.15.4. Pyrido[3,4-b]pyrazine-based polymers. As
described previously, the pyrido[3,4-b]pyrazine (PP)-
based polycarbazole derivative 252 display higher electron
affinity relative to that of the quinoxaline-based polycar-
bazole derivative 251 because the former feature more
electron-withdrawing nitrogen atoms in the fused ring.
However, 252 exhibited a moderate PCE of 1.1% because
of its low molecular weight and/or poor solubility. There-
fore, four PP-containing LBG polymers (340-343) of high
molecular weight and enhanced solubility in common
organic solvents were synthesized by Stille cross-coupling
polymerization reaction (Chart 75) [283]. The choice of
B1245DT and CPDT as the donor monomers was based on
the basis of the good performance of their derivatives
when applied in OPVs, while the presence of the octy-
loxyphenyl groups anchored to the PP moieties increased
the solubilities of the resulting copolymers. Furthermore,
since that the alternating copolymers 340 and 341 absorb
too little in the visible range the use of thiophene or
bithiophene units in the random copolymers 342 and 343
extended their light-harvesting abilities by covering the
solar spectrum from the visible to a significant portion of
the NIR region.

The optical band gaps, the energy levels and the photo-
voltaic performance of 340-343 are included in Table 45.
In general, the optical band gaps are tuned in the range of
1.46-1.60eV and more specifically the PP-based copoly-
mers with the CPDT unit (341 and 343) exhibit lower

band gaps and elevated HOMO levels as compared to their
analogues 340 and 342 (Table 45). Moreover, the LUMO
levels of all copolymers are almost similar (in the range of
3.28-3.32eV) regardless the polymeric architecture (ran-
dom versus alternating) and the choice of the electron
donating unit, indicating that the LUMO levels are localized
in the PP monomer.

The PCE of the random copolymers 342 and 343 as esti-
mated in BH]J solar cells with PC7;BM in 1:4 (w/w) ratio is
higher than that of the alternating copolymers 340 and 341.
The higher PCE of 3.15% is obtained for the 343:PC7;BM
with Jsc=10.85mA/cm?2, Voc=0.63V and FF=0.46 [283].
One of the possible reason that the random copolymers
342 and 343 display higher PCEs than 340 and 341, except
from their broader absorption spectra, is that their mor-
phologies in blends with PC;;BM are more homogeneous
than those of 340 and 341. 343 exhibits the most homoge-
neous surface, presumably contributing to its higher carrier
transport in blends with PC7{BM (2.36 x 10~4cm?/V's as
measured by the SCLC model) and dissociation.

3.2.15.5. Benzimidazole-based polymers. Many LBG D-A
conjugated polymers with excellent efficiencies have as
electron-deficient unit mainly the 2,1,3-benzothiadiazole
as demonstrated previously in the text. However, very
few heterocycles, that are structural analogues of the
2,1,3-benzothiadiazole, have been studied as alternative
electron-withdrawing candidates. Some of these include
the 2,1,3-benzooxadiazole and 2,1,3-benzoselenadiazole,
where the sulphur atom of the 2,1,3-benzothiadiazole has
been replaced by oxygen and selenium, respectively. Simi-
larto 2,1,3-benzooxadiazole and 2,1,3-benzoselenadiazole,
benzimidazole is another type of electron-deficient hete-
rocycle that has compensated less attention as alternative
to the 2,1,3-benzothiadiazole. In fact, only three LBG D-A
conjugated polymers (Chart 76) consisting of the benzimi-
dazole moiety along with fluorene (344), carbazole (345)
and 4H-cyclopentaldef]phenanthrene (CPP) (346) have
been synthesized very recently by Suzuki cross-coupling
polymerization and have been applied as alternative elec-
tron donors in OPVs [284].

The optical band gaps, the energy levels and the PCEs
of the copolymers 344-346 are presented in Table 46.
The band gaps of 344-346 are estimated at 1.64eV and
1.66 eV, which are lower as compared to the related 2,1,3-
benzothiadiazole-based copolymers 198, 248 and 355 (see
next in the text). For example, the band gap of 345 is
0.24 eV lower than that of 248 while the band gap of 346
is 0.34eV lower than that of 355. Moreover, the LUMO
levels of 344-346 are situated around 3.6eV (Table 46)
regardless the existence of three different electron donor
units in their polymer backbones, indicating that the LUMO
level is localized on the benzimidazole unit. On the other
hand, the HOMO levels of the copolymers are differen-
tiated from each other by 0.07eV following the order:
344 > 346 > 345. Furthermore, when comparing the energy
levels of the structural related polymers 246, 248 and
345, it is demonstrated that the HOMO levels are similar
(5.45eV for 248 and 5.47 eV for 246, 345), verifying that
the HOMO level of the polycarbazole derivatives consist-
ing of benzene core-based acceptor units in the main chain
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Table 44
Optical band gaps, energy levels and photovoltaic efficiency of 336-339.
Polymers Efg’pt (eV) LUMO (eV) HOMO (eV) PCE (%)
336 2.21 2.77 5.53 0.52
337 2.21 2.91 5.44 0.30
338 1.68 2.79 4.76 0.06
339 1.85 3.09 5.18 1.66%/2.86"

2 Using PCg1BM.
b Using PC7;BM.
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Chart 75. Chemical structures of the poly(pyrido[3,4-b]pyrazine) derivatives 340-343.

Table 45

Optical band gaps, energy levels and photovoltaic efficiency of 340-343.
Polymers Egpt (eV) LUMO (eV) HOMO (eV) PCE (%)
340 1.58 3.32 5.22 1.20
341 1.46 3.31 5.18 1.82
342 1.60 3.28 5.20 235
343 1.49 3.30 5.13 3.15

Table 46

Optical band gaps, energy levels and photovoltaic efficiency of 344-346.
Polymers E‘g"" (eV) LUMO (eV) HOMO (eV) PCE (%)
344 1.64 3.63 5.61 0.42
345 1.64 3.66 5.47 3.12
346 1.66 3.61 5.54 0.67

is obtained in the range of 5.45-5.47 eV, as reported in Sec-
tion 3.2.13.3.2. On the contrary, the LUMO level of 345 is
similar with the LUMO level of 246 (3.65eV) and 0.06 eV
lower than that of 248 indicating that benzimidazole
and 2,1,3-benzooxadiazole have similar electron accepting
properties whereas both heterocycles are slightly stronger
electron acceptors as compared to 2,1,3-benzothiadiazole.
Similar observations are revealed by comparing the energy
levels of the polymers 198 and 344. In this case, the HOMO
level of 198 is 0.1 eV raised as compared to 344, while the
LUMO level of 344 is 0.23 eV lower than that of 198.

All the polymers were applied as donors to conven-
tional BHJ-type OPV devices with PC7;BM as the acceptor
in 1:4 (w/w) ratio and the PCEs are included in Table 46
[284]. Even though, 345 exhibits the higher PCE (3.12%)
with Jsc=10.0mA/cm?2, Voc=0.65V and FF=0.48, the PCE
of 344 and 346 are low presumably due to their lower

hole mobilities as compared to 345. The hole mobilities
of the polymers 344-346 as estimated in FET mea-
surements are 7.5 x 10-6cm?/Vs, 2.2 x 1073 cm?/Vs and
3.9 x 1073 cm?/V s, respectively.

3.2.15.6. Benzotriazole-based polymers. Structural

related analogue of 2,1,3-benzothiadiazole, 2,1,3-
benzooxadiazole, 2,1,3-benzoselenadiazole and
benzimidazole is the 1,2,3-benzotriazole heteroaro-

matic compound which possess strong electron accepting
feature because of the two electron withdrawing imine
(C=N) and the bridged nitrogen atom. Until recently,
1,2,3-benzotriazole-based homopolymers and copolymers
remained relatively unexplored for solar cell applications,
but the synthesis of a polymer from 1,2,3-benzotriazole
and alkyl-substituted thiophenes that has shown some
photovoltaic performance opened the way for the further
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Chart 76. Chemical structures of the poly(benzimidazole) derivatives
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Chart 77. Chemical structures of the poly(1,2,3-benzotriazole) deriva-
tives 347 and 348.

exploitation of this class of materials for OPVs [285]. On
this basis, two new D-A alternating 1,2,3-benzotriazole-
based copolymers 347 and 348 (Chart 77) [286] consisting
of By245DT as the electron donor were synthesized by
Stille cross-coupling polymerization. Furthermore, the
N-H bond of the 1,2,3-benzotriazole can be easily mod-
ified by various alkyl chains allowing the tuning of the
structural and electronic properties as well as to enhance
the processability of the resulting polymers.

The optical band gaps of 347 and 348 are 2.0eV and
1.95eV, respectively while their HOMO levels are similar
(5.04eV for 347 and 5.06eV for 348). Moreover, photo-
voltaic devices prepared by 347 and 348 in blends with

CeHiz™ “CgHya

?eHw

feuets
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Chart 78. Chemical structures of the
ylidenemalononitrile) derivatives 349-353.

poly(2-pyran-4-

PC71BMin 1:4 (w/w) ratio demonstrated moderate PCEs of
1.4% and 1.7%, respectively. The photovoltaic parameters
of the 348:PC;1BM blend are Jsc =4.5mA/cm?, Vo =0.61V
and FF=0.62.

3.2.15.7. [2-Pyran-4-ylidenemalononitrile]-based polymers.
Another electron-withdrawing unit that has been applied
for the synthesis of LBG conjugated polymers through
the D-A approach is 2-pyran-4-ylidenemalononitrile (PM).
When PM is introduced between two alkyl-substituted
thiophenevinyl groups, a coplanar bithiophenevinyl-2-
pyran-4-ylidenemalononitrile (TVM) building block has
been synthesized which upon polymerization with various
electron-rich units like 9,9-dihexylfluorene (349) [287],
10-hexylphenothiazine (350) [287], thiophene (351)[288],
bithiophene (352) [287,288] and terthiophene (353) [288]
by either Suzuki or Stille cross-coupling polymerization
reactions (Chart 78) provided new TVM-based copoly-
mers with tunable optoelectronic properties as shown in
Table 47.

Based on the optical band gaps included in Table 47,
it is revealed that the TVM-based copolymers with the
oligothiophene units (351-353) exhibit lower band gaps
compared to 349 and 350. On the other hand, no reli-
able conclusions can be obtained regarding the impact
of the different electron-rich unit used along with TVM
on the energy levels of the polymers due to the non-
reproducibility of the estimated values (Table 47) for
352 (processed under identical experimental procedures)
[287,288]. Even so, the values of Table 47 indicate that
the HOMO level of the oligothiophene-TVM copolymers is
raised as the number of the thiophene rings in the poly-
mer backbone increases. In addition, comparing the energy
levels of 349 and 350 is shown that the LUMO levels are
not affected, whereas the HOMO level of 349 is situated
significantly deeper than that of 350 indicating that the
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Table 47

Optical band gaps, energy levels and photovoltaic efficiency of 349-353.
Polymers Egpt (eV) LUMO (eV) HOMO (eV) PCE (%)
349 2.13 3.57 5.63 0.04
350 191 3.56 5.25 0.51
351 1.73 3.44 5.44 0.61
352 1.76 3.53[287]/3.38 [288] 5.29 [287]/5.38 [288] 0.99
353 1.72 3.42 5.15 0.81

phenothiazine has stronger electron-donating ability than N'S‘N

fluorene.

BHJ photovoltaic devices were prepared by using the
copolymers 349-353 and PCgBM in various ratio. The
highest PCE was obtained for 352 (0.99%) in 1:3 (w/w) ratio
with Jsc =2.39 mA/cm?, Vo =0.90V and FF=0.46 [287,288].
One of the reasons for the low PCE is the unoptimized thin
film morphology of the copolymers with the observation of
large scale phase separation. The degree of phase separa-
tion can be controlled by adjusting the conjugation length
of copolymers 351-353 as demonstrated by AFM and TEM
studies [288].

3.2.16. Poly(aryl-2,1,3-benzothiadiazole-aryl)

derivatives

3.2.16.1. Other poly(thiophene-2,1,3-benzothiadiazole-
thiophene) derivatives. As repeatedly reported above,
TBzT represents the most popular building block that
when it is combined with various comonomers such as:
oligothiophenes (61-70), thieno|[3,2-b]thiophene (83-85),
CPDT (118), DTS (127-129), DTP (136 and 137), DTT
(146), B1245DT (167-171), By134DT (174-177), fluorene
(194-202), carbazole (248), dibenzosilole (259), germaflu-
orene (261), IF (265-267), ladder-type tetra-p-phenylene
(269), indeno[2,1-a]indene (271-273) and IC (278-280)
the resulting LBG copolymers exhibit high PCEs in OPVs.
Here, some other independent comonomers will be
reported that were combined with TBzT segment and
cannot be included in the aforementioned categories
(Chart 79).

N-Dodecyl-pyrrole is one of the first electron rich unit
that was combined with TBzT segment providing 354 [289],
synthesized by Stille cross-coupling polymerization and
exhibits an optical band gap of 1.6eV. The energy levels
of 354 are situated at 5.50eV the HOMO and 3.73 eV the
LUMO. Blends of 354 with PCg1BM in 1:3 (w/w) ratio show
a PCE of 1% with Jsc =3.1 mA/cm?2, Vo =0.72V and FF=0.37.
The low molecular weight and the unfavourable morphol-
ogy within the 354:PCg1BM blend are two possible reasons
for this moderate PCE [289].

Another monomer with rigid backbone is CPP that
when copolymerized with TBzT segment by Suzuki cross-
coupling polymerization, 2 new conjugated polymers (355
and 356) are provided [290]. The optical band gap of
356 (1.80eV) is lower than that of 355 (2.00eV) due to
the presence of the alkoxy-substituted phenyl rings on
the CPP of 356, as compared to the alkyl side chains of
355. In addition, the HOMO levels of 355 and 356 are
5.40eV and 5.30eV, respectively showing that the HOMO
of 356 is slightly raised as a result of the presence of the
more electron-donating substituents on its polymer back-

354

357 CeH1a

Chart 79. Chemical structures of poly(thiophene-[2,1,3]-
benzothiadiazole-thiophene) derivatives 354-357.

bone. BH] solar cells based on blends of 355 and 356 with
PC71BMin 1:4 (w/w)ratio were prepared and PCEs of 1.00%
for 355 (Jsc =4.70mA/cm?2, Voc=0.71V and FF=0.30) and
1.12% for 356 (Jsc =4.60 mA/cm?, Vo =0.61V and FF=0.40)
were obtained [290]. The slightly enhanced PCE of 356 is
attributed to the higher FF, even though it exhibits lower
Voc and Jsc.

Finally, a poly(TBzT-vinylene) 357 has been synthesized
by Stille cross-coupling polymerization and displays an
optical band gap of 1.5eV [291]. The HOMO and LUMO lev-
els of 357 are 4.99 eV and 3.49 eV, respectively and a PCE of
0.51% with Jsc =3.1mAJ/cm?, Vo =0.66V and FF=0.51 was
obtained from 357:PC7;BM in 1:1 (w/w).

3.2.16.2. Poly(phenyl-2,1,3-benzothiadiazole-phenyl)
derivatives. By switching the two thiophene rings of
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Chart 80. Chemical structures of the poly(phenylene-[2,1,3]-
benzothiadiazole-phenylene) derivatives 358-360.

the TBzT segment with the two less electron rich pheny-
lene rings, the 4,7-diphenyl-2,1,3-benzothiadiazole (DPBz)
is obtained which is known to be a strong fluorescent dye,
with a low-lying HOMO level, finding application in many
optoelectronic applications [292]. However, the band gap
of DPBz is relatively large (2.8 eV), higher than that of the
TBzT segment. In order to obtain LBG polymers based on
the DPBz, three new vinylene-type copolymers consisting
of a hexyloxy-functionalized DPBz segment alternate
with dioctylfluorene (358) or dihexylthiophene (359) or
dialkyloxyphenylene (360) were synthesized by Horner
polycondensation reaction (Chart 80) [293].

The optical band gaps, the energy levels and the PCEs
of 358-360 are included in Table 48. The optical band gaps
of 358-360 are all above 2.0 eV which cannot be consider
very LBG polymers. The decrease of the band gap follows
the order: 358 > 360 >359. 358 and 360 exhibit low-lying
HOMO levels (Table 48), whereas the HOMO level of 359
is upshifted and situated at 5.11eV. The electron affinity
follows the order 358 > 359 > 360.

BHJ photovoltaic devices based on blends of 358-360
with PCg1BM in 1:4 (w/w) ratio were prepared and
PCEs of 1.62% for 360, with Jsc =3.93 mA/cm?, Vo =0.96V
and FF=0.43, were obtained [293]. All three copolymers
demonstrated very high Vi, and especially for 358:PCg1 BM
blend the Vo was above 1.0V (1.04V), as the result
of its low-lying HOMO level [293]. One of the reasons
of the higher PCE of 360 is its higher hole mobility
(2.4 x 10-5cm?/V's) as measured by the SCLC method as
compared to the hole mobilities 0f 358 (2.4 x 10-6 cm?/V s)
and 359 (2.4 x 1076 cm?2/V's).

3.2.17. Conjugated polymers that published after the
submission of the review and act as electron donor
components in organic photovoltaics

You et al. have recently reported the synthesis of
alternating conjugated polymers based on alkyl function-

Ry Ry

7N
X X

S S

361 X:C,Ry, Ry =octyl

362 X:C, Rq=octyl, R, = dodecyl

363 X:C, Rq=octyl, Ry = 2-ethylhexyl

364 X:C, Ry =2-hexyldecyl, R, = octyl

365 X:C, Ry =2-hexyldecyl, Ry = 2-ethylhexyl
366 X:C, Ry, Ry = 2-ethylhexyl

367 X:N, R4, Ry = 2-ethylhexyl

N
R: 2-ethylhexyl R
CgHyz  CgHyz
7
X \X R
J S
D 0 A
S )
368 R
X=C 370 R 3-butylnonyl
369 X=N

Chart 81. Chemical structures of the TBzT (361-367) and TPyT (368-370)
based poly(benzodithiophene) derivatives.

alized on the 4-position of the thienyl groups of TBzT
segment, and NDT (361-366) [294] or dithieno|3,2-f:2/,3'-
h]quinoxaline (QDT) 367 [295] by Stille cross-coupling
polymerization (Chart 81). It is shown that the side chains
attached to the conjugated backbone of 361-366 affect the
energy levels and significantly impact the PCE of the corre-
sponding BH] solar cells (Table 49). Moreover, it appears
that the short and branched 2-ethylhexyl side chains,
anchored through out the conjugated backbone of 366,
are the optimum side chains for the studied 361-366
copolymers [294]. Furthermore, comparing the two struc-
turally related polymers 366 and 367, it is shown that
the incorporation of the electron-withdrawing nitrogen

Table 48

Optical band gaps, energy levels and photovoltaic efficiency of 358-360.
Polymers Eg™ (eV) LUMO (eV) HOMO (eV) PCE (%)
358 2.32 3.05 5.45 1.25
359 2.02 3.01 5.11 0.65
360 2.24 2.98 5.23 1.62
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Table 49
Optical band gaps, energy levels and photovoltaic efficiency of 361-412.

Polymers Eg™ (eV) LUMO (eV) HOMO (eV) PCE (%) Polymers Egp‘ (eV) LUMO (eV) HOMO (eV) PCE (%)
361 - 3.19 5.13 1.20 387 1.82 3.10 5.56 4.70
362 - 3.12 5.27 1.28 388 1.50 - 4.85 1.54
363 - 3.21 5.30 3.00 389 1.50 - 5.05 0.64
364 - 3.12 5.32 2.17 390 1.67 - 5.26 3.15
365 - 3.20 5.33 2.01 391¢ - - - -
366 1.61 3.29 5.34 4.30 392 1.84 3.70 5.49 0.95
367 1.70 3.28 5.46 5.10 393¢ - - - -
368 1.53 3.42 5.36 6.20 394 1.88 3.70 5.56 3.90
369 1.56 3.44 5.50 5.57 395 1.84 3.78 5.54 3.50
370 1.51 3.44 5.47 6.32 396 1.86 3.83 5.66 0.20
371 1.70 3.30 5.70 6.00 397 1.88 3.70 5.56 3.60
372 1.10 3.90 5.64 2.10 398 1.89 3.78 5.73 0.70
373 1.53 3.53 5.35 5.50 399 1.64 3.61 5.17 4.02
374 1.59 3.56 5.22 3.80 400 2.00 - 5.04 2.03
375 1.35 3.80 5.50 4.10 401 1.97 2.95 5.15 3.82
376 148 3.72 5.19 1.90 402 1.94 - 5.11 2.60
377 141 3.80 5.40 5.00 403 2.24 - 5.67 1.30
378 1.44 3.71 5.16 2.00 404 2.16 3.82 5.70 2.20
379 1.40 3.73 5.15 2.60 405 2.18 - 5.54 2.75
380 1.68 3.48 5.34 5.40 406 1.87 - 5.20 1.39
381 1.75 3.52 5.36 6.40 407 1.82 3.54 5.29 117
382 1.80 3.259/- 5.323/5.50 430 408 175 3.56 526 2.34
383 1.70 - 5.25 3.64 409 1.75 3.57 5.28 4.05
384 1.40 3.70 5.10 1.40 410 1.69 3.63 5.48 2.26
385 217 3.52 5.42 0.73 411 1.56 3.20 5.00 0.42
386 1.67 3.70 5.39 1.57 412 1.56 3.10 5.00 2.71

2 Using cyclic voltammetry technique.
b Using ambient photo electron spectroscopy (PESA).
¢ Insoluble in common organic solvents.

atoms in the NDT donor unit, leads to a deeper HOMO
level and a higher band gap for 367 (Table 49) since that
the LUMO levels are similar [295]. However, the PCE of
366 in blends with PCg1BM in 1:0.8 (w/w) is higher (5.1%
with Jsc=14.20mA/cm?2, Voc=0.67V and FF=0.54) than
that of 367 (4.3% with Jsc =11.38 mA/cm?, Voc=0.83V and
FF=0.46). The lower PCE of 367 is attributed to its slightly
higher band gap and smaller absorption coefficient as com-
pared to 366 even though its higher Vi as a result of the
deeper HOMO level (Table 49) [295].

The same research group also reported the synthe-
sis of three new D-A alternating copolymers based
on the thiophene-thiadiazolo[3,4-c|pyridine-thiophene
(TPyT) functionalized on the 4-position of the thienyl
groups with 2-ethylhexyl side chains as the acceptor seg-
ment and NDT (368), QDT (369) and Bq,45DT (370) as
the donor units (Chart 81) [296]. The estimated optical
band gaps and energy levels of 368-370 are presented in
Table 49. Comparing copolymers 363 and 368, it is demon-
strated that the replacement of the 2,1,3-benzothiadiazole
in the TBzT segment with the thiadiazolo[3,4-c|pyridine in
the TPyT segment resulted with a slightly reduction of the
band gap by 0.08 eV and a significant reduction of the LUMO
level by approximately 0.2 eV (Table 49). On the other hand,
only a small variation of the HOMO level by 0.06eV is
observed (Table 49). The lowered LUMO level is one of
the reasons for the observed band gap reduction in these
polymers. Moreover, the LUMO levels of all three poly-
mers (368-370) are almost identical, independent from the
donor used (Table 49), showing that are primary located in
the TPyT segment [296]. BH] solar cells prepared based on
blends of 368-370 and PCs;BM in 1:1 (w/w) ratio showed

very high PCEs of over 5.5% for 369 and over 6% for 368
and 370 due to the simultaneously small band gaps that
improves the Js. values and the low lying HOMO lev-
els that maintain the high V, values. The maximum PCE
of 6.32% was obtained from 370 with Jsc =12.78 mA/cm?,
Voc=0.85V and FF=0.58 [296].

Andersson and coworkers presented the synthesis
of two new D-A alternating oligothiophene copolymers
containing either quinoxaline (371) [297] or pyrazino[2,3-
g]quinoxaline (372) [298], both substituted with octyloxy
phenyl groups, as the acceptor units by Stille cross-coupling
polymerization reaction (Chart 82). The optical and elec-
trochemical properties of 371 and 372 are presented in
Table 49. The optical band gap of 371 is 1.7 eV while that
of 372 is 1.1eV. Moreover, the HOMO and LUMO lev-
els of 371 are located in suitable position matching to
those of PCs1BM but those of 372 are close to PCg1BM
(Table 49)indicating that the electron transfer between 372
and PCg1BM is not so effective. This is verified by examining
the PCE of both 371 and 372 based on photovoltaic devices
(Table 49). Blends of 371 with PC71BM in 1:3 (w/w) showed
a very high PCE of 6% with Jsc=10.5mA/cm?2, Voc=0.89V
and FF=0.64[297]. On the other hand, BH] solar cells based
on 372 with PC71BM in 1:3 (w/w) ratio showed PCE of 2.1%
with a photoresponse up to 1100 nm [298].

As shown before, the copolymer 296 with an unsub-
stituted terthiophene segment between each pair of DPP
units presents a promising PCE of 4.7% [268]. Janssen et al.
have synthesized a new member of the DPP family (373)
by introducing a phenyl ring between the two thiophene
rings adjacent to the DPP unit (Chart 83) by Suzuki cross-
coupling polymerization reaction [299]. The optical band
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Chart 82. Chemical structures of the quinoxaline (371) and pyrazino[2,3-
glquinoxaline (372) oligothiophene copolymers.
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373 X: S, R: 2-hexyldecyl
374 X: O, R: 2-hexyldecyl

375 X:0,Y:0,R: 2-ethylhexyl
376 X:0,Y: 0, R: 2-hexyldecyl
377 X:0,Y: S, R: 2-ethylhexyl
378 X:0,Y:S, R: 2-hexyldecyl
379 X:S,Y:0,R: 2-hexyldecyl

Chart 83. Chemical structure of the thiophene or furan based
diketopyrrolo[3,4-c|pyrrole copolymers 373-379.

gap of 373 is 1.53 eV, which is 0.23eV higher than that
of 296. The HOMO level of 373 is situated at 5.35eV and
the LUMO level at 3.53eV (Table 49). It is revealed that
by replacing the thiophene ring from 296 with a phenyl
ring in 373, the HOMO level is getting deeper and the
LUMO level is upshifted. These characteristics lead to pho-
tovoltaic cells with a PCE of 5.5% when 373 is blended
with PC7;BM in 1:2 (w/w) ratio with Jsc=10.3 mA/cm?,
Voc=0.80V and FF=0.65 [299] using CF as solvent and
25 mg/mL of 1,8-diiodooctane as an additive. Moreover, the

380

Chart 84. Chemical structure of the tetrazine based cyclopenta[2,1-b:3,4-
b'|dithiophene copolymer 380.

furanylene analogue of 373 has been synthesized by Suzuki
cross-coupling polymerization (374)[300] by replacing the
thiophene rings of 373 with furan rings. Comparing the
optoelectronic properties of 373 and 374, it is shown that
the optical band gap of 374 is slightly higher, the LUMO
level remains almost similar whereas the HOMO level is
upshifted by 0.13 eV (Table 49). However, the PCE of 374 in
blends with PC7;BM in 1:2 (w/w) ratio is lower (3.8%) than
that of 373, indicating that even though the furan based
derivative provides good performance in solar cells, its PCE
is somewhat less than that of the corresponding thiophene
derivative 373. The reduction in the PCE was attributed to
the lower molecular weight [300].

By replacing the phenyl ring from the furan based
derivative 374 with either furan (376) or thiophene (378)
(Chart 83)[300], lower PCEs were also obtained (Table 49),
despite their lower band gaps. Comparing the energy levels
0f376 and 378 with those of 374, the HOMO levels maintain
almost similar while the LUMO levels are getting deeper
by ~0.15eV (Table 49). This is in contrast of what is gen-
erally observed. For example, the lowering of the band gap
is mainly attributed in the raising of the HOMO level while
the LUMO level is kept almost constant. At the same time,
Fréchet et al. presented the synthesis of polymers with
identical conjugated backbones as 376 and 378 but with
shorter and less bulkier side chains (375 and 377)[301]. The
use of the 2-ethylhexyl instead of 2-hexyldecyl side chains
resulted with the appearance of lower band gaps for 375
and 377. However, the band gap of 375 is lower than that
of 377, opposite to the results obtained from 376 and 378
(Table 49). The LUMO levels of 375 and 377 were slightly
affected (3.8 eV) but their HOMO levels were significantly
altered and situated at deeper positions (5.50eV for 375
and 5.40eV for 377). The simultaneously lowering of the
band gap and the increased HOMO levels led to improved
PCEs for the 375 and 377 (Table 49). PCEs as high as 5.0%
were obtained from the 377:PC;1BM system in 1:3 (w/w)
ratio with Jsc =11.2mA/cm?, Voc=0.74V and FF=0.60 and
the use of 9% by volume CN as an additive [301].

One of the newly introduced electron-withdrawing unit
into the backbone of conjugated polymers for OPV appli-
cations is s-tetrazine [302]. The first solution-processable
conjugated polymer with tetrazine in the main chain is
380 (Chart 84) and has been synthesized by Stille cross-
coupling polymerization reaction. The optical band gap of
380 is 1.68 eV with a broad absorption profile covering
the 450-700 nm region. The energy levels are situated at
5.34eV the HOMO and 3.48 eV the LUMO (Table 49). First
photovoltaic trials based on blends of 380 with PC;1BM in
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Chart 85. Chemical structures of the multifused TPT copolymer and
silaindacenodithiophene derivatives 381-384.

1:2 (w/w)ratio demonstrated a promising PCE of 5.4% with
Jse=12.2mA[/cm?, Vo =0.75V and FF=0.59 [302].

Previous studies on poly(thiophene-phenylene-
thiophene) derivatives have shown efficient OPV
characteristics (see Section 3.2.14.5.2). More specifi-
cally, PCE of 5.8% has been achieved from the random
copolymer 287 [265]. By changing the random distri-
bution of the selected monomers to alternating, Ting
et al. have synthesized the alternating copolymer 381
(Chart 85) consisting of the TPT segment as the donor unit
and 2,1,3-benzothiadiazole as the acceptor unit by Stille
cross-coupling polymerization reaction [303]. The optical
band gap is 1.75 eV, while the HOMO and LUMO levels are
situated at 5.36eV and 3.52 eV, respectively (Table 49).
The PCE of 381 in blends with PC7;BM was improved to
6.4% after solvent vapor annealing with Jsc =11.2 mA/cm?,
Voc=0.85V and FF=0.67 [303].

As reported above, when the carbon atoms at the 4-
position of the CPDT-based polymers are replaced by silicon
atoms, enhanced interchain packing is observed, improving
the crystallinity of the polymer chains, thereby the charge
carrier mobility and resulting in higher PCEs [167-170].
Considering the above issues, two independent research
groups [304,305] have synthesized three new alternat-
ing D-A copolymers based on the silaindacenodithiophene
(SiIDT) as the donor and 2,1,3-benzothiadiazole (382) or
TBzT (383) or TDPPT (384) as the acceptor segments
(Chart 85). SiIDT is the TPT analogue where the linked
carbon atoms have been replaced by silicon atoms. The

Chart 86. Chemical structures of the poly(dicyclopentathienocarbazole)
derivatives 385-386.

optical and electrochemical properties are presented in
Table 49. It is shown that the optical band gap of 382
is 1.80eV, while the band gap is reduced by 0.1 eV upon
addition of two more thiophene units between the 2,1,3-
benzothiadiazole core in 383 [304]. Moreover the presence
of the TDPPT segment in 384 facilitates further the reduc-
tion of the band gap up to 1.4eV [305]. In addition to
the optical properties, the HOMO levels of 383 and 384
are upshifted as compared to 382, whereas the SiIDT
based copolymer 384 with the DPP unit exhibits the lower
LUMO level. The photovoltaic properties of the SiIDT based
copolymers were investigated in blends with PC7;BM and
PCEs of 4.3% were recorded for the 382:PC71BM system
in 1:3.5 (w/w) ratio with Jsc=9.39mA/cm?, V,c=0.88V
and FF=0.52 [305]. The PCE of 383 and 384 were 3.64%
and 1.4%, respectively (Table 49). The lower PCE of 384
is attributed to the lower LUMO-LUMO offset energy
between 384 and PC;1BM which may be less than neces-
sary for efficient electron transfer. Finally, two ladder-type
conjugated polymers 385 and 386 [306], based on a
Tr-excessive conjugated monomer (dicyclopentathienocar-
bazole (DCPTCz)) integrating the structural components of
carbazole and thiophene into a single molecular entity,
have been synthesized by oxidative coupling (385) or
Suzuki cross-coupling polymerization (386) (Chart 86).
Upon addition of the 2,1,3-benzothiadiazole in the poly-
mer backbone of 385, resulting polymer 386, the band gap
is significantly reduced by 0.5 eV, the HOMO level remains
almost similar and the LUMO level is getting deeper by
0.18 eV (Table 49). Solar cells using the polymers 385 and
386 and PC;1BM were prepared and PCEs of 1.57% were
obtained based on the 386:PC71BM system in 1:2 (w/w)
ratiowithJsc =4.59 mA/cm?, Vo =0.81 Vand FF=0.42 [306].
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Chart 87. Chemical structures of the N-alkylthieno[3,4-c]pyrrole-4,6-
dione based copolymers 387-390.

Since that TPD moiety exhibits a symmetric, rigidly
fused, coplanar structure and strong electron-withdrawing
properties, two research groups have synthesized vari-
ous D-A TPD based copolymers using either alkyl (387)
or alkoxy functionalized bithiophene units (388 and 389)
or CPDT (390) as the electron donor monomers (Chart
87). By combining the symmetrical bi(dodecyl)thiophene
with TPD, Wei et al. presented polymer 387 [307], synthe-
sized by Stille cross-coupling polymerization reaction. The
optical band gap is 1.82eV, while the HOMO and LUMO
levels are situated at 5.56eV and 3.10eV, respectively.
These characteristics allowed 387 to exhibit a promis-
ing PCE of 4.7% (Table 49) when blended with PCg;BM in
1:1.5 (w/w) ratio with Jsc =8.02 mA/cm?2, Voc=0.95V and
FF=0.62. Furthermore, Watson et al. examined the proper-
ties of two conjugated polymers consisting of a dodecyloxy
substituted bithiophene alternate with a TPD moiety con-
taining two different alkyl side chains (linear (388) and
branched (389)) [308]. Despite the different alkyl side
chains, the band gaps of both 388 and 389 are the same.
However, the HOMO level of 389 containing the bulkier
side chain is shifted by 0.2 eV to deeper values. Replacing

R: 2-ethylhexyl

391 R;=octyl, Ry, Rz=H

392 R, =2-ethylhexyl, Ry, Rz =H
393 R, =dodecyl, Ry, R3=H

394 R;,Ry=octyl, R3=H

395 R;=octyl, R, =ethyl, R=H
396 R4, R3z=octyl, R,=H

397 R4 =dodecyl, Ry =octyl, R3=H
398 R, =dodecyl, R, =H, Ry =octyl

Chart 88. Chemical structures of the N-alkylthieno[3,4-c]pyrrole-4,6-
dione based poly(benzo[1,2-b:4,5-b']dithiophene) derivatives 391-398.

the alkoxy functionalized bithiophene unit with CPDT in
390, the band gap is higher by 0.17 eV as compared to 388,
while the HOMO level is shifted by 0.41eV into deeper
values (Table 49). BHJ solar cells based on 388-390 and
PC71BM in 1:2 w/w ratio demonstrated PCEs of 3.15% for
390 with Jsc=8.12mA/cm?, V,c=0.76V and FF=0.50. On
the other hand, the PCEs of the 388 and 389 based solar
cells was mainly hindered by the high HOMO level, poor
charge transport properties and suboptimal film morphol-
ogy [308].

Following the first studies on the copolymers 164-166
consisting of TPD alternate with B1,45DT moieties, Leclerc
et al. presented the synthesis of new copolymers based on
B1245DT and alkylated TPD monomers (391-398), where
thiophene rings were added around the TPD core in
order to tune the electronic properties [309], by Stille
cross-coupling polymerization (Chart 88). The optical and
electrochemical properties of 391-398 are presented in
Table 49. It is shown that neither the length nor the type of
the tail chain on the TPD seems to affect the optical proper-
ties of these copolymers. The absorption spectrum of 392
in thin film form showed that the unfunctionalized thio-
phene rings did not modulate the optical properties and
the optical band gap remains the same as 164-166. Similar
to the optical properties, the alkyl chain on the TPD unit
did not dramatically change the HOMO and LUMO energy
levels [309]. The LUMO levels are situated between 3.7 eV
and 3.8eV, while the highest variation of 0.24eV in the
HOMO levels is observed between 392 and 398. Moreover,
the copolymers with the substituted thiophene rings (alkyl
chains facing the By45DT unit) or unsubstituted thiophene
rings tend to exhibit low PCEs (less than 1%) due to a bad
morphology of the active layer, whereas the copolymers
with substituted thiophene rings (alkyl chains facing TPD
unit) show enhanced PCEs of 3.9% from the 394:PCs;BM
in 1:2 (w/w) ratio with Jsc =7.6 mA/cm?, Vo =0.89V and
FF=0.57 due to the improved morphology. However, these
PCEs are still lower than that of 164-166.
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Chart 89. Chemical structures of the alternate copolymers 399-402,
based on the benzo[1,2-b:4,5-b'|dithiophene and various electron with-
drawing units.

Other B1245DT based derivatives have been synthesized
(Chart 89) by various research groups and consist-
ing of either octyloxy substituted 2,1,3-benzothiadiazole
(399) [310], or nonyl substituted bithiazole (400 and
401) [311,312], or thiazolothiazole (402) [311] by Stille
cross-coupling polymerization reaction. The optical and
electrochemical properties of 399-402 are presented in
Table 49. The band gap of 399 is 1.64eV, 0.31eV lower
than that of the related analogue 255. The lowering of the
band gap is mainly attributed to the significant lowering of
the LUMO level (399 at 3.61eV and 255 at 3.35eV) while
the HOMO level is not affected significantly (0.04 eV). The
PCE of 399 in blends with PC7;BM in 1:2 (w/w) ratio is
very promising (4.02%) with Jsc =8.96 mA/cm?, Voc =0.76 V
and FF=0.59 since that no annealing or additives were
employed [310], but still lower than that of 255.

Comparing copolymers 400 and 401 it is shown that
the bands gaps are similar while the HOMO level of 401
is situated at deeper position than that of 400 (Table 49),
despite the presence of two thiophene rings around the
bithiazole core. BH] solar cells were prepared based on
blends of 400:PC71BM in 1:2 (w/w) ratio and 401:PC;;BM
in 1:1 (w/w) ratio and demonstrated PCEs of 3.82% for
the 401:PC7;BM with Jsc=7.84mA/cm?, Voc=0.86V and
FF=0.57 [312]. In addition, the band gap and HOMO
level of 402 are similar to those of 400 and 401 and a

N/

v

cg,Hw/J\cﬁH17 CgH170
406 R: dodecyl

CgHqi7 CgHyz
403 R:dodecyl 404 R:octyl
405 R: dodecyl

Chart 90. Chemical structures of the 1,2,3-benzotriazole based copoly-
mers 403-406.

PCE of 2.6% when blended with PC7:BM in 1:2 (w/w)
with Jsc =6.68 mA/cm?2, Vo =0.77 Vand FF=0.51 is obtained
[311].

New dithienyl benzotriazole based conjugated poly-
mers with fluorene (403), carbazole (404 and 405) and
alkoxy phenyl (406) comonomers (Chart 90) were synthe-
sized by Suzuki cross-coupling polymerization [313,314]
and their optical and electrochemical properties are pre-
sented in Table 49. It is shown that the band gaps of
403-405 are above 2.15eV (Table 49) while only the
band gap of 406 is below 2.00eV (1.87 eV), which is even
lower than that of the related polymer 348. All poly-
mers have relatively deep HOMO levels (below 5.20eV)
and the LUMO level of 404 is situated at 3.82eV. Com-
paring the benzotriazole based copolymer 404 and the
structural related benzimidazole based copolymer 345 it
is revealed that the LUMO level of 404 is situated lower
than that of 345 by 0.16eV, indicating that the ben-
zotriazole unit is slightly stronger electron withdrawing
group than benzimidazole. On the other hand, the opti-
cal band gap of 404 is significantly higher than that of
345 by 0.52eV, even though their electrochemical band
gaps are similar (1.81eV for 345 and 1.88eV for 404).
The PCE of BHJ solar cells based on blends of 403-406
with PCg1BM in 1:2 (w/w) ratio were as high as 2.75%
for 405 with Jsc=4.68 mA/cm?2, V,c=0.90V and FF=0.65,
using an alcohol-soluble poly[(9,9-dioctyl-2,7-fluorene)-
alt-(9,9-bis(3’-(N,N-dimethylamino)propyl)-2,7 fluorene)]
(PFN) as a cathode modification [313].

A series of alternating (407-409) and random (410)
copolymers based on 9,9-dialkyl-3,6-dialkyloxydi-
benzosilole and TBzT segments (Chart 91) were syn-
thesized by Stille cross-coupling polymerization reaction.
The optical and electrochemical properties of 407-410 are
presented in Table 49. It is shown that the optical band
gaps of 408 and 409 are slightly lower than that of 407 due
to the unsymmetrical length of the alkyl and alkoxy side
chain [315]. The energy levels of the copolymers remain
almost unaffected from the length of the side chains
exhibiting HOMO levels in the range of 5.26-5.28 eV and
LUMO levels in the range of 3.54-3.63 eV. Moreover, PCEs
in the range of 1.17-4.05% are achieved based on the alter-
nating copolymers 407-409 while the PCE of the random
copolymer 410 is 2.26% (Table 49). The highest PCE of
409:PC7:BM in 1:2.5 (w/w) ratio with Jsc=11.1 mA/cm?,
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407 R, =ethyl, R; = octyl
408 Ry, Ry=hexyl
409 R, =hexyl, Ry = octyl

R1, Ry = hexyl 410

Chart 91. Chemical structures of the alternate (407-409) and random
(410) polydibenzosilole derivatives.

R 411 R:dodecyl
412  R:2-ethylhexyl

Chart92. Chemicalstructures of the oligothiophene copolymers411-412
consisting of both thieno[3,2-b]thiophene and 2,1,3-benzothiadiazole
units.

Voc=0.67V and FF=0.54 is attributed to the longer alkoxy
side chains which provided to the polymer enhanced
solubility and high molecular weight [315].

Finally, Biniek et al. presented the synthesis of two
new LBG oligothiophene copolymers containing both 2,1,3-
benzothiadiazole and thieno[3,2-b]thiophene (Chart 92)
and different solubilizing side chains (linear; 411 and
branched; 412) at the 4 position on the thiophene rings (3-
position), by Stille cross-coupling polymerization reaction
[316].

As compared to polymer 83, containing identical con-
jugated backbone as 411, 412 and linear alkyl side chains
at the 3 position on the thiophene rings (a-position),
the results show that the position of the side chains can
have a profound impact on the optoelectronic proper-
ties. For example, 411 exhibits a lower band gap than
that of 83 by 0.32eV and the HOMO level is upshifted
by 0.3eV. Moreover, the charge carrier mobilities are
a function not only of the position but of the type
of the side chain as well. The hole mobility of 411
(1x107>cm?3/Vs) is one order of magnitude lower than
that of 83 (1x10~*cm?2/Vs) but the hole mobility of
412 (1 x 1073 cm?/Vs) is one order of magnitude higher
than that of 83 in FET measurements [316]. The mea-
sured average PCE obtained on devices with optimal
fullerene content and 411 or 412 are summarized in
Table 49. 411:PC¢;BM in 1:4 (w/w) ratio exhibits a PCE
of 0.42%, whereas the PCE of 412:PCs;BM in 1:1 w/w

is 2.71% with Jsc=7.80mA/cm?, Vo =0.67V and FF=0.52
[316]. These results indicate that using 2-ethylhexyl side
chains instead of linear alkyl side chains the interaction
between the polymer and the fullerene molecules is mod-
ified, leading to opposite dependences on the photovoltaic
performances of the fullerene content. The latter observa-
tion supports the idea that fullerene intercalation between
the side chains is at the origin of the frequently observed
high optimal fullerene content in polymer:fullerene BH]
devices.

4. Conclusions and future perspectives

This review focused on how structural deviations
on the backbone of conjugated polymers, for instance
poly(p-phenylenevinylene)-substituted derivatives, poly-
thiophene derivatives, complex (fused) structures such
as bridged bithiophenes and bridged biphenylenes, poly-
cyclic aromatics bridged with fused aromatic rings and LBG
conjugated polymers based on various electron-deficient
units, influence the optoelectronic properties (Eg, HOMO
and LUMO levels and charge carrier mobility) and OPV
performance providing to the reader a comprehensive
structure—property relationship study.

Structural analysis of the conjugated polymers
employed as donors in BHJ solar cells reveals that although
the majority has been synthesized through the alternation
of D-A moieties, the highest PCE has been obtained from
the polymers synthesized by the stabilization of the
quinoid structure. Another general conclusion is that the
LUMO level of the D-A conjugated polymers is mainly
localized on the acceptor unit. Thus, the proper selection
of the acceptor unit can influence the LUMO level in these
polymers. In more details, 2,1,3-benzothiadiazole and
quinoxaline units appear to be the most promising accep-
tors even if heteroaromatic rings with different electron
affinities and resonance structures are developed for the
D-A type polymers. However, the electron-withdrawing
ability of the acceptor in the conjugated main chain needs
to be carefully adjusted to ensure efficient electron trans-
fer to the fullerene derivatives. Taking this into account,
the lowering of the band gap of a conjugated polymer
cannot be the indicator for the strength of the acceptor
used. Accurate estimation for the strength of an electron-
deficient unit can be obtained from the LUMO level value
and comparison of the electron affinities between two
acceptor units should be performed for structural related
polymers (similar conjugated backbone and identical side
chains). Moreover, the multicyclic fused aromatic rings
with enforced planarity show great promise as donor
functionalities since that higher hole mobilities are usually
provided, thereby accelerating charge transport, which
in turn allows the preparation of thicker active layers
required for increased light harvesting. We note that based
on the conjugated polymers presented within this text
no reliable conclusion about the proper choice of the side
chain [e.g. structure (linear or branched), type (alkyl or
alkoxy) and density] along the backbone can be obtained
since the side chains function differently for each polymer
category, especially when considering the miscibility with
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the fullerene derivatives. For the design of new conjugated
polymers though, the side chain positioning and density
should be chosen in a configuration that is minimizing or
eliminating the steric hindrance effect and maximizing the
solubility of the polymer, respectively and that branched
side chains usually upshift the LUMO level and drive the
HOMO level to deeper values as compared with the linear
analogues.

To conclude, it should be emphasized that the improve-
ment of the PCE is a combination of parameters including
optimisation of both (donor and acceptor) material proper-
ties, device architecture and processing. The above results
show that the detailed structural fine-tuning of conjugated
polymers is one of the major parameters to achieve the suit-
able properties essential for high PCE performance. More
detailed studies for the role of the recently reported CT
states at the interface between the D and A components
would provide deeper understanding and should include
studies on several LBG conjugated polymers (synthesized
either through the D-A approach or the stabilization of
the quinoid structure):fullerene systems. In parallel to the
recent important efforts for the synthesis of LBG conjugated
polymers, a better understanding of the charge separation
process in polymer:fullerene blends will create design rules
for new materials with the potential to further improve the
PCE of BH] solar cells.
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