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This dissertation focuses on fundamental investigations of the structure-property
relationships of conjugated polyelectrolytes (CPE) and conjugated oligomers, as well as
their application to the dye-sensitized solar cells (DSSCs).

First, a pair of conjugated polyelectrolytes with sulfonate side groups that contain
three-ring (phenylene ethynylene) units linked by a single —CH,— or —O- tether (C-PPE
and O-PPE, respectively) were studied. The linkers served to interrupt the 1T conjugation
along the polymer backbone. Fluorescence spectroscopy revealed that O-PPE forms a
fluorescent aggregate in methanol and water; however, the fluorescence of C-PPE is
much weaker in water, and C-PPE exhibits only weak aggregate fluorescence.
Fluorescence quenching of the polymers was examined using methylviologen (MV?*) as
a cationic quencher. C-PPE showed only a weak amplified quenching effect, with a
Stern—Volmer quenching constant of Ksy ~ 6 x 10°> M~* in methanol. Interestingly, for O-
PPE in methanol, the aggregate emission is strongly quenched with Ksy ~ 5 x 106 M2,
which is comparable to the highest quenching efficiency observed for fully Tr-conjugated

polyelectrolytes. By contrast, the monomer emission is quenched much less efficiently,
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with Ksy ~ 2 x 10° M. The results are explained by a model in which O-PPE is able to
fold into a helical conformation in solution, which facilitates the formation of extended -
stacked aggregates for long-distance exciton transport.

Second, a novel type of CPE bearing BODIPY-phenylene-ethynylene copolymer
backbone and branched sodium-carboxylate side chains (PB-Na) was synthesized by a
precursor route via Sonogashira coupling reaction. PB-Na was less likely to aggregate
in both MeOH and H,0, resulting in moderate fluorescence quantum yields. The
fluorescence quenching experiment showed that PB-Na could be quenched by Cu?*
selectively among a series of metal ions in an amplified quenching manner (Ksy~10° M’
1. Also, fluorescence quenching of PB-Na was observed with cyanine dye DOTC (Ksy ~
10° M™) by an energy transfer mechanism. However, treatment with the commonly used
electron acceptor MV?* caused little change to the photophysical properties of the CPE.
Electrochemical analysis showed that MV?* is not a sufficiently strong oxidant to allow
the electron transfer process to occur, presumably due to low LUMO energy level of the
novel CPE PB-Na. On the other hand, the carboxylic acid form PB-a was utilized as
sensitizer in DSSC cells with TiO,. Evidence for electron injection between PB-a and
TiO, was provided by fluorescence lifetime measurements and transient absorption
experiments on PB-a-TiO; films. The low transient absorption signal and inadequate
IPCE data suggested that there was insufficient electron injection yield. Possible
solutions towards optimization of PB-a-TiO, DSSCs were pointed out.

Third, in a collaborative project, we conducted a systematic study of functionalized
conjugated oligomers with variable band gaps and their interactions with CdSe

nanocrystals (NCs). The chromophores-oligo(phenylene ethynylene) (OPE),

13



oligothiophene (T6) and donor-acceptor-donor oligothiophenes with a benzothiadiazole
acceptor (T4ABTD) (the latter two synthesized by Romain Stalder from Reynolds group)-
were designed with decreasing HOMO-LUMO energy gaps, so that increasing amounts
of light could be absorbed toward longer wavelengths up to 600 nm. In this dissertation,
the work performed by Schanze group is reviewed in detail. Synthetically, a newly
designed route, which is less tedious without compromising the overall yield, was
employed to replace the conventional OPE synthesis. Photoluminescence quenching
studies on both the oligomers and CdSe NCs indicated that charge separation occurred
at the interface of the oligomer/NCs, and this photophysical process was assisted by the
phosphonic acid groups on the oligomers. Hybrid materials based on the oligomer/ NCs
complex were synthesized. The incident photon to current efficiency (IPCE) provided
solid evidence for an electron transfer process in the hybrids. Finally, studies on the
performance of the oligomers in two different solar cell formats indicated that the

oligomers have promising application potential in dye-sensitized solar cells.
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CHAPTER 1
INTRODUCTION

Conjugated Polyelectrolytes

Conjugated polyelectrolytes (CPESs) are a class of polymers that contain n-
conjugated backbones and ionic side chains.* Incorporation of ionic side chains such as
carboxylate and sulfonate on the backbones usually enables the polymers, which are
otherwise hydrophobic, to dissolve in water and other polar solvents (eg. MeOH). The
advantage of this modification is obvious. First, fundamental studies on areas such as
charge transport, amplified quenching, and self-assembly benefit from the aqueous
solubility of the CPEs. Second, the drastic change in the photophysical properties upon
binding to oppositely charged ions gives CPEs great potential for applications in sensing,
labeling and other biological studies. Third, solubility in aqueous media allows CPEs to
be processed in an environmental-friendly manner.

Since Wudl and co-workers’ pioneering work on water soluble polythiophene and
poly(phenylene vinylene)s,?? the field of CPEs has experienced phenomenal growth,
leading to development of new polymers with broad applications in optoelectronic
devices and bio/chemo sensory materials.**? Figure 1-1 exhibits some typical CPEs
that have been subjects of intensive research. Engineering of CPEs has been active
both on the polymer backbones by including different electrochemical properties, and
the diverse ionic side groups that add functionalities to the polymers. In this chapter, we
will first introduce the syntheses of CPEs, then the self-assembly and photophysical
property relations of CPEs will be discussed, and last a few examples of their
applications in several areas such as bio/chemo sensors and dye sensitized solar cells

(DSSCs) will be described.
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Figure 1-1. Examples of typical CPEs**1131°

Synthesis Approaches

In this section, we briefly review the synthetic methodologies for CPEs, including
both “Pd method” and alternative paths.

Pd catalyzed cross-coupling reactions

The facile syntheses of CPEs are largely attributed to the development of
transition-metal-catalyzed cross-coupling reactions. Specifically, Palladium-catalyzed
carbon-carbon bond formation is one of the most utilized transformations in organic
chemistry. The broad substrate scope, tolerance of variable functional groups, and mild
reaction conditions associated with the “Palladium method” impart them noticeable
importance in organic synthesis. As a matter of fact, the 2010 Nobel Prize in Chemistry
was awarded to Heck, Negishi and Suzuki “for palladium-catalyzed cross couplings in
organic synthesis”. Table 1-1 presents a summary of some common name reactions

that are related to Pd-catalyzed cross-couplings, and the general mechanism for this
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type of reaction is illustrated in Figure 1-2. The reactions usually begin with oxidative

addition of organic halides (R?-X) onto the Pd, followed by substitution of the partner

substrate R* on the same catalytic center via transmetallation. The final step is the

formation of the coupling product along with the regeneration of the catalyst by

reductive elimination.

Table 1-1. Palladium catalyzed cross-coupling reactions

Reagent A Reagent B Catalyst

Reaction substrate  hybridization  substrate  hybridization
Heck alkene sp? R-X sp? Pd
Negishi R-Zn-X sp,sp?,sp° R-X sp?,sp® Pd or Ni
Suzuki R-B(OR), sp? R-X sp?,sp® Pd
Stille R-SnR3 sp,sp?,sp? R-X sp?,sp® Pd
Sonogashira RC=CH sp R-X sp?sp®  Pdand Cu(l)

Pd(0)

R'-R2

reductive
elimination

R2.Pd(in-R’
12

transmetallation

MX

R'M

R2X

oxidative
addition

R2.Pd(ll)-X
11

Figure 1-2. A general catalytic cycle for Pd-catalyzed cross-coupling. Figure was

reprinted from Suzuki et al.*’
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Listed in Table 1-2 is a series of CPEs that have been produced via “Pd-catalyzed
cross-coupling reactions”, emphasizing the importance of the Pd chemistry in CPE
syntheses.

Table 1-2. Examples of CPEs that were synthesized by Pd-catalyzed cross-coupling

reactions
CPE structures Name/abbreviation Reaction Reference
S}
€00 Poly(para-phenylene)
O~ suzki
n
500C /PPP
OCH,C00°
_ _ 2 \ Poly(phenylene- »
= = Sonogashira
EO=<=1
eOOCHZCQJ ethynylene) /PPE
Polyfluorene /PF Suzuki 19
Poly(phenylenevinyle
Heck 20
ne) /PPV

Other approaches used in CPE synthesis

Admittedly that the Pd-catalyzed cross-coupling reactions are the most utilized

means of preparing CPEs, it is necessary to point out that alternative approaches have
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been investigated as well. In the synthesis of water soluble polythiophene, Wudl and co-
workers employed the so called “electropolymerization” method to construct the
backbone of the CPE.? The mechanism of the thiophenes polymerization is illustrated in
Figure 1-3. When an electrical potential is applied across a solution containing
thiophene and an electrolyte, a thiophene monomer is oxidized to produce a radical
cation, which is either coupled with another radical cation to form a dication dimer, or
coupled with a monomer to form a radical cation dimer, which is further oxidized to yield
the dication dimer. Bithiophene is obtained upon losing two equivalents of protons. This
process is repeated before polythiophenes are deposited in the form of polymer films on
the anodes.

@ L . Q, =\ s,

S
® H =

S
®
Polythiophenes
Z\ >\ / V/
S
@ — H @

% o | %

cr- 5"\

Figure 1-3. Electropolymerization of thiophenes

Another important class of CPEs is poly (phenylenevinylene) (PPV). Table 1-2
shows that the PPV type of CPE can be prepared by the Heck reaction, where
divinylbenzenes and diiodobenezes were coupled via Pd catalysis.”® Nevertheless, the
first reported CPE that bear PPV backbone was synthesized via a “Gilch route”, as
shown in Figure 1-4. In this work, a precursor polymer with sulfonyl chloride side groups
was first obtained by anionic or radical addition polymerization before it was hydrolyzed

in DMF and water for conversion into a fully conjugated system.
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o R NaOMe / methanol
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R-&? 3R
R 5 - - R/SéR
ome  © NaOH / H,0 OMe o,
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A~ St A~ ©
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dialysis
-
/S\R /S\R
R™® R™©®
OMe OMe @CI
film | heat NaOMe l DMF
o~ S0o,H o>~ soM
N N
OMe OMe

R=CHg; M=H+NH,+ Na+

Figure 1-4. Synthetic approach for PPV type of CPE. Figure was reprinted with
permission from Wudl et al.®

In all, the development of versatile synthetic approaches has endowed the CPE
field with a large variety of molecules with many interesting functionalities and promising
applications, which will be reviewed later in the chapter.

Synthetic methodologies

Regardless of the synthetic route employed, the general goal of engineering the
CPEs is always focused on the extension of conjugated backbones and installation of
the appropriate pendant ionic side groups to meet the desired specific properties. As
described above, the extension of the conjugated backbone can be achieved via a

number of approaches. Furthermore, the installation of ionic side groups is usually
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realized via either of two pathways. One approach is direct polymerization of monomers
containing ionic side groups that are soluble in water or polar organic solvents.
Alternatively, in “precursor approach™, the polymer precursors are first prepared in
organic solvents before the protecting groups are removed (usually via hydrolysis) to
give rise to the functional ionic side groups. Comparing the two methods, the former is
synthetically straightforward, but has drawbacks that it is difficult to obtain precise
information on the molecular weight of the CPEs.?* The “precursor approach” requires
more steps for protection of the ionic groups and removal of the protecting groups, but
this method has the advantage of facile purification of the precursor polymers, which
can be characterized by gel permeation chromatography (GPC) before they are
hydrolyzed to form CPEs. In addition, the completeness of hydrolysis can be monitored
by NMR, IR and UV-vis spectra.

Photophysical Properties: Aggregation and Amplified Quenching of CPEs

The applications of CPEs in either sensory materials or optoelectronic devices are
closely related to their unique photophysical properties. Fundamentally, the
photophysical properties of CPEs are determined by the chemical structures of the
conjugated backbones. CPEs bearing the same chromophores in the backbones should
show similar absorption and photoluminescence spectra. Figure 1-5 gives a typical
example for PPE type of CPEs containing chromophores with variable band gaps. Both
absorption and fluorescence spectra of the CPEs were drastically red shifted as lower
band gap chromophore was incorporated.?? Another factor that can have a major effect
on CPE photophysical behavior is the tendency to form secondary structures in
aqueous or polar organic solvents, due to the amphiphilic nature of CPEs (hydrophobic

backbone and hydrophilic side groups). The formation of the aggregates in many cases
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significantly changes the photophysical properties of the CPEs. Examples will be shown
in the following discussions.

SO,
(\/

O

— Ar%]»
n

]

-os/\)
3

— O/—\O N\ /N
-0 Q @ BB

PPE PPE-Py  PPE-Th  PPE-EDOT  PPE-BTD
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Figure 1-5. Photophysics of CPEs with variable bandgaps. A) Normalized absorption
and B) fluorescence of PPE (red), PPE-Py (black), PPE-Th (green), PPE-
EDOT (blue), and PPE-BTD (yellow) in methanol solution. Figure was
reprinted with permission from Schanze et al.??

Aggregation and self-assembly

It is not possible to discuss the photophysical properties of CPEs without
mentioning the aggregation and self-assembling of the CPEs under specific solution
conditions. As described above, due to their amphiphilic nature CPEs have a tendency
to aggregate in aqueous solution or polar organic solvents, and the aggregation process
usually induces significant changes in both the absorption and fluorescence
spectra.?»#*% Taking the poly (arylene-ethynylene) type of CPEs as an example, the

CPEs with anionic side groups such as sulfonate (SO3’) or carboxylate (CO;) exist as

22



molecularly dissolved chains in methanol, but when the solvent is changed to water, the
CPEs aggregate.”?* The formation of aggregates is reflected by photophysical
changes which usually include a red-shift in the absorption and fluorescence spectra, a
decrease in the fluorescence quantum yield, and an increase in the fluorescence
lifetime.

While the formation of CPE aggregates is largely dependent on the nature of the
solvent, other factors can induce aggregation in CPE systems. For example, when a
divalent cation, such as Ca?* is added to the methanol solution of anionic PPE type of
CPEs bearing carboxylate side groups PPE-CO,’, aggregates form,?* and as a result,
the spectral changes mimicking the effect of adding water to the CPE solutions are
observed. Itis believed that Ca®" induces aggregation of the CPE by cross-linking PPE-
CO; chains while complexing with the carboxylate side groups of the polymer.

More direct evidence of the inducing aggregation was observed in a study of
analyte-directed polymer aggregation.?® In this clever design, a series of a, w-diamines
varying successively by only one methylene unit separating the amines were allowed to
interact with polythiophenes with carboxylate side groups. Not only did the diamines
induce the aggregation of the polythiophenes, but the extent of communication between
polymer chains was controlled by the degree of flexibility of the tether between the two
amines.?® lllustrated in Figure 1-6 is a schematic representation of how the different
diamines affected the aggregative interactions with polymer 1, giving rise to different
absorption spectra. Similarly, when CPEs with cationic side groups were treated with an
anionic dicarboxylate analyte,?’ the formation of aggregation was dependent on the

length of the tethers between carboxylates. When short-tethered oxalic acid was added,
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“tight aggregates” (Figure 1-6, path A) formed, and by contrast “loose aggregates”

(Figure 1-6, path C) resulted from the addition of long-tethered glutaric acid.
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Figure 1-6. Schematic representation of the aggregative interactions between polymer 1
(colored rods) and different diamine analytes (A-C). Different colored
aggregates are formed depending on the added diamines. Figure was taken
from John Lavigne et al.°

Many other factors that are related to aggregate formation of CPEs have been
investigated. For example, CPEs substituted with weakly ionized polyelectrolyte groups,
such as phosphonate (PO; %), aggregate in water at neutral pH, but the aggregates
disperse when the pH increases above 8.% In addition, factors such as concentration,
temperature, solution ionic strength, and added surfactant, have also been carefully
studied.?®

Furthermore, studies of CPE aggregation have not been limited to the formation of
the aggregates and the resulting photophysical property changes. Additional efforts
have been made to understand the conformations of the secondary structures of the
CPEs and to explore their applications. One typical example is the meta-linked PPE (m-

PPE) system. Initiated by Moore and co-workers,?® several studies were reported on

24



investigations of m-PPE polyelectrolytes.*>>? Direct evidence for the helical
conformation was afforded by the negative chirality in the bisignate CD spectrum
exhibited by the polymer in solution.®* The helical structure was found to serve as a host
supermolecule to bind with planar guests in an intercalation manner. Based on this
property, the helical CPE was used as template for the formation of supramolecular
helical aggregates of cyanine dyes.

It is also necessary to point out that, although there have been extensive
investigations on aggregates of CPEs, there is no “general rule” to follow for predicting
the status of aggregation for a given CPE structure. Thus, studies of aggregation of
CPEs are still case dependent. For example, in many cases MeOH is a good solvent for
CPEs where they exist as monomeric states and H,O on the other side is a “poor”
solvent. However, exceptions were also seen in literature where a mixture of MeOH and
19,33

H,O solvates the CPE optimally.

Amplified photoluminescence quenching

Fluorescence quenching of CPE is one of the most popular research topics in this
field from both the fundamental and application viewpoints.* Fluorescence quenching
occurs by two limiting mechanisms,** namely dynamic quenching and static quenching.
The quenching processes are depicted in Figure 1-7. Dynamic quenching, also known
as collisional guenching, occurs when the excited fluorophore experiences contact with
a quencher that can facilitate non-radiative transitions to the ground state (Figure 1-7,
equation 1). Static quenching, by contrast, involves formation of a stable non-emissive
complex between the fluorophore and quencher (Figure 1-7, equation 2). Treatment of
fluorescence-intensity quenching data by the standard Stern—Volmer method yields

equation 3), where lp and | are the fluorescence intensities in the absence and presence
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of Q, respectively, and Ksy is the Stern—Volmer quenching constant. According to
equation 3), the Stern—Volmer plot of lp/ | versus quencher concentration is expected to
be linear. However, in many situations with quencher—CPE systems, the Stern—Volmer
plots are curved upward (i.e., superlinear). Many factors could be responsible for this
observation, such as variation in the association constant with quencher concentration,

mixed static and dynamic quenching, and CPE aggregation.
FF+ QA F+0Q 1)
K, s
F+ Q~[F,Q=[F*Q]—=F+Q 2)

L/T=1+K,[Q] 3)

Figure 1-7. Equations of Photoluminescence Quenching. F* is an excited-state
chromophore, Q is a quencher, Kq is the bimolecular quenching rate constant,
and Ka is the association constant for formation of the ground-state complex
[F,Q]. Equations were taken from Lakowicz.*

The concept of “amplified quenching” was first described by Swager and co-
workers in 1995.% In that work the authors reported the fluorescence quenching of PPE
polymers bearing cyclophane receptors on the repeat units. Methylviologen (MV?") was
chosen as the quencher for its ability to associate with the cyclophanes. Interestingly,
the quenching effect was much more pronounced for the polymers compared to that of
monomeric model compound. Furthermore, the Stern- Volmer quenching constant Kgy
increased with polymer chain length. To rationalize the observation, the authors
proposed a theory involving the delocalization and migration of excitons along the
polymer chain, called the “molecular-wire effect”. Figure 1-8 indicates the mechanism of
the molecular-wire effect. When an exciton is generated, the polymer chain acts as a

conduit that allows the exciton to migrate rapidly along the chain. Within its lifetime, the
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exciton is quenched once it reaches the repeat unit with a quencher-attached acceptor.
Given the efficient exciton migration along the polymer chain, one quencher molecule
binding to the acceptor can cause quenching of the excitons that are generated many
other places, leading to the amplified quenching response of the polymer to the

guencher.

receptor analyte

ET
Quencher

Figure 1-8. “Molecular-wire effect” in conjugated polymers with receptors. Figure was
taken from Swager et al.*®

The study of amplified quenching effect in CPE systems was initiated by Whitten
and co-workers with their investigation of fluorescence quenching of PPV-type CPE by
MVZ*.29 It was found in this study that in aqueous solution, the PPV is quenched by
MV?* with an extremely large Ksy value (~ 10° M™%). While presumably the “molecular
wire effect” contributed to the amplified quenching, the authors also proposed that the
aggregation of CPE further enhanced amplified quenching by facilitating exciton
hopping between polymers chains.'® More direct studies of aggregation-amplified
guenching relations were conducted by Schanze and co-workers. As previously

reviewed, Ca?* ions induce aggregation of PPE polyelectrolytes. More importantly, the
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fluorescence quenching response to MV?* was found to have a positive correlation with
the concentration of Ca®*.?® In other words, the amplified quenching effect is more
pronounced in the systems with more aggregation, underlying the contribution of
aggregation to the exciton hopping between polymer chains.

To conclude, amplified photoluminescence quenching of CPEs arises from the
rapid exciton migration either along a single polymer chain or between different chains.
This unique property of CPE paves its way to many ultra-sensitive sensory applications.

Application of CPEs as Functional Materials

The applications of CPEs have widely expanded into many fields such as bio/

1,36,37 38-42

chemo sensory materials, polymer light-emitting diodes, photovoltaic devices,*®

445 and biocidal materials.***’ Space limitations make it impossible to

cell imaging
review all the works related to the CPE applications. Instead, this dissertation will use a
few examples to elucidate the property-application relation of the CPEs.

Bio/chemo sensory materials

CPEs are ideal materials for bio/chemo sensors for several reasons. 1) They are
generally fluorescent. This basic photophysical nature of CPEs makes it possible to
detect target molecules/ions from the change of photoluminescence. 2) They usually
have considerable solubility in aqueous solutions. This feature largely broadens the
applications of CPEs as sensory materials since water is the most commonly applied
medium for many molecules/ions of biological importance. 3) They bear ionic functional
groups on their side chains. Besides enhancing solubilities, the ionic groups provide
substantial affinity between CPEs and the targets through electrostatic® or/and
coordinating®® interactions. 4) The amplified quenching properties. As described above,

exciton delocalization and transport within/between the polymer chains lead to an
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amplified quenching effect, which allows the fluorescence of CPEs to be quenched at
very low quencher concentrations. When applied to sensory materials, this property
affords the CPEs substantially high sensitivity and low detection limits for analyte
detection.

Depending on how the sensor systems are designed, there are two separate
modes, “turn off” and “turn on” for the fluorescent-based CPEs to respond to the target
molecules. In the “turn off” mode, the fluorescence of CPEs is quenched by the added
analyte. Generally, the analytes quench via energy/charge transfer,* or/and by inducing
a change in the physical state of the CPE (aggregation and conformation).*® By contrast,
in the “turn on” mode, the addition of analytes recovers the fluorescence of CPE.
Specifically, the CPEs first interact with quenchers to form non-fluorescent CPE-
Quencher (C-Q) complexes. When analytes are introduced to the system, the quencher
molecules redistribute between the CPEs and analytes, and thus the fluorescence of
CPEs is “turned on” by the analytes.

lllustrated in Figures 1-9 and 1-10 are two CPE-sensor examples based on “turn-
off” and “turn-on” modes, respectively. In 2003, Heeger and co-workers reported that
cationic polyfluorene (PF) was quenched with extraordinarily high efficiency by gold
nanoparticles (Ksy ~ 8.3 x 10 M) in water (Figure 1-9).*° In this work, a series of gold
nanoparticles were treated with tertiary amine-functionalized PF. The quenching
response was significantly reduced in solutions of high ionic strength, indicating that the
PF interacted with gold nanopatrticles via electrostatic attractions. Nanoparticles with
diameters of 5, 10, and 20 nm, which all absorbed strongly in the region of polymer

emission, produced similar quenching response. However, the smaller gold
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nanoparticles (2 nm in diameter) showed approximately 10* lower quenching efficiency,
due to poor overlap of the absorption spectra of 2 nm nanopatrticles with the PF
fluorescence. Based on this observation, the authors concluded that resonance energy
transfer was the dominant quenching mechanism. On the other hand, the monomeric
model compound oligofluorene was 10 times less sensitive to the addition of
nanopatrticles, clearly indicating that exciton migration along the polymer backbones
contributed to the amplified quenching. This work demonstrated that strong electrostatic
nanoparticle-polymer complexation, long-distance energy-transfer quenching and
conjugated polymer-based excitation mobilization are all critical factors in the amplified

guenching effects, which are fundamental to the design of sensor materials.
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Figure 1-9. Stern—Volmer plots of polyfluorene quenched by 5-nm gold nanoparticles.
Figure was taken from Heeger et al.*

A “turn-on” sensory system is portrayed in Figure 1-10. This so called “quencher-
tether-ligand” strategy for detection of avidin was introduced by Whitten and co-workers
in 1999.1° The authors designed a biotin functionalized viologen quencher that
guenched the fluorescence of the PPV type of CPE in agueous solution. The biotin
functionality on the quencher was able to bind with avidin, so when avidin was added to

the system, the avidin-bound quencher was prevented to be associated with CPEs due

30



to enhanced spatial hinderance, resulting in the recovery of the CPE fluorescence. A
control experiment was conducted to investigate the role of the “quencher-tether-ligand”
in CPE fluorescence recovery. Avidin alone did not modulate the intensity of the CPE
fluorescence, and the CPE quenched by methyl viologen quencher (which has no
affinity to avidin) showed no fluorescence recovery upon avidin addition. All the
evidence pointed to the conclusion that the “turn-on” response of the CPE was due to
the specific biotin-avidin interaction. This pioneering work triggered a tremendous

amount of research interest in CPE-based biosensing materials.
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Figure 1-10. A “turn on” fluorescence sensor for avidin. Figure was reprinted with
permission from Whitten'® and Swager et al.*°

Dye-sensitized solar cells

The dye-sensitized solar cell (DSSC) is one of the major inventions towards
utilizing solar energy. Since they were introduced by Gratzel in 1991°°, DSSCs have
evoked increasing research interest both from the fundamental viewpoints and
exploration of the commercialization opportunities.®* Compared to the traditional solid-

state solar cells, the advantages of this photovoltaic device format include the use of
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relatively inexpensive materials and the possibility that mechanically flexible modules
can be deployed on a large scale for low overall cost.>**? A schematic presentation of
the operating mechanism of the DSSCs>? is illustrated in Figure 1-11. On the top of a
thin film of fluorine-doped tin oxide glass plate, a mesoporous layer of TiO, is placed. A
monolayer of dye (sensitizer) is adsorbed to the surface of the nanocrystalline film.
Excitons are generated when the dye is irradiated with photons, and electrons are
injected to the conduction band of the semiconductor from the dye’s excited state. The
sensitizer is restored to its ground state by electron donation from the mediator, usually
a redox couple such as iodide/triiodide. The reducing species is then regenerated by
reduction of the oxidizing species at the electrode. Overall, the cell converts light to
electric power without chemical transformation.

To date, great success has been achieved on DSSCs with transition metal
complex-based sensitizers. A few specific metal (eg. Ru, Pt and Zn) complex sensitizers
exhibit broad absorption throughout the UV-vis and near-IR regions with high (> 85%)
incident photon to current efficiency (IPCE). With careful engineering, these devices
achieve up to 13% power conversion efficiency (PCE).>*** In addition, metal-free small
molecule dyes as alternatives also have attracted attention with the concerns that the
source of transition metals is limited.>> Moderate PCEs (6-9%) have been reported for

these devices.>®®

Conjugated polyelectrolytes are also important sensitizers utilized in DSSCs.**>">°
Motivation to apply CPEs as sensitizers in DSSC comes from their capacity to offer
effective light-harvesting efficiency due to large absorption coefficients and tunable

optical band gaps.?? Most recently, donor-acceptor approach was employed to engineer
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the energy levels of the CPE so that high light-harvesting efficiency and charge injection
efficiency was realized.®®® Several research cases conducted in the Schanze group will

be discussed here to illustrate the CPE-based DSSCs.
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Figure 1-11. Principle of operation of DSSCs. Figure was taken from Gratzel et al.>

In 2006, Schanze, Reynolds and co-workers demonstrated the concept of
“spectral broadening” by using a dual-CPE sensitizer in a TiO, DSSC format.** As
shown in Figure 1-12, the authors combined poly(phenylene ethynylene) (PPE) and
polythiophene (PT) types of CPEs in one cell, and the performance of the hybrid cell
was compared to the individual cells based on one CPE. Transient absorption studies
indicated that the electron injection from each CPE to TiO, was favored, and the
photocurrent and PCE obtained for the dual-CPE cell were the sum of the
corresponding responses from each individual CPE.

As part of their ongoing interest in constructing low bandgap CPE sensitizers,

Schanze et al. reported a series of poly(arylene-ethynylene) CPEs with carboxylic acid
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side groups (Figure 1-13).°® The HOMO-LUMO gap of the CPEs varied with absorption
maxima ranging from 400 nm to 500 nm. The CPEs were assembled with TiO; films and
the cell performances were tested under AM1.5 illumination. The photocurrent and PCE
increased in the order PPE< TH-PPE< EDOT-PPE, indicating that the lower bandgap
CPE is able to accomplish more efficient solar energy conversion. Interestingly, the
IPCE and PCE for the BTD-PPE (Figure 1-13), which bears the longest absorption
wavelength, were substantially less than those for the other CPEs. The authors
attributed this decrease in efficiency to exciton trapping in polymer aggregates. In other
words, instead of injecting into TiO,, the excitons were hopping in the CPE aggregates
far from the CPE/TIO; interfaces. This argument emphasized the importance of subtle

changes in device morphology on performance of the solar cells.
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Figure 1-12. J-V characteristics under AM1.5 conditions for solar cells sensitized with
PPE, PT, and PPE/PT mixture. Figure was taken from Schanze et al.**

Recently, the Schanze group used the donor-acceptor approach to achieve low
bandgap CPE sensitizers for DSSCs.®* In this work, electron-poor 1,2,3-

benzothiadiazole (BTD) was incorporated with electron donor terthiophene segment to
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yield a polymer exhibiting an absorption onset at 625 nm corresponding to a ~1.9 eV
bandgap. The polymers were modified with carboxylic acid groups which were able to
attach to the TiO, surface. The CPE turned out to be a promising candidate for DSSC
sensitizer by offering ~ 3% PCE. The best result was ~ 65% peak IPCE with Jsc ~ 12.6
mA cm™® under AM1.5 illumination, which is the record for CPE based DSSCs.
Furthermore, the authors also investigated the relationship between the CPE molecular
weight and the cell performance. It was observed in this study that CPEs with lower
molecular weight (~4 kD) yield better cell performance than those with higher molecular
weight (~10 kD), and the difference was believed to come from the different extent of
adsorption of the dyes on the TiO,. The shorter CPE chains are able to access a
greater fraction of the TiO, surface for adsorption due to effective penetration into
smaller pores, leading to the observed greater surface coverage. By contrast, the longer
chains are excluded from a substantial fraction of the surface and thus are not able to

give rise to as much surface coverage.®
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Figure 1-13. Structures of the repeat units for variable-gap PPE-based CPEs used in
TiO,-sensitized photovoltaic devices. Figure was taken from Schanze et al.*®
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Summary for CPEs

In this section, we reviewed the synthesis, photophysical properties and
applications of conjugated polyelectrolytes.

Synthetically, the CPEs are readily accessible thanks to the development of
transition metal-catalyzed organic reactions, albeit other synthetic methodologies also
share the credit for the vast variety of CPEs bearing different properties.

The photophysical properties of the CPEs are dependent on several factors. 1)
Conjugated backbones allow excitons to delocalize and migrate, which is the inherent
character of CPE. 2) The amphiphilic nature of CPE chains gives rise to aggregation
and self-assembly properties in water or polar organic solvents, thereby producing
dramatic changes in the photophysical properties.

The application of CPEs in highly sensitive bio/chemo sensors directly results from
their amplified quenching capability. Based on how the sensory systems are designed,
both fluorescence “turn off” and “turn on” of the CPEs could be used as signs to detect
the presence of analytes.

The application of CPEs in DSSCs was also reviewed. Examples were discussed
to show the importance of engineering the bandgaps of CPEs in these photovoltaic
devices. Additionally, it is also critical to optimize the morphology and structures on the
nanometer scale for optimum device performance.

Conjugated Polymer/Oligomer-Semiconductor Nanocrystal Hybrid Materials

The study of conjugated polymer/oligomer and inorganic semiconductor
nanocrystals (NCs) had little overlap until early 1990s.%? The investigation into the
interfaces between the two types of functional materials with different chemistry was

fueled by Alivisatos and co-workers’ early works on optoelectronic devices based on
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poly(phenylene vinylene) (PPV)/CdSe NCs hybrids®® and polythiophene (PT)/CdSe NCs
hybrids.®® It was found in these works that a combination of two conventional materials
would give rise to novel properties that are unmatchable by their components. To date,
several research areas such as light emitting diodes, photodiodes, and photovoltaic
cells have witness the promising applications of these hybrids materials.®>® In this
review, the materials will be organized to elucidate three aspects regarding the hybrid
materials. Frist, the synthetic strategies of the hybrids are categorized into two classes.
Second, the means of characterizing the physical process at the interface of the hybrids
are to be introduced. Third, a few examples will be exhibited to illustrate the application
of the hybrids in the optoelectronic devices.

Synthetic Strategies

The syntheses of hybrids are generally in the order of “obtaining the core inorganic
NCs” and “incorporating with organic semiconductors to yield the hybrids”. The
preparations of inorganic NCs have been reviewed by a number of recent articles in
details.””"® Concerning the scope of this dissertation, we are not going into this topic
any further.

Depending on how the inorganic NCs are incorporated with organic
semiconductors, the synthetic strategies can be categorized into two classes, namely
the “graft to” and “graft from” methods. In the “graft to” mode, the organic
oligomer/polymers are synthesized before they are mixed with NCs, while in the “graft
from” mode, the precursors of one component are first modified on the other complete
components, and then the precursors are allowed to grow with more building blocks into

a new phase. Details are exhibited to compare the two methodologies.
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“Graft to” method

The “graft to” method involves syntheses of each component prior to mixing them
together. The construction of conjugated polymer/oligomer backbones are similar to
those of CPEs (as reviewed in the first section), which largely benefit from the
development of Pd-catalyzed cross coupling reactions.

The simplest form of hybrid material using the “graft to” method is a composite
directly resulting from blending inorganic NCs with unfunctionalized
polymers/oligomers.®* However, simple casting from a common solvent leads to hybrid
films with phase separation of the components on a micrometer scale.®° This
phenomenon is originated from the tendency of the inherent ligands on the surface of

NCs to pack upon removal of solvents,?8

a major impediment for interaction between
organic SCs and inorganic NCs.

Modifying the conjugated polymer/oligomer with anchoring groups that are
capable of binding to the NC surface is a solution towards monodispersity of the hybrid
materials.®® Upon mixing, the anchoring group functionalized macromolecules undergo
a so-called “ligand exchange process” with the inherent ligands, such as
trioctylphosphine oxide (TOPO) and oleic acid, at the NC surfaces. The driving force for
ligand exchange is that anchoring groups usually have a larger affinity to the NCs, or
that anchoring groups are in relatively higher concentrations. To date, a series of
anchoring groups has been reported which include phosphine oxide,”® thiol

8384 carbodithioic acid,®>® carboxylic acid,®”®° phosphonic acid,®”*® amines,®

groups,
and anilines.”® These anchoring groups attach to the NC surfaces via covalent bonds.
Nonetheless, interaction between conjugated polymers/oligomers and inorganic NCs is

not limited to the covalent bonding. The molecular recognition approach via hydrogen
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bonding, for example, has been utilized to connect the NCs with conjugated polymers.®*
In a work reported by Pron and co-workers, regioregular poly(3-hexylthiophene-2,5-diyl)
(P3HT) that bears diaminopyrimidine (DAP) side groups are able to molecular recognize
1-(6-mercaptohexyl) thymine (MHT) capped CdSe NCs via three hydrogen bonds

(depicted in Figure 1-14), and as a result, hybrid film with uniform distribution of the NCs

in the polymer matrix is achieved.

Figure 1-14. Schematic presentation of molecular recognition between MHT
functionalized CdSe NCs and DAP modified P3HT. Figure was taken from
Pron et al.*

Regarding the pattern of how the polymers/oligomers are attached to the NCs,
there are mainly five circumstances. Figure 1-15 shows a schematic presentation of the
five different routes through which the hybrids are synthesized.

For oligomers or polymers with low molecular weight, the anchoring groups can
reach the NC surface either as terminal or side functionalities (Figure 1-15, routes 1 and
2).°” For higher molecular mass polymers, the terminal anchoring groups are less
available for binding to the NCs due to the fact that the ratio of the end groups to the

polymer chain length decreases (Figure 1-15, route 4). In this case direct ligand
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exchange process is harder to realize. Frechet and co-workers addressed this problem
by applying a two-step procedure. First, pyridine was used to replace the initial ligands
on CdSe NCs, and then the temporary pyridine ligands were exchanged with the
polymer functional groups.®® By contrast, introducing the anchoring functionalities as
side groups is more favorable for the NC connection (Figure 1-15, route 5). For example,
Reiss and co-workers synthesized polythiophenes that are side-functionalized with
carbodithioic groups. These polymers are attached to the CdSe surfaces under

relatively mild conditions.®® Finally, dendritic oligomer/polymer has also been reported to
incorporate with NCs (Figure 1-15, route 3). For example, Advincula and co-workers
demonstrated the connection between CdSe NCs and dendritic polythiophenes

containing phosphonic acid groups.*
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Figure 1-15. Schematic presentations of different routes the oligomers/polymers are
attached to the NC surfaces. Figure taken from Pron et al.®?
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In all, functionalized oligomers/polymers have been proven to attach to the NC
surfaces in different patterns via either covalent or other specific interactions between
anchoring groups on the oligomers/polymers and inorganic NCs. Such design helps to
diminish the phase separation, and thus facilitates the communication between different
components at molecular level. Better device performances based on the hybrids are
expected.

“Graft from” method

The “graft from” method is another way to obtaining intimate blends of NCs and
conjugated polymers. This method is, so to speak, to grow one component on the other.
Both means that “grafting polymer from NCs” and “grafting NCs from polymers” have
been used to synthesize hybrid nanocomposites.®® %

Grafting polymer from NCs. This strategy was first introduced by Emrick and co-
workers.® In that work, the authors first synthesized a bromide functionalized surfactant
DOPO-Br (compound 1, Figure 1-16) which mimics the role of TOPO (which caps with
CdSe since its nucleation and growth process). After the surfactant was modified on the
CdSe NCs, a PPV shell was allowed to grow in-situ on the surface of CdSe by
copolymerizing 1,4-divinylbenzene and 1,4-dibromobenzene derivatives (Figure 1-16).
The advantage of this method is that it reduces the preparation steps of hybrid materials
since no “ligand exchange” is needed. However, compared to the “graft to” method, it is
inevitable for this approach to weaken the control of the hybrids dispersity, due to the
fact that the chain lengths of the polymers on the CdSe NCs are varying. Based on this

argument, the “graft from” strategy is not quite helpful to the well-defined oligomer/NC

systems.
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Figure 1-16. “Graft from” synthetic scheme for PPV/CdSe hybrids. Figure was taken
from Emrick et al.®

Grafting NCs from polymer. This method is to in-situ grow NCs in the polymer
matrix. By coordinating with the NC precursors, the polymers can not only form uniform
hybrids with the NCs, but also act as templates to control the shape of the NCs. This
method was employed by Liu and co-workers to synthesize a P3HT/CdS hybrid
system.®? Specifically, the authors used the sulfur atoms in the polythiophenes as the
coordinating site for Cd®* cations. As CdS NCs nucleated and grew, the backbone of
the polythiophene oriented the NCs to form the nano-rod shaped crystals (Figure 1-17).
The as-prepared hybrids were applied to the solar cells, and promising power
conversion efficiency (~3%) was reported.

In a separate research, Zhou and co-workers prepared a PT and zinc
methacrylate based copolymer by means of atom-transfer radical polymerization

(ATRP). Subsequent hydrolysis of zinc methacrylate groups gave rise to a hybrid

42



nanocomposite based on the PT/ZnO. Photoluminescence quenching of PT was
observed, which provided evidence for efficient interaction between the two

components.®®

~><">~ S v

-J‘

} ‘ Growing

Figure 1-17. In situ synthesis of CdS nanorods template by P3HT. Figure was taken
from Liu et al.®

Characterization-Interfaces of the Hybrids

Many techniques have been employed to analyze the properties of hybrids for the
reason that they are relatively complex systems and the numbers of parameters are
large.®? The characterization can be generally sorted into two categories: compositional
analysis and photophysical/electrochemical analysis. In this review, several most used
characterizations of the hybrids will be discussed by exhibiting research cases.

Compositional analysis

When a hybrid system is prepared, it is necessary to decipher the stoichiometry,
distribution, and morphology of each component, and the nature of interaction at the
components interface.

First, FTIR spectroscopy usually provides qualitative information on establishment

of communication between the conjugated oligomers/polymers and the inorganic NCs.
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Comparing the IR spectra of the NCs before and after the “ligand exchange” process
unveils replacement of the initial ligands by anchoring groups from the
oligomers/polymers given that the initial and latter ligands have separable diagnostic
signals.®

Second, NMR spectroscopy also provides evidence for success of anchoring from
oligomers/polymers to NCs. For example, in Frechet and co-workers’ report on
oligothiophene/CdSe NCs hybrids,®” the *H NMR of the hybrid’s colloidal solutions and
the free oligothiophene ligands were registered (Figure 1-18). Compared to the free
oligothiophene ligands, the lines of aromatic region *H NMR for the hybrids were
broadened and shifted. The authors attributed this phenomenon to the limited molecular
mobility of the molecules coordinated to the NC surfaces. Other works also use NMR as
a semi-quantitative approach to estimate the ligands’ relative ratios.**%

Third, elemental analysis is another technique to determine the composition of the
hybrids. It is especially helpful in cases where a specific element is present in the
anchoring groups and absent in the initial ligands, or vice versa.

Forth, thermogravimetric analysis (TGA) can provide information of the mass
ratios of organic and inorganic component. Generally, the organic species should have
much less tolerance to high temperature than the inorganic ones, thus the relative mass
percentage of the organic component can be readily accessible at the plateau where
the ligands are fully decomposed while the inorganic NCs remain intact.

Fifth, the most direct image of the hybrid materials can be exhibited by electron
and atomic force microscopy (EM and AFM, respectively). Taking advantage of these

techniques, one can “see” the shape, size and dispersion of the hybrid materials on
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nanometer scale. Figure 1-19 shows an example of a morphology study of P3HT/CdSe
NCs conducted by Frechet and co-workers.®® In this work, the authors synthesized two
types of P3HT polymers, one with amine anchoring groups and the other without. The
polymers were blended with CdSe NCs to make hybrid films. Using transmission
electron microscopy (TEM), it was shown unambiguously that the films with
functionalized P3HT polymers had a much more uniform dispersity than those with
unfunctionalized P3HT polymers. Accordingly, the hybrid film with better dispersity

offered better device performance when solar cells were assembled.
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Figure 1-18. *H NMR broadening as free oligothiophenes bind to CdSe NCs. A) *H NMR

of free oligothiophene. B) *H NMR of oligothiophene/CdSe hybrids. Figure
was taken from Frechet et al.®’
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Finally, it is necessary to point out that the above methods are usually applied in a
combining manner so that the most accurate compositional information of hybrid

materials can be obtained.

100 nm

Figure 1-19. TEM characterizations of the hybrid films. A) image of unfunctionalized
P3HT/CdSe (wt% 40%) film and B) functionalized P3HT/CdSe (wt% 40%) film.
Figure was taken from Frechet et al.®®

Photophysical and electrochemical analysis

The applications of the conjugated oligomer/polymer and semiconductor NC
hybrids in electronic devices are solely dependent on their photophysical and
electrochemical properties. These properties are determined by the
electrochemical/photochemical nature of the corresponding parental components. For
example, in a photovoltaic device with conjugated polymers as donors and CdSe NCs
as acceptors, the energy levels of the species should be staggered (as depicted in
Figure 1-20) for the photo-induced electrons/holes to move to the electrodes for electric
currents generation. So before hybrid materials are synthesized and applied to devices,
it is necessary to conduct clear characterization on the individual components and
carefully design the combination of the two. In this review, we selectively discuss the

characterizations that are applied in our researches (Chapter 4), and more complete
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introductions on the methods characterizing hybrid materials can be found in Pron’s

recent review article.%?
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Figure 1-20. Energy level alignment in a conjugated polymer (donor)/CdSe NC
(acceptor) hybrid film facilitating charge separations.

UV-vis absorption and cyclic voltammetry (CV) study. The energy levels of the
conjugated oligomers/polymers and inorganic NCs can be determined by UV-vis
absorption spectroscopy and electrochemical analysis. The onset of the UV-vis spectra
deciphers the HOMO-LUMO energy difference of the study system. However, in this
spectrum, the absolute position of the energy levels is not accessible. Detailed
information is given by electrochemical studies. In CV measurement, the HOMO and
LUMO positions can be estimated by measure of the onset of the oxidation and
reduction wave onsets, respectively. In the systems that require higher sensitivity and
resolution, differential-pulse-voltammetry (DPV) can be applied.®® Generally, the
HOMO-LUMO energy difference from electrochemical studies agrees with that is
calculated from optically measured one, albeit exceptions do exist where the lowest-
energy optical transition does not reflect the HOMO-LUMO transition. A typical example
is given by donor-acceptor type of polymers where the HOMO and the LUMO orbitals

are located on different moieties.®’
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Photoluminescence quenching studies. Most conjugated oligomers/polymers
and inorganic semiconductor NCs are photoluminescent. Depending on the energy
levels of the components, charge or/and energy transfer process can happen when
attached together.®”*® One direct indication for these physical processes to happen is
photoluminescence quenching. For example, an early work conducted by Frechet and
co-workers used photoluminescence quenching as an indicator to deduct the physical
process occurring at the interface of oligothiophenes and CdSe NCs.®” In this work,
terthiophene (T3) and pentathiophene (T5) that contained phosphonic acid groups as
anchoring groups were allowed to interact with CdSe NCs in solution. Both fluorescence
of T3 and T5 were quenched upon addition of CdSe, but when the fluorescence of the
CdSe was studied, the CdSe NC fluorescence increased after complexing with T3,
while it decrease with T5. From these observations, a plausible proposal of the energy

level alignment between the species was proposed (Figure 1-21).

LUMO
A —

—— HOMO

T3 CdSe T5

Figure 1-21. Schematic presentation of the proposed energy level alignment in CdSe-
oligothiophene complexes.®’

The Hybrids’ Applications in Solar Cells

The application of the conjugated oligomer/polymer- inorganic NCs in solar cells is
originated from Alivisatos and co-workers’ work on unfunctionalized PPV®® and PT®

polymers with CdSe NCs. Although the early record was fairly low, they did arouse a
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great deal of research interest on this solar cell format. Optimizing the device
performance involve engineering both conjugated polymers and semiconductor NCs.

As the aspect of polymer engineering, Frechet and co-workers demonstrated the
role of functionality (the “anchoring groups”) on the polythiophenes in optimizing the
morphology of the resulting hybrid films. The more uniform hybrid films turned out to
exhibit higher power conversion efficiency.® Besides increasing affinity to
semiconductor NCs, fine-tuning the energy levels of the polymers towards harvesting
more solar energy has been pursued consistently. Recently, Dayal and co-workers
applied a low-bandgap thiophene benzothiadiazole base copolymer in the CdSe NC
hybrid films, and a efficiency ~3% was achieved.*®

Regarding the optimization of NCs, works have been focused on tailoring the
shape of the NCs. The morphology of the inorganic component is important because
the inorganic component is the main contributor to charge transport in the hybrid cells

(the charge mobility for conjugated polymers is usually low***

). For example, rod-
shaped CdSe NCs were incorporated with P3HT and improved the power conversion
efficiency compared to the devices based on spherical CdSe NCs,** which was
attributed to the fact that rod-shaped NCs facilitates charge transport better than
spherical ones. However, as the nanorods become longer, improvement in device
performance is limited, since the increasing charge transport characteristics are trade-
off with decreasing solubility of NCs in the processing solution, which give rise to phase

separation. In another work, tetra-pod shaped CdSe NCs and PPV hybrids offered an

efficiency close to 3%.'% Finally, it should be mentioned that the engineering on NC
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shapes were initiated from the synthetic work by Peng et al., who first introduced the
concept of shape anisotropy to inorganic NCs.'*

To sum up, the application of conjugated polymer/semiconductor NC hybrids in
solar cells are widely investigated. Abundant improvement has been achieved from both
the organic molecular design and the inorganic NC engineering aspects. And of course,
the state-of-art hybrid cells are yet to be developed.

Summary for Polymer/Oligomer-Semiconductor Nanoparticle Hybrids

In this section, we provided an overview of synthesis, characterization, and
application of a class of hybrid materials based on conjugated polymer/oligomer and
inorganic semiconductor NCs.

First, synthetically, the development of the hybrid materials involves both
engineering conjugated polymers/oligomers and inorganic semiconductors. The
construction of conjugated polymer/oligomer backbone is similar to that for conjugated
polyelectrolytes (described in the previous section), which are fueled by the transition
metal-catalyzed cross-coupling reactions. The synthetic method of inorganic NCs was
not reviewed in this dissertation. Regarding incorporating the two components, there are
two methods to consider. The “graft to” methods is to obtain both components prior to
mixing them together, while the “graft from” method involves modifying the precursor of
one component on the prepared other species, followed by in-situ growing of the
precursors. Compared to “graft from” approach, the “graft to” approach requires more
steps synthetically, but it keeps the advantage of the capability to offer well-defined
oligomer-NC hybrids.

Second, the hybrid materials are usually complicated systems. Characterization of

the materials includes compositional analysis and electrochemical/photophysical
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analysis. In the compositional analysis, the stoichiometry, distribution, and morphology
of each component and the nature of interaction at the component interfaces are
deciphered. While in the electrochemical/photophysical analysis, the energy level
alignment of the organic and inorganic phase and the physical process in terms of the
components interactions are determined, which are the basis of their practical
application in electronic devices.

Finally, the application of the hybrid materials in solar cells was discussed. A few
examples were shown to elucidate the effects of engineering both conjugated polymers

and inorganic NCs.
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CHAPTER 2
AGGREGATION INDUCED AMPLIFIED QUENCHING IN CONJUGATED
POLYELECTROLYTES WITH INTERRUPTED CONJUGATION

Conjugated Polyelectrolytes

Conjugated polyelectrolytes (CPES) are a class of polymers that contain n-
conjugated backbones and ionic side chains.* Since Wudl and co-workers’ pioneering
work on water soluble polythiophene and poly(phenylene vinylene)s,?* the field of CPEs
has experienced phenomenal growth leading to development of new polymers that have
broad applications in optoelectronic devices and bio/chemo sensory materials.**%121%4
Specifically, the strong fluorescence of poly(phenylene ethynylene) (PPE) based CPEs
coupled with their high quenching response to biomolecules and metal ions have
attracted significant research interest in their photophysical properties both from
fundamental and application viewpoints. 1>"105-107

Studies have shown that CPEs self-assemble into a variety of supramolecular
architectures in aqueous solution.>?+30198199 1y aqdition, it has been demonstrated that
the photophysical properties of CPEs are very sensitive to the solvent environment.*#*
For instance, CPEs form n-stacked aggregates in water® and divalent cations® induce
aggregation in polar organic solvents which results in a dramatic change in the
photophysical properties of the CPEs.*°

Another property that is characteristic of CPEs is amplified quenching.!®#?4% The
fluorescence of CPEs is efficiently quenched by low concentration of oppositely charged
guencher ions. This amplified quenching is attributed to delocalization and migration of

the excitons along the polymer backbone which is often referred to as the “molecular

wire effect”.*'! Evidence shows that aggregation of CPEs further enhances the amplified
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quenching effect by enabling exciton transport between polymer chains.?* In the case
where a meta-linked poly(phenylene ethylene) with sulfonate side chains (m-PPESO3)
was studied, the fluorescence quenching behavior indicated that the quenching
efficiency for aggregates present in the helical conformation of the polymer was higher
than for the random coil conformation,*® once again demonstrating the role of inter-
chain exciton transfer. It is with such properties like efficient fluorescence and amplified
guenching that the applications of the CPEs to ultra-sensitive chemo-/bio- sensors were
developed.

Now that the amplified quenching effect has been well established in CPE systems,
we consider the question: Is amplified quenching limited to fully conjugated
polyelectrolytes, or can it also occur in systems that are not fully m-conjugated? We note
that previous studies have explored this concept. In particular, Whitten and coworkers
synthesized a series of poly(L-lysines) with varying chain length that contained cationic
cyanine dye units on every repeat.'*? These polymers exhibited amplified quenching to
an extent that varied with the poly(lysine) chain length, and they attributed it to J-
aggregate formation and exciton transport among the pendant cyanine dyes. In a
separate study, Heeger, Bazan and co-workers reported amplified quenching in
supramolecular aggregates formed from a sulfonate substituted (phenylene vinylene)
oligomer.**® In the present chapter we describe an investigation of two anionic
polyelectrolytes that contain discrete oligo(phenylene ethynylene) chromophore units
that are tethered into linear chains by weakly or non-conjugated linker groups. These

“interrupted conjugation” CPEs exhibit distinctly different amplified quenching behavior,
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and we find that the difference is closely related to the ability of the chromophores to
self-assemble into fluorescent aggregates.

Results and Discussion
Synthesis and Structural Characterization

The chemical structures of the CPEs investigated are shown in Figure 2-1. These
polymers feature chromophores consisting of three ring phenylene ethynylene
segments functionalized with two propylene sulfonate side groups. The units are linked
into a polymeric array via a -(CHy)- or -O- link (C-PPE and O-PPE, respectively). Both
polymers were synthesized by Sonogashira coupling and characterized by *H NMR

spectroscopy.

C-PPE O-PPE

Figure 2-1. Structures of C-PPE and O-PPE

The syntheses of the two CPEs are presented in Figure 2-2. First, the starting
material diphenylmethane or diphenyl ether was iodinated at para-position relative to
the linkers. The reaction condition for diphenyl ether was milder compared to that for
diphenylmethane, presumably due to stronger electron donating ability of “O” linker than
that of “CH,” linker. Second, the iodine was transformed into trimethysilyl (TMS)
protected alkynes via Sonogashira coupling in high yield, and removal of TMS group by

Na,CO3in methanol/ dichloromethane solution provided monomer 5 or 6. Third, the
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monomer 7 was synthesized following a reported procedure®. Finally, the
polymerization of the monomers was carried out in HO/DMF mixed solvent at 70°C via

Sonogashira coupling. Precipitation and dialysis were conducted to purify the polymers.
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Figure 2-2. Synthetic scheme of C-PPE and O-PPE
After purification, the *H NMR spectra of C-PPE and O-PPE were recorded in
DMSO-dg, which are shown in Figure 2-3. All peaks are clearly assigned, indicating

purity of the samples.
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The purified CPEs were stored in “stock solutions” at 0°C under dark in DI water
(Millipore Nanopure™) with pH 8.5, and the concentrations were ca. 1 mg/ml. The stock

solutions were diluted for spectroscopy studies.
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Figure 2-3. *H NMR and peak assignment for A) C-PPE and B) O-PPE.
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Photophysics

The absorption and fluorescence spectra of C-PPE and O-PPE in methanol are
shown in Figure 2-4. Methanol is typically considered to be a “good solvent” for CPEs
as aggregation is minimal in this solvent.?* The absorption spectra of the polymers show
a very similar pattern; their band maxima are in the near UV region, which is typical for
3-ring OPEs,* indicating the two chromophores are very similar. The shorter
wavelength for the absorption maximum in C-PPE and O-PPE in comparison to fully
conjugated PPE-type polymer is attributed to the interruption of conjugation enforced
due to the presence of the “CH,” or “O” linkers. While the absorption spectra are very
similar, the fluorescence spectra of C-PPE and O-PPE exhibit an interesting difference.
The fluorescence emission of C-PPE and O-PPE show a similar structured band at

short wavelength (A ~ 400 nm); however, in addition to showing a well resolved 0-0

band at short wavelength, O-PPE exhibits a second broad band at longer wavelength (A
~ 450-500 nm) suggesting the formation of emissive aggregates in pure methanol.?2*
Such aggregate emission is not observed for C-PPE in methanol.

More insight into the influence of solvent environment on the aggregation of the
polymers comes from the solvent dependence of fluorescence. To understand the role
of solvent medium on the aggregation behavior of C-PPE and O-PPE, their
fluorescence was investigated in a mixture of methanol and water by systematically
varying the solvent ratio (Figure 2-5).

As the volume percent of water increases in the medium, the fluorescence of C-

PPE decreases significantly in intensity; however, no clear evidence for a separate

aggregate emission at longer wavelength can be seen (Figure 2-5a). By contrast, O-
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PPE exhibits complex behavior as the solvent composition is changed. Importantly, it is
obvious from the dual emission of O-PPE (i.e., the appearance two emission bands,
Figure 2-5b, black solid line) that it forms aggregates in pure MeOH. Interestingly, as
the fraction of water is increased to 20%, the aggregate band almost disappears, and
the monomer emission intensity increases significantly (5 - fold increase). With further
increase in the volume percent of water in the medium, the monomer fluorescence
gradually disappears and is replaced by the aggregate emission at longer wavelength.
The 80% methanol-water mixture appears to be the best solvent as the least polymer
aggregation is seen in this mixture. Similarly, methanol is an intermediate solvent and
water could be considered as a poor solvent as O-PPE is present in an entirely
aggregated state in this medium. Similar solvent-dependent aggregation behavior has
been observed for other CPE systems.*® Table 2-1 consolidates the photophysical

data of C-PPE and O-PPE in H,O and MeOH.
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Figure 2-4. Absorption and fluorescence spectra of C-PPE (dashed) and O-PPE (solid)
in MeOH. Fluorescence spectra are area normalized to reflect relative
guantum vyields.
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Figure 2-5. Fluorescence spectra of A) C-PPE, and B) O-PPE in a mixture of methanol
and water (Intensities reflect relative quantum yields).

Fluorescence Intensity (a.u.)

Table 2-1. Photophysical data of C-PPE and O-PPE

Sohvent M5 (M) e (M0m) AL (m) 0n* o WO
C-PPE /MeOH 365 24500 396 0.075 0.85 1.01
C-PPE /H,0O 365 22800 473 0.005 1.45 1.50
O-PPE /MeOH 370 69000 396 0.10 0.73 1.36
O-PPE /H,0 371 67400 480 0.02 0.24 1.30

& Measured using quinine sulfate in 0.1 M sulfuric acid (®r = 0.54) as standard.

The fluorescence quenching behavior of the two polyelectrolytes in MeOH and
H,O was investigated. The electron acceptor N,N’-dimethyl-4,4’-bipyridinium (MV?*) was
chosen as a quencher to examine whether the amplified quenching effect could be
observed. In MeOH solution, C-PPE is quenched with moderate efficiency, with a Stern-
Vomer constant (Ksy) of ~10° M}, which is slightly higher than reported for an anionic 3-
ring phenylene ethynylene oligomer (~ 10* M™),?* but much lower than typical for fully

conjugated polyelectrolytes (~10°— 10" M™%). This result suggests that exciton migration
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is not as effective in C-PPE compared to typical CPEs, presumably due to the
interrupted conjugation.

However, the quenching behavior for O-PPE is quite unusual. As shown in Figure
2-6a, in MeOH where the emission of O-PPE consists of both aggregate and monomer
fluorescence, quenching of the aggregate is seen at very low quencher concentration

(<< 1 pM), with Ksy ~ 10” M; such a large quenching efficiency is similar to that of

typical CPEs.
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Figure 2-6. Fluorescence spectra of O-PPE with added MV?*. [O-PPE] = 10 uM. Note

that A) at lower concentrations ([MV?'] = from 0.02 to 1.0 pM) the aggregate
emission is quenched first and B) with increasing concentrations of MVZ*
(IMV?*] = from 1.0 to 4.0 uM) further quenching of monomer emission was
observed.
Interestingly, while the emission of the aggregates is quenched by MV#, the
intensity of the monomer emission increases slightly with increasing quencher
concentration, suggesting that interaction of the divalent quencher cation with the

anionic polymer affects the balance between monomer and aggregate state. Notably,

guenching of the monomer emission does not begin until the aggregate emission is
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entirely quenched (Figure 2-6b); monomer emission is quenched only at much higher
concentration of the quencher, with a quenching efficiency ~200 times less than
quenching of the aggregate emission (Ksy ~ 10°> M™Y). This selective fluorescence
quenching of the aggregate state in CPEs has been reported previously,* but the highly
selective aggregate quenching exhibited by O-PPE is unprecedented, and clearly
underscores the importance of exciton delocalization and diffusion in the aggregates of
n-conjugated chromophores.*'%** |mportantly, the unusual quenching effects seen for
O-PPE are not limited to MV?*. Indeed, the cationic dyes 3,3’-diethyloxacarbocyanine
iodide (DOC) and 3,3’-diethyloxadicarbocyanine iodide (DODC) quench the
fluorescence of O-PPE via energy transfer, and a quenching trend similar to MV?* is
observed, i.e. quenching of aggregate emission is much more efficient compared to the

monomer quenching (Figure 2-7 and 2-8).
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Figure 2-7. Fluorescence quenching of O-PPE (10 uM) by adding DOC. A) At a lower
DOC concentration [0.1uM - 1.0 uM] and B) at a higher DOC concentration
[1.0 uM - 5.0 uM].

Comparison of the Stern-Volmer plots for C-PPE and O-PPE quenching by MV?*

in MeOH and H,O0 is illustrated in Figure 2-9. This presentation makes it very clear the
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considerably higher efficiency for aggregate vs. monomer quenching of O-PPE in
MeOH and the intermediate efficiency exhibited by C-PPE. In water, the quenching of
C-PPE is slightly more efficient than in MeOH; however, for O-PPE the quenching
efficiency is very similar to that for the aggregate state of the polymer in MeOH. This is
not surprising, given that the emission of O-PPE in water is dominated by the aggregate

band (Figure 2-5b).
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Figure 2-8. Fluorescence quenching of O-PPE (10 uM) by DODC. A) At a lower DODC
concentration [0.1uM - 1.0 uM] and B) at a higher DODC concentration [1.0
uM - 5.0 uM].

The dramatically different quenching behavior of C-PPE and O-PPE is clearly tied
to the difference in ability of the chromophore units to assemble into aggregate
structures that give rise to a distinct aggregate fluorescence coupled with exciton
delocalization and migration in the aggregate. The difference in aggregate structures is
reflected by dynamic light scattering data obtained on the polymers in methanol and
water (Figure 2-10). Specifically the two polymers exhibit a similar hydrodynamic radius
in methanol (~10 nm); however, in water the radius of C-PPE is considerably larger than

that of O-PPE (55 vs. 18 nm), indicating a much more compact aggregate for the latter
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polymer in the aqueous environment. The difference in aggregate structures must be

related the structural or electronic differences imparted by the -CH,- linker in C-PPE and

the -O- linker in O-PPE.
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Figure 2-9. Stern-Volmer plots of C-PPE and O-PPE with MV?* in A) MeOH and B)
Water. (Polymer concentration = 10 uM in each case).

The linker difference could manifest in two possible ways: 1) the electron donating
effects of the oxygen linker may favor formation of compact emissive aggregate
structures; or 2) the difference in linker structure may induce differences in secondary
structure as the polymers fold in solution. Molecular modeling studies do not suggest
that there is a significant difference in conformation induced by the two linkers. However,
we believe that in solution the polymers likely fold into a “helical like” coiled secondary
structure, and the propensity of the m-conjugated chromophore segments to form a
compact 1r-stacked aggregate structure is stronger for the oxygen linked system (O-
PPE), either due to steric or electronic factors.

Seeking evidence for a difference in the secondary structures of the two CPEs, we
explored their interaction with the cationic luminescent metallointercalator

Ru(bpy)-(dppz)** (Ru-dppz, where bpy = 2,2"-bipyridine and dppz = dipyrido[3,2-a:2',3"-
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c]phenazine).**® In previous work we have shown that this complex intercalates into the
m-stacked aromatic residues in the helical conformation of anionic meta-linked
poly(phenylene ethynylene) CPEs.**3! Intercalation of Ru-dppz is signaled by the
appearance of its strong metal-to-ligand charge transfer (MLCT) luminescence, which is
guenched when the complex is in water in the absence of a host. Interestingly, in
support of the hypothesis of a 1r-stacked helical conformation for O-PPE, we find that
addition of the polymer to a solution of the Ru-dppz gives rise to significant
enhancement in the MLCT emission of the metal complex (Figure 2-11). A similar effect
is not seen concomitant with addition of C-PPE to the metal complex. This result
suggests that there is a stronger degree of 1r-stacking (and possibly helix formation)
within the aggregate state of O-PPE, which is consistent with the observation of
significant aggregate emission and enhanced amplified quenching.

It is believed that the fluorescence lifetime of Ru(bpy)2(dppz)** MLCT emission is
positively correlated to how well they are shielded from water'*®. In this sense, it is
interesting to investigate the fluorescence lifetime of Ru(bpy)2(dppz)**/O-PPE complex
and compare it with the established Ru(bpy).(dppz)?*/DNA® systems. The
fluorescence decay of Ru(bpy)2(dppz)?*/O-PPE complex was recorded on time
correlated single-photon counting (TCSPC) instrument, and the result is shown in
Figure 2-11d. The multi-exponential decay consists of two shorter components at 5 ns
and 25 ns, and a longer component at 150 ns. Since free Ru(bpy)-(dppz)** is non-
emissive in water, all decays come from the interaction of Ru(bpy)2(dppz)** and O-PPE.
The shorter decay may be due to external binding, while the longer one should be the

result of intercalation of Ru(bpy)2(dppz)** into O-PPE secondary structure. It is
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necessary to point out that the average fluorescence lifetime of Ru(bpy).(dppz)**/O-PPE
complex is shorter than that of Ru(bpy)2(dppz)**/DNA™® (121 ns) complex, indicating
that the secondary structure of O-PPE is “loose” packed comparing to DNAs and thus

not able to shield Ru(bpy).(dppz)?* from water as well.
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Figure 2-10. Distribution of particle sizes of C-PPE and O-PPE in MeOH and H,0
(concentration at 20 uM) measured by dynamic light scattering. All samples
were passed through a 0.2 um PTFE membrane, and measured under 25°C
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Indeed, the aggregate state of O-PPE is in equilibrium with its monomer state. We
have shown above that the emission ratio of aggregate band to monomer band varies in
solvents that contain different amounts of MeOH and H,O. Furthermore, the
concentration and temperature dependent photophysics was studied. 1) Figure 2-12
presents the absorption and fluorescence spectra of O-PPE at different concentrations.
While the concentration of the CPE increases, the ratio of monomer to aggregate
emission decreased, presumably because higher concentration favors the formation of

aggregates. 2) Figure 2-13 records the emission spectra of O-PPE. As the temperature
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increases, the absorption is almost identical. While both monomer and aggregate
emissions decrease, the ratio of monomer emission to aggregate emission changes. It
turns out that the monomer emission is more sensitive to temperature change than that
of the aggregates. One plausible reason for this phenomenon is that the monomers
tend to aggregate at higher temperatures. Taken together, the equilibrium between
aggregate and monomer of O-PPE is sensitive to concentration, solvent, and
temperature, which is consistent with our conclusion that the O-PPE forms “loose”

secondary structures.
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Figure 2-11. Interaction between Ru(bpy).(dppz)** and O-PPE. A) The enhancement of
Ru(bpy)2(dppz)®* (concentration 5uM) emission in water upon adding O-PPE,
B) plot showing variation of the emission intensity of Ru(bpy).(dppz)** with the
concentration of C-PPE and O-PPE, C) the structure of Ru(bpy).(dppz)** and
D) the decay curve of Ru(bpy).(dppz)** with 20uM O-PPE in H,0.
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Figure 2-12. Photophysics of O-PPE at different concentrations. A) Absorption and B)
fluorescence spectra of O-PPE at various concentrations in MeOH. (a) 2.5 uM
(solid line), (b) 5.0 uM (dashed line) and (c) 10 uM (dotted line).
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Figure 2-13. Fluorescence spectra of O-PPE at different temperatures in MeOH.

Summary and Conclusions

In summary, this study provides insight concerning the effect of “interrupted
conjugation” on the photophysical properties and amplified quenching of conjugated
polyelectrolytes. Polymer C-PPE does not exhibit emission from an aggregate state in
either MeOH or H,0, and while the quenching of this polymer is enhanced slightly
compared that of a monomeric chromophore, the polymer exhibits only a modest

amplified quenching effect. By contrast, polymer O-PPE exhibits both monomer and
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aggregate emission, and the aggregate state is quenched 200-fold more efficiently
compared to the monomer state with a Ksy value rivaling the maximum efficiency seen
for fully conjugated polyelectrolytes. The results underscore the important role played by
chromophore aggregation in promoting efficient exciton transport which is key to the
amplified quenching effect.

Experimental
Materials and Methods

All chemicals were purchased from either Acros or Aldrich and used as received
without further purification. NMR spectra were recorded on a VarianVXR-300 or a
Varian Gemini-300. UV-visible absorption spectra were obtained either on a Varian
Cary 100 or a PerkinElmer Lambda 25 dual beam absorption spectrometer using 1-cm
guartz cells, and corrected for background due to solvent (HPLC grade). Fluorescence
spectra were recorded on a PTI fluorimeter. Fluorescence lifetime data was recorded on
a PicoQuant Picoharp-300 TCSPC instrument. Dynamic light scattering results were
obtained from Brookhaven ZetaPlus.

The reported concentrations refer to the concentration of polymer repeat units
(PRU). Solutions for spectroscopic studies were prepared by dilution of stock solutions.
The C-PPE stock concentration was 0.72 mg/mL, which corresponds to 1.2 mM and O-
PPE stock concentration was 0.89 mg/mL, which corresponds to 1.4 mM.

Synthetic Procedures

bis(4-iodophenyl)methane (1). To a stirring mixture of 8.4 g (0.05 mol)
diphenylmethane, 100 mL acetic acid and 10 mL deionized water, 10.5 g iodine and 4.3
g KIO3 were added. The resulting mixture was heated to above 90°C before 5 mL

concentrated H,SO, were charged dropwise. The reaction was allowed 12 hr under
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reflux. Saturated Na,S,03 solution was added to quench the excess I, the color of the
solution turned from dark brown to light yellow. After cooling, the reaction mixture was
poured into 1 L ice cold water and then further cooled at 0°C for 1 hr. The precipitates
were isolated and the crude product was recrystalized by Hexane. 1 was obtained as
white crystals. Yield 6g (30%). 'H NMR (300 MHz, CDCls, ppm) 3.96 (s, 2H), 7.07 (d,
4H), 7.39 (d, 4H). *C NMR (75 MHz, CDCls, ppm) 41.81, 94.03, 129.08, 132.20, 140.91.

4,4'-oxybis(iodobenzene) (2). To a 100-mL round-bottom flask, 5.6 g of N-
iodosuccinimide was dissolved in 40 mL of acetonitrile. 2 g diphenyl ether (11.7 mmol)
was charged before 5 drops of CF;COOH was added to the solution. The reaction was
allowed to run for 5 hr under room temperature and the process was monitored by TLC
plate. After reaction was done, the solvent was evaporated and the solid was
redissolved in DCM, the solution was washed with saturated Na,S,0j3 solution twice,
and then brine. Organic layers were combined and evaporated. The crude product was
recrystalized by acetone. 2 was obtained as white crystals. Yield 3 g (60%). *H NMR
(300 MHz, CDCls, ppm) 6.91 (d, 4H), 7.43 (d, 4H). **C NMR (75 MHz, CDCls, ppm)
84.32,120.04, 137.24, 153.86.

bis(4-((trimethylsilyl)ethynyl)phenyl)methane (3). To a 200-mL round-bottom
flask, 3 g of compound 1 (7.2 mmol) was charged. A mixture of 50 mL dry THF and 20
mL tri-ethylamine (TEA) was used to dissolve the solid. The solution was degassed by
argon flow for 20 min before 80 mg Pd(PPh3z), and 60 mg Cul were added quickly to the
stirring solution. After 5 min, 1.67 mL (16 mmol) trimethylsilyl acetylene was added to
the reaction mixture by syringe. Precipitates formed immediately. The reaction was

allowed to run for overnight under room temperature. After reaction was done, the

69



precipitates were filtered. The filtrate was evaporated and the solid was redissolved in
DCM. The solution was washed by diluted HCI (30 mL x2), brine (30 mL x2) and water
(30 mL). The organic layers were combined and dried over anhydrous Na,SO,. After
DCM was evaporated, the crude product was purified by flash chromatography (eluent
Hexanes). 3 was obtained as white solid. Yield 2.3 g (90%). *H NMR (300 MHz, CDCls,
ppm) 0.24 (s, 18H), 3.96 (s, 2H), 7.07 (d, 4H), 7.39 (d, 4H). *C NMR (75 MHz, CDCls,
ppm) 0.22, 41.87, 94.78, 124.05, 129.06, 132.36, 141.32.

((oxybis (4,1-phenylene))bis(ethyne-2,1-diyl))bis(trimethylsilane) (4). This
compound was synthesized by the same procedure used to prepare 3, except that the
amounts of reagents used were: 2 (1.5 g, 3.55 mmol), trimethylsilyl acetylene (0.88 mL,
8.0 mmol), Pd(PPh3)4 (40 mg) and Cul (30 mg). The product was purified by elution
through a plug of silica gel with a mix solvent of Hexanes and DCM (10:1 v/v). Yield 1 g
(78%). *H NMR (300 MHz, CDCls, ppm) 0.25 (s, 18H), 6.91 (d, 4H), 7.43 (d, 4H). *C
NMR (75 MHz, CDCls, ppm) 0.28, 114.95, 117.54, 132.21, 156.03.

bis(4-ethynylphenyl)methane (5). To a 200-mL round-bottom flask, 1.0 g of 3
(2.77 mmol) was charged. A mixture of 15 mL DCM, 10 mL Hexane, and 15 mL CH;OH
were added to dissolve the reactant. The solution was degassed by argon for 15 min
before 2.21 g of K,CO3 (16 mmol) was added portion-wise to the solution. The reaction
was done in 2 hr (monitored by TLC plate). After filtration, the filtrate was concentrated.
The solid was purified by flash chromatography (Hexane/DCM 1/1 v/v) and 5 was
obtained as a white solid. Yield 0.52 g (87%). *H NMR (300 MHz, CDCls, ppm) 3.04 (s,
2H), 3.97 (s, 2H), 7.12 (d, 4H), 7.43 (d, 4H). *C NMR (75 MHz, CDCls, ppm) 41.89,

83.77,120.30, 129.15, 132.57, 141.57.
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4,4'-oxybis(ethynylbenzene) (6). This compound was synthesized by the same
procedure used to prepare 5, except that the reagent used was 4 (1.02 g 2.8 mmol).
Yield 0.45 g (75%). *H NMR (300MHz, CDCls, ppm) 3.15 (s, 2H) 6.92 (d, 4H), 7.42 (d,
4H). *C NMR (75MHz, CDCls, ppm) 81.23, 115.78, 117.32, 132.21, 152.56.

Sodium 3,3'-((2,5-diiodo-1,4-phenylene)bis(oxy))bis(propane-1-sulfonate) (7).
7.24 g (20.0 mmol) 2,5-diiodohydroquinone was dissolved in a solution that contained
2.0 g (50.0 mmol) sodium hydroxide in 200 mL water in a Erlenmeyer flask under argon.
A solution of 6.1 g (50.0 mmol) of 1,3-propanesultone in 40 mL of dioxane was added to
the former solution at once. The resulting mixture was then stirred at room temperature
for overnight, during which time a thick pink slurry formed. The reaction mixture was
then stirred at 80-100°C for another 30 min and then cooled in a water/ice bath. The
suspension obtained was vacuum filtered, and the retained solid was washed with cold
water followed by acetone, and crystallized twice from water. Yield 8.7 g (66%). *H NMR
(300MHz, DMSO-d6, ppm) 2.00 (t, 4H); 2.64 (t, 4H); 4.05 (t, 4H); 7.30 (s, 2H). **C NMR
(75MHz, DMSO-d6, ppm) 25.37, 48.14, 68.99, 86.99, 122.44, 152.32.

C-PPE was synthesized by a modified literature procedure.?* 0.735 g (1.16 mmol)
monomer 7 and 0.250 g (1.16 mmol) monomer 5 were dissolved in a mixture of 10 ml
water and 10 mL DMF in a Schlenk flask with a gentle flow of argon with stirring. The
resulting clear solution was deoxygenated by several cycles of vacuum-argon cycling.
Another solution comprised of 60.0 mg of Pd(PPhs), and 50.0 mg Cul in a mixture of 10
mL triethylamine and 10 mL of DMF was likewise deoxygenated and was subsequently
added to the former solution by means of a syringe. The final mixture was again

deoxygenated by vacuum-argon cycling and was then warmed to 70°C and stirred
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under a positive pressure of argon for 24 h. The solution was cooled and then slowly
added to 1 L of a methanol/ether mixture (30:70 v/v). The polymer precipitated as
greenish fibers. It was redissolved in 200 mL of water/DMSO (98:2 v/v), treated with
0.08 g of sodium sulfide (Na,S), and then the solution was filtered through quantitative
filter paper, followed by a 10-20 um fritted glass filter, and finally through a 0.8 um nylon
membrane. The polymer was precipitated by addition to a large volume of methanol
/ether (30:70). The polymer was dissolved in water/DMSO and reprecipitated from
methanol/ether two more times. Finally, the polymer was dissolved in 200 mL of water
with 1 mL DMSO, and the resulting solution was dialyzed against water (Millipore
Nanopure™) using a 10-12 kD MWCO cellulose membrane. After the dialysis, the
polymer concentration was 1.0 mg/mL (or 1.67 mM for polymer repeat unit). The
polymer was stored in this format and diluted as appropriate for spectroscopic studies.
30 mL polymer solution was dried by means of freeze drying and redissolved in DMSO-
d6 for NMR characterization. *H NMR (300 MHz, DMSO-d6, ppm) 2.04(broad 4H),
2.72(broad 4H), 4.00-4.18 (broad 6H), 7.09 (broad 2H), 7.31(broad 4H), 7.50 (broad 4H).
O-PPE was synthesized under exactly the same condition with that of C-PPE,
except that the monomer used were 6 and 7. After dialysis, the polymer concentration
was 0.9 mg/mL (or 1.50 mM for polymer repeat unit). *H NMR (300 MHz, DMSO-ds,
ppm) 2.04 (broad 4H), 2.70 (broad 4H), 4.13(broad 4H), 7.06-7.17 (broad 6H), 7.62

(broad 4H).
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CHAPTER 3
SYNTHESIS AND CHARACTERIZATION OF BODIPY BASED POLYELECTROLYTES
AND THEIR INTERACTIONS WITH QUENCHERS

Incorporating BODIPY into Polymer Backbones

4,4'-Difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) dyes (structure shown in

Figure 3-1) and their derivatives have been receiving continuous research interest since
first introduced by Treibs and Kreuzer''” for many reasons. First, their molar extinction
coefficients are very high (usually around 70,000-80,000 M* cm™).*'® Second, they
feature relatively sharp emission and high photoluminescence quantum yields. Third,
their excellent photochemical and thermal stability, and good solubility in many solvents
offer them great potentials as functional materials.**® Most important, their
photophysical properties are easily tuned as desired upon modification of chemical
structures.?® Based on these properties, the applications of BODIPYs in many fields
that include biological labeling,*?* ion sensing,**? light harvesting,*?* and solar cells*®*%*
have been explored. While there is a good amount of research that succeeds in fine-

117,125 most

tuning the optical properties of BODIPYs by chemical structure modifications,
work is engaged in small molecules, and only a few reports have been presented in
which the dyes are incorporated into conjugated polymer backbones.*?%124126 |n 2008,
Nagai et al. reported a novel set of polymers that included BODIPY into poly(phenylene

ethynylene) or poly(fluorene ethynylene) back bones (Figure 3-2a),'*

achieving better
processability comparing to the small molecules. These polymers, however, bear almost
identical absorption and emission spectra as those of typical BODIPY dyes.'? This is
because that the p-arylene ethynylenes were attached to the 4,4’ positions (Figure 3-1)

on the BODIPYs, which does not offer efficient conjugation between the arylene-
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ethynylene units and the BODIPY cores. Similar phenomena were also observed in
other researches.*?*#° |n 2009, Liu and co-workers modified the co-polymer patterns
by connecting BODIPYs at 2,6 positions (Figure 3-1) with a series of aromatic units
featuring different band gaps (Figure 3-2b).*?® As a result, polymeric BODIPY dyes that
emits at deep red and near-IR regions were developed, due to significant extension of
TT-conjugation between BODIPYs and other aromatic units. In parallel, their cooperating
group (Frechet et al.) explored the potential of these BODIPY containing polymers in
bulk heterojunction solar cells and achieved about 2% power conversion efficiency.*?* In
a separate study, Thayumanavan and co-works synthesized a series of alternating -
conjugated donor-acceptor polymers based on the BODIPYs core and acceptors with
different HOMO and LUMO levels such as quinoxaline, benzothiadiazole, and rylene
acceptors.™® The electrochemistry of the polymers was carefully investigated, and
preliminary results revealed the strong potential for such BODIPY based polymers to

function as either p-type or n-type semiconductors, depending on the electrochemical

nature of the comonomers.**°

Figure 3-1. Chemical structure of BODIPY
Now that it has been established that conjugated polymers with BODIPYs in the
conjugated backbone combine the unique properties of both BODIPY and conjugated

pOlymerS 120,124,126,130

we propose that the scope of the application of such polymers
would be further expanded if they could be rendered with water solubility. In fact,

several fields such as ion sensing, bio-labeling, and the study of amplified quenching
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behavior require good solubility in water or protic organic solvents. Although there are a

d, 313 the studies

few cases in which the water-soluble BODIPY dyes were introduce
were all limited to small molecules. To the best of our knowledge, the water-soluble
polymeric BODIPY electrolytes have not been reported. Previously, we reported a
series of conjugated polyelectrolytes (CPESs) with different band gaps that feature
sterically congested, branched polyionic side groups.**’ It was found that highly charged
ionic functional groups serve to enhance the solubility of the CPEs in agueous solution
by increasing electrostatic repulsion between polymer chains, and thus reducing the
hydrophobic interchain interactions.*®’ Following the same method, we have
synthesized the BODIPY and phenylene-ethynylene based CPEs that bear branched
polyionic side groups. In this chapter, we will first introduce the synthesis of the CPE
that features BODIPY and phenylene ethynylene backbones and dendritic side groups;
then the photophysical character and the amplified quenching behavior of the CPE will

be discussed. Finally, the preliminary results of its application in dye-sensitized solar

cells will be described.

A o ®

2N. N4
B

7 N\

Figure 3-2. Two examples of conjugated polymers incorporating BODIPY. A) attaching
BODIPY at 4,4’ positions™° and B) attaching BODIPY at 2,6 positions*°
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Results and Discussion
Synthesis and Structural Characterization

In this section, we introduce the synthesis of BODIPY-phenylene-ethynylene type
of CPE carrying polyionic side chains using the “precursor strategy”, namely, the
precursor polymers are synthesized and purified in organic solvents before the
protecting groups (t-butyl in this case) are hydrolyzed to yield the corresponding CPEs.
The synthesis of compound 5 was carried out following literature procedures.**® As
shown in Figure 3-3, the diiodobenzene with dendritic side chains (5) was prepared
from 4 step reactions with an overall yield of 50%. Compound 5 was then reacted with
trimethylsilyl (TMS) acetylene under Sonogashira coupling condition and transformed
into TMS protected diethynylene benzene, which was subsequently deprotected by

tetra-n-butylammonium fluoride (TBAF) to give monomer 6.
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Figure 3-3. Synthesis of monomer 6. (i) DME, Triton-B, t-butyl acrylate 80°C; (ii) Raney

nickel, EtOH, Ha, 48hr; (iii) SOCl, DMF, 90°C, 2hr; (iv) TEA, DCM, 0°C to r.t.
overnight; (v-1) TMSA, Pd(0), Cul, THF r.t. 13hr; (v-2) TBAF 30 min.
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On the other hand, the BODIPY monomer was synthesized following the scheme
presented in Figure 3-4. Triethylene glycol monomethyl ether was tosylated to give
compound 7, which underwent an Sy2 reaction attacked by deprotonated 4-hydroxy-
benzaldehyde under basic condition to yield compound 8. The BODIPY core (9) was
obtained from 8 in a three-step one-pot synthesis: condensation of benzylaldehyde with
2,4-dimethylpyrrole to give dipyrro-monophenyl-methane, followed by oxidation by 2,3-
Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and complexation with trifluoro boron
(BF3). The overall yield for three steps was around 20%, which is consistent with similar
reactions reported.*” The iodination at 2,6 positions of compound 9 by I,/HIO3 system
was done under fairly mild condition with considerable yield (64%). The purity of
monomer 6 and 10 was proven by NMR (*H and *3*C) and MS spectroscopy before they

were polymerized.

Il :
HO/\/O\/\O/\/O\ + Oﬁ_CI —|>
o) 100%

[N/ \/\
OH O O O OMe
7,ii iii
79% 19%
CHO CHO
8

Figure 3-4. Synthesis of monomer 10. (i) NaOH, THF, 0°C to r.t.; (ii) 7, K.COs, DMF,
80°C, overnight; (iii-1) 2,4-Dimethylpyrrole, DCM, TFA (cat.) r.t., overnight; (iii-
2) DDQ 3hr; (iii-3) TEA, BF3OEty, r.t., 30min; (iv) I2, HIO3, EtOH, r.t., overnight.

The monomers 6 and 10 were polymerized under Sonogashira cross-coupling

conditions (Figure 3-5). The reaction was allowed to run for 36 hr under 60 °C, and the
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mixture was passed through a short alumina oxide column to remove the catalysts
before it was concentrated and then precipitated by addition of MeOH. The precipitate
(polymer product) was redissolved in minimum amount of CHCI3; and reprecipitated with
MeOH. Such dissolving-precipitation process was repeated four times to yield the
polymer protected by t-butyl esters (named as PB-e), which was analyzed by GPC and

'H NMR.

R=CO,tBu

) PB-e R=COOt-Bu
t l:PB-a R=COOH
6 PB-Na R=COONa

Figure 3-5. Polymerization and deprotection. (i) Pd(0), Cul, THF, 60°C, 36hr; (ii) TFA, r.t.
overnight; (i) NaOH (10 M in MeOH).

GPC result suggested that the PB-e has a number averaged molecular weight of
28 kD (DP around 18) with PDI = 1.6. The t-butyl groups on PB-e were hydrolyzed by
trifluoroacetic acid (TFA) using tetrahydrofuran (THF) as co-solvent (THF/TFA viv=1:1).
The deprotected polymer (where H replaced the t-butyl ester groups, named as PB-a)
was precipitated and washed with acetone, and characterized by *H NMR in CDCls. The
'H NMRs of the monomer 6 and 10, the PB-e and PB-a are compared in Figure 3-6. It
is clearly shown that the chemical shifts of protons in PB-e appear in the same regions

as those of the monomers, except that the peaks are broadened due to polymerization.
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Protons on t-butyl groups appear as a strong singlet at & = 1.43 ppm. After hydrolysis,
the PB-a shows almost no peak around 1.4-1.5 ppm, indicating that the t-butyl groups
were completely removed from the polymer. Minimum amount of MeOH that contained
0.1 mM NaOH was used to dissolve PB-a and the resulting solution was slowly added
to H,O with pH=9. The water soluble polymer was dialyzed against a NaOH/water
(Millipore Nanopure™) solution (pH = 8.5) in the dark for 3 days, resulting pure
polyelectrolyte (named as PB-Na)-water solution. The concentration of the CPE was
measured by gravimetric analysis, and the stock solution was degassed and stored

away from light at 4°C.

tBuO,C COztBu
tBuO,C 1 N H COztBu
5
tBuO,C 1 4

tBuO,C CHCl, I
.’_\ k

Ph-H —

PB-a MH M " 65",

80 70 60 50 40 30 20 10
ppm

Figure 3-6. "H NMR spectra (in CDCls) and peak assignment for monomer 6, monomer
10, PB-e and PB-a
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Photophysical Properties

The absorption and fluorescence spectra of PB-e and PB-a in THF and PB-Na in
methanol are shown in Figure 3-7. Compared to BODIPY monomer 9, both absorption
and emission spectra of PB-e are red-shifted and broadened, which comes from the
extension of conjugation on BODIPY units. The absorption of PB-e exhibits dual peaks
at 400 nm and 591 nm respectively with high extinction coefficient, featuring a low band
gap of 2.10 eV. The fluorescence spectrum of PB-e is a single emission at 631 nm.
Compared to the literature reported BODIPY-phenylene ethynylene copolymers,'?® PB-
e has a similar shaped spectrum. However, the wavelengths of absorption and
fluorescence for PB-e are around 20 nm hypsochromically shifted than the reported
polymer. A plausible rationalization of this observation is that the dendritic side groups
that are applied to PB-e have given rise to much larger spatial hinderance than the
reported polymer (which has linear side chains), so that the coplanarity of PB-e
backbone decreases and thus the effective conjugation length is shorter.

As PB-e is hydrolyzed, the acid form of the polymer PB-a exhibits dramatic
hypsochromic shift on absorption spectrum, increasing Stokes shift and lowered
fluorescence quantum yield compared to PB-e. All the evidence is pointing to the
formation of H aggregates of the polymer, and we believe that the aggregation is
caused by intermolecular hydrogen bonding between the polymer chains. When PB-a
was reacted with NaOH and transformed into the sodium salt counterpart PB-Na, which
is dissolved in MeOH, it turns out that both absorption and emission wavelength shift
bathochromically, with an increase in fluorescence quantum yield. While presumably the
addition of NaOH could break up H bonding and thus diminish H aggregates, the

absorption and emission wavelength of PB-Na remains hypsochromically shifted
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compared to PB-e. One possible explanation is that with dendritic ionic side groups, the
electrostatic repulsion induces even more torsional strain than that exists in the ester
precursors, where steric repulsion has already impeded the polymer backbone from

being coplanar. Similar observations have also been reported by other works. 3”13
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Figure 3-7. Normalized absorption (A) and fluorescence (B) spectra of PB-e (black solid
lines) in THF, PB-a (red dash dot lines) in THF and PB-Na (blue dash lines)
in MeOH (Fluorescence intensity reflects relative FI quantum yield).

To further characterize the aggregation-photophysical property relation of PB-Na,
experiments with variable solvents were conducted. It has been discussed in the
previous chapter that generally MeOH is considered as a “good” solvent for CPEs
where the CPEs exhibit single-chain properties, while H,O is a “poor” solvent where the
CPEs form aggregates due to their amphiphilic nature. In this study, we examined the
photophysical behavior of PB-Na in MeOH, H,0, and two co-solvent systems where
MeOH and H,0 are mixed (MeOH/H,O v/v 1/1 and 1/2, respectively). The absorption

and fluorescence spectra of the PB-Na in different solvents are recorded in Figure 3-8.
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As the amount of H,O increases, both absorption and fluorescence of PB-Na decreases.

This indicates that the addition of H,O induces some aggregation.
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Figure 3-8. Absorption (A) and Fluorescence (B) spectra of PB-Na in a mixture of
methanol and water (Fluorescence intensities reflects relative quantum yield).

0.0

More insights come from the comparison between PB-Na and CPEs with linear
side ionic groups. Since reports of CPEs that contain BODIPYs with linear side-chain
ionic groups are lacking in the literature (in fact, we have tried in vain to make such
structures, but all attempts resulted in polymers that were not soluble in H,O), we refer
here to other CPEs that have linear side chains. In previous studies from Schanze and

other groups®?243°

, it was reported that CPEs with linear side chains tend to form
aggregates upon addition of H,O, resulting in the following characteristic features: 1)
red shift of absorption spectra with appearance of a pronounced shoulder; 2) loss of
well-structured emission with broadened, red-shifted structures; and 3) substantial

decrease in fluorescence quantum yield coupled with an increase in the fluorescence

lifetime. In this study, none of the above effects were observed for PB-Na. In particular,
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as the solvent is changed from MeOH to H,0, a limited change is seen in the absorption
and emission spectrum. This observation suggests that PB-Na is less likely to form
aggregates, even in H,O.

It has been discussed previously that the coplanarity of the CPE backbone is
impeded by the branched, dendritic ionic side groups by both steric and electrostatic

137 thus it could be deduced that such CPE structures do not favor

repulsions,
aggregation via a -1 stacking manner. Furthermore, the hydrophobic polymer
backbones are well protected by high charge density of the dendritic ionic side groups,
so that PB-Na is less likely to self-assemble as clusters in aqueous solution. Table 3-1
summarizes all the photophysical data for PB-e, PB-a and PB-Na, noting that the

photophysical behavior for PB-Na in both MeOH and HO is similar.

Table 3-1. Photophysical data of PB-e, PB-a and PB-Na

Polymer A3PS, Emax Aax @R T

/Solvent 10'Mtem?  nm (ns)
PB-e /THF 591 3.45 631 0.19 1.78(45.8%) 0.87(54.2%)
PB-a /THF 512 2.57 609 0.07 2.40(11.3%) 0.93(45.2%) 0.32(43.5%)
PB-Na/MeOH 521 2.49 614 0.13 2.40(13.6%) 0.99(52.1%) 0.33(34.4%)
PB-Na /H,O 522 2.13 630 0.05 2.70(20.0%) 1.09(47.2%) 0.38(32.8%)

% Ru(bpy)sCl, in H,O (® = 0.056, degassed) as standard

Above all, the first water-soluble BODIPY based CPE with modest fluorescence
guantum yield has been introduced. The CPE is less likely to form aggregate in water
and remains fluorescent, such property opens many opportunities for the CPE being
applied to studies that are conducted in water or polar organic solvents. Some

examples are (not limited to) amplified quenching, ion sensing, and layer-by-layer films.
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Interaction with Quenchers- Amplified Quenching and lon Sensing

With PB-Na in hand, we investigated the fluorescence quenching behavior of the
CPE in the presence of several quenchers to determine whether the amplified
guenching effect is observable.

First, N,N’-dimethyl-4,4’-bipyridinium (MV?*) was applied to examine quenching by
photo-induced electron transfer. MV?* is used in a number of works as electron acceptor
to quench the photoluminescence of other anionic CPEs with a Kgy ~ 10° M 12123.25
Experimentally, a 5 yM PB-Na study solution was obtained by diluting the CPE stock
solution. In parallel, MV?* in MeOH solution was prepared with relatively higher
concentration so that negligible volume of the solution could cause the designed
concentration change of the quencher in the study solution. The evolution of absorption
and fluorescence spectra of PB-Na in MeOH were recorded as varying amount of MV**
was added, which is shown in Figure 3-9. Surprisingly, neither absorption nor emission
of PB-Na was affected by addition of MV?*. The absorption spectrum remains identical
except that the absorption from MV?* (less than 300 nm) gradually increases with added
MV?*, while the fluorescence intensity decreased less that 10% when up to 10 pM MV?*
is present in the solution. This result shows that the quenching of PB-Na at best occurs
to only a limited extent. This relatively inefficient quenching (Ksy ~ 1.5x10* M%) is

122124 \nhere the

contrary to the common CPE systems with PPE type of backbones,
fluorescence intensities are quenched at substantially high efficiency (Ksy usually at ~
10° M.

Two possible explanations could be put forward to explain this phenomenon. The

first possibility is that the singlet excitons are localized within each repeat unit so that

the amplified quenching process is prohibited. However this is less likely to happen due
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to the fact that the transition dipole of the BODIPY unit**° is aligned with that of the
phenylene ethynylene units (i.e. parallel to the backbone of the CPE). Thus theoretically
the exciton migration is allowed through the backbone of PB-Na, which should give rise
to amplified quenching effect as observed in other CPE systems."?*%*2® To clarify this

point, more quenchers were applied to the PB-Na system as discussed later in this

chapter.
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Figure 3-9. Absorption (A) and fluorescence (B) response of PB-Na in MeOH (5 pyM)
upon adding MV?* (concentration range from 0 - 10 uM)

A second factor that may preclude the quenching of the PB-Na fluorescence by
MV?* is that the electron transfer reaction from the singlet excited state of PB-Na to
MV?* is thermodynamically unfavorable. To examine this possibility, electrochemical
characteristics of the polymer were determined (this experiment was carried out by
Romain Stalder from Dr. Reynolds’ laboratory at University of Florida). PB-a was used
in the experiment because of its good solubility in the electrochemical solvent (CH,Cl,).
Here, we assume that the electrochemical properties of PB-a and PB-Na are similar.
Figure 3-10 shows the cyclic voltammetry (CV) and differential pulse voltammetry (DPV)

data of PB-a in DCM solution, from which an oxidation potential of ~ 1.0 V vs. Fc/Fc” is
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observed. Given that Fc*/Fc is 0.46 V vs. saturated calomel electrode (SCE),*** the
oxidation potential of PB-a is 1.46 V vs. SCE. On the other hand, the reduction potential
of MV#*/MV"is -0.45 V vs. SCE,** and the energy that is calculated from the

fluorescence wavelength of PB-a (or PB-Na) is around 2.0 eV.

PB* + MV?* —» PB"+MV™ 1)

AG¢: = Eox (doOnor) - Eeq (acceptor) - Eg 2)

Considering a photo-induced electron transfer process that occurs between the
singlet excited state of PB-Na and MV?*, as illustrated in equation 1), the free energy
change of the process can be estimated by equation 2), noting that with the polar
solvent (MeOH) used in this case, the Coulombic term (e?/er) is considered negligible.
Plugging in all the numbers discussed above, a free energy of ~-0.10 eV was
calculated for the process described in equation 1. This thermodynamic calculation
shows that the electron transfer from the singlet excited state of PB-Na to MV** is at
best only weakly exothermic. This result suggests that the weak quenching observed
with MV?* is due to the fact that the electron transfer reaction from PB-Na to MV?* does
not have sufficient driving force. For electron transfer from PB-Na to an electron
acceptor to be efficient, the quencher must have a reduction potential less negative
compared to MV?* (Ereq > -0.4 eV).

Further fluorescence quenching experiments that unveil the interactions between
PB-Na and other quenchers via either charge transfer or energy transfer mechanisms
were also conducted. Cupric ions (Cu®*) has been found to be an efficient singlet

6,143,144

exciton quencher in many anionic CPE systems, with quenching occur via charge
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and/or energy transfer pathways. In this study, Cu®* was chosen as a quencher ion due
to its high affinity for CO," groups. Figure 3-11 shows the fluorescence response of 5
UM PB-Na aqueous solution to incremental addition of Cu?*. It is shown that the
fluorescence of the CPE is quenched with a Ksv of ~ 1.0x10° M™ (For a curved Stern-
Volmer plot, the first few points at low quencher concentration were used for Ksy
calculation, Figure 3-11b), which is a typical value for Cu®** quenching the CPEs that
has been reported previously®. Without the appearance of any “aggregation band” on
the emission spectra, we believe that the quenching involves energy and/or electron

transfer from PB-Na to Cu®".
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Figure 3-10. CV (solid line) and DPV (dash dot) of PB-a, recorded in a 0.1M TBAPF in
DCM solution calibrated against Fc/Fc*
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Interestingly, the fluorescence of PB-Na has very limited quenching (like the case
of MV?*, Ksv in the range of 10 M) when other metal ions such as Ca®*, Co®*, Ni**,
Zn?*, Cd** and Pb?* were titrated into the system with exactly the same condition of
Cu?*. These divalent ions were believed to induce aggregation of PPE based

polyelectrolytes with linear side groups by bridging different polymer chains.?® In
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comparison, such “bridging effect” is much less pronounced in this study, presumably
because the dendritic side groups that are modified on the polymer backbones offer a
reasonable chelation to the metal ions within one unit and thus the interaction between

the polymer chains is diminished.
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Figure 3-11. Fluorescence quenching of PB-Na by Cu?*. A) fluorescence spectra of PB-
Na (5 uM) with added Cu?* (concentration range from 0-8.0 uM), and B) the
S-V plot of the quenching process. (Ksv~1.0x10° M)

The amplified quenching effect was also investigated with the energy transfer
guencher 3,3'-diethyloxatricarbocyanine iodide (DOTC). (The structure of DOTC is
illustrated in Figure 3-12). The dye has been chosen for several reasons which include:
1) Good absorption spectral overlap with the fluorescence emission of PB-Na which
gives rise to efficient Foster energy transfer. 2) High fluorescence quantum yield so that
energy transfer can be monitored at relatively low quencher concentration. 3) Positively
charged which facilitates the electrostatic binding between the polymer and the dye.
The fluorescence intensity of the PB-Na study solution (H,O, 5 yM) was examined as a
function of DOTC concentration with excitation at 450 nm, where no absorption from

DOTC was observed.
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CH,CHy °  CHyCHs
Figure 3-12. Chemical structure of DOTC

Figure 3-13 exhibits the evolution of the fluorescence of the study solution as
DOTC was added. It is evident that the emission from PB-Na is quenched, while the
emission from DOTC increases. For comparison, a control experiment was conducted
where the same amount of DOTC was titrated into pure H,O in the absence of PB-Na.
When excited at 450 nm, there is almost no fluorescence detected from DOTC
observed. This experiment clearly shows that energy transfer occurs from excited PB-
Na to DOTC, i.e. the emission from DOTC is sensitized by the CPE. Based on the S-V
plot of fluorescence quenching (Figure 3-13B), the quenching efficiency of PB-Na study
solution is calculated to be 5.0 x10°> M, which is comparable to that of Cu®* quenching
(1.0x10° M™) discussed before.

In all the quenching experiments, the fluorescence lifetime of PB-Na study solution
was monitored as quenchers were added. In all cases, no obvious evidence is found for
lifetime-quenching, which indicates that the fluorescence quenching occurs by a static
guenching process.

Above all, we have systematically investigated the fluorescence quenching
behavior of this novel red-emitting CPE system featuring BODPIY-phenylene
ethynylene copolymer backbone. Amplified quenching has been observed both with
metal ion Cu?* and cyanine dye DOTC. The quenching efficiency is comparable to

typical PPE type of polyelectrolyte systems. Nonetheless, the interaction between the
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PB-Na with commonly used electron acceptor MV?* is not as pronounced as the
literature reports, and this observation is attributed to the relatively high oxidation

potential of the CPE.

(A) (B)

| 0uM DOTC 2.0 L
---.0.2uM-3.0uM DOTC },\ =
— 4.0uM DOTC 245

-
N
1

-
o
1

AU 0 1 2 3 4
A [DOTC] / uM

Fluorescence Intensity (a.u.)

0 T T T T T T T T T T T | T
550 600 650 700 750 800 850 900
Wavelength / nm

Figure 3-13. Fluorescence quenching of PB-Na by DOTC. A) fluorescence spectra of
PB-Na (5 uM) with added DOTC (concentration range from 0-4.0 uM), and B)
the S-V plot of the quenching process. (Ksy~ 5.9x10° M™)

Application of PB-a in Dye-sensitized Solar Cells

As part of our efforts aimed at developing organic semi-conductive optoelectronic
materials, we applied the PB system to the TiO, DSSCs, based on the following ideas:
1) The polymer has an extended absorption with onset at 600 nm with considerable
molar absorptivity. 2) The electrochemical properties of the polymer suggest that there
is a reasonable driving force for both electron injection and oxidized polymer
regeneration in a TiO, based DSSC format. Specifically, the reductive potential Eeq Of
PB-a (-1.4 V vs. Fc'/Fc, Figure 3-10) is sufficiently more negative as compared to the
TiO, conduction band (-0.9 V vs. Fc* /Fc)**, such that electron injection from PB-a into

TiO, is expected. On the other hand, the oxidation potential Eqx of PB-a (1.0 V vs.
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Fc*/Fc, from Figure 3-10) is substantially more positive than the reduction potential of
the iodine/iodide couple (0.24 V vs. Fc*/Fc),**® which allows the oxidized polymers to be
reduced by iodide. 3) The PB-a is substituted with carboxylic acid groups which are

widely applied as anchoring groups to bind organic dyes to the TiO, surfaces.**"1%®
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Figure 3-14. PB-a on TiO; films. A) film absorption; B) fluorescence lifetime comparison
of PB-a in THF solution, on a silica film, and on a TiO;, film; C) IPCE; D) J-V
curve under solar AM 1.5 (PCE 0.7% FF 43%)).

Experimentally, the PB-a coated TiO, films were tested in a modified reported
DSSC format®® using a propylene carbonate solution of I,/Lil as the electrolyte and a
Pt/FTO counter electrode.

The IPCE and J-V curve of the as-prepared DSSC are exhibited in Figure 3-14

(Figure b and d, respectively). Comparing the IPCE curve with the film absorption profile
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(Figure 3-14a), it is concluded that the main contribution to photocurrent comes from the
BODIPY unit. Despite of that, the cell suffers from low photo current conversion
efficiency, which leads to a rather poor cell performance (PCE~ 0.7%). To rationalize
this observation and make suggestion for further improvement on the cell performances,
several aspects are pointed out here. 1) It has been discussed in the photophysics of
the polymer that the dendritic side group containing carboxylic acid is very likely to
induce the dye aggregation. Although dye aggregation is preferable in terms of favoring
light harvesting by broadening the absorption spectra, it is believed to hinder the

electron injection efficiency,™****°

which would result in low power conversion efficiency.
A general solution to this problem is either to co-adsorb the dye with additives that
break the aggregation,* or to structurally modify the dyes to prevent aggregation.*>? 2)
A recent study that was conducted in Schanze lab has revealed a correlation between
polymer chain length and cell performance in DSSCs.® It was demonstrated that unlike
the conjugated polymer based bulk heterojunction solar cells, where the cell
performance increases with polymer molecular weight,****>* better preforming cells
were realized by low molecular weight polymers (PD ~ 5), which tend to achieve more
surface coverage than the high molecular weight ones. By comparison, the PB-a used
in this study has a relatively high molecular weight (DP ~18). Based on this argument, it
might be worthwhile engineering the chain length of PB-a to optimize the dye coverage
on the TiO; surface, and therefore increase the DSSC performance. 3) Another barrier

for electron injection may come from the chemical structure of PB-a (Figure 3-5). It is

obvious that instead of directly attached to the TiO,, the backbone of PB-a is spaced
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away from the “anchoring” carboxylic acid groups. Such insulation of the dye from TiO,
surface could be a source preventing electron injection.™>

Finally, we looked into the photophysics of TiO, film adsorbed with PB-a for
evidence of charge injection. Time resolved fluorescence spectroscopy was applied,
and the fluorescence lifetime data of PB-a in THF solution, on a non-quenching silica
gel, and on a TiO; film were obtained, as shown in Figure 3-14c. The fluorescence
decay kinetics of PB-a in THF solution and adsorbed on silica are very similar, with
median lifetimes of 1.51 and 1.39 ns, respectively. By contrast, when adsorbed on TiO,
films, the PB-a fluorescence exhibits a 0.35 ns lifetime, indicating that the singlet
excited state of PB-a is quenched by TiO,. More insight is given by transient absorption
(TA) measurement of PB-a/TiO; film. Figure 3-15 records the TA profile attributed to the
radical cation of PB-a which is formed as a result of electron injection.®**° The lifetime
of the radical cation, which reflects the rate of charge recombination, is calculated to be

61,156

118 ys. Compared to the literature values (200 — 300 us), the lifetime of the radical

cation is relatively short, which is provides another reason for low cell performance.
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Figure 3-15. PB-a-TiO; film transient absorption. A) Transient absorption signal and B)
decay profile at 700 nm. The lifetime of radical cation of PB-a (reflect the rate
of charge recombination) was calculated to be 118 ps.
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The time-resolved fluorescence measurement and transient absorption of the PB-
a/TiO; film have provided concrete evidence for electron injection, and depicted the
dynamics of charge recombination. Nonetheless, the relatively low TA signal compared
to the literature reports®® indicates that the charge injection yield is low, agreeing with
the conclusion from IPCE results.

Summary and Conclusions

To conclude this chapter, we have synthesized a novel CPE featuring low band
gap BODIPY-phenylene ethynylene copolymer backbone and branched anionic (CO3)
side chains. The polymerization was effected via a precursor route utilizing a
Sonogashira cross-coupling reaction that yielded the precursor polymer PB-e.
Hydrolysis of PB-e was conducted under THF/TFA condition, which give rise to the
carboxylic acid form of the polymer PB-a. The latter was treated with dilute NaOH
solution and transformed to the salt form PB-Na. The photophysics of PB-Na in MeOH
and H,0O is similar, indicating that the CPE is well dispersed, and thus applications of
PB-Na in agueous surroundings could be anticipated. The fluorescence quenching
experiments show that PB-Na is quenched by Cu?* selectively among a series of metal
ions in an amplified quenching manner (Ksv ~ 10° M), and also, the energy transfer
process was observed from PB-Na to cyanine dye DOTC. However, the electron
acceptor MV?* does not quench the CPE very efficiently. Electrochemical analysis
shows that MV?* is not a sufficiently strong oxidant to allow photo-induced electron
transfer, underscoring the low HOMO energy level of the novel CPE PB-Na.

The carboxylic acid form PB-a was utilized as a sensitizer in DSSC cells with TiO,.
Electron injection from PB-a to TiO is proved by fluorescence lifetime measurement

and transient absorption experiment on PB-a-TiO; film. However, low transient
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absorption signal together with relatively low IPCE suggest that insufficient electron
injection yield is resulting from the cell. Structure-property discussions were initiated and
future development on the PB-a based DSSCs are pointed out.

Experimental
Materials and Methods

All chemicals were purchased from either Fisher or Aldrich and used as received
without further purification. NMR spectra were recorded either on a Varian Gemini-300
or a Mercury-300 spectrometer. Chemical shifts were referenced to residual signals
from CHCl; (*H 7.26 ppm and **C 77.23 ppm). UV-visible absorption spectra were
obtained on a Varian Cary 100 absorption spectrometer using 1-cm quartz cells, and
corrected for background due to solvent (HPLC grade). Fluorescence spectra were
recorded on a Photon Technology International (PTI) fluorimeter. Fluorescence lifetime
data was recorded on a PicoQuant Picoharp-300 TCSPC instrument.

E-chem measurement was conducted by Romain Stalder from Dr. Reynolds group.
The electrochemistry was performed under inert atmosphere (Ar-filled glovebox) using a
3 electrode cell containing a solution of PB-a in 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPFg) in DCM. The working electrode was a Pt-button, the
counter-electrode was a Pt flag and we used a Ag/Ag” reference electrode calibrated
against Fc/Fc”.

Film transient absorption experiment was conducted by Randi Price from Dr.
Schanze group. The instrument setup is illustrated in Figure 3-16. A Surelite 1-10 Nd:
YAG laser with second and third harmonic generators delivered nanosecond pulses for
excitation at 532 or 355 nm, respectively. A 250-watt quartz tungsten halogen lamp and

power supply (Newport catalog #6334NS lamp and #69931 radiometric power supplies)
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was used as the probe source. Light exposure of the sample is controlled by a series of
shutters. Wavelengths of detection are isolated using a Cornerstone 130/m Motorized
Monochromator. Transient absorption is collected using a Hamamatsu R928 PMT with
an in-house custom wired base utilizing 5 of the 9 stages powered with 730 volts.
Dye-sensitized solar cells were fabricated as follows. First, a TiO, compact layer
was spin-coated onto a clean FTO-glass slide.'®” The TiO, nanocrystalline paste (20 nm
in diameter), which was received as a gift from Dr. Zhen Fang at Duke University, was
doctor-bladed onto the slide with compact layer and sintered at 400°C for 30 min. The
sintered electrode was immersed into the PB-a solution in DMF (~0.2 mM, based on
repeat units) for 36 h to allow for polymer adsorption onto the TiO; film. The counter
electrode was prepared by sputtering Pt on FTO glass with a thickness of 10 nm. Finally,
an electrolyte solution containing 0.05 M I, and 0.1 M Lil in dry propylene carbonate
was drawn into the sandwich between the TiO, working electrode and the Pt counter
electrode by capillary action. The active area of the cell was 0.3 cm?. The performance
of the cells was measured immediately after they were assembled. The current-voltage
characteristics of the cells were measured with a Keithley 2400 source meter under
AM1.5 (100 mW/cm?) solar simulator. As for the IPCE measurements, the cells were
illuminated by monochromatic light from an Oriel Cornerstone spectrometer, and the
current response under short circuit conditions was recorded at 10 nm intervals using a
Keithley 2400 source meter. The light intensity at each wavelength was calibrated with

an energy meter (S350, UDT Instruments).
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Figure 3-16. Transient absorption setup for films. Components: A. Surelite 1-10 Nd: YAG
laser; B. Second and Third Harmonic Generator; C. 250W QTH Lamp; D.
Slow Shutter; E. Fast Shutter; F. Cornerstone 130/m Monochromator; G. PMT;
H. APD. Optics: 1,2. 1”prisms; 3,4,10. 1”mirrors; 5,6,7. 10cm fl. Plano convex
2” lens; 8. 10 cm fl. Concave mirror; 9. 5 cm Fl. Plano convex 2” lens; 10. 5
cm fl. concave mirror.

Synthetic Procedures

Compound 1-4 were synthesized by following the literature procedures.'*®

Compound 5. This compound was synthesized by a modified literature
procedure.™® To a 250-mL round-bottom flask were charged compound 2 (5 g, 12.1
mmol), 5 mL of EtzN and 50 mL distilled DCM. The mixture was cooled with an ice/water
bath before 45 mg 4 (5.5 mmol) in 30 mL dry DCM was added via a syringe. After 2 hr,
the reaction mixture was allowed to warm to room temperature and further stirred for 10
hr. The solvent was removed by vacuo, and the crude product was purified by flash
chromatography (silica gel, EtOAc/hexane (1/3 v/v)) to give 5 as white powder (yield
85%). *H NMR (300 MHz CDCls, ppm): 7.13 (s, 2H), 6.60 (s, 2H), 4.35 (s, 4H), 2.25 (m,
12H), 2.03 (m, 12H), 1.42 (s, 27H). **C NMR (75 MHz, CDCl;, ppm): 172.18, 165.72,
151.57, 122.63, 86.29, 80.63, 68.83, 57.80, 30.17, 29.74, 28.09.

Compound 6. This compound was synthesized in two steps. Step 1 is the

Sonogashira cross coupling reaction between compound 5 and TMS acetylene. To a
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100-mL round-bottom flask was charged compound 5 (2.55 g 2 mmol), 20 mL THF and
10 mL di-isopropyl amine (DIPA). With stirring, the solution was degassed by an argon
flow for 30min before Pd(PPhs), (10 mg) and Cul (8 mg) were charged into the reaction
mixture. After the system was degassed for another 5 min, 0.84 mL (8 mmol) of
trimethylsilyl acetylene was added to the reaction mixture by syringe. The reaction was
allowed to run for 5 hr at room temperature before the precipitates were filtered. The
filtrate was evaporated by vacuo and the solid was redissolved in DCM. The solution
was washed by saturated NH4Cl solution (30 mLx 2), brine (30 mL x 2) and water (30
mL). The organic layers were combined and dried over anhydrous Na,SO4 before they
are passed through a short column (silica gel) to remove residue catalyst. Then DCM
was evaporated, the crude product was dried under vacuum and directly used in the
next step, without further purification. Step 2 is the deprotection of TMS group to yield
compound 6. The crude product of step 1 was dissolved in 30 mL DCM, the solution
was degassed for 20 min before excess amount of tetra-n-butylammonium fluoride
(TBAF) (2 mL) was charged into the round bottom flask. The solution turned brown
immediately. After 10 min, 5 mL MeOH was added by syringe and the reaction was
allowed to run for another 20 min before all solvent was removed in vacuo. The crude
product was applied to flash chromatography (silica gel) using DCM/hexane (2:1 v/v) as
eluent. Compound 6 was obtained as white powder after dried under vacuum. Yield
1.54 g (72% for two steps). *H NMR (300 MHz, CDCls, ppm) 8 6.94 (s, 2H), 6.63 (s, 2H),
4.37 (s, 4H), 3.63 (s, 2H), 2.23 (t, 12H), 2.01 (t, 12H), 1.42 (s, 54H).*C NMR (75 MHz,

CDCls, ppm) 6 172.46, 166.47, 153.12, 117.87, 114.07, 85.05, 80.87, 79.00, 68.44,
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57.78, 30.39, 29.85, 28.30. ESI-TOF-MS calcd for CsgHggN2O16Na 1091.6026, found
[M+Na]" at 1091.6070.

2-(2-(2-Methoxyethoxy)ethoxy)ethyl p-tosylate (7). This compound was
prepared by a modified reported procedure.*®® To a 500-mL round-bottom flask was
added sodium hydroxide (8 g, 0.2 mol) in water (30 mL) with vigorous stirring. When
NaOH was fully dissolved, triethylene glycol monomethyl ether (16 g, 0.1 mol) in THF
(50 mL) was charged. The reaction mixture was cooled to 0°C by ice bath before a
solution of p-tosyl chloride (19 g, 0.1 mol) in THF (50 mL) was added dropwise over 30
min. The reaction mixture was then warmed to room temperature and stirred for
overnight. Water (100 mL) was then added to the resulting solution which was acidified
by sulfuric acid (3 M). The solution was extracted with DCM (3 x 50 mL), the combined
organic layers were washed with brine (3 x 100 mL), dried with sodium sulfate
anhydrous, and concentrated in vacuo to give 27.67 g (0.087 mol, 87%) of pure 7 as a
colorless oil. *H NMR (300 MHz, CDCls, ppm) & 7.79 (d, J = 8.2 Hz, 2H), 7.33 (d, J = 8.7
Hz, 2H), 4.16-4.14 (m, 2H), 3.69-3.67 (m, 2H), 3.59-3.56 (M, 6H), 3.51-3.49 (m, 2H),
3.35 (s, 3H), 2.43 (s, 3H). **C NMR (75 MHz, CDCls, ppm) 5144.62, 132.66, 129.54,
127.82, 71.60, 70.42, 69.02, 68.26, 58.59, 21.30.

4-(2-(2-(2-Methoxyethoxy)ethoxy)ethoxy)benzaldehyde (8). This compound
was synthesized by a modified literature procedure.'® To a 500-mL round-bottom flask
was added 2.05 g (20.5 mmol) 4-hydroxybenzaldehyde, 8.4 g (60 mmol) anhydrous
K.CO3 powder and 150 mL DMF. The reaction mixture was heated to 85°C before 6.85
g (21 mmol) compound 7 was charged to the reaction mixture. The reaction was

allowed to run for overnight before 200 mL H,O was added. The mixture was extracted
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with DCM (3 x 80 mL), the organic layers were combined and washed by 0.1 M HCI
solution (2 x 30 mL) and brine (2 x 30 mL) before drying with anhydrous Na,SO4. The
crude product was purified by flash chromatography (silica gel) using DCM as eluent.
Yield 4.23g (79%). *H NMR (300 MHz, CDCls, ppm) & 9.81 (s, 1H), 7.77 (d, 2H), 6.96 (d,
2H), 4.16 (t, 2H), 3.83 (t, 2H), 3.70-3.67 (M, 2H), 3.64-3.58 (m, 4H), 3.50-3.47 (m, 2H),
3.31 (t, 3H). **C NMR (75 MHz, CDCls, ppm) & 190.88, 163.97, 132.05, 130.14, 115.02,
72.06, 71.04, 70.80, 70.72, 69.62, 67.93, 59.18.

BODIPY compound (9). This compound was prepared by a modified literature
procedure.*® To a 500-mL round-bottom flask was charged 2.30 g (8.57 mmol) of
compound 8 and 200 mL of freshly distilled DCM. The reaction mixture was degassed
for 30 min before 2,4-dimethylpyrrole (1.64 g, 17.2 mmol) was added quickly to the
solution along with a few drops of trifluoroacetic acid (TFA). The reaction was covered
by aluminum foil and allowed to run for 12 hr. Then 1.8 g of 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone (DDQ) was quickly added to the reaction mixture with vigorous
stirring. The reaction was continued for 1 hr before 18 mL of triethylamine (TEA) and 18
mL of BF3*OEt, was charged into the solution. The reaction was quenched by adding
200 mL H,0O after another hour stirring. The organic layer was washed by saturated
NH4CI solution (3 x 80 mL) and H,O (2 x 50 mL) and dried with anhydrous Na,SO,.
After filtration, DCM was evaporated under reduced pressure. The dark crude product
was allowed to pass through a 3-inch column (silica gel) quickly under pressure. The
eluent was a mixture of DCM and hexane (1:8 v/v). The resulting brown oil (0.7 g, ~ 1.4

mmol) was directly used without further purification in the preparation of compound 10.
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BODIPY monomer (10). This compound was prepared using a modified literature
procedure.?® All compound 9 (0.7 g, 1.4 mmol) from the last step (could contain some
impurity) was charged into a 100-mL round-bottom flask with 45 mL of absolute EtOH.
With stirring, 0.5 g of I, (4 mmol | atom) and 0.5 g of (2.8 mmol) HIO3; were charged into
the flask. 30 min later the color of the reaction mixture turned from green to red-orange.
The reaction was allowed to run under room temperature for 5 hr before 50 mL of DCM
was added to the solution. With stirring, saturated Na,S,03 aqueous solution was added
to quench the excess I, the aqueous layer was extracted with DCM, which is later
combined with the organic layer. The organic layer was washed with saturated Na,SO3;
solution (2 x 50 mL), saturated Na,CO3 solution (2 x 50 mL), and H,O (2 x 50 mL)
before drying with anhydrous Na,SO,4. The organic solvent was evaporated and the
crude product was purified by flash chromatography (silica gel) using ethyl acetate/
hexane (1:4 v/v) as eluent. Yield 0.66 g (64%). *H NMR (300 MHz, CDCls, ppm) & 7.12
(d, 2H), 7.05 (d, 2H), 4.20 (t, 2H), 3.92 (t, 2H), 3.78-3.66 (M, 6H), 3.57 (t, 2H), 3.39 (s,
3H), 2.63 (s, 6H), 1.43 (s, 6H). *3C NMR (75 MHz, CDCls, ppm) & 160.01, 156.78,
145.60, 141.77, 131.92, 129.26, 127.07, 115.73, 85.73, 72.17, 71.13, 70.90, 70.82,
69.92, 67.81, 59.29, 17.41, 16.23. ESI-TOF-MS calcd for CysH31BF212N,O4Na 761.0332,
found [M+Na]" at 761.0434.

PB-e was synthesized by a modified literature procedure.'® To a 25-mL Schlenk
flask, 150 mg (0.14 mmol) of dendritic monomer 6 and 103 mg (0.14mmol) of BODIPY
monomer 10 were dissolved in a mixed solvent of 5 mL of THF and 5 mL of DIPA. The
system was degassed by bubbling argon flow for 30 min. The system was subsequently

frozen by liquid N, before 10 mg of Pd(PPhgz), and 8 mg of Cul were charged to the flask.
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The reaction mixture was allowed to go another two freezing- argon cycle before they
were heated to 60°C. The reaction was vigorously stirred avoiding light under the
protection of argon for 36 hr. A dark red fluorescent solution resulted. The reaction
mixture was passed through a 4-inch aluminum oxide column (with argon pressure and
flushed by THF) to remove the catalysts and ionic side products (ammonium iodide
salts) before it was concentrated under vacuum to around 3 mL. The concentrated
solution was added to 30 mL of MeOH whereupon a dark purple precipitate formed. The
precipitate was washed by MeOH and redissolved in 3-5 mL of CHCI;. The CHCI;
solution was precipitated by MeOH again. Such precipitation- redissolving process was
repeated for 3 times before GPC and NMR characterization suggested achieving of
pure polymer. Yield 118 mg. GPC: Mn = 28,150, PDI = 1.6. *H NMR (300 MHz, CDCls,
ppm) & 7.23- 6.96 (broad, Ph-H, 6-7 H) 6.35 (broad, NH-H, 2H), 4.45 (broad, 4-5 H),
4.18 (broad, 2H) 3.90 (broad, 2-3 H), 3.75-3.65 (broad, 12H), 3.59-3.55 (broad, 3-4H),
3.38 (s, 3H), 2.70-2.63 (broad, 6H), 2.14-2.05 (broad, 14-15H), 2.00-1.88 (broad, 14H),
1.59 (broad, 6H), 1.37 (broad, 72H).

PB-a In a 50-mL round-bottom flask, 80 mg of PB-e was dissolved in a mixed
solvent of 10 mL of THF and 10 mL of TFA. With vigorous stirring, the reaction was
allowed to run for overnight. The dark red fluorescence was almost quenched. The
reaction mixture was concentrated and PB-a was precipitated and washed with acetone.
The product was dried under vacuum before it was characterized by NMR. *H NMR
(300 MHz, CDCl3, ppm) & 7.23-7.00 (broad Ph-H 6H) 6.56-6.26 (broad, N-H 2H), 4.52-
4.30 (broad, 12H), 4.23-4.11 (broad, 8H), 3.95-3.48 (broad, 36H), 3.38-3.33 (broad

18H), 2.86-2.57 (broad, 24H), 2.20-1.76 (broad, 50H).
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PB-Na MeOH (2 mL) that contained 0.1 mM NaOH was used to dissolve PB-a and
the resulting solution was slowly added to 50 mL H,O with pH 9. The water soluble
polymer was dialyzed against a NaOH/water (Millipore Nanopure™) solution (pH 8.5)
under dark for 3 days. The resulting polyelectrolyte (PB-Na) aqueous solution was
concentrated by means of freeze drying to ~10 mL. The concentration of the CPE was
measured by gravimetric analysis, which was calculated as 0.8 mg/ mL, or 0.6 mM

(repeat unit). The stock solution was degassed and stored from light under 4°C.
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CHAPTER 4
PHOSPHONIC ACID FUNCTIONALIZED NM-CONJUGATED PHOTOACTIVE
OLIGOMERS: PHOTOPHYSICAL PROPERTIES, INTERACTIONS WITH CDSE
NANOCRYSTALS, AND APPLICATION IN DYE-SENSITIZED SOLAR CELLS

Hybrid Materials Based on Conjugated Oligomers
Organic/inorganic hybrid materials are broadly defined as mixtures of organic
molecules and inorganic materials at molecular level.*®? First introduced in the late
1980s, these materials have shown promising functionalities and applications in

164 and photovoltaics.'®>*® Specifically, organic

photocatalysis,'®® solar fuels,
semiconductor/inorganic nanocrystal (NC) hybrids are materials that not only inherit
characteristics from both the organic and inorganic components, but also exhibit new
features due to the interactions (such as energy transfer/charge transfer) between
different phases.® Inspired by Alivisatos and co-workers’ early work on optoelectronic

devices based on conjugated polymer/CdSe NCs hybrid films,®>%*

a great deal of
research interest has focused on developing organic semiconductor/inorganic NC
hybrids and exploring their applications in photovoltaic energy harvesting and
optoelectronic devices.®>"®

The major challenge that these devices faced was that device performance was
the dramatic effect of morphology of the mixtures on device performance.® It was
demonstrated that inorganic NCs tend to aggregate to form NC cluster islands in the
organic polymer matrix.**” Such “phase segregation” effect, unfortunately, diminished
the interaction between components, thus largely limiting device performance. Coating
surfactants on the surface of inorganic NCs facilitated their dispersion in organic phases,

but the insulating nature of the surfactants largely reduced the efficiency of charge

transfer between the organic SC and inorganic NCs.?® Another strategy to improve
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communication between the NCs and organic SCs was to engineer the shapes of the
inorganic NCs on a three-dimensional scale, so that the interpenetration of the organic
and inorganic phases was optimized.’#%%1%° Unfortunately, state-of-art intimate
nanocomposites of organic semiconductor and inorganic NC hybrids were hardly
achieved.®®

A third approach has proven to provide better control of both the morphology of
the hybrid films and the surfactant composition on the NC surfaces. Instead of
physically blending the components, the organic molecules were functionalized with
“anchoring groups” that attach to the surface of the NCs through covalent bonds. For
instance, in an early work that studied the morphology of regioregular poly(3-
hexylthiophene) (P3HT)/CdSe NC films, Frechet and co-workers discovered that end-
functionalized P3HT enhanced the performance of P3HT/CdSe solar cells by increasing
the dispersion of CdSe nanocrystals without introducing insulating surfactants.®® To date,
a number of “anchoring groups” have been employed to facilitate the communication

between organic SCs and inorganic NCs. Among them, phosphine oxide,”*"® thiol

83,84 73,85,86 87-89 67,90

groups, carbodithioic acids, carboxylic acids, phosphonic acids,

amines,®® and anilines’ are commonly described in the literatures. Regarding the

»67,68,71,73,75,76 (b

synthetic methodology of these hybrid materials, both “graft to y

synthesis of organic oligomer/polymers prior to linking to NCs) and “graft from”®°

(precursors modification on NCs prior to formation of oligomer/polymer phases)
methods have been developed. As introduced in Chapterl, the “graft to” method,

although relatively more tedious in terms of synthesis, has the advantage of providing
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mono-dispersed hybrid materials, resulting in better processability,®” energy®"*/ charge
transfer ®’ at the molecular level, and increased device performance.®®

In this chapter, we will discuss a series of 1-conjugated oligomers with different
bandgaps. These oligomers are all functionalized with a phosphonic acid group on
terminal for attachment to the surfaces of CdSe NCs. The interactions between the
oligomers and CdSe NCs are studied both in solution and in the form of solid hybrid
films. As part of our efforts to develop high efficiency photovoltaics, the functionalized
oligomers are also utilized in dye-sensitized solar cells (DSSCs) with TiO, NC films.
Preliminary results show that these conjugated oligomers have promising applications in
DSSCs.

The project being described in this chapter involves a combination of efforts from
several research groups at the University of Florida, as listed in Table 4-1. The focus of
this chapter will be on the work conducted in the Schanze group, yet to maintain the
integrity of the entire “story” and the flow of the paper, data and figures from the other
two groups will also be briefly covered (with consent of the collaborators).

Table 4-1. Contributions made by several groups to the project

Research group Kirk Schanze / John Reynolds / Jiangeng Xue /
(Pl / Researcher)  Dongping Xie Romain Stalder Renjia Zhou
Synthesis of OPE

Syntheses of T6 Syntheses of CdSe

Photophysical and and TABTD NCs
PL quenching _ _
- measurements Electro-chemical Hybrid device
Contributions measurements fabrications and
Syntheses of IPCE
oligomer-CdSe TGA measurements
hybrids

TEM imaging
DSSC devices
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Results and Discussions
Synthesis and Structural Characterizations

The oligomers were designed as electroactive rods bearing a phosphonic acid
functional group at one end (Figure 4-1). Achieving such asymmetric structures
normally requires stepwise synthesis, in which the aromatic units are installed one after
another onto the conjugated backbones, a process known as “combinatorial
chemistry”.*"® In this work, we employed an alternative method in which a series of
subunits was synthesized before assembled with a “central” unit in a one-pot reaction to
provide the final product. This method is much less tedious without compromising
product yield, thanks to the large difference in polarity between the products and side
products. In Figure 4-2, we use the synthesis of OPE oligomer as an example to

discuss the methodology.
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Figure 4-1. Chemical structures of conjugated oligomers studied in this work.
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Synthesis of the OPE oligomer bearing one phosphonic acid group (OPE-A)
begins with the alkylation of hydroquinone into 1 followed by iodination of the benzene
ring to afford 2, which is the precursor to the central benzene ring in OPE-A. The two
other precursors to OPE-A, the extended phenylene ethynylene moieties 4 and 7, were
both synthesized from 1,4-diiodobenzene. Under Sonogashira cross-coupling conditions,
phenylene acetylene and propargyl alcohol were added to yield 3, which was
subsequently deprotected under basic conditions to afford the di(phenylene ethynylene)
4. In a nickel-mediated Arbuzov type reaction with one equivalent of triethylphosphite,
1,4-diiodobenzene was converted to diethyl (4-iodophenyl)phosphonate 5. Similar
conditions as described for 3 were applied to transform 1,4-diiodobenzene into
intermediate 6, which was then coupled with 5 to generate the di(phenylene ethynylene)
7, bearing a phosphonate group on one end and a terminal alkyne on the other.
Precursors 2, 4 and 7 were then reacted in a one-pot reaction to yield the phosphonate-
mono-functionalized oligo(phenylene ethynylene) OPE-E. The symmetrical side
products (the non-functionalized and the di-functionalized OPESs) were readily removed
by column chromatography, based on the substantial difference in polarities of the
compounds. The last steps towards the phosphonic acid OPE-A involved treatment of
the phosphonate OPE-E with trimethylsilyl bromide in DCM, followed by hydrolysis with
methanol.

The detailed synthetic procedures for the T6 and T4BTD oligomers are not
discussed in this work (Table 4-1). In brief, the oligomer backbones were built under Pd-
catalyzed Suzuki or Stille coupling conditions. The same methodology used in OPE

synthesis was applied to prepare the T6 and T4BTD oligomers. In each case, the
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phosphonic acid group was first introduced as ethyl ester T6-E or T4ABTD-E, which was
subsequently hydrolyzed to yield the acid products T6-A or T4BTD-A. In all, we
collected six conjugated oligomers end-capped with either phosphonate or phosphonic
acid groups (Figure 4-1). The purity of the oligomers was demonstrated by NMR and

MS spectroscopy.

i m I C)C8H17
]
HO—QOH > CSH17O—QOCSH17 _— j@E T
89% 75% CgH470 I

1 2
ii 7 N\__— - — v N\ — T —
45% — \ / OH 89% — \ /
3 4
Q
|O| — Y . I—@—P\—OEt
68% OEt 0
— /J N\ I )
5 =\ / L %SEt
vi-1,vil2_ 7 N\ 7
0% 00 =/
vii
6 OCgH 34%
817 e)
{ Y= = o S —@-H-oa ~
/S — N/ >\ Y/ - \
OEt
CgH470
viii OPE-E, 8
95%
OCgH47 0
7 N\ — /T \ —— /7 — /N Iy
/= N/ = \/ —\/—@%g'*
CgH470
OPE-A, 9

Figure 4-2. Synthesis of OPE-E and OPE-A. (i) KOH, CgH1,Br,DMF; 80°C, overnight; (ii)
I, KIO3, AcOH, H,SO4, H,0; reflux, 24hr; (iii) propargyl alcohol, phenylene
acetylene, Pd(PPhs)4, Cul, THF, r.t; overnight; (iv) MnO,, KOH, Et,0 r.t; 5h; (v)
P(OEt)s, NiCly, neat; 145°C, 30min; (vi-1) trimethylsilyl acetylene, propargyl
alcohol, Pd(PPhs)4, Cul, THF, r.t; overnight; (vi-2) K,CO3, DCM, MeOH, r.t. 4h;
(vii) Pd(PPhs3)4, Cul, THF, r.t; overnight; (viii) trimethylsilyl bromide, MeOH
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The CdSe NCs used in this study were synthesized by Dr. Xue’s group at the
University of Florida (Table 4-1), following a previously reported procedure with
modifications.*”**"* The NCs were nano-spherically shaped with 6.5 nm diameter (by
TEM), carrying trioctylphosphine oxide (TOPO) as the surfactant.

Photophysics of the Oligomers and CdSe NCs

The UV-vis absorption and fluorescence spectra of OPE-A, T6-A, T4ABTD-A and
CdSe NCs were obtained as shown in Figure 4-3. All the absorption spectra feature a
strongly allowed long wavelength absorption band, which shifts systematically from 393
nm for OPE to 425 nm for T6 to 505 nm for T4BTD. High molar absorptivities of 30,000
— 50,000 M*cm™ were calculated, as summarized in Table 4-2. From the absorption
onset of OPE-A and T6-A in solution, relatively high energy gaps of 2.8 eV and 2.4 eV
respectively, were calculated, as expected of oligomers with homogeneous Tr-electron
systems. The T4BTD oligomer, on the other hand, features a longer wavelength
absorption onset corresponding to a lower HOMO-LUMO gap of 2.0 eV. This is due to
the donor-acceptor (DA) interaction attributed to the mixing of the BTD acceptor unit
with the flanking bithiophene donors.*”® The extinction coefficient of TABTD is lower
compared to that for OPE or T6, which is consistent with the DA transition.

The photoluminescence of each oligomer, in both the ester and acid forms were
recorded in dilute chloroform solution. All oligomers exhibit intense fluorescence with
guantum yield near or above 50%. The peak emission wavelengths red-shifted
proceeding from OPE to BTD, 434 nm for OPE-A, 565 nm for T6-A and 676 nm for
T4BTD-A. This trend agrees with the phenomena observed in UV-vis spectra.
Additionally, the emission band width and the Stokes shift are greater for BTD, reflecting

the charge transfer nature of the excited states. Fluorescence lifetimes were determined
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for the oligomers. In each case, the fluorescence decay exhibits single exponential
kinetics. Little difference between the acid and ester forms for each oligomer was
observed, indicating that the acid forms of the oligomers are well dispersed in dilute
solutions. While the OPE and T6 oligomers show short fluorescence lifetime of 0.9 — 1.0
ns, the T4BTD oligomers exhibit significantly longer lifetimes of 5 ns. The longer lifetime
for TABTD results from a much lower radiative rate (ca. 0.16 ns™), and this is again

consistent with the DA nature of the fluorescent excited state.
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Figure 4-3. Photophysical characterization of the oligomers. A) Normalized UV-vis
absorption and B) photoluminescence spectra of OPE-A (black), T6-A (blue),
TABTD-A (red) and the CdSe NCs (dashed) in chloroform.

The CdSe NCs have a long wavelength absorption peak at 624 nm, characteristic
of the quantum confinement effect, and the absorption rises steadily towards the UV
region of the spectrum. An optical energy gap of 1.9 eV is calculated from the onset of
absorption, which is in accordance with the size of the NCs.}”* The low PL quantum
yield of CdSe NPs is presumably due to formation of defect states at the CdSe NC

surfaces during the removal of excess TOPO and oleic acids (reagents that are used
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during the syntheses of the NCs).}"* Compared to passivated CdSe NCs that are
surrounded by TOPO groups, the CdSe NCs used in this study have relatively both
shorter PL lifetime and lower PL quantum yield.'”® Table 4-2 summarizes all the
photophysical characterizations of the oligomers and the CdSe NCs in chloroform
solution.

Table 4-2. Photophysical data for the oligomers and CdSe NCs in CHCI; solution.

Moo 805 Optical AE”  Eabs Ay Pl S90S o T

(nm) (eV) (Mocm )  (nm) (cm™) (ns)
OPE-E 381 2.8 42700 436 3100 0.79° 0.91
OPE-A 383 2.8 33800 434 3068 0.53° 0.89
T6-E 424 2.4 55600  537/564 5854 0.54° 0.86
T6-A 426 2.4 48700  539/565 5775 0.49° 0.85
TABTD-E 504 2.1 30000 675 5026 0.71° 5.60
TABTD-A 508 2.0 21000 676 4892 0.71° 555
CdSe NC 624 1.9 632000° 650 641  0.001¢ 1.26°

2 from low-energy onset of absorption in the solution UV-vis spectra. ° calculated by the
method described in ref'’*. ¢ quinine sulfate in 0.1 M sulfuric acid (®r = 0.54) as
standard. 9 Ru(bpy)sCl. in H,O (@ = 0.056, degassed) as standard © average lifetime
from a multi-exponential decay

E-chem Characterizations

The measurement of redox properties of the oligomers was conducted in Dr.
Reynolds group, and detailed experimental procedures can be found in Romain
Stalder’s dissertation (2012 University of Florida). Briefly, the HOMO and LUMO levels
of the oligomers in solution were investigated by means of both cyclic voltammetry (CV)
and differential pulse voltammetry (DPV). OPE-A has a HOMO energy level at —5.84 eV,
T6-A at —5.32 eV and T4BTD-A at —5.50 eV vs vacuum. In the case of T4BTD-A, the

LUMO energy is measured from the reductive DPV onset to be at —3.55 eV, giving an
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electrochemical energy gap of 1.95 eV, which is quite close to the optical energy gap
value of 2.0 eV calculated from its UV-vis spectrum. Unfortunately, the reductive DPV
for OPE-A or T6-A were difficult to measure due to the electron-rich nature of the two
oligomers. Thus the electrochemical estimation of LUMO energies for the latter two
oligomers is not available. Given the fact that for T4ABTD the energy gap measured
electronically is reasonably close to that calculated from the optical spectra, we make
the assumption that the spectral values are valid in the cases OPE and T6 oligomers.
Therefore, the corresponding optical energy gaps listed in Table 4-2 were employed to
deduce the energies of the LUMOs for OPE-A and T6-A, which were calculated at —
3.04 eV and —2.92 eV vs vacuum, respectively. Figure 4-4 depicts the position of the

HOMO and LUMO energy levels for the three oligomers.
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Figure 4-4. Energy level alignment of the oligomers and CdSe. Band structure diagram
comparing the HOMO and LUMO levels of OPE-A, T6-A and T4BTD-A and
their offsets relative to the CdSe NCs.

According to the literature, the positions of the conduction band (CB) and valence
band (VB) of the CdSe NCs used in this study are set between —4.3 and —4.5 eV, and
between —6.22 and —6.3 eV respectively.*’* The energy diagram of CdSe NCs is drawn

parallel with those of the oligomers in Figure 4-4. In each case, the LUMO level of the
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oligomer is more than 1 eV higher than the CB of the NCs and the HOMO level of the
oligomer is more than 0.5 eV higher than the VB of the NCs. Based on such energy
configuration, it is expected that upon formation of hybrids between the oligomers and
the CdSe NCs, photoexcitation of either the oligomer or the NC will give rise to electron
transfer from the oligomer to the NC.

Photoluminescence Quenching of the Oligomers and NCs

As described in Chapter 1, photoluminescence quenching has been used as a
“‘indicator” for energy/charge transfer between chromophores. Applying the same
method, we sought evidence of energy/charge transfer at the oligomer/CdSe NCs
interfaces by examining the evolution of the fluorescence spectra of the oligomers upon
incremental addition of CdSe NCs in CHCI3 solution. Furthermore the difference
between evolutions for the phosphonate ester protected oligomers was compared with
the oligomers modified by phosphonic acid groups. Figure 4-5a shows the PL evolution
for OPE-E and OPE-A in dilute chloroform (5 uM) as CdSe NCs (chloroform solution)
was titrated into the study solution. The increments were chosen so that each addition
doubled the concentration of CdSe NCs in the oligomer solution, until an oligomer:
CdSe molar ratio of 50:1 was reached. The relative concentrations of the starting
solutions (oligomer and CdSe NCs) were such that only microliters of CdSe solution
were needed for a fixed volume of 2 mL of oligomer solution to achieve the designed
ratio. Therefore the effect of dilution on the PL intensity could be neglected.

For OPE-E, the addition of the CdSe reduced the oligomer fluorescence by 25% at
the 50:1 ratio. Since the fluorescence lifetime of the result solution remained the same
with that of the pure OPE-E, diffusional quenching could be ruled out. We believe that

the reduction of OPE-E fluorescence is due to the absorption of CdSe NCs at 436 nm
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(acting as a neutral density filter). By comparison, when the acid form OPE-A was
subjected to the same procedure, significant luminescence quenching was observed.

Over 90% of fluorescence was quenched when the molar ratio of OPE-A: CdSe NCs

equaled 50:1.
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Figure 4-5. Fluorescence quenching of the oligomers by CdSe. A) Evolution of the
fluorescence of OPE-E and OPE-A upon addition of CdSe NCs, and B)
evolution of the peak fluorescence intensities for the ester (squares) and acid
(circles) forms of OPE (black), T6 (blue) and T4BTD (red) upon addition of
CdSe NCs. The concentration for each oligomer solution was 5 yM

The same set of experiments was carried out for T6 and T4BTD oligomers as well.
Figure 4-5b summarizes the evolution of the peak fluorescence intensities for all six
oligomers. The fluorescence intensity of TABTD-E does not decrease as much as those
of T6-E and OPE-E. This observation can be explained by referring to Figure 4-3a.
There is almost no absorption for CdSe NCs at the emission wavelength of TABTD-E,
while the absorption is much stronger at wavelengths where T6-E and OPE-E emit.
Furthermore, it is commonly true that the fluorescence of the ester forms decreases by
a limited amount upon addition of the CdSe NCs, while the fluorescence of the acid

form is quenched by more than 90% under the same conditions. Noting that the
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substantial fluorescence quenching of the acid form of the oligomers occurs at very low
guencher concentration (in the range of nanomolar), and diffusional quenching could be
ruled out, it can thus be deduced that any evolution in the PL intensity would be due to
oligomer/NC complex formation, i.e. direct interaction between the two. The PL
guenching results suggest that the phosphonate ester forms have, at best, a weak
interaction and thus there is little binding of the oligomers to the NCs, while the
phosphonic acid forms bind strongly to the NC surface.

In the experiments described above, no luminescence increase was observed
while carefully monitoring the 640 to 660 nm region for any enhancement of the
emission from the CdSe in the oligomer/CdSe mixture. Considering both the low
fluorescence quantum yield and the negligible concentration of CdSe NCs used in the
study, this observation alone was not sufficient to rule out the possibility of energy
transfer from oligomers to the CdSe NCs. To further decipher the mechanism of
interactions between the oligomers and CdSe NCs, the reverse experiment was
conducted, which involved investigation of the change of photoluminescence intensity of
CdSe NCs emission upon addition the oligomers. For OPE, the procedure began with
mixing 0.5 mL of a 1uM CdSe solution with 1.5 mL of oligomer solution of the following
concentrations: 16.7 uM (for 50:1 oligomer:CdSe); 33.4 uyM (for 100:1 oligomer:CdSe)
and 66.8 uM (for 200:1 oligomer:CdSe). The solutions were stirred and irradiated with
light at the CdSe peak absorption wavelength (where no absorption for OPE was
observed). Figure 4-6 records the change of CdSe NCs emission upon titration with
OPE-A as described above. As a control experiment, the same process was applied to

OPE-E. The photoluminescence of CdSe decreased upon addition of OPE-A, while the
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same amount of OPE-E had almost no influence on the CdSe emission. This result
again supports the proposal that OPE-A binds strongly to the surface of the CdSe NCs,
so that the interaction between the two species is possible. Furthermore, the mutual
guenching behavior of CdSe NCs and OPE-A indicates that when either component in
the complex is photoexcited, a charge transfer process results. Either electrons are
injected from OPE-A to CdSe NC, or holes migrate in the other direction. Similar results

were observed for the T6 derivatives.
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Figure 4-6.Evolution of the fluorescence of CdSe NCs upon addition of OPE-E and
OPE-A. Excitation at 630 nm

Unfortunately, the same experiment was difficult to perform on T4BTD, since the
absorption and emission of both organic and inorganic species overlapped significantly,
making it impossible to look into the emission of CdSe without interference from the
emission of T4ABTD (The charge transfer between T4BTD and CdSe NCs will be
demonstrated later in the incident photon-to-electron conversion efficiency (IPCE)

results).
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Referring back to the energy diagram of the oligomers and CdSe, it is true that the
interaction between the oligomers and CdSe NCs occurs via electron transfer, and this
interaction is strongly facilitated by attaching the oligomers onto CdSe NCs with binding
groups (in this case the phosphonic acid).

Oligomer-CdSe Hybrids and IPCE Results

Now that it has been demonstrated that the acid forms of oligomers tend to bind
with CdSe NCs to form complex in solution, we further explored the possibility of
synthesizing hybrid materials based on the oligomer/CdSe complex. From the PL
guenching experiments, a 200:1 molar ratio of oligomer:NC was sufficient to quench
more than half of the luminescence of the NCs. We thus stipulated that such a ratio or
higher would be reasonable for the synthesis of hybrids consisting of CdSe NC cores
saturated by the oligomers at the surfaces. Since phosphonic acid groups have higher
affinity to the CdSe NCs than TOPO groups (the initial ligands on the CdSe NCs), the
hybrid preparation utilizes the exchange of the superficial TOPO groups of the NCs with
OPE-A, T6-A or T4BTD-A oligomers.

As a general procedure, oligomers and CdSe NCs were mixed in chloroform
solutions, followed by precipitation of the NC/oligomer hybrid in an appropriate solvent
and centrifugation to remove the supernatant containing any unbound organic ligands
(TOPO and excess oligomers). Experimentally, 10 mg of the oligomer was dissolved in
5 mL of degassed chloroform, to which was added a solution of the CdSe NCs in
chloroform at the appropriate concentration for an excess of 200:1ratio (oligomer:NCs,
M:M). The mixture was stirred vigorously in the absence of light at room temperature for
30 minutes. The mixture was then precipitated in a poor solvent for the NCs/oligomer

hybrids which still dissolves the unbound surfactants and excess oligomers. For the
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T6/CdSe hybrid, ethyl acetate was used to precipitate the hybrids, while methanol was
employed to precipitate the OPE/CdSe and T4BTD/CdSe hybrids. After centrifugation of
the suspension and removal of the supernatant, the precipitates were redissolved in
chloroform and precipitated once again in the proper solvent. This was repeated several
times, and meanwhile the UV-vis absorption spectrum of the chloroform solutions was
recorded in each step. As unbound oligomers were removed after each precipitation,
the overall absorption profile of the redissolved precipitates featured less absorption
contribution from the oligomers. Once the relative absorption intensities of the NCs
versus that of the oligomer stabilized, the chloroform solution containing the redissolved
oligomer/NC hybrid was considered free of unbound oligomers (This usually required 3-
4 precipitation-redissolve cycles). The UV-vis absorption spectra of as-prepared hybrids

solutions are shown in Figure 4-7.
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Figure 4-7. Absorbance comparison of the hybrids with parental CdSe NCs. Absorption
spectra of the OPE-CdSe (black), the T6- CdSe (blue) and the T4BTD-A-
CdSe (red) along with the spectrum of free CdSe NCs (dashed) in solution.
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Compared to the absorption of pure NC solution (dashed line), the profile of the
OPE/CdSe hybrid (black line) shows an absorption band emerging at 410 nm towards
shorter wavelengths, and peaking at 325 nm with a shoulder at 370 nm, indicating the
contribution of the bound OPE-A. The T6/CdSe hybrid (blue line) has a broad
absorption band centered at 426 nm from the contribution of the bound T6-PA
oligomers. Likewise the absorption profile for the T4ABTD/CdSe hybrid shows the
contribution of the NC-bound T4BTD-A peaking at 360 nm and 508 nm. In all three
spectra, the contribution of the NCs to the overall absorption is observed as a peak or
shoulder around 625 nm.

With the hybrids in hand, a quantitative estimation of the average number of
oligomers at the NCs surface was attempted. Thermogravimetric analysis is carried out
to determine the total weight loss difference between the pristine CdSe NCs and the
ones functionalized with the electroactive oligomers. In principle, during the ligand
exchange process, if a native surfactant such as TOPO (MW = 415 g/mol) is replaced
by OPE-A (MW = 815 g/mol), T6-A (MW = 827 g/mol) or TABTD-A (MW = 797 g/mol),
then an oligomer/NC hybrid should have a higher organic content by weight than the
original NCs. Displayed in Figure 4-8, the TGA thermograms for a CdSe sample before
ligand exchange (dashed line) and after ligand exchange with OPE-A (black line), T6-A
(blue line) or TABTD-A (red line) were plotted. Weight loss differences in the 4% to 8%
range at 500°C were observed for the hybrids compared to the pristine CdSe sample.
This implies that the ligand exchange process did increase the organic content in the
hybrid, supporting the presence of higher molecular weight species bound to the

surface of the NCs. One obvious limitation to this method is that it is in fact very difficult
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to determine the exact number of native surfactants before ligand exchange. The results

from a TGA experiment on hybrids are thus, at best, qualitative.
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Figure 4-8. TGA thermograms of the pristine CdSe NCs (dashed line) and the hybrids

with OPE-A (black line), T6-A (blue line) and T4BTD-A (red line) under
nitrogen flow, 10°C/min heating rate.

A more quantitative way to estimate the number of surface-bound oligomers
involves a careful comparison of the hybrid’s absorption with that of the pristine NCs
and the free oligomers. Figure 4-9 illustrates the method of such estimation using the
T6/CdSe hybrid system as an example. The relative absorbance of the free oligomer
T6-A (dash-dot line) and the free CdSe NCs (dashed line) was adjusted so that: 1) the
absorbance from the free CdSe NCs is identical to that of T6/CdSe hybrid at 634nm (no
absorption contribution from the T6-A); 2) the sum of their absorption spectra (black
solid line) resulted in a profile for which the intensities at the respective absorption
maxima (at 426 nm and 624 nm) matched that of the hybrid’s (solid blue line). This was
achieved for an absorbance of 0.912 at 426 nm for T6-A and 0.087 at 624 nm for the

CdSe NCs. From Beer’s law and referring to the extinction coefficients listed in Table 4-
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2, concentrations of 18.7 ym for T6-A and 136 nM for CdSe NCs were calculated,
respectively, resulting in an oligomer to CdSe NC ratio of 137:1. The same spectral
analysis and calculations were applied to the OPE and T4BTD hybrids, suggesting
ratios of 200:1 for OPE/CdSe hybrid and 140:1 for T4ABTD/CdSe hybrid, respectively.
While we succeeded in estimating the ratio between organic ligands and CdSe NCs, it
IS necessary to point out that the major limitation of this estimation is application of
Beer’'s Law in a non-linear region of the absorption-concentration function. Based on the
down-curvature of the function, the actual oligomer ratio should be higher than the
estimated values. Overall, however, the estimation offers direct evidence that a
significant coverage of the CdSe NCs was achieved using phosphonic acid-

functionalized oligomers.
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Figure 4-9. Comparison of absorption of T6-A/CdSe hybrid and the free components.
Absorption profiles of the T6-A/CdSe hybrid (blue line), the free T6-A (dash-
dot line), the free CdSe NCs (dashed line) and the sum of the latter two (black
solid line).

The optical properties of the hybrids are summarized in Table 4-3. Extremely weak

fluorescence was detected for chloroform solutions of the hybrids, with quantum yields
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below 0.1% at 433 nm for the OPE hybrid solution, 564 nm for the T6 hybrid solution
and at 676 nm for the T4BTD hybrid solution. Seeking evidence for the dynamics of the
hybrids’ fluorescence, we measured the fluorescence lifetimes of the hybrids solutions
as recorded in Table 4-3. Two components are contributing to the average lifetime of
the hybrids fluorescence. One from the ligand emission and the other from the CdSe
emission. Compared with the fluorescence lifetime of the free ligands or CdSe NCs
(Table 4-2), it is clear that the components of hybrids fluorescence have almost identical
lifetime with their corresponding parental oligomer or CdSe NCs. This observation
suggests that the fluorescence of the hybrids comes from the residual unbound free
ligands and CdSe NCs, while the hybrids themselves are non-emissive, presumably
due to rapid charge transfer between the components. Transient absorption was
measured for the hybrid materials to investigate the rate of the charge transfer.
Unfortunately, we were not able to capture any information on the nano-second scale
instrumental setup, suggesting that a rapid photophysical process occurred.

Table 4-3. Optical data of the oligomer/CdSe hybrids in CHCI3 solution.

Amax abs Amax Fl o TR
=
(nm) (nm) (ns)
OPE hybrid 325/370/625 433 <0.1%  0.88(450nm)/1.24(650nm)
T6 hybrid 4261625 564 <0.1%  0.83(560nm)/1.23(650nm)
T4BTD hybrid  360/508/625 676 <0.1%  5.2(680nm)/ 1.68(650nm)

As the mechanism of photo-induced charge transfer process is concerned, either
(or both) of the following scenario are to be considered. 1) Direct excitation of the
organic ligands (CdSe NCs) followed by the electron injection (hole migration) from the
ligands (CdSe NCs) to the CdSe NCs (the ligands), or 2) Energy transfer happens from

the singlet excited state of the ligands to the CdSe NCs generating excitons in the NCs
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before the hole migration from NCs back to the ligands. In all events, charge separation
between the components of the hybrid materials is involved, which is demonstrated by
the IPCE of the hybrids (described later in this chapter). Further study (eg. ultrafast
transient absorption) is needed to discover the dynamics of the photophysical process
at the interface of the hybrids.

To further demonstrate photo-induced electron transfer between the oligomers and
CdSe NCs, and to study the potential application of these hybrid materials for
photovoltaics (PV), we fabricated hybrid PV devices with a structure of ITO/PEDOT:
PSS/Oligomer: CdSe/ZnO/Al, in which the oligomer:CdSe is the active layer, and ZnO
NCs serve as optical spacer and hole-blocking layer.*”® The IPCE was recorded for
each hybrid as displayed in Figure 4-10. The IPCE for the OPE/CdSe hybrid peaks at
350 nm to 10%,with little response below 3% at wavelengths higher than 500 nm except
for a small shoulder at 640 nm that is likely due to the contribution of CdSe NCs. For the
T6-based hybrid, a broader band reaching 12% appears in the IPCE from 400 nm to
550 nm corresponding to photons absorbed by the T6 ligands bound on the CdSe NC
surface. A shoulder at 640 nm was observed, implying the contribution from the CdSe
NC absorption to the overall photocurrent. The IPCE for the T4BTD hybrid is broadened
further to 650 nm, with two bands centered at 371 nm and 505 nm, and a value of 13%.
The IPCE parallels the absorption of the TABTD/CdSe hybrid, and a slight shoulder
around 650 nm can be distinguished for CdSe contribution. Overall, the IPCE spectra
for the three hybrids indeed indicate that the photocurrent contributions are from both
oligomers and CdSe NCs, providing additional evidence of charge separation

happening at the interface of the hybrid material.
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Unfortunately, the device performances of the hybrids discussed above are
disappointing (less than 0.3%). Many possible factors both from molecular design and
engineering aspects are to be optimized for better devices. For example, the oligomer
based hybrid active layers do not have sufficient viscosity for the devices to be
successfully processed. This problem could be potentially solved by blending the
hybrids with a high molecular weight conjugated polymer (eg. P3HT). Otherwise, the
functionalized oligomers applied in DSSC format achieved reasonable power
conversion efficiencies (This topic will be covered later in this chapter). In all, the

oligomers developed in this project are promising candidates for high efficiency

photovoltaics.
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Figure 4-10. IPCE of OPE/CdSe (black line), T6/CdSe (blue line) and T4ABTD/CdSe (red
line) hybrids films in a simple device architecture under AM1.5 illumination.

Application of the Oligomers in Dye-sensitized Solar Cells

It has been reviewed in Chapter 1 that dye-sensitized solar cells (DSSCs) have
gained striking progress with transition-metal based complexes as sensitizers. Recently,

metal-free organic molecules are receiving increasing research attention due to the
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concern that the long-term availability of the transition metals is limited.>® To date,
various organic dyes for DSSCs have been developed, such as coumarin dyes,**
merocyanine derivatives,'’” and polyene dyes.'”® Power conversion efficiency (PCE)
that is comparable with transition-metal dyes has been achieved so far (over 10%).>

Previously we applied the BODIPY based conjugated polyelectrolyte as sensitizers
in TiO, DSSC devices. As our continuing investigation, we constructed DSSCs using
the phosphonic acid oligomers. T6 and T4BTD oligomers were chosen to build the
devices for their capability of utilizing the majority of visible lights. Additionally, the
phosphonic acid functional groups provide connection of the oligomers to the TiO, NCs.
Experimentally, the oligomer coated TiO; films were tested in a modified reported DSSC
format®® using a propylene carbonate solution of I./Lil as the electrolyte and a Pt/FTO
counter electrode.

Figure 4-11 shows the J-V curve and IPCE plot of T6 and T4BTD dyes. It is clear
that the IPCE for both oligomers mimics their absorption spectra, indicating sufficient
utilization of photons absorbed. Noting that without any device optimization involved, the
oligomers already offer moderate PCE (1.4% and 2.2% for T6 and T4BTD, respectively).
It is expected that the oligomers developed in this project are promising candidates for
photovoltaic applications, which is endorsed by their capability of interacting with
semiconductor NCs via electron transfer.

Finally, the performance of the oligomers in the CdSe-based hybrid solar cells and
those in the TiO,-based DSSCs are surprisingly different. We propose that this different
is caused by the nature of the devices. It was proven that in heterojunction cells, the

device performance increase with polymer molecular weight,**3*** due to increased
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structural order in the films. Such structural order facilitates the charge mobility in the
hybrid cells. On the contrary, in DSSCs, inverse correlation between polymer chain
length and cell performance was observed,® presumably due to the fact that small
molecules have better coverage on the TiO, surfaces. Indeed, the up-to-date efficient
sensitizers used in DSSCs are all small molecules/oligomers. Based on the above
arguments, it is reasonable that the oligomers developed in this project fit better for

DSSC cells. More studies on morphologies need to be done to support the conclusion.
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Figure 4-11. J-V curve (A) and IPCE (B) of T6 (blue squares) and T4BTD (green
triangles) in TiO, based DSSCs.

Summary and Conclusions

This chapter described three mono-functionalized conjugated oligomers with
variable band gaps and their interactions with CdSe nanocrystals.

First, the syntheses of phosphonic acid functionalized oligo phenylene ethynylene
OPE-A was introduced. Instead of applying the conventional synthetic procedure for the
OPE backbones, we developed a subunit-core one-pot assembling methodology where

the desired product and side product were easily separated by the polarity differences.
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The novel methodology was less tedious in terms of synthesis, without compromising
the overall yield of the oligomers.

Second, the photophysics and electrochemical properties of the OPE, T6 and
TABTD were carefully characterized. By means of donor-acceptor-donor designing, the
HOMO-LUMO gaps of the oligomer were varied, from 2.8 eV for OPE to 2.0 eV for
T4BTD.

Third, it has been demonstrated in the study from several aspects that electron
transfer occurs from the oligomers to the CdSe NCs. The process is assisted by the
phosphonic acid group modified on the oligomers as evidenced by two observations. 1)
The fluorescence of the acid form of the oligomers are effectively quenched at low
CdSe concentration (nanomolar range), while the ester forms remain unquenched.
Likewise addition of oligomers with acid groups to CdSe NCs quenches the CdSe
fluorescence. The mutual quenching of the oligomers and CdSe NCs is not surprising,
since electrochemical studies have indicated that the charge transfer process between
the species is favored. 2) IPCE measurements on the oligomer/CdSe hybrid materials
offer solid evidence for photon-induced current to occur, which is a direct result of
charge separation at the oligomer/CdSe interface.

Finally, the application of the oligomers in DSSC devices was investigated in
parallel. Preliminary results show that the oligomers are promising candidates for high
efficiency DSSCs.

Experimental
Materials and Methods

All chemicals were purchased from either Fisher or Aldrich and used as received

without further purification. NMR spectra were recorded on either a Varian Gemini-300
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or a Mercury-300 spectrometer. Chemical shifts were referenced to residual signals
from CHClz (*H 7.26 ppm and **C 77.23 ppm). UV-visible absorption spectra were
obtained on a Varian Cary 100 absorption spectrometer using 1-cm quartz cells, and
corrected for background due to solvent (HPLC grade). Fluorescence spectra were
recorded on a Photon Technology International (PTI) fluorimeter. Fluorescence lifetime
data was recorded on a PicoQuant Picoharp-300 TCSPC instrument.

Dye-sensitized solar cells were fabricated as follows. First, a TiO, compact layer
was spin-coated onto a clean FTO-glass slide.”*” The TiO; nanocrystalline paste (20 nm
in diameter), which was received as a gift from Dr. Felix N. Castellano at Bowling Green
State University, was doctor-bladed onto the slide with compact layer and sintered at
400°C for 30 min. The sintered electrode was immersed into the oligomer solution in
DMF (~ 0.5 mM) for 36 h to allow for oligomer adsorption onto the TiO; film. The
counter electrode was prepared by sputtering Pt on FTO glass with a thickness of 10
nm. Finally, an electrolyte solution containing 0.05 M I, and 0.1 M Lil in dry propylene
carbonate was drawn into the sandwich between the TiO, working electrode and the Pt
counter electrode by capillary action. The active area of the cell was 0.3 cm?. The
performance of the cells was measured immediately after they were assembled. The
current-voltage characteristics of the cells were measured with a Keithley 2400 source
meter under AM1.5 (100 mW/cm?) solar simulator. As for the IPCE measurements, the
cells were illuminated by monochromatic light from an Oriel Cornerstone spectrometer,
and the current response under short circuit conditions was recorded at 10 nm intervals
using a Keithley 2400 source meter. The light intensity at each wavelength was

calibrated with an energy meter (S350, UDT Instruments).
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Synthetic Procedures

1,4-Bis(octyloxy)benzene (1). This compound was prepared by a modified
literature procedure.'”® 8.6 g KOH powder and 50 mL DMSO were added to a 200-mL
round bottom flask. The mixture was degassed for 15 min before 5.5 g (0.05 mol)
hydroquinone was added. The system was heated to 80°C. After the hydroquinone
dissolved, 19.3 g (0.1 mol) 1-bromooctane was added via syringe. The reaction was
then allowed to run for 12 hours. After the cooled down, the mixture was poured into
600 mL ice-cold water and the crude product was precipitated as tan solid. The crude
product was recrystalized by ethanol and then dried as colorless crystals. Yield 89%. *H
NMR (300 MHz, CDCls, ppm) & 6.82 (s, 4H), 3.90 (t, 4H), 1.75 (pentet, 4H), 1.45-1.30
(m, 20H), 0.88(t, 6H). *3C NMR (75 MHz, CDCls, ppm) & 153.15, 115.34, 68.61, 31.80,
31.49, 29.37, 29.24, 26.03, 22.64, 14.09.

1,4-Diiodo-2,5-bis(octyloxy)benzene (2).*¥° 14.5 g (0.043 mol) of 1 and a
mixture of 200 mL of acetic acid and 40 mL of DI water was heated to 80°C in a 500-mL
3-necked round-bottom flask with a condenser installed. After 30 min, compound 1 was
well mixed with acetic/H,O (Since the melting point of 1 was around 60°C, it actually
melted while heating). Then 13 g (0.05 mol) I, and 6.9 g KIO3; was added while the
system was kept stirring. After attaining reflux, a solution of sulfuric acid (4 mL in 10 mL
water) was added slowly to the reaction. The reaction was then allowed to run 24 hr
while the color of the iodine (purple) faded. After cooling, a saturated aqueous solution
of Na»S,0,4 was added until the color of the reaction mixture turned pale yellow. The
mixture was poured into ice-cold water, and the crude product precipitated as a light
yellow solid. The crude product was dissolved in DCM and washed with DI water twice.

DCM was then evaporated and the crude product was recrystallized in ethanol as a
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white solid, yield 18.8g (75%). *H NMR (300 MHz, CDCls, ppm) & 7.17 (s, 2H), 3.93 (t,
4H), 1.80 (pentet, 4H), 1.45-1.30 (m, 20H), 0.89 (t, 6H). **C NMR (75 MHz, CDCls, ppm)
0 152.79, 122.68, 86.29, 70.29, 31.77, 29.21, 29.10, 25.98, 22.63, 14.10.

3-(4-(Phenylethynyl)phenyl)prop-2-yn-1-ol (3).*** 1,4-diiodobenzene (5 g, 15.2
mmol) was dissolved in a mixture of 50 mL of THF and 15 mL of diisopropylamine
(DIPA) in a 250-mL round-bottom flask. The solution was degassed under argon flow for
40 min before 20 mg Pd(PPhs), and 15 mg Cul were charged. Under the protection of
argon, propargyl alcohol (15 mmol) was injected slowly via syringe. The reaction
mixture turned cloudy after 30 min, and then phenylene acetylene (15.2 mmol) was
added to the mixture under argon. The reaction was allowed to run overnight before the
mixture was filtered. The filtrate was concentrated to remove free amines. The crude
product was dissolved in DCM and washed with saturated ammonium chloride (20 mL x
2) and brine (20 mL x 3). The organic layers were combined and dried, and the crude
product was purified by flash chromatography (DCM: hexane 2:1 v/v). Yield 2.2g (45%).
'H NMR (300 MHz, CDCls, ppm) 8 7.52 (m, 5H), 7.42 (m, 4H), 4.52 (d, 2H), 1.63 (t, 1H).
13C NMR (75 MHz, CDCls, ppm) 5131.62, 131.48, 128.44, 128.37, 123.43, 122.93,
122.28, 91.24, 88.87, 85.37, 51.64.

1-Ethynyl-4-(phenylethynyl)benzene (4).**? 500 mg (2.2 mmol) of compound 3
was dissolved by 50 mL of diethyl ether in a 200-mL round-bottom flask. The system
was degassed for 30 min. Then, 10 equivalents of MnO; (22 mmol) and KOH (22 mmol)
powder were well mixed and divided into three portions. One portion was added every
one hour with vigorous stirring. The reaction was allowed to run for another 2 hr after

the addition of the last portion of MnO,/KOH. The reaction mixture was filtered and
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passed through a short silica-gel column by DCM and dried under vacuo. Compound 4
was obtained as a pale white solid. Yield 89%. *H NMR (300 MHz, CDCls, ppm) & 7.55
(m, 2H), 7.49 (s, 4H), 7.37 (m, 3H), 3.19 (s, 1H). *3C NMR (75 MHz, CDCls, ppm) &
132.15, 131.72, 131.56, 128.62, 128.46, 123.85, 122.99, 91.46, 88.91, 83.35, 78.96.

Diethyl-(4-iodophenyl)phosphonate (5).**° 16.5 g (50 mmol) of 1,4-
diiodobenzene and 0.33 g (2.5 mmol) of anhydrous NiCl, were charged into a 100-mL
3-necked round-bottom flask with an argon inlet and outlet. The mixture was degassed
for 20 min and then melted. (the temperature should not exceed 145°C). While stirring,
10.4 mL (60 mmol) of P(OEt); was slowly added to the flask via syringe with argon flow.
30 min later, the reaction mixture turned brown. The product was purified by flash
chromatography. Hexane was employed first to remove free P(OEt); and 1,4-
diiodobenzene, and then the product was eluted with DCM. Evaporation of solvents
provided pure product as light yellow oil. Yield 70%. *H NMR (300 MHz, CDCls, ppm) &
7.83 (m, 2H), 7.52 (m, 2H), 4.10 (m, 4H), 1.30 (m, 6H). **C NMR (75 MHz, CDCls, ppm)
5 138.02, 133.30, 128.35, 100.21, 62.40, 16.34. *'P NMR (CDCls, against HzPO,4, ppm):
19.1.

3-(4-Ethynylphenyl)prop-2-yn-1-ol (6).*** This compound was synthesized in a
two-step reaction. Step 1 was a Sonogashira cross-coupling reaction that was carried
out under similar conditions as compound 3, except that trimethylsilyl acetylene (instead
of phenylene acetylene) was added. The intermediate was subsequently deprotected in
step 2, where mild basic conditions were employed. 500 mg of intermediate (3-(4-
((trimethylsilyl)ethynyl)phenyl)prop-2-yn-1-ol) was dissolved in DCM (20 mL) and MeOH

(20 mL) mixed solvent and the system was degassed for 30 min. Excess amount of
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K2.COs3 (3.5 g) solid was added and the reaction was vigorously stirred for 4 hr. The
reaction mixture was filtered and the filtrate was concentrated under vacuo to yield the
titte compound as a white solid. Yield for 2 steps is 40%. *H NMR (300 MHz, CDCls,
ppm) d 7.47-7.35 (m, 4H), 4.51 (d, 2H), 3.18 (s, 1H), 1.69 (t, 1H). *C NMR (75 MHz,
CDCl3, ppm) 06 132.23, 131.68, 123.15, 122.32, 89.25, 85.30, 83.34, 79.13, 51.65.
Diethyl-(4-((4-ethynylphenyl)ethynyl)phenyl)phosphonate (7). This compound
was synthesized in a two-step reaction. Step 1. compound 5 (150 mg, 0.44 mmol) and 6
(68.8 mg 0.44 mmol) were dissolved in a mixed solvent of 15 mL of THF and 5 mL of
DIPA in a 50-mL round-bottom flask. The system was degassed with argon for 25 min
before 8 mg Pd(PPhs)4 and 5 mg Cul were added. The reaction was gently heated to
50°C and allowed to run for 12 hr. The reaction mixture was filtered and the filtrate was
concentrated and redissolved in DCM. After washing with saturated ammonium chloride
(20 mL x 2) and brine (20 mL x 3), the crude product was dried under vacuo and
purified by flash chromatography (DCM: MeOH v/v 20:1). Step 2: the intermediate was
deprotected at the propargyl alcohol site using the same conditions described for
compound 4. The deprotected product was obtained as pale yellow powder. Yield for 2
steps 68%. *H NMR (300 MHz, CDCls, ppm) & 7.80 (m, 2H), 7.60 (m, 2H), 7.49 (s, 4H),
4.16 (m, 4H), 3.19 (s, 1H), 1.35 (t, 3H). *C NMR (75 MHz, CDCls, ppm) & 132.00,
131.89, 131.78, 131.58, 129.65, 127.40, 122.89, 91.73, 82.42, 62.57, 51.77, 16.60. *'P
NMR (CDCls, against HzPOy4, ppm) 19.0. ESI-TOF-MS calcd for Cz0H1903PNa (M+Na)
361.0970, found 361.0958. Anal. calcd for C»H1903P: C, 71.00; H, 5.66, found: C,

69.85; H, 5.70.
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OPE-E (8). In a 100-mL round-bottom flask, compounds 2 (176 mg 0.3 mmol) and
7 (100 mg, 0.296 mmol) were dissolved by a mixed solvent of 20 mL THF and 10 mL
DIPA. The system was degassed with argon for 40 min before 10 mg Pd(PPhs), and 8
mg Cul were added. The mixture was stirred at room temperature for 1 hr and then 4
(60.7 mg 0.3 mmol) was quickly added to the system under argon. The reaction was
then gently heated to 50°C and allowed to run overnight. The reaction mixture was
filtered and the filtrate was concentrated and redissolved in DCM. After washing with
saturated ammonium chloride (20 mL x 2) and brine (20 mL x 3), the crude product was
dried under vacuo and purified by flash chromatography using DCM as eluent. Yield 80
mg (31%). *H NMR (300 MHz, CDCls, ppm) & 7.80 (m, 2H), 7.62 (m, 2H), 7.54 (m, 9H),
7.35 (m, 4H), 7.03 (s, 2H), 4.15 (m, 4H), 4.05 (t, 4H), 1.86 (pentet, 4H), 1.50-1.30 (m,
broad, 20H), 1.31 (t, 6H), 0.88 (t, 6H). **C NMR (75 MHz, CDCls, ppm) d 14.1, 16.4,
23.1, 26.0, 29.3, 29.6, 33.2, 61.8, 67.9, 96.0, 120.0, 128.4, 124.0, 133.1, 134.4. 3'p
NMR (300MHz CDCls, ppm) & 19.5 ppm. HRMS (APCI) m/z calcd for CsgHgzOsPH (MH™)
871.4491, found 871.4482. Anal. calcd for CsgHg30sP: C, 79.97; H, 7.29, found C, 79.80;
H, 7.36.

OPE-A (9). To a round bottom flask equipped with stirring bar, OPE-E was
dissolved in DCM. Upon stirring, excess amount (10 mL) of trimethylsilyl bromide
(TMSBr) was added via syringe. The reaction was allowed to run for 30 min before
nitrogen inlet and outlet were set up. After all the DCM and free TMSBr were
evaporated under nitrogen flow, MeOH was added and the mixture was kept stirring for
another 30 min. The crude product was dried under vacuo and dissolved in a few drops

of CHCI3. 10 mL MeOH was added to obtain the title compound as yellow precipitate,
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which was collected by centrifuge. Yield (95%). *H NMR (300 MHz, CDC13, ppm) &
10.25 (broad, 2H) 7-8 (broad, 16H), 4.20 (broad, 4H), 1.0-1.8 (broad, 22H). *'P NMR

(300 MHz CDCl3, ppm) & 22ppm. Anal. calcd. for Cs4Hs5505P: C, 79.58; H, 6.80, found C,

79.57; H, 6.95.
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK

The studies described in this dissertation involve conjugated polyelectrolytes and
conjugated oligomers based on phenylene/arylene- ethynylene backbones. In detail, we
have discussed the synthesis, characterization, and photophysical properties of several
CPEs and oligomers with newly designed chemical structures. Meanwhile, their
applications on solar cells were explored. In Chapter 2, two CPEs with interrupted
conjugation were synthesized and their structure-property relations were investigated. In
Chapter 3, the first CPE with BODIPY unit in the backbone was prepared by applying
dendritic ionic side groups. Fundamentally, the interaction of the CPE and a series of
guenchers were systematically studied. As the aspect of application, the CPE was used
as sensitizer in DSSC cells. In Chapter 4, the interfaces of conjugated oligomers with
variable band gaps and inorganic nano-sized materials were explored. In the first part,
hybrid materials with oligomer/CdSe NCs were studied. The charge transfer between
the species was demonstrated from several aspects, which nominates them potential
candidates in organic-inorganic photovoltaic materials. In addition, the oligomers were
applied to DSSC devices with considerable power conversion efficiencies. Finally,
possible reasons for the oligomers’ different behaviors in two solar cell formats were
discussed.

Aggregation Induced Amplified Quenching

Two anionic conjugated polyelectrolytes that contain three-ring (phenylene
ethynylene) units linked by a single ~CH,— or —O- tether (C-PPE and O-PPE,
respectively) were characterized. Polymer C-PPE did not exhibit emission from an

aggregate state in either MeOH or H,0O, and while the quenching of this polymer was
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enhanced slightly compared to that of a monomeric chromophore, the polymer exhibited
only a modest amplified quenching effect. By contrast, polymer O-PPE exhibited both
monomer and aggregate emission, and the aggregate state was quenched 200-fold
more efficiently compared to the monomer state with a Ksy value rivaling the maximum
efficiency seen for fully conjugated polyelectrolytes. This study provides insight
concerning the effect of “interrupted conjugation” on the photophysical properties and
amplified quenching of conjugated polyelectrolytes. Evidence has shown that O-PPE
forms “loose aggregates” that exhibit excimer-like emission, while C-PPE forms non-
emissive aggregates with much larger sizes. These results underscore the important
role played by chromophore aggregation in promoting efficient exciton transport, which
is key to the amplified quenching effect.

More work is needed to discover how the subtle structural difference between the
two CPEs has induced the major differences in terms of photophysical properties.
Molecular modeling and computation can be conducted to assist understanding the two
CPEs. Meanwhile, it can be helpful to synthesize the “polymer” forms (which are
dissolved in organic solvents like CHClI3) of the CPEs, so that the aggregation effect can
be minimized. Photophysical study of the polymer forms will reveal the role of chemical
structure difference of the two polymers in their photophysical natures.

BODIPY in the Backbone

The BODIPY-phenylene-ethynylene copolymer was converted to CPE by installing
branched anionic side groups (PB-Na). The similar photophysics of PB-Na in both
MeOH and H,O indicates that the CPE is less likely to aggregate, which result in
moderate fluorescence quantum yields in water. The fluorescence quenching

experiment showed that PB-Na could be quenched by Cu?* selectively among a series
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of metal ions in an amplified quenching manner (Ksv ~ 10° M™). Also, the energy
transfer process was observed from PB-Na to cyanine dye DOTC (Ksv ~ 10°M™).
However, treatment with commonly used electron acceptor MV?* caused little change in
the photophysical properties of the CPE. Electrochemical analysis showed that MV?* is
not a sufficiently strong oxidant to allow the electron transfer process to occur,
underlying low LUMO energy level of the novel CPE PB-Na. The development of this
novel CPE has opened many opportunities for applications in studies conducted in
agueous environments.

The carboxylic acid form PB-a was utilized as sensitizer in DSSC cells with TiO,.
Evidence for electron injection between PB-a and TiO, was provided by fluorescence
lifetime measurements and TA experiments on PB-a-TiO, films. The low transient
absorption signal together with relatively inadequate IPCE suggest that insufficient
electron injection yield is resulting from the cell. Structure-property discussions were
initiated and future development on the PB-a based DSSCs were pointed out.

Further work can be designed from two aspects. First, for DSSC applications, the
side groups and polymer chain length can be engineered to optimize the device
performance. Second, for CPE application in agueous media, ionic side groups can be
introduced into the BODIPY unit. For example, the phenyl group at the meso position of
the BODIPY unit can be replaced by hydrophilic groups. Although the proposed
structure will be harder to achieve synthetically, it really can help to yield BODIPY based
CPEs with high fluorescence quantum yields.

Conjugated Oligomers with Mono Phosphonic Acid Functionality

Through synthetic tailoring of the conjugated chromophore, the absorption of the

conjugated oligomers was varied from 380 to 600 nm in solution. The asymmetrically
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modified phosphonic acid group on the oligomers offered strong anchoring of the
electroactive ligands at the CdSe NCs surface. Effective photoluminescence quenching
was observed for both the oligomer and CdSe while the other species was titrated.
Hybrid materials based on the oligomers and CdSe NCs were prepared and purified,
leading to composites with significant coverage of the NCs by more than a hundred
electroactive ligands. This effectively increased the absorption of the hybrids in the
visible region of the spectrum, especially as the donor-acceptor-donor molecule was
used, and the photocurrent response of hybrid thin films reflected the increased
absorption at wavelengths longer than 400 nm. We anticipate that the phosphonic acid-
functionalized conjugated molecules described here are good candidates as active layer
components for efficient hybrid organic-inorganic solar cells, especially as the
absorption is further increased by taking advantage of the donor-acceptor approach.
The oligomers were also used as sensitizers in DSSC format. The cell performance was
encouraging, especially for the low band gap T4BTD oligomer. We believe that the
difference on the architecture of oligomer/CdSe hybrid solar cells and TiO, based DSSC
devices is responsible for explaining the disparity of the cell performance using the

same oligomers.
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