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ABSTRACT

Hybrid core-shell nanoparticles have attracted attention due to their unique characteristics
which combine properties of the inorganic core and organic shell in a way that generates new
properties which do not exist for the two individual parts. This makes them promising candidates
for the design of stimuli-responsive materials, chemo- and biosensors, and various biomedical
applications. In this dissertation research, we designed and prepared a series of hybrid
environmentally responsive nanoparticles where fluorescent block copolymers, including various
combinations of polythiophene (PT), poly(p-phenylene) (PPP), poly(3-hexylthiophene) (P3HT)
and polyallene (PA), were grafted on the surface of inorganic nanoparticles using surface-confined
Kumada catalyst-transfer polymerization. The studied inorganic core included silica and silica on
gold nanoparticles. We found that the photophysical properties of the hybrid nanoparticles were
strongly dependent on the proximity of the organic polymer shells to the inorganic surface (Au),
polymer block sequence in the organic shell, and external stimuli such as solvent or pH.

This dissertation primarily focuses on the development and preparation of well-defined
hybrid inorganic core — organic polymer materials. This preparation stems from the well-defined
and highly efficient surface-confined Ni(Il) catalytic initiator which provided controlled chain-
growth polymerization to form conjugated polymer shells. The role of inorganic core and other
structural effects on the properties of the conjugated polymer shells were studied using both
steady-state and time resolved transient spectroscopies. Better knowledge and understanding of
these fundamental properties will enable rational control of these properties at the molecular level

and will create the fundamental basis for the design of future optoelectronic and sensing materials.
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CHAPTER 1. SYNTHESIS OF CONJUGATED POLYMERS VIA
SURFACE-INITIATED POLYMERIZATION

1.1 Introduction

The initial studies on conjugated polymers by Heeger, Shirakawa, and MacDiarmid'
opened a new research field of major interest and significance.! In the past few decades, an
enormous body of work has been done in design, synthesis, characterization, and application of
different types of conjugated polymers, and now these materials are steadily moving towards
commercialization, especially as optoelectronic and sensing materials.?!!

The technological possibilities offered by these optoelectronic materials are immense due
to the opportunity to make light-weight, large-area mechanically flexible devices using solution-
casting or printing techniques.'? Due to relatively low production and device fabrication cost, and
ability to the tailor-make materials with desired characteristics, flexibility, and low density, organic
electronic materials are used in organic light-emitting diodes, field-effect transistors,
photodetectors, organic photovoltaics, and sensor devices.'*!® The performance of these materials
strongly depends on the pre-organization of the polymer molecules in solution from which they
are cast into films. Unfunctionalized conjugated polymers tend to have strong m-m interactions
between the chains and are practically insoluble in common solvents. Thus, substantial work has
been done to synthesize polymers with long-chain alkyl solubilizing groups. Though such
functionalization does help to confer processibility, it comes at a cost of polymer charge transport
properties, mesoscale organization, etc. Thus, a small change in polymer structure may modify the
chain conformations which will affect the intermolecular interactions and thus will alter the overall

electronic and optoelectronic characteristics of the thin films. The spun-cast films are also prone

to oxidation, thermal expansion/contraction, delamination, abrasion, etc.!”



Another factor which affects the performance of conjugated polymer based devices is the
interface of polymer with traditional electronic components such as metal or metal oxide. For
example, in light emitting diodes, charges are generated from anode and cathode electrodes; charge
transfer and recombination of charges take place only at donor-acceptor interfaces.'®!” Thus, for
the practical efficiency of these devices, anode and cathode work functions should be matched
with the highest occupied molecular orbitals (HOMO) of the hole transporting layer and with the
lowest unoccupied molecular orbital (LUMO) of the light emitting layer. Also, wetting and
adhesion of polymer layer with electrodes drastically affect the performance and lifetime of the
device. Thus, modification of interface can significantly help to passivate surface charge traps,
improve energy level alignment and enhance material compatibilities. All of these can be achieved
by coating of an interlayer or by covalent functionalization of the electrode surface. Surface
grafting is more useful than coating process as it prevents delamination of the film, controls the
orientation of the polymer molecules with respect to the substrate which is not achieved in
traditional solution-based deposition processes (printing, spin coating, drop-casting, doctor-
blading).?’

Another important issue is the poor electron mobility of n-type organic semiconductors
compared to p-type semiconductors that lead to unbalanced electron and hole transport in active
layers. This unbalanced charge will accumulate at donor-acceptor interface that gives rise to
inefficient charge transport and charge recombination. Thus, the hybrid organic-inorganic
materials can prove to be useful as n-type inorganic materials have electron mobilities of several
orders of magnitudes higher than n-type organic organic materials, and thus their presence will
help to overcome this imbalance. Also, inorganic materials have better stability towards oxygen

and moisture, which is a key factor to overall device stability.?!



More recently, many research groups have turned their attention to designing hybrid
organic — inorganic materials in order to improve performance characteristics of the resulting

materials. Most of the typically used inorganic counterparts are nanocrystals such as CdSe, CdTe,

2224 2526
9

etc or metal oxides such as ZnO, TiO>“"** which have an advantage as they can absorb visible
light and contribute to the photocurrent. One key factor in designing hybrid materials is to modify
these nanostructures carefully, for example, with proper control of their aggregation behavior, as
excessive aggregation can alter electronic characteristics and thus limit the material performance.
Also, functionalizing the surface of inorganic nanoparticles can increase stability of their colloidal
solutions which in turn will increase the surface area and improve the exciton dissociation.?’-?

In addition, hybrid nanoparticles show better sensitivity in chemosensor detection as compared
to conjugated polymers alone.’*! This introductory chapter presents fundamental information on
polymer brushes and outline major routes to controlled synthesis of conjugated polymers, mainly
paying attention to nickel and palladium catalyzed processes. Second, we will discuss current state
of the art of surface-initiated (also often called surface-confined) polymerization to form
conjugated polymer brushes, mainly paying attention to the grafting-from technique.

1.2 Polymer Brushes

Surface-grafted polymer thin films are more viable than spin-casted thin films as the
polymer chains in the former are covalently bonded to the surface which gives extra stability
required in thin-film device fabrication and applications.>! Surface thickness can be tuned by
varying polymerization time, and the resulting film will show some preferential molecular
organization and alignment in the bulk of the film. In some cases, the polymer chains may be

aligned uniformly in the direction normal to the film surface and this would be a preferred

orientation for charge transport across the film as intramolecular hole/electron transport is faster



than intermolecular hopping between the chains. This will also help in better charge transport and
charge injection due to the tight, at the covalent bond level, attachment of the polymer to the
inorganic substrate, ! 32-33

Polymer brushes (also known as tethered polymers) first gained attention in the 1980s when
De Gennes used computational and theoretical analysis to predict brush conformation of coil
polymers.>* To attain good selectivity and reliable control of polymer thickness and chain
alignment, “living polymerization”, such as anionic, cationic or radical polymerization was used.
With recent advances in controlled radical polymerization, synthesis of these polymers becomes
viable with low polydispersity and high selectivity. Surface-confined conjugated polymers are
prepared by different grafting techniques.

Synthesis of dense polymer films can be achieved via either grafting to or grafting from
approach. Grafting to technique is the one in which end-functionalized polymer reacts with
complementary functionalized substrates. Hawker group showed that by manipulating end-
grafting statistical random copolymers, interfacial energies of polymers at a solid surface can be
changed and can be controlled by synthesis.* Their method gave low grafting density because
surface immobilization of the first fraction of polymer chains would prevent diffusion of more
incoming chains by forming a barrier to the surface. This limitation is due to thermodynamics as
well kinetics. As the end-functionalized polymer chains start reacting with the surface, surface
coverage with polymer chain increases and quickly the polymer concentration near the surface
becomes larger than the solution concentration. Thus, the further chains have to cross this
concentration gradient to get attached to the surface.’® Thus, such diffusion will slow down the

process and hence grafting density will be lower.



As a result of this intrinsic drawback of the grafting to approach, grafting from technique
has become a preferred choice for the synthesis of different conjugated polymers on the surface.
This method uses a monolayer of initiator which is first attached covalently to the surface.?” After
activation, i.e. formation of polymerization catalyst on the surface, polymer chains start growing
from the surface, and the chain growth is only limited by the diffusion of monomer to the growing
chain end. Thus, this potentially can give thick film with a high grafting density which is not
possible to obtain using grafting to approach.

A third approach was loosely defined in literature is grafting through approach. It involves
polymer chain initiation step taking place in solution or in bulk followed by attaching one end of
the polymer chains to the surface followed by further polymerization from the surface-confined
polymer molecules.*® This process gives random chain length and uncontrolled surface density.

A crucial point is the availability of reliable anchoring group for the surface attachment.
Self-assembled monolayers are a well-established method, and this method is robust, ordered and
technologically attractive for surface engineering. Depending upon nature of the substrates,
different chemical groups can be used as anchoring, such as diazonium,*’ thiols and sulfides,*’
silanes, and phosphorus-based*! functional groups. These approaches have been commonly used
to graft conjugated polymers to insulating or electroactive surfaces.

Polymer brushes have been studied extensively due to the prospective technological
applications. Polymer brushes are considered as an array of coiled macromolecular chains attached
to a surface. In their unperturbed state, the polymer brushes may coil and also can overlap with
adjacent coils, which will significantly alter the polymer conformation. This state is called
mushroom state. In a “good” solvent, polymer chains will be extended as far as possible and will

extend toward solvent along the direction normal to the surface. This will give concentrated coil



polymer brushes. Grafting from approach is capable of providing such surface-initiated polymer
brushes. For high grafting density value, i.e. close to 1 coil chain nm™, the concentrated brush can
be highly anisotropic. Theoretically, it has been predicted that closely packed polymer chains adopt
extended and stretched conformations.*? When polymer grafting density is high, grafted polymers
stretch out away from the surface to minimize interactions with the neighboring polymer chains
and thus resulting in high surface coverage. Very few studies have been done to explain or predict
the conformation or evolution of thickness of surface-confined rigid rod-like polymer chain upon
intraction with solvent.
1.3 Synthesis of conjugated polymers via controlled chain-growth polymerization
1.3.1 In-situ catalytic initiator for Kumada catalyst transfer polymerization

Controlled/living polymerization has become an attractive technique to grow polymer
brushes following grafting from strategy as this offers good control of polymer brush thickness,
chemical composition, and mesostructural architecture. Examples include atom transfer radical
polymerization (ATRP), reversible addition-fragmentation chain transfer (RAFT), nitroxide-
mediated radical polymerization (NMP), ring opening metathesis polymerization (ROMP), Suzuki
and Yamamoto polycondensation and Kumada catalyst-transfer polymerization method
(KCTP).#-0

The early work on polymerization using Kumada coupling based Grignard Metathesis
(GRIM) with nickel(1,3-diphenylphosphinopropane) dichloride (Ni(dppp)Clz) was carried out by

McCullough’s group®!'-*2

and became widely popular for synthesizing regioregular poly(3-
alkylthiophene)s (P3ATs). Soon after the initial report on McCullough’s GRIM method, Rieke

reported an alternative route to the synthesis of P3ATs.>® Rieke’s route is based on Negishi

coupling, and uses highly active “Rieke zinc” first reacting with 2,5-dibromo-3-alkylthiophenes to



yield an intermediate organozinc compounds which, upon subsequent treatment with Ni(dppp)Cl2
produce regioregular P3ATs. The major drawback of both McCullough’s GRIM and Rieke
polymerization methods was that they provided broad molecular weight distribution due to the
step-growth polymerization mechanism involved.

More recently, Yokozawa demonstrated that, upon carrying out reaction at lower
temperature, the number averaged molecular weight M, of P3AT polymers increased in proportion
with monomer conversion, along with narrow polydispersities and molecular weight linearly
dependent on the amount of Nickel catalysts used.’*>> Polymerization was carried out at room
temperature, and M, was proportional to the feed ratio of [Grignard]o/[Ni catalyst]o resulting in
PDI as low as 1.1 and M, of 29,000 Da. McCullough later confirmed the Yokozawa results with
zinc and Grignard monomers. He postulated that, at lower temperature, the polymerization
occurred by quasi-“living” chain growth Kumada catalyst transfer polymerization (KCTP)
mechanism.

The mechanism of Kumada catalyst transfer polymerization can be summed as in figure 1.
It involves three steps: (1) oxidative addition, (2) transmetalation and (3) reductive elimination.
Until the early 2000s, such nickel catalyzed polymerization was carried out at higher temperatures
and was assumed to occur as a polycondensation reaction via stepwise process (step-growth
mechanism). In 2005, Yokozawa showed that, when carried out at ambient temperature, GRIM
method proceeds through chain-growth fashion. Consequently, McCullough explained in a
separate article that polymerization process happens in the controlled/living manner, but the
mechanism depends on reaction time, the amount of monomer to nickel catalyst loading which

will control polydispersity, molecular weight and regioregularity of the resulting polymers.
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Figure 1.1 Mechanism of Kumada chain-growth catalyst-transfer quasi-“living” polymerization to

form P3ATs. Reproduced with permission from ref. 52 Copyright © 2008 American Chemical
Society.

McNeil’s group showed that electron-donating ability (electron rich character) of =-
complexed ligand controls the chain-growth nature of the polymerization process.’®>” Kiriy
provided more details on the polymerization mechanism. They found that Ni active catalytic center
could randomly walk in both directions along the growing polymer chain.’® McCullough and
Yokozawa asserted that KCTP was indeed quasi-“living” chain growth polymerization process
which allows controlling the degree of polymerization through the amount of catalyst loading, and
allows to increase the degree of polymerization with an increase in monomer content.

The rate-determining step in polymerization is the transmetalation as Ni(dppp)Cl: acts as

both catalyst and initiator. After reductive elimination of two thienyl monomers, the Ni center ends



up as an intermediate termed as associative pair. This pair will always end up giving Tail-Tail (T-
T) coupling, thus giving less than 100% regioregular polymers. In-situ polymerization can result
in increased polydispersities due to the slow reactivity of initiating species.
1.3.2 Ex-situ generated initiators for Kumada catalyst transfer polymerization

To enhance the control in synthesis of polymer chains by KCTP process, ex-situ*’
generated external catalytic initiators were developed by Luscombe™ (Route A) and Kiriy (routes
B, C) as shown in figure 1.2. This involves generation of ex-situ initiators by reacting Ni(0)
complex with aryl halides to form Ni(Il) catalytic complexes. Though Ni(PPh3)s can initiate
polymerization, it results in low molecular weight oligomers and high polydispersity. To avoid
disproportionation reaction, the monodentate ligand was exchanged with bidentate phosphine
ligand after oxidative addition to the square-planar complex to enforce phosphines in cis rather
than trans (as with monodentate ligands) position to each other. This gives extra stability, thus
minimizing disproportionation and chain transfer processes and allows random-walking of -
complex via the formation of Ni(0) n-complex. Although the critical role of such a complex in
KCTP has been postulated for a long time, only recently did McNeil deliver substantial
experimental evidence for the formation of m-complex and its role in the polymerization.>’
Molecular weight of the polymers obtained by this externally initiated KCTP process is typically
high, with moderate polydispersities and good regioregularity. A disadvantage of this ex-situ
polymerization following earlier Luscombe and Kiriy methods (routes A-C in Figure 1.2) is that
due to ligand exchange monodentate PPh3 remains in the reaction mixture. Also, due to the
reactivity of ex-situ generated Ni(Il) catalytic initiators, the polymerization is highly sensitive to

moisture and oxygen and the catalysts are very difficult to purify. Furthermore, presence of



monodentate ligands can enhance disproportionation side reactions and also can facilitate aryl-aryl
homocoupling.

The simplest direct approach to preparing uncontaminated Ni(Il) external catalytic
initiators would be the direct oxidative addition of Ni(0) complexes with bidentate ligands to aryl
halides. This will produce polymers with no contamination of monodentate ligands and other
undesirable impurities. In 2014, Nesterov’s group®® reported that the external catalytic initiator
produced by oxidative addition between Ni(dppp)2 and aryl halides can actually initiate Kumada
“living” polymerization producing defect-free PT polymers and block copolymers with high

molecular weight and 100% regioregularity (route D in Figure 1.2).
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Figure 1.2 Various routes to prepare external initiator in the catalyst-transfer polymerization.
Reproduced with permission from ref. 60. Copyright © 2014 American Chemical Society.

1.3.3 Pd-catalyzed Suzuki-Miyaura and Stille controlled catalyst transfer polymerization

External initiation using Pd-based aryl-Pd complexes leads to chain transfer
polycondensation reaction using boronic ester functionalized monomer. Traditionally, Suzuki-
Miyaura polycondensation is a step-growth polymerization involving two different bifunctional
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monomers: diboronic esters (AA monomer) and aryl dihalides (BB monomer). However,
Yokozawa showed that when using AB-type single monomer with boronic acid and halide
functionality within the same molecule, the polymerization follows chain transfer mechanism
producing polymers with high molecular weight and low polydispersities.®! Huck demonstrated
Suzuki-Miyayura chain growth polymerization using various types of Pd-catalysts to synthesize
conjugated polymers (figure 1.3).> The reaction between Pd(t-BusP): with different aryl halides

gives various kinds of initiators that could provide numerous well-defined conjugated polymers.
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Figure 1.3 Externally initiated chain growth Suzuki-Miyaura polymerization to form P3HTs.
While the Suzuki-Miyaura chain growth method was used with boronic ester/halide
bifunctional monomers to give well-defined conjugated polymers, stannyl/halide bifunctional

monomers can also be used in a similar way for polymerization by Stille cross-coupling.
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Figure 1.4: Stille chain-growth polymerization to form PPE.

Ph

Bielawski and coworkers showed the synthesis of poly(p-phenylene ethynylene) (PPE) by

chain growth catalyst transfer polymerization using #-BusPPd(Ph)Br catalyst with various
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phosphine ligands and Cul (figure 1.4).%* This method gives well-defined block copolymers with
high molecular weight and low polydispersities.
1.3.4 N-Heterocyclic Carbene ligand stabilized catalysts

To facilitate the catalyst transfer step, various groups make use of N-heterocyclic carbenes
(NHCs) due to their electron-rich nature and strong ¢ donation. McNeil previously showed that
electronic stabilization of the Ni(0) m complex is attributed to the electron donating ability of the
phosphine ligands in Ni(dppe), as determined via multiple polymerization experiments with
various phosphine ligands.®*%> Steric effects caused by 2,6-diisopropylphenyl substituents and
electron-donating capability of NHC provide the sufficient stabilization energy required for
adequate catalyst transfer rate. Though P3HT and PPP can be prepared using NHC-based catalysts,
polyfluorene cannot be synthesized.

Mori synthesized P3HT in a chain growth fashion by using NHC-ligated Ni catalyst. It acts
similar to its Pd analog, but in this case, 2-chloro-2-alkylthiophenes was used to generate thienyl
magnesium monomer using magnesium amide TMP-MgCl. 3LiC1.° The NHC-ligated Ni catalysts
initiated reaction to form P3HT in a chain growth fashion resulting in the polymer with high
molecular weight and low polydispersity. This reaction is unique as it opens up the possibility to
use more readily available chloro-substituted monomers instead of commonly used bromo or iodo
substituted counterparts. This is essential for the future discovery of various aromatic monomers
having chlorine substituents.

1.3.5 Chain-growth catalyst-transfer polymerization of electron-deficient aromatic
monomers

Much of the research progress has involved electron-rich monomers, with much less
emphasis on electron-deficient monomers, because of the much higher efficiency of KCTP with

electron-rich monomers as compared to the electron-deficient monomers. The much weaker
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association of nickel catalyst with the growing electron-deficient polymer chain typically results
in premature dissociation of the catalyst from growing polymer chains producing chains with low
molecular weight, high polydispersities, and broad molecular weight distribution. Seferos recently
devised new and well-defined Ni catalysts based on diimine ligands (Figure 1.5).” This led to the
preparation of a series of diimine ligands with substituents ranging from electron-donating to
electron-withdrawing which demonstrated that increase in stabilization energy will favor chain
growth process. Thus, electron donating -OMe substituents showed the best results producing
electrodeficient polybenzotriazole polymers with high molecular weight and low polydispersities

(figure 1.5).
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Figure 1.5 Synthesis of electron-deficient PBTz using diimine Ni(II) catalyst.

Senkovskyy®® and Kiriy®® tried polymerizing an electron-deficient monomer by making
use of the naphthalenediimide radical anion. It revealed a novel pathway for the polymerization of
electron deficient monomer radical treated with Ni(II) catalysts. It was demonstrated that this
polymerization did not go through KCTP type of mechanism but rather followed reductive
coupling. Radical anion monomer generated by in situ treatment of reactive Zn with
naphthalenediimide underwent initiation with Ni(dppe)Br2 or PhNi(dppe)Br catalysts.
Polymerization proceeded in the chain growth fashion resulting in polymer with controlled

molecular weight and low polydispersity (figure 1.6).
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Figure 1.6 Preparation of the Br-TNDIT-Br/Zn radical-anion monomer and its catalyst-transfer
polymerization. Reproduced with permission from ref. 69. Copyright © 2011 American Chemical
Society.
1.4 Surface-initiated polymerization of conjugated polymers

With a groundbreaking discovery by McCullough®!'~? and Yokozawa>*>’ that step growth
polymerization could be converted to chain growth polymerization, it became possible to prepare
polymers in controlled/living chain growth fashion. This opened up the possibility to use KCTP to

prepare various types of conjugated polymers attached to surfaces.
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Kiriy and coworkers first reported that surface-initiated Kumada polymerization of 2-
bromo-5-chloromagnesio-3-alkylthiophene occurred in the chain growth fashion to form
regioregular head-to-tail P3HT. They initially used Ni(dppp)Clz> catalyst for surface-initiated
polymerization which would initiate the polymerization from the surface, but got low molecular
weight and low yield. At that point, they decided to use Ni(dppp): for preparing an external
catalytic initiator from poly(4-bromostyrene) (PS-Br). It was found that Ni(dppp). was too
unreactive in oxidative addition with non-activated aryl halides. Therefore, they ended up using
more reactive Ni(PPhz)s4 for the oxidative addition. They observed a facile reaction at room
temperature between Ni(PPh3)s and bromobenzene to give (PPh3)Ni(Ph)Br. NMR, GPC, and
MALDI-TOF characterization confirmed that this catalyst could be used for chain growth
polymerization, in which P3HT of 5000 g mol™! with PDI of 1.2 and almost 100% regioregularity
was obtained. Poly(4-bromostyrene) was then spun-cast on silicon wafer, crosslinked using UV
light and converted to a surface-immobilized Ni catalyst by treatment of the film with Ni(PPh3)a,
and subsequent polymerization was carried out at 0 °C. The polymerization took place only from
the surface-immobilized initiator and there was no polymerization observed in solution.
Furthermore, it was observed that polymerization occurred not only on the surface of cross-linked
PS-Br but also in its bulk, due to the formation of solvent-swollen interpenetrating network (figure
1.7).7071

Kiriy further extended their approach by grafting P3HT on poly(4-vinylpyridine)-block-
poly(4-iodostyrene), P4VP-b-PS.”> Using this block coplymer enabled preparation of
nanopatterned catalytic surfaces, and hence nanopatterned conjugated polymer films. The ability
to prepare nanopatterned thin films of conjugated polymers can have significant impact on

prospective optoelectronic applications of conjugated polymers. P4VP is a polymer which, due to
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its polar nature, can adhere and bind to the surface of the polar substrates such as silicon wafers,
quartz or glass slides. The surface-confined thin films were formed by first spin-casting P4VP7s-
b-PS(I)313 solution on silicon wafer followed by treatment of the monolayer with Ni(PPh3)s
catalyst. The reaction of the activated layer with Grignard monomer gave P4VP75-b-PS(I)313-g-
P3HT, with the film thickness between 30 and 50 nm. They also fabricated bulk heterojunction
solar cells using this film with FF=25%, and V.. = 0.2 V. Poor photovoltaic performance was

attributed to inefficient charge separation due to the presence of 1.5 nm insulating P4VP layer.
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Figure 1.7 P3HT film prepared by grafting from approach using photo-crosslinked PS-Br.
Reproduced with permission from ref. 71. Copyright © 2008 American Chemical Society.

To increase the efficiency of surface-confined polymerization, Kiriy and coworkers used
ligand exchange method to initiate polymerization from silica particles.”> A bromobenzene
compound possessing a silyl anchor was covalently attached to the surface of two kinds of
monodisperse silica particles — mesoparticles of 460 nm diameter and nanoparticles of 4 nm
diameter. The monolayer-modified silica particles were then treated with EtoNi(Bipy) followed by
ligand exchange with dppp or dpppe to form surface modified Ni(II) initiator which was then

treated with 2-bromo-5-chloromagnesio-3-hexylthiophene monomer to give hybrid polymer-
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functionalzied mesoparticles and “hairy” nanoparticles. It was observed that only 10% of unbound
P3HT was formed in solution indicating good surface selectivity. For the mesoparticles, degree of
polymerization was about 250 with PDI of 1.1-1.2. Absorption and fluorescence spectra of the
polymer grafted to mesoparticles were red-shifted by 170 nm (relative to P3HT in dilute solution),
with the absorption spectra being more structured than the fluorescence spectra. This was
attributed to planarization of conjugated backbone and interchain aggregation between surface-

confined P3HT chains causing efficient delocalization of n-electrons (figure 1.8).
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Figure 1.8 Synthesis of SiO:-grafted P3HT nanoparticles by surface-confined polymerization.
Reproduced with permission from ref. 73. Copyright © 2009 American Chemical Society.

The effect of surface curvature was studied by comparing between P3HT-grafted silica
meso- and nanoparticles. The nanoparticles showed excellent solubility and resulting P3HT
grafted polymer had M, of only 4000 g mol™!. Optical properties of the hybrid P3HT-functionalized
nanoparticles were similar to that of linear P3HT polymers in solution. Finally, solar cells made
using these particles showed the efficiency of 1.8-2.3%.

Locklin’s group’ used Grignard reagent bearing ferrocene as an electrochemical probe to

study the efficiency of surface-confined polymerization and surface density of various surface-
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immobilized catalytic initiators. They found that Ni(COD)> with Bipy taken in 1:1 ratio was more
efficient for surface-confined polymerization than Ni(COD), with dppp or dppe (1:1 ratio). They
also showed that ligand exchange approach was not efficient for the polymerization on atomically
flat gold surface due to disproportionation between adjacent surface-immobilized nickel
complexes as shown in figure 1.9. In the case of indium tin oxide and SiO» wafer, no
disproportionation reaction happened as grafting density of monolayer for these substrates was
lower. Films with thickness of 30-60 nm were obtained, and some free unbound polymer was
always found in solution indicating possible chain transfer side reactions as a sign of less controlled

nature of the polymerization.
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Figure 1.9: Proposed surface disproportionation mechanism. Reproduced with permission from
ref. 74. Copyright © 2011 American Chemical Society.

More recently, Kiriy studied surface-initiated polymerization of poly(9,9-dioctylfluorene)
(PFO) on functionalized silica mesoparticles.”>’® In particular, 880 nm monodisperse silica
particles surface-functionalized with iodophenyl group were treated with Et2Ni(bipy) and followed
by ligand exchange with dppe. The bidenatate ligand dppe (1,2-bis(diphenylphosphino)ethane)
was chosen due to its better solubility that prevents aggregation of the particles during the

immobilization step. Upon generating surface-immobilized Ni(II) catalytic initiator, the fluorenyl
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Grignard monomer was added at room temperature to form particles with surface-attached PFO
shell. Degrafting of the polymer using HF treatment showed My of 48000 g mol™' and PDI of 3.7,
and indicated grafting density of 0.89 chain nm which corresponded to relatively dense surface
film. TGA showed loss of 10% of weight which corresponded to approximately 25 nm thick shell.
The same size silica particles (880 nm) was used to form water soluble conjugated polymers. 3-
Bromohexylthiophene was polymerized from bromophenyl surface-functionalized silica particles.
This was followed by converting bromo side group to an amino group by reacting first with
potassium phthalimide followed by reduction by hydrazine hydrate to an amino group. This amine
functionalized polyelectrolyte was sensitive to pH and soluble in water. UV-VIS and fluorescence
spectroscopy data showed dependence of optical properties on change in pH of the surrounding
environment, illustrating that this material can be useful for future sensory applications (figure

1.10).

Figure 1.10: Grafting of PFO from microparticles via SI-KCTP. Reproduced with permission from
ref. 76. Copyright © 2010 Royal Chemical Society.

Kiriy also first reported surface-initiated KCTP of tetrafunctional AB 2 monomers grown
on silica mesoparticles.”’” An important feature of this monomer design was that it comprised of
two m-conjugated subunits, and each unit was acting independently as AB monomer. Thus, in
KCTP conditions, each subunit would polymerize separately in a chain growth fashion. The

presence of spiro-orthocarbonate group ensured formation of the microporous structure. Surface-
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initiated polymerization of AB monomer followed the same protocol as used for poly(3-[6-
aminohexyl]thiophene) brushes (vide supra).The thickness of the film as determined by SEM was
30 nm. The porosity of the polymer was measured by BET, and the specific surface area was found
to be 158 m? g’! which was lower than that of bulk polymer (463 m? g'!) (figure 1.11).
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Figure 1.11: Surface-initiated polymerization of microparticles having microporous conjugated
polymer shell. Reproduced with permission from ref. 77. Copyright © 2012 American Chemical
Society

Locklin’s group demonstrated preparation of surface-confined polythiophene and poly-p-
phenylene films on gold wafers.”® First, the substrate was functionalized with aryl bromide by
reduction of thiol anchoring group on the gold surface. Then the monolayers were treated with
Ni(COD)(PPhs)> (COD = 1,5-cyclooctadiene) to give the surface-immobilized catalytic initiating
units. Then, the treated wafer was immersed in a solution of Grignard monomer, CIMg-Ar-1, to
provide 14 nm PT and 42 nm PPP. In that work, they also observed formation of polymer

precipitate in solution which was due to the chain transfer of nickel species from surfaces to
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monomer in solution, thus indicating less robust character of the chain-growth mechanism of
surface-confined polymerization.

As a continuation of the above study, Locklin extended the idea by looking into the effect
of sterics in surface-initiated Kumada polymerization by polymerizing a series of 1-iodo-4-
chloromagnesio monomers with alkoxy side chains with varying length ranging from H to hexyl.”
Aryl bromide monolayer was prepared as shown in figure 1.12. First, dibromothiophene was
treated with isopropyl magnesium chloride to form Grignard reagent which was subsequently
reacted with allyl bromide to give allyl terminated thiophene compound. Hydrosylation of the
alkene using H2PtCls as a catalyst gave chlorosilane having alkyl chain terminated with reactive
thienyl bromide. Chlorosilane was immobilized onto activated silicon oxide surfaces by immersion
of slides into a solution of chlorosilane in toluene. This monolayer then was treated sequentially
with Ni(COD): and dppe to form nickel complex which was then used to polymerize different p-
phenylene Grignard reagents to form poly-p-phenylene thin films. It was found that the thickness
of the film varied depending on the size of side groups. Ellipsometry and AFM studies showed
that unsubstituted aryl monomer produced a thicker layer in comparison to the monomer with
hexyl substituents. Thickness of the film was: H= 30 nm, methyl = 17 nm, ethyl = 12 nm and hexyl
= 4.8 nm. Also, the authors observed that no polymerization took place if brominated monomers

were used instead of iodo-substituted monomers.

Figure 1.12 Synthesis of surface-grafted thiophene bromide initiator

HSiCl; PhMe &  ow
1. |PngCI H,PtClg o 1
7\ _> 1\ SiCl, ’.’ . q . S
Br Br—\g 1 =0=Si* ‘3\\ /
/\/Br S ~ 3 ]

In the same study, they also showed that addition of LiCl salt to the reaction mixture led to
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smoother films. This was due to the ability of LiCl to break the aggregate formation in Grignard
solution and to increase the nucleophilicity.

To show the feasibility of KCTP process, Locklin and coworkers have tried different
initiating systems Ar-Ni(Il)-Br on different planar substrates such as silica and indium tin oxide
(ITO) surface. Poly(3-methylthiophene) films of uniform thickness of 40-65 nm were prepared
using 2-bromo-5-chloromagnesio-3-methylthiophene as a monomer.’*

Luscombe and coworkers used SI-KCTP to grow poly(3-methylthiophene) on ITO
substrates.’® They used 4-chloro-3-methyl-benzylphosphonic acid solution to get initiator
monolayer which was further treated with Ni(COD)(PPh3), solution and dppe to give final Ni
catalytic complex. One important observation found in this study was that thickness of the film
can be tuned with a change in the Grignard monomer concentration (from 0.03 M to 0.18 M). The
film thickness increased linearly with monomer concentration varying from 30 nm at 0.03 M to
50 nm at 0.05 M to 80 nm at 0.09 M and 265 nm at 0.18 M. The author showed that varying
thickness with concentration can be attributed to steric effects of growing chain on the diffusion
of reaction components. Thus, when surface grafted chain has reached a critical point, monomer
diffusion to reaction site may be reduced. Using a higher concentration of monomer can overcome
this and provide a thicker film. Thicker and tunable films are important for some optoelectronic
applications.®!

Palladium catalyst complexes were also investigated recently in preparation of =-
conjugated polymer brushes. Kiriy’s group demonstrated the first surface-initiated palladium
catalyzed Suzuki catalyst transfer polycondensation to graft polyfluorene films to polystyrene
surface.®? They attached [2-(4-bromo-phenyl)ethyl]chlorodimethylsilane to a PS-Br surface layer

followed by reacting with Pd(P#-Bus), in toluene at 70 °C to give an active catalytic Pd-complex.
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This surface bound initiator was then treated with THF solution containing 7-bromo-9,9-bis(2-
ethylhexyl)-9H-fluoren-2-ylboronic acid ester in the presence of aqueous sodium carbonate
solution for 2-3 h. Polymerization processes gave a thicker and smoother film of 100 nm thickness
with rms of 1.1 nm as determined by AFM data. It was also pointed out that polymerization only
took place at the surface of PS-Br, in contrast to what the same group claimed previously for SI-
KCTP for a similar nickel(II)-catalyzed reaction. They also used this technique for nanopatterning
to form a quasi-periodic hexagonal array of round shaped discs.

Following the same idea, Locklin and coworkers synthesized poly(3-methylthiophene) on
ITO-coated glass substrates. ITO-glass substrate was first functionalized with (4-
bromobenzyl)phosphonic acid followed by reaction with Pd(P#-Bus) to give surface-immobilized
Pd-catalyst complex which was then treated with a solution of 2-bromo-3-methyl-5-
chloromagnesiothiophene to give poly(3-methylthiophene) brushes on the surface, with the film
thickness >100 nm.** They also demonstrated that P3MT films were anisotropic by using polarized
UV-VIS spectroscopy. The films showed higher absorbance for p-polarized light than for the s-
polarized light at an angle of 45°, thus indicating that orientation of surface-confined polymer
chains in the film was somewhat perpendicular to the substrate.

Recently, Bielawski synthesized well-defined poly(p-phenylene ethynylene) (PPE)
brushes via controlled Stille catalyst transfer polymerization.%® They used stannylated monomer,
(2,5-bis(2-ethylhexyloxy)-(4-iodophenyl)ethynyl)tributyl stannate which, upon treatment with
copper iodide, PPh3 and PhPd(t-Bu3P)Br initiator in THF solution, gave PPE in 94% yield with
PDI of 1.67. The addition of more monomer did not change the PDI. Thus, the polymerization
seemingly occurred in a chain-growth fashion. They then used this protocol to graft PPE on silica

particles. Silica particles of 200 nm were functionalized with [2-(4-bromophenyl)-ethyl]
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triethoxysilane to give SiO»-PhBr (3.6 mmol m™ grafting density), which was then reacted with a
palladium catalyst, Pd(Pz-Bus)> to afford SiO;-Ph-Pd(P#Buz)-Br macroinitiator. This
macroinitiator was further treated with copper iodide, PPhs, and the stannyl monomer in THF at
50 °C to give SiO»-PPE particles with My of 24.5 kDa and 62% yield. To prove that polymerization
occurred via chain growth mechanism, they added fresh aliquots of the stannyl monomer to the
unquenched SiO2-PPE solution and measured the M, using size exclusion chromatography (SEC)
after degrafting the polymer by treating the nanoparticles with HF solution. M, of the resulting
brushes was doubled upon this treatment which indicated that the polymerization indeed occurred
by the chain-growth mechanism.
1.5 Grafting through approach

For surface grafted polymerization on inorganic nanomaterials such as CdSe quantum dots,
Heck surface polymerization was employed. CdSe quantum dots (QDs) are a particular class of
inorganic semiconductors which gain attraction due to their applications in photovoltaic cells,®*
light emitting diodes,®’ and bio-sensors.3¢ QDs are synthesized in the presence of ligands such as
phosphine oxide that stabilize the particles during the growth process and also prevent them from
aggregation and oxidation in air.®” Emrick and coworkers reported the synthesis of QD-based PPV
copolymers.®-¥ They synthesized QDs in the presence of phosphine oxide ligand having phenyl
bromide functionality. This bromine terminated QDs were then further modified in the conditions
of palladium-catalyzed Heck polymerization with 1,4-di-n-octyl-2,5-divinylbenzene and 1,4-
dibromo-2,5-di-n-octylbenzene to form QDs-PPV copolymer. Grafted polymer was characterized
by NMR and MALDI-TOF to confirm the formation of surface-attached oligomeric units about 3-
6 repeating units long. Photoluminescence studies showed quenching of fluorescence indicating

efficient charge transfer from PPV shell to CdSe QDs.
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Schanze’s group were first to report Sonagashira coupling to graft conjugated polymers
(PPE) on silica surfaces.”® Silica particles were first treated with aryl iodide to give SiO>-Arl units
which were further reacted with Cul, Pd(Phs)4 and monomer to form SiO>-PPE grafted polymer
shell. TGA showed a loss of weight due to polymer content clearly proving grafting of the polymer
on silica surface. Polymer layer thickness was calculated to be 12 nm which corresponded to 10

repeating units, assuming normal to the surface orientation of CP chains.

Figure 1.13 Sonagashira surface polymerization on silica particles to form PPE shell. Reproduced
with permission from ref. 90. Copyright © 2007 American Chemical Society.

Another important point noticed was formation of a lot of polymer aggregates in solution,
with some aggregates being as large as 50 nm. This might be attributed to improper washing, and
some polymer which was formed in solution was actually physisorbed onto the surface. The
authors also showed that electron transfer and energy transfer quencher ions could efficiently
quench or suppress the fluorescence and thus these materials could be used in biological

fluorescent sensors (figure 1.13).
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Carter’s group also tried to graft polyacetylene brushes onto a silicon wafer using
metathesis reaction. They first modified the silicon surface via silane bearing alkyne group
followed by microwave irradiation of 5-decyne with catalytic amount of WCl¢/Ph4Sn at 150 °C for

30 mins.”! High molecular weight polymer film with 41 nm thickness was obtained (figure 1.14).
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Figure 1.14 Synthesis of alkyne-functionalized SiO» substrates and formation of surface-confined
polyacetylene film using tungsten catalyzed polymerization. Reproduced with permission from
ref. 91. Copyright © 2007 American Chemical Society.
1.6 Research Focus

This dissertation is focused on the design of well-defined hybrid nanoparticle systems
consisting of grafted conjugated polymers at the surface of inorganic nanosized core prepared by
“grafting from” approach. Hybrid “hairy” materials have attracted attention due to their potential
future technological applications (for example, for use in optoelectronic devices, sensors, etc.).
This chapter mainly discusses the current state of the art and the progress achieved in the field so
far.

In Chapter 2, novel hybrid materials consisting of silica core with grafted polymer and
block copolymer shells were synthesized using surface-initiated Kumada catalyst transfer

polymerization. Both synthesis of monodisperse silica particles and their characterization using

various techniques are described. In addition, detailed photophysical studies, including time-
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resolved spectroscopic studies are reported that revealed that energy transfer process between the
components of the conjugated polymer shell varies with the order of the polymers.

Chapter 3 describes hybrid materials consisting of silica core and grafted triblock
copolymer shell. This section discusses synthesis of the hybrid systems consisting of triblock
copolymer, diblock copolymer and homopolymer shell grafted on silica nanoparticles. One of the
subshells was polyallene, which provided stimuli responsive characteristics to the hybrid
nanoparticles, such as response to solvent which affected the photophysical characteristics of the
conjugated polymer shell.

In Chapter 4, a different core consisting of gold nanoparticles coated with a thin layer of
silica was studied. This core was used to graft conjugated diblock copolymer, with the goal to
investigate the effect of the fluorescence-quenching gold core on the photophysical characteristics
of the conjugated polymer shell. This study was heavily focused on using time-resolved transient
absorption spectroscopy to reveal the details of intra-shell energy transfer and the effect of the gold
central core on this process.
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CHAPTER 2. SYNTHESIS OF HYBRID CORE-SHELL PARTICLES
CONSISTING OF SILICA CORE AND CONJUGATED BLOCK
COPOLYMER SHELL PREPARED BY SURFACE-INITIATED

POLYMERIZATION

2.1 Introduction

Recent advances in materials science have enabled the fabrication of various nanomaterials
with attractive physico-chemical properties due to their enhanced surface to volume ratio
compared to similar bulk materials. These nanomaterials with controlled sizes and structure found

? optoelectronics!® and

applications in the development of sensory materials,!® photovoltaics,
biomedical applications such as drug delivery, bioimaging,'! etc.
Organic/inorganic hybrid nanomaterials have attracted attention due to their fascinating
optical, electronic, magnetic and catalytic properties. Hybrid materials consist of an inorganic core
with a polymer shell. Organic polymer shells generally determine the chemical properties of
nanoparticles and how they respond to external stimuli, whereas physical properties of
nanoparticles are governed by size and shape of the inorganic core and the surrounding polymer
shell layer. Chemical and physical properties of polymers are tuned according to the desired final
properties and applications. Hybrid materials can provide extensive opportunities for the
development of new materials with improved physical and chemical properties than their single-
component counterpart. Hybrid nanoparticles are synthesized either by physical adsorption or
using covalent grafting techniques such as grafting to or grafting from approach. Generally, homo-
or copolymers can be grown from or attached to the surface of the substrate to get hybrid materials.
These polymers form surface-tethered polymers which stretch out in good solvents to form brush-

like polymer.'? Polymer brushes have been widely explored due to their importance for fabrication

of stimuli-responsive materials, sensors, and various biomedical applications.® !!
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Conjugated polymers (CPs) are a class of polymers which possess delocalized n-electrons
along the polymer backbone and they have been widely studied for application in optoelectronic
devices and fluorescent probes due to their typically large absorption coefficient and excellent
fluorescence properties. They are more flexible and exhibit complex self-assembly behavior which
may lead to poorly defined meso- and microstructures in thin films which diminish their efficiency
in photovoltaic and other optoelectronic applications.!® Controlled or directed self-assembly of
these functional structures thus presents a challenge and requires higher degree of control to give
an ordered 3-dimensional nanostructures.!% 4

Thus, hybrid hairy nanoparticles can be an alternative approach in which CP brushes are
attached to the central core and stretched out to solvent to form spherical shells. These complex
multicomponent functional hybrid particles can self-assemble to give higher-complexity structures
and can provide additional degree of control, form unconventional structures and act as covalently
pre-organized building blocks and therefore would be an interesting alternative to linear
conventional CPs. The “grafting-to” approach is one of the methods to attach end-functionalized
polymer to a complementary functionalized inorganic surfaces; the examples include attachment
of thiol end-functionalized polythiophenes to gold nanoparticles or amino-functionalized P3HT to
quantum dots.'> The grafting to approaches, however, usually result in low grafting density.
Schanze’s group performed grafting of polyacetylene that resulted in polymer brushes that were
limited to just 12 nm thickness. !¢

Surface-initiated (also called surface-confined) polymerization or the ‘grafting from’
approach is one of the powerful techniques to prepare hairy particles with variable compositions
and polymer grafting densities.!” Surface-initiated polymerization is initiated from the surface

directly rather than having a pre-synthesized polymer attached to the functional group immobilized
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on the particle surface (as in grafting to approach). This gives more control over brush thickness
and thus the higher grafting density can be achieved. Polythiophenes (PT) can be prepared via
step-growth polymerization methods as well as oxidative chemical polymerization which results
in higher polydispersities. An important discovery by Yokozawa'®!? and McCullough?*2! that
regioregular poly(3-hexylthiophene) (P3HT) can be prepared by controlled chain-growth Kumada
catalyst-transfer polycondensation (KCTP) has opened a possibility for surface-confined chemical
polymerization. Mechanistic studies showed that the polymerization process occurs in a quasi-
“living” chain-growth fashion and involves typical transition metal catalyzed series of consecutive
transmetallation, oxidative addition and reductive elimination steps. Due to lower reactivity of
traditionally used Ni(II) catalysts, the polymerization gives lower molecular weight polymers. In
addition, there is a possibility of the occurrence of transfer of the Ni(Il) reactive center to another
chain of polymerization or chain termination via disproportionation. Recently, Kiriy,?*%°
Locklin,?*2” and others carried out surface-confined in situ preparation of regioregular poly(3-
alkylthiophene) brushes through Kumada polymerization using surface-immobilized Ni(Il)
catalytic initiators. This resulted in mechanically stable surface-grafted CP thin films; however
with seemingly low surface density, and limited degree of polymerization, possibly due to
instability and lower activity of the metal catalytic site and dominance of side reactions. Kiriy
carried out surface-confined in situ preparation of P3HT on silica particles surface.? Using Kiriy’s
methodology and a modified Ni catalyst to improve “living” nature of the polymerization process,
Locklin has demonstrated preparation of relatively thick (up to 42 nm) surface-attached poly(3-
methylthiophene) films.?® Nevertheless, all the reported systems suffer either from the low activity
of the surface-immobilized Ni(II) catalyst, or its instability, as well as from the complexity of the

catalyst preparation; therefore, practical implementation of the surface-initiated polymerization
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still remains a challenge. In addition, very little is known about molecular organization and
morphology of surface-confined CP thin films and methods which can be used to control it.
Recently, Nesterov’s group found that the reaction of aryl bromides or aryl iodides with
Ni(0) complex Ni(dppp)2 (where dppp is 1,3-bis(diphenylphosphino)propane) at moderate
temperatures produces a stable Ni (II) complex 1 that can be used as a highly efficient catalytic
initiator of Kumada catalyst-transfer polymerization (KCTP) of 5-bromo-2-thienylmagnesium
monomers (Scheme 2.1).2 The polymerization efficiently produces highly regioregular
(regioregularity, as a fraction of head-to-tail (HT) coupled 3-alkylthienyl units, close to 100%)
P3HT with the number average molecular weight (M,) being linearly dependent on the
monomer/catalyst 1 ratio. These and other experimental findings pointed out on the controlled
chain-growth mechanism of the polymerization initiated/catalyzed by 1. In good agreement with
this mechanism, each polymer chain was found to be terminated with the aryl group from catalyst

1 at one end, and (somewhat unexpectedly) predominantly with Br at the other end (Scheme 2.1).
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Scheme 2.1 Synthesis of regioregular poly(3-hexyl thiophene) using external catalystic initiator 1.

The experimental simplicity of preparation of the catalytic initiator 1 and the efficiency of
the 1-catalyzed KCTP prompted us to systematically investigate preparation of surface-attached
polythiophenes (PT) and poly(p-phenylenes) (PPP) shells on silica nanoparticles via surface-
confined in situ polymerization. Colloidal silica nanoparticles were chosen due to their well-

studied preparation chemistry and processability. They have many desirable characteristics such
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as low cytotoxicity, facile and convenient preparation, ability to control over interparticle
interactions, and high stability.

Conjugated polymers (CPs) are well-suited for applications in chemo- and biosensors and
optoelectronic devices due to efficient transport of excitons along and between the conjugated
polymer chains. The intramolecular energy migration strongly depends on the extent of n-electron
conjugation within the CP chain, which is determined by how polymers self-organize to form
highly planar conjugated backbone conformations. Dilute solutions of conjugated polymers are a
good model where energy transfer processes can takes place via combination of intramolecular
through-space dipole—induced dipole (Forster) and through-bond (Dexter-type) exchange
mechanisms. More planarized conformations of CPs tend to form intermolecular aggregates
whereas more twisted conformations lead to lower conjugation length and less aggregation. These
conformational changes can deplanarize and affect the energy transfer process in donor-acceptor
conjugated polymer systems.

The novel class of hybrid materials, silica nanoparticles grafted with conjugated polymer
(including diblock copolymers), was synthesized via surface-confined polymerization. In addition
to preparation, we studied energy transfer processes between the subshell in the case of diblock
copolymer polymer shells and showed that irrespective of the order of the subshells, energy
transfer always takes place as a unidirectional process from the higher energy poly(p-phenylene)
(PPP) chromophore to the lower energy polythiophene (PT) chromophore.

2.2 Results and Discussion
2.2.1 Synthesis of conjugated polymer grafted silica particles
Monodisperse silica particles were prepared by the well-known Stober process. They were

prepared by polycondensation of tetraorthosilcates and ammonium hydroxide to give a porous
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network of polysilicates. However, Stober process leads to more polydisperse particles.*® To obtain
silica particles with more uniform size, Bogush’s group has used reverse microemulsion method
to get uniform silica particles.’! pH was maintained around 9 to control the unwanted silica
particles formation and give narrow size distribution. FT-IR spectroscopy confirmed the formation
of silica particles by showing peaks at 1100 cm™! (Si—O stretching), 465 cm™! (Si—O bending), 945
cm! (Si-OH bending), and 800 cm™! (Si—O-Si bending) characteristic of silica formation. TEM
image (Figure 2.1) showed that the prepared particles were monodisperse with an average size of
58 nm with standard deviation of 4.3 nm. Growth of the nanoparticles followed lognormal
distribution and particles formed were highly monodisperse (1019 particles were measured to get
average size).

The TEM results were also comparable with the results of the SANS experiments (figure
2.1). The size obtained by fitting the SANS data for colloidal solution of nanoparticles in D>O
solution was 60.2 nm which was close to the TEM results. The data were fitted by log normal
sphere model which corresponds to the local density fluctuation of the silica particles in
suspensions. The monodisperse core-shell model worked and directly caught all the oscillations in
the scattering profile. The slightly higher diameter by SANS can be explained by solvation of the
nanoparticles in the solvent, which effectively increases their measured size.

The preparation of conjugated polymer coated silica nanoparticles was based upon the
surface-initiated polymerization strategy developed in the Nesterov’s group (Scheme 2.2)." It is
based on covalent immobilization of 5-(triethoxysilyl)-2-iodothiophene precursor on silica
nanoparticle surface followed by the reaction of the surface-immobilized iodothiophene

monolayer with Ni(0) complex Ni(dppp)2 to yield the surface-immobilized Ni(Il) initiator.
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Ni(dppp)2 can be easily prepared in large scale and is stable for a few months. The heterogeneous

reaction occurs through oxidative addition of Ni(dppp)> complex to iodothiophene.
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Figure 2.1 (A) TEM image of as synthesized silica nanoparticles; (B) Size distribution histogram
of the nanoparticles; (C) SANS analysis of silica nanoparticles in D,O solution (10 mg/mL).

This method allowed us to obtain an efficient catalytic system for surface-initiated Kumada
catalyst transfer polymerization yielding surface-immobilized brushes of defect-free polymers,
e.g. polythiophene, poly-p-phenylene, and block copolymers. Upon completion of the formation
of surface-immobilized Ni(II) catalyst, the resulting nanoparticles were thoroughly washed with

toluene to get rid of excess of reagents.
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Surface-confined initiator upon exposure to a solution of suitable monomer initiates
controlled quasi-“living” polymerization to form a conjugated polymer shell. For preparing a block
copolymer shell, after 1 day of polymerization, initiating sites were regenerated with Ni(dppp)2
followed by addition of a 2™ Grignard monomer. It was shown previously, that regeneration of
active catalytic sites at the end of surface-confined polymer with Ni(dppp)2 gives a higher catalytic
initiator density. For the case of homopolymers, such a regeneration helped to reinstate an
incomplete terminated polymerization.'® As a proof-of concept, we chose Ni-initiated Kumada
polycondensation of (5-bromothiophen-2-yl)magnesium chloride, or (4-iodophenyl)magnesium

chloride to form polythiophene (PT), or poly-p-phenylene (PPP) shells, respectively.
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Scheme 2.2 Preparation of silica nanoparticles grafted with shell composed of conjugated polymer
or block copolymer.

PT and PPP are among the most convenient conjugated polymers for various electronic
and optoelectronic applications, and their photophysical properties are well-studied and
characterized in detail. Therefore, both polymers were a convenient model for our proof-of-
concept study. Final polymer-functionalized silica nanoparticles were successively washed upon
ultrasonication in a series of organic solvents to get rid of unbound oligomers, metal impurities
and other unwanted by-products. In particular, particles were washed sequentially with methanol,

THF, hexane, chloroform, and finally redispersed in 1,2-dichlorobenzene.
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The amount of surface-confined polymer was determined using TGA in air. Heating the
hybrid particles in air to high temperature (1000 °C) was anticipated to result in complete loss of
the organic polymer shell, but should not affect silica core. TGA in figure 2.2 shows the expected
trend. Although the hybrid particles were previously dried in vacuo, the bare SiO2 nanoparticles
showed approximately 10% loss of weight at the temperature up to 100 °C due to adsorbed water.

Loss due to precursor was 17%. This allowed to calculate a grafting density of 1.03 molecules/nm>.
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Figure 2.2 TGA of %weight loss with temperature change of hybrid particles.

Assuming that living chain growth polymerization started from each molecule of precursor,
we calculated the surface-immobilized molecular weight of polymer along with degree of
polymerization based on amount of loss of weight corresponding to each subshell. Thus, there was
loss of 15% and 35% in total weight for PT and PT-b-PPP hybrid nanoparticles, respectively.

Similarly, 20% and 41% weight loss was found for PPP and PPP-b-PT nanoparticles. The results
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showed an expected trend thus confirming successful formation of each subshell. Table 2.1 shows
molecular weight and corresponding degree of polymerization obtained from TGA data.

Table 2.1: Molecular weight and DP of conjugated polymer shell hybrid particles from TGA

Type of Polymer shell PT PPP PT-b-PPP PPP-b-PT
Molecular Weight 2627 3931 10752 5785
Degree of Polymerization 32 51 141 71

Small-angle neutron scattering (SANS) is a noninvasive technique which not only gives
useful information about the shape and morphology of colloidal particles but also how the particles
interact with each other. Size of bare silica core particles, along with hybrid particles with
homopolymer and diblock copolymer grafted subshells were studied by SANS (Figure 2.4).
Conjugated polymers, especially those without long-chain alkyl solubilizing groups, are prone to
aggregate in solution. Indeed, from SANS data we did observe inter-particle aggregation in the

case of both homopolymer and diblock copolymer functionalized nanoparticles.

The experimental SANS datasets were fitted using core-shell model (figure 2.3) plus a
structural fractal dimension to take into account the effect from inter-particle aggregation. In this
data fitting, there were four free parameters to vary: pre-factors, polymer shell thickness, neutron
scattering length density (SLD) of the shell, and the fractal dimension. The scattering intensity of
a polymer can be fit using the following equation:

1(g) = KP(q) S(q) + Linc (1
where K is a scaling factor, P(q) is the form factor of a single chain, and lix is the incoherent

scattering intensity which is assumed independent of q.

P(q) :Vis[(3Vc(Pc‘;ps)i1(qrc) +(3vs<ps-p501v)h(qrs>]2 + bkg @)

I'c qrs
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Where ji (x) =(sin X- X cos X)/ X? ; 1= 1. + t; V; =(47/3); bkg is incoherent background, solv is

solvent, s is shell, ¢ is core

sinl(D, -Dan " (¢§)]  D,I(D, - 1)
(qRO)Df [1+1/(q2§2)](Df_D/2

S(q) =1+
)

Where & is correlation length, Dris fractal dimension
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Figure 2.3 Core-Shell Model
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Figure 2.4 SANS analysis of grafted conjugated homopolymer and diblock copolymers on SiO2
hybrid nanoparticles in DCB (10 mg/ml). Fitting curves were obtained using models described in
the text.
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In case of homopolymer-functionalized nanoparticles, aggregation features were not
dominant and we did observe characteristic oscillations in the data indicating relatively low
polydispersity of the hybrid particles. The polymer shell thickness obtained from data fitting for

the case of homopolymers were 2 nm for PT nanoparticles and 2.5 nm for PPP nanoparticles.

The relatively low values for the shell thickness indicated significantly tilted polymer
chains. Indeed, based on our previous studies on thin films, the surface-confined polymer chains
likely were oriented near-parallel to the nanoparticle surface, forming in-plane aligned layers of
twisted and folded chains. SANS data for nanoparticles with grafted diblock copolymers shells,
PPP-b-PT and PT-b-PPP, were found featureless, which might be due to strong interparticle
aggregation in the system, which could bring the observed feature to too low Q value, out of SANS
region, and we were not able to fit the data. That the diblock copolymers did form, was confirmed
by TGA which showed a significantly higher amount of weight loss for the case of diblock

copolymer shells relative to homopolymer shells.

2.2.2 Photophysical properties of hybrid nanoparticles

Steady state absorption, excitation and fluorescence spectra of hybrid particles in DCB
were taken. Figure 2.5 shows absorption, excitation and emission spectra of conjugated polymers
grown on silica particles dispersed in DCB. Absorption spectra (figure 2.5) display max of 420 nm

for Si0,-PT-b-PPP and 620 nm for SiO,-PPP-b-PT.

Absorption and emission spectra of diblock copolymers showed no appreciable variations
in the poly(p-phenylene) spectra region. On the other hand, any changes that occur due to energy
transfer between the subshells were to be seen in the polythiophene spectral region. To understand

the effect of energy transfer, we closely looked at the emission spectrum of block copolymer
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grafted nanoparticles in solution and in thin films separately. The following two different cases of

conjugated polymers grafted on silica cores were studied:
(a) PT-b-PPP;  (b) PPP-b-PT;

Absorption of light by diblock copolymer leads to delocalized primary photoexcitation
which then relaxes to a more localized exciton state. Several processes contribute to the relaxation
of the primary photoexcitation of polymer to the relaxed singlet exciton: (1) self-localization; (2)

exciton formation; (3) exciton hopping, and (4) slow torsional rearrangements.

Upon photoexcitation, fast decay was observed which resulted from intrachain excitation
energy transfer along the m-conjugated system by a torsional relaxation process which leads to an
emission from lower energy conformer or structure. In this case, visible absorption spectrum
showed allowed n-m* vertical transition. Emission, on the other hand, always occurs from the

relaxed singlet excited state.

The difference between the absorption spectrum and the fluorescence excitation spectrum
indicated that the fluorescence quantum yield varied within the distribution of absorbing
conformations. The shape of the emission spectrum in solution was independent of excitation
wavelength. Even if a large distribution of conformations was created upon initial excitation,
relaxation eventually should occur to a common emitting intrachain exciton state with less

torsional disorder.

Absorption profiles were found to be broad with some vibronic features. Silica is
transparent to light and therefore any features seen in the spectra were solely due to CPs. This is
due to the ordering and possible chain rigidity increase of surface-confined polythiophene and
poly(p-phenylene) via n- stacking, possibly due to the folding of the elongated surface-confined

polymer chain to form alignment parallel to the silica core surface. In case of all surface-confined
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diblock copolymer series, there was no change in absorption or emission features of poly(p-
phenylene), i.e. the absorption band stayed within 300 — 500 nm, and emission band remained at
400 — 550 nm. The only change that has been observed was due to emission band at 500 — 850 nm,

i.e. the polythiophene emission band.

Absorption profile of diblock polymers showed pronounced dependence on the ordering
of block copolymer subshells. When polythiophene subshell was introduced as the first (inner)
subshell on silica core, intensity of absorption for polythiophene was substantially lower as
compared when it was placed as a second (outer) subshell. For polythiophene band, vibronic peaks
at 510, 550 and 610 nm were observed. The peak at 510 nm had been assigned to intrachain n-nt
transition of polythiophene block whereas the peak at 550 nm was attributed to 0-0 vibrational
peak which can be associated with the increased conjugation length due to ordered (even
crystalline) stacking of polythiophene chains that restricted the rotational motion of the conjugated
backbones. The peak at 610 nm was assigned to 0-1 vibrational peak resulting from the interchain

7-T interaction via electron hopping and its intensity correlated with the degree of interchain order.

Polythiophene without side solubilizing groups is generally insoluble in common organic
solvents. But it has been observed that chlorinated solvents are better in dispersing these diblock
copolymer functionalized nanoparticles. In chlorinated solvents, the grafted polymer chains likely
are better dispersed and even stretched into solvent environment, as compared to other solvents.
However, due to generally low solubility, the polythiophene chains form tightly packed and
uniformly oriented layer of stretched polymer backbones. Such a packing should result in
planarization of the polythiophene chains with delocalization of m-conjugated electrons, and
efficient energy migration within the subshell — both by intra- and intermolecular pathways. In the

case of PT-b-PPP, absorption peaks are a combination of poly(p-phenylene) and polythiophene in
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which poly(p-phenylene) peak dominate. This can be related to the higher extinction coefficient
of PPP. Poly(p-phenylene) is a polymer with higher rigidity of the conjugated backbone, which

forms a rigid outer subshell over polythiophene inner subshell.
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Figure 2.5 Absorption (A), excitation (B), emission (C) spectra of SiO,@PT-b-PPP and
SiO@PPP-b-PT in 1,2-dichlorobenzene (DCB). Fluorescence quantum yield (%) SiO2@PT (0.1);
SiO2@PPP (26.32); SiO2@PT-b-PPP (1.55); SiO2@PPP-b-PT (0.13)
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Fluorescence excitation spectra (figure 2.5) were found to be substantially different from
absorption spectra. This indicated there were different intermediate processes taking place during
excitation other than just a vertical Frank-Condon transition. This indicates that fluorescence
quantum yield differs within the distribution of absorbing conformations. Amax at 380 nm and 460
nm were due to contribution from poly(p-phenylene) and polythiophene respectively. Diblock
copolymers were also excited around 500 nm (PT excitation) which produced weak PT emission.
Thus, this proves that emission spectra do show significant energy transfer from poly(p-phenylene)
to polythiophene. Poly(p-phenylene) absorbs more than polythiophene and transfer energy to

polythiophene as seen by its emission spectra.

Emission spectra of the block copolymer — silica hybrid nanoparticles showed two distinct
bands, one band from poly(p-phenylene) subshell (400 — 550 nm) and the other band from
polythiophene subshell (550 — 850 nm). It can be seen that when poly(p-phenylene) subshell was
inside (PT-b-PPP), there was more energy transfer occurring towards polythiophene subshell.
Energy transfer in emissive conjugated polymers can occur at distances ranging from 0.1 nm to
more than 5 nm, and it can take place via both intermolecular and intramolecular energy transfer
processes, directing from an excited donor chromophore to an acceptor chromophore. Conjugated
polymer chains have several hundred repeating units but their effective conjugation length may be
decreased due to structural, topological and chemical defects. Thus, the excitation energy transfer
can be described as a combination of intrachain and interchain processes occurring by Forster and
Dexter mechanisms. Emission spectra show energy transfer from poly(p-phenylene) to
polythiophene. Energy transfer processes can be either by “through space” (Forster) or “through
bond” (Dexter) type. The former takes place with effective spectral overlap of donor absorption

with acceptor emission.>”

51



That the sequence of diblock copolymer subshells can significantly affect the energy
transfer processes was observed in emission spectra. In the case of PT-b-PPP shell, energy transfer
from the PPP subshell chromophore was not prominent as could be seen from excitation spectra
in figure 2.5. We can explain this by considering higher chain rigidity of PPP molecules, which
likely prevents close packing of the surface-confined PPP chains. This should effectively place
PPP chromophore further away from the inner PT subshell, and therefore diminish the efficiency
of energy transfer through Forster (i.e. through space) pathway. In the case of PPP-b-PT grafted
silica nanoparticles, less rigid PT chains in the outer subshell could effectively pack in a compact
shell, which would place it closer to the PPP donor chromophore thus allowing effective funneling

energy via through-space (Forster) as well as via through-bond (Dexter) pathways.>*

Absorption profiles of PPP-b-PT grafted silica nanoparticles showed increase in absorption
intensity for the polythiophene chromophore, as compared for PT-b-PPP grafted nanoparticles.
This observation may be related to the reactivity of 5-bromothiophen-2-yl over 4-iodophenyl
Grignard monomers in the Kumada -catalyst-transfer polymerization reaction. Yokozawa
demonstrated that sequence of carrying polymerization of these two monomers was important in
getting well-ordered and well-defined block copolymers. Thus, when polythiophene subshell was
grown as the inner layer followed by poly(p-phenylene) as the outer subshell, low molecular
weight polymers were formed, whereas the reverse sequence of polymerization resulted in well-
defined block copolymers of poly(p-phenylene) (inner subshell) and polythiophene (outer
subshell). The markedly different reactivity was probably due to the relative n- donor abilities of
polythiophene and poly(p-phenylene). When 4-iodophenylmagnesium chloride monomer was
added to the reaction mixture where Ni(II)-functionalized polythiophene shell on silica

nanoparticles was formed first, Ni(Il) reactive center on the termini of surface-confined
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polythiophene chains would be difficult to migrate to the terminal C-Br bond of a p-phenylene
ring because the thiophene ring has stronger n-donor ability than the p-phenylene ring. On the
other hand, when 5-bromothien-2-ylmagnesium chloride monomer was added to the solution of
the nanoparticles initially modified with poly(p-phenylene) shell, Ni catalyst would be able to

migrate more effectively to the C-Br end of the thiophene ring possessing stronger n-donor ability.
2.2.3 Photophysical properties of thin films prepared from hybrid nanoparticles

Figure 2.6 shows normalized excitation and emission spectra of diblock copolymer
functionalized silica nanoparticles in drop-casted film. They demonstrate that energy transfer
occurs from higher energy to lower energy subshell chromophores irrespective of the order of
subshells. The process of photoexcitation energy migration takes place via intermolecular or
intramolecular pathways with the former being more prominent in the case of an aggregated state
such as in thin films of conjugated polymers. Intermolecular exciton migration takes place via
Forster dipole — induced dipole mechanism which depends upon intermolecular excitation
migration distance as 1/R® where R is the distance between delocalized chromophores segments
of the polymer chains. The efficiency of energy transfer in conjugated polymers also depends upon
how these polymer chains are aligned which means how transition dipole moments of these chains
are mutually oriented. In the case of thin films, polymer chains are aggregated and chains are in
close proximity to each other, and hence three-dimensional interchain exciton migration via
exciton random walk takes place.!® Conjugated polymers are very efficient in funneling these
excitons from higher energy sites to lower energy sites, so only a small concentration of defect
sites is required to alter the polymer film emission. Thus if the low-energy exciton trap sites are

emissive such as thiophene defect sites, then it can change its emission spectra.?2-33 3
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Emission spectra of thin films of hybrid nanoparticles showed again two distinct bands,
one coming from the poly(p-phenylene) subshell (400 — 550 nm), and the other band characteristic
of polythiophene subshell (550 — 850 nm). Both emission bands were vibronically structured
indicating rigid and relatively well-ordered structure of the conjugated polymer shells. It can be
seen that with poly(p-phenylene) being an inner subshell, there was more efficient energy transfer
to polythiophene subshell. In contrast, when polythiophene was an outer subshell, a very intense
band at around 700 nm could be observed, possibly resulted from an excimer or aggregated state
formation, stemming from more ordering and rigidification of PT subshell polymer chains. In case
when PT was inside, a broad featureless emission band was observed, which could indicate less
ordering and more twisted structure accompanying with loss of conjugated backbone planarity and

more blue shifted emission band than PT alone.
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Figure 2.6 Excitation (A), emission (B) spectra of SiO2@PT-b-PPP and SiO@PPP-b-PT drop-
casted on glass slide.

2.2.4 Transient absorption studies of hybrid materials

Transient absorption spectra of hybrid conjugated polymer nanoparticles can provide information

about the dynamics of photophysical processes occurring in the polymer shell. Conjugated
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polymers such as polythiophene were well studied due to their importance in optoelectronics, solar
cells, etc. Time-resolved optical spectroscopy studies can provide important information about the
dynamic mechanisms such as exciton and free-charge carrier formation and migration in
conjugated polymers.3” Similar types of studies was also previously done on P3HT films and
aggregated solutions.*® Recently, Larsen studied ground state relaxation dynamics of P3HT by
pump-dump-pump spectroscopy.>® It was observed from the studies that primary photodynamics
of P3HT films and aggregated solutions with comparable morphologies goes through following
steps: (1) primary photoexitation of conjugated polymer generates a single exciton which is
delocalized over approximately 15 repeating units; (2) this exciton self-localizes to less than 10
repeating units via structural distortion processes; (3) exciton further relaxes through C=C
vibrational relaxation, larger torsional relaxation and excitonic energy transfer. Transient
absorption and emission studies of amorphous and solution-phase polythiophene systems showed
that exciton localization can occur via conformational disorder. In this project, we studied four

hybrid nanoparticles: Silica@PT, Silica@PPP; Silica@PT-PPP and Silica@PPP-PT.

The transient absorption spectroscopy of hybrid nanoparticles consisting of a
homopolymer shell attached to the surface of SiO> in colloidal suspension in 1,2-dichlorobenzene
(DCB) was investigated using 380 nm excitation in order to understand the ultrafast excited-state
dynamics. Figure 2.7 (a) shows representative transient absorption spectra of colloidal SiO»-
poly(p-phenylene) nanoparticles. A negative band centered at 470 nm was attributed to ground
state depletion. Two positive bands near 400 nm and 600 nm were due to excited-state absorption.
The transient absorption time profile of the SiO»-poly(p-phenylene) nanoparticles measured at 470
nm is shown in Figure 2.7 (b). The wavelength-dependent decay spectra obtained from the global

analysis of the transient absorption time-profiles,***° described by a sum of exponentials to recover
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the lifetimes and corresponding spectra of the relaxation dynamics, are shown in Figure 2.7 (c).
Two lifetimes of T; =8 = 3 ps and 1, =20 £ 4 ps were needed to accurately describe the ultrafast
excited-state relaxation dynamics of poly(p-phenylene) on the surface of SiO» nanoparticles, and

the corresponding decay spectra were both convolutions of ground-state depletion and excited-

state absorption.
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Figure 2.7 (a) Representative transient absorption spectra of colloidal SiO>-poly(p-phenylene)
nanoparticles in 1,2-dichlorobenzene using 380 nm pump pulses (conc. 0.5 mg/ml). (b) Transient
absorption time-profiles of the SiOz-poly(p-phenylene) nanoparticles measured at 470 nm. (c)
Decay spectra obtained using global analysis of the time-dependent transient absorption spectra.
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Figure 2.8 (a) Representative transient absorption spectra of colloidal SiO»-polythiophene
nanoparticles in 1,2-dicholrobenzene using 380 nm pump pulses (conc. 0.5 mg/ml). (b) Transient
absorption time profiles of the SiO»-polythiophene nanoparticles measured at 700 nm. (c) Decay
spectra obtained using global analysis of the time-dependent transient absorption spectra.

Figure 2.8 (a) shows representative transient absorption spectra of hybrid nanoparticles
consisting of polythiophene shell attached to the surface of SiO» core in colloidal solution in 1,2-
dichlorobenzene using 380 nm excitation pulses. A broad depletion band was observed at
wavelengths range from 580 nm and above. The corresponding transient absorption time profile

measured at 700 nm is shown in Figure 2.8 (b). Two lifetimes were needed to accurately describe
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the excited-state relaxation dynamics of the colloidal SiO2-polythiophene nanoparticles. A positive
band characterized mainly by excited-state absorption and a negative band characterized mainly
by ground-state depletion were measured with lifetimes of t; =23 £2 ps and T, = 119 = 7 ps,
respectively. Additional relaxation pathways with lifetimes that are longer than our experimental
pump-probe temporal range were observed as an offset to the wavelength-dependent time profiles,

as discussed in more detail later.
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Figure 2.9 (a) Representative transient absorption spectra of colloidal SiO2-poly(p-phenylene)-b-
polythiophene hybrid nanoparticles in 1,2-dichlorobenzene (conc. 0.5 mg/ml) using 380 nm
excitation pulses. (b) Transient absorption time-profiles of the SiOz-poly(p-phenylene)-b-
polythiophene nanoparticles measured at 425 nm and 650 nm. (¢) Decay spectra obtained from
global analysis of the time-dependent transient absorption spectra.
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The transient absorption spectra of diblock copolymer functionalized hybrid nanoparticles
(Si02-poly(p-phenylene)-b-polythiophene) are shown in Figure 2.9 (a) and were obtained using
380 nm excitation pulses. Here the poly(p-phenylene) was an inner subshell directly attached to
the SiO; nanoparticle surface. The transient absorption time-profiles of the SiO»-poly(p-
phenylene)-b-polythiophene nanoparticles measured at 425 nm and 650 nm are shown in Figure
2.9 (b). The corresponding decay spectra from global analysis are shown in Figure 2.9 (¢), where
five lifetimes of T =3+ 1 ps, 1, =19+ 2 ps, 13=27+3 ps, 1, =128 £5ps,and T =11 £2 ps
were needed to accurately describe the ultrafast excited-state relaxation dynamics. The decay
spectra associated with t; and T, were assigned to the poly(p-phenylene) subshell chromophore
while the decay spectra associated with T3 and T, were assigned to the polythiophene subshell,
using a direct comparison with the results shown in Figures 2.7 and 2.8. The remaining fifth
lifetime t5 likely describes the kinetics of the energy transfer from poly(p-phenylene) to
polythiophene subshells.

The transient absorption spectra of hybrid block copolymer nanoparticles consisting of
polythiophene-b-poly(p-phenylene) shell attached to the SiO> core surface are shown in Figure
2.10 (a) and were obtained using 380 nm excitation pulses. Here the polythiophene was an inner
subshell directly attached to the SiO2 nanoparticle surface. Two negative bands centered near 480
and 650 nm were attributed to ground state depletion separated by a positive, excited-state
absorption band centered near 630 nm. The transient absorption time-profiles of the SiO»-
polythiophene-b-poly(p-phenylene) nanoparticles measured at 450 nm and 650 nm are shown in
Figure 2.10 (b). As shown in the decay spectra in Figure 2.10 (c), five lifetimes of t; =7 £ 1 ps,
T, =21+3ps, 13=23+1ps,and 1, =118 £ 4 ps, and t5 = 8 = 1 ps were required to accurately

describe the ultrafast excited-state relaxation dynamics of the SiO»-polythiophene-b-poly(p-
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phenylene) nanoparticles. Again, T; and T, could be assigned to poly(p-phenylene) chromophore,
T3 and 1, were assigned to polythiophene, and t5 was attributed to describe kinetics of intraparticle
energy transfer between poly(p-phenylene) and polythiophene subshells.

The transient absorption results shown in Figures 2.9 and 2.10 demonstrate the important
changes in excited state dynamics the occur upon changing the order of the two subshells within
the diblock copolymer shell. In the Figure 2.9 (c), the decay spectrum associated with t; and 1,
assigned to poly(p-phenylene), showed very small amplitudes compared to the decay spectrum
associated with t3 and T4, which were assigned to polythiophene. In this case, the polythiophene
subshell dominated the excited-state dynamics due to its placement on the outside of the polymer
shell. In contrast, in Figure 2.9 (c), the decay spectra associated with t; and t, showed much
higher amplitudes, indicating that the poly(p-phenylene) subshell dominated the excited-state
dynamics when it was placed on the outside of the polymer shell. The decay spectra associated
with energy transfer between poly(p-phenylene) and polythiophene have spectral features from
both polymers, with excited-state absorption near 475 nm from poly(p-phenylene) and a broad
ground-state depletion band from polythiophene. In addition, the global analysis results of the
diblock copolymers attached to the SiO: nanoparticles were altered with respect to the single
polymer spectra shown in figures 2.9 (c) and 2.10 (c), and were characterized by blue shifting of
the broad excited-state absorption and ground-state depletion bands in polythiophene chromophore
and a suppression of excited-state absorption signal in poly(p-phenylene) chromophore. The
polythiophene lifetimes of t; and 1, were the same both for the SiOz-polythiophene
(homopolymer) nanoparticles and the SiO»z-polythiophene-b-poly(p-phenylene) (diblock
copolymer) nanoparticles but became slighter longer in the case of SiO2-poly-p-phenylene-b-

polythiophene nanoparticles. The first lifetime of poly(p-phenylene), T;, was the same both for the
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homopolymer SiOz-poly(p-phenylene) and diblock copolymer SiO:-polythiophene-b-poly(p-
phenylene) nanoparticles, but it became much faster in the case of reversed order SiO>-poly(p-
phenylene)-b-polythiophene nanoparticles, while the second lifetime, t,, remained the same
(within experimental uncertainty) for all polymer configurations. The fifth lifetime, t5, was
associated with the energy transfer between poly(p-phenylene) and polythiophene subshells; it was
slightly faster in the case of SiO2-polythiophene-b-poly(p-phenylene) nanoparticles which showed
broader, red-shifted decay spectra compared to SiO»-poly(p-phenylene)-b-polythiophene

nanoparticles.
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Figure 2.10 (a) Representative transient absorption spectra of SiOz-polythiophene-b-poly(p-
phenylene) nanoparticles in 1,2-dichlorobenzene (conc. 0.5 mg/ml) using 380 nm excitation
pulses. (b) Transient absorption time-profiles of the SiOz-polythiophene-b-poly(p-phenylene)

nanoparticles measured at 450 nm and 650 nm. (c) Decay spectra obtained from global analysis of
the time-dependent transient absorption spectra.
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If we closely look at the lifetimes of block copolymers, it may be seen that the excited
state decay mechanism may involve charge transfer from polythiophene to poly(p-phenylene).
This is reflected in a longer lifetime of polythiophene than poly(p-phenylene). This contradicts our
observation from steady-state fluorescence analysis where clearly energy transfer from PPP to PT
takes place irrespective of ordering of polymer growth.

But when we closely look into global analysis spectra of diblock polymers, we got see a
better picture of excited state dynamics. In both cases, for lifetime t5, we see that there was a
positive peak at PPP spectral region followed by depletion of the PT region. Positive peak of PPP
clearly shows energy transfer process. Thus, we can safely conclude that at such time scale, both
energy transfer and electron transfer process may takes place, although overall process was
dominated by energy transfer from PPP to PT. Much slower charge transfer process couldnot be
seen in the time scale of our experiment. Further detailed experiments are underway to get more
detailed understanding of this process.

Overall, the transient absorption spectroscopy of the hybrid nanoparticles consisting of
different polymers and diblock copolymers attached to SiO2 core in 1,2-dichlorobenzene provided
an important insight into the excited-state dynamics and energy transfer within the conjugated
polymer shell that occurs upon photoexcitation.

2.3 Conclusions

Controlled Kumada catalyst transfer polymerization occurring by the chain-growth
mechanism was employed for the synthesis of hybrid nanoparticles consisting of homopolymer or
diblock copolymer shell attached to the central silica core. Although controlled synthesis of well-
defined conjugated polymers via Kumada catalyst transfer polymerization became an established

technique for solution polymerization, carrying out the same reaction in heterogeneous conditions
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(as surface-confined process) to reliably form surface-attached uniform polymer chains still
remains challenging. We developed and described a simple and efficient approach to the
preparation of surface-immobilized layer of catalytic Ni(Il) initiator, and demonstrated using it to
prepare layers of homopolymers and well-defined block copolymers on silica nanoparticles. The
resulting hybrid nanoparticles were characterized using electron microscopy, small angle neutron
scattering and thermal analysis which allowed to observe controlled formation of the polymer
shells. Finally, photophysical properties, and, in particular, photoexcitation energy transfer
processes, were studied via steady-state fluorescence and absorption spectroscopies, and time-
resolved transient absorption spectroscopy. Irrespective of the sequence of conjugated polymer
chromophores in the organic shell, energy transfer always takes place from the higher energy poly-
p-phenylene donor chromophore to the lower energy polythiophene acceptor chromophore,
although its efficiency strongly depends on the order of the CP subshells. From the transient
absorption spectroscopy studies, we observed that the energy transfer process was only effected in
the polythiophene subshell chromophore and was unaffected in the PPP subshell chromophore.
This could be due to the rigid expanded structure of PPP subshell, whereas PT subshell was
strongly folded to form a tightly packed crystalline phase. We are currently investigating the
opportunities to use these hybrid nanoparticles in design of solar cells and LED devices, as well
as for chemo- and biosensing applications.
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CHAPTER 3. SYNTHESIS OF HYBRID CORE-SHELL PARTICLES
CONSISTING OF SILICA CORE AND TRIBLOCK COPOLYMER SHELL
PREPARED BY SURFACE-INITIATED POLYMERIZATION

3.1 Introduction
Self-assembly of conjugated polymers has been at the center of numerous
investigations to prepare well-defined ordered structures which can have potential applications in
bulk heterojunction solar cells. Self-assembly is an efficient and cost-effective approach for
fabrication of complex nanostructures.'”” Conjugated polymers with side groups are more flexible,
bulkier and display complex self-assembly behavior relative to their small-molecule counterparts.
Thus, self-assembly of these complex multicomponent systems would be subject to higher
precision, a greater degree of control to give well-defined 3-dimensional ordered nanoscale
structures. These assemblies can act as the building blocks for well-ordered semiconducting
materials and have potential applications in optoelectronic devices, sensors, etc.*® Thus, solution-
phase colloidal self-assembly of these polymers may offer a new pathway to control and fabricate
nanoscale building blocks of conjugated polymers with well-ordered packing structures.®!
Polythiophene-based block copolymers self-assemble to form different nanostructures
such as nanowires,!! nanospheres,'?"!° helical nanowires,'# nanorings and vesicles,?® all of them
being potential materials for optoelectronic applications. Very recently, Choi’s group showed one
pot synthesis of fully conjugated poly(p-phenylene)-block polythiophene and polythiophene block
copolymers which make use of substituted poly(p-phenylene) or poly(3-(2-ethylhexyl) thiophene)
as the first block and unsubstituted polythiophene as the second block.?!?> These materials self-
assemble to form various 1D nanostructures such as nano-caterpillar, nanostar and nanonetwork

crystals.?! However, to form such well-defined nanostructures post-synthetic processes such as
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aging, temperature annealing, and the solvent annealing are required to promote self-assembly of
these materials to get defined structures.

Organic-inorganic hybrid systems could be an excellent alternative to conventional
conjugated polymers. Organic-inorganic hybrid systems have gained popularity due to the
synergism of the properties of inorganic core and organic shell.?**>> Due to such unique properties,
they find applications in optoelectronic and electrochemical devices such as a photovoltaic cells,
light-emitting diodes, chemosensors, electrochromic devices and field-effect transistors. These
materials are prepared by attaching organic polymer shells onto inorganic cores either by the
“grafting to” or “grafting from” approach. Though “grafting to” approach is an attractive method
to attach a polymer onto a surface-functionalized inorganic core, it typically leads to poor or low
grafting density.?->” Schanze’s group tried to graft conjugated polyacetylene onto silica particles
to form polymer brushes, but it resulted in a lower thickness of 12 nm polymer on silica surface
and spotty coverage.*’ Many other grafiing to approaches were tried; for example, attachment of
thiol-end functionalized polythiophene on gold nanoparticles or amino-functionalized quantum
dots,?! but they also did not accomplish the desired surface coverage density.

“Grafting from” approach is a method of growing polymer from end-functionalized
surfaces or particles by chain-growth addition of monomers to the surface-functionalized initiator.
This is one of the best methods not only to get different shell composition but also to have the
ability to tune grafting density on the surface by changing the initial initiator concentration.
Ground-breaking discovery by McCullough®>* and Yokozawa®*3* showing that Ni-catalyzed
Kumada polymerization of thiophene monomer formed regioregular P3HT by a quasi-living
mechanism (rather than via step growth), it opened up the possibility of surface-initiated

polymerization on different substrates. Recently, Kiriy used an external initiator to initiate the
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polymerization of P3HT on silica micro and nanoparticles.**” Though it produced mechanically
stable silica grafted P3HT, it also achieved low surface density. Based on this strategy, Locklin
demonstrated preparation of thicker (up to 42 nm) poly(3-methyl thiophene) films.?’
Nevertheless, all of these systems suffer from low activity and relative instability of the surface-
immobilized Ni(Il) catalyst; therefore, practical implementation of surface-initiated
polymerization still remains a challenge. Recently, Nesterov’s group*® demonstrated that the
reaction of aryl bromides or aryl iodides with Ni(0) complex Ni(dppp)2 (where dppp is 1,3-
bis(diphenylphosphino)propane) at moderate temperatures produces a stable Ni (II) complex that
can be used as a highly efficient catalytic initiator of Kumada catalyst transfer polymerization
(KCTP) of 5-bromo-2-thienylmagnesium monomers. The polymerization gives a high yield of
close to 100% regioregular poly(3-alkylthiophene) with number average molecular weight being
linearly dependent on the monomer/catalyst ratio. This technique was applied by Nesterov’s group
to grow polythiophene, poly(p-phenylene), and diblock polymers on silica nanoparticles, as
described in chapter 2.

Although the grafting from approach has an advantage over the grafting to approach for its
suitable control of grafting density, it still requires more elaborate group modifications needed for
chain extension with second block. This leads to reduced overall yield, as all end groups might not
be converted to the required functionality. Therefore, the development of novel synthetic methods
for efficient synthesis of various block copolymers still remains important.

Recently, Wu’s group*'**? had reported that the Ni(II)-terminated P3HT could initiate block
copolymerization of various monomers such as phenyl isocyanide and alkoxyallene in a controlled
chain-growth manner to afford P3HT-b-poly(aryl isocyanide) and P3HT-b-poly(alkoxyallene)

block copolymers** with controlled molecular weights and tunable compositions.
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Polyallenes are reactive polymers with C=C double bond within each repeating unit in the
main chains.***¢ They have been used to induce particular self-assembly morphology. Well-
defined poly(alkoxyallene)s are usually prepared through living coordination polymerization of
alkoxyallene monomers with Ni(II) complexes as initiators/catalysts through 1,2 or 2,3
polymerization of the cumulative double bonds.*’*

Similarly, Nesterov group has recently demonstrated the possibility to grow different block
copolymers on the surfaces of silica nanoparticles and thin films. So, we envisioned that our
surface-immobilized catalyst can polymerize allene as well as 3-hexylthiophene to give complex
block copolymers consisting of dissimilar blocks (e.g. conjugated and non-conjugated) on silica
nanoparticles yielding a hybrid material. These materials would be important model systems to
study self-assembly of rod-coil structures and formation of different macromolecular systems to
control the energy transfer process in complex conjugated polymer systems. This strategy was
further extended for the preparation of P3HT block copolymers and other semiconducting
materials on surfaces with novel structures and functions.

HIn this chapter, we describe our studies on hybrid inorganic-organic nanomaterial
consisting of conjugated polymers and insulating polyallene polymer. Incorporation of the
polyallene subshell made the energy transfer process in this hybrid system affected by the change
in a solvent, pH, and type of conjugated polymer involved.

3.2 Results and Discussion
3.2.1 Synthesis and characterization

Monodisperse silica particles were prepared by the well-known Stober process. They were

prepared by polycondensation of tetraorthosilcates and ammonium hydroxide to give a porous

network of polysilicates. However, Stober>® process leads to more polydisperse particles. To get
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silica particles with more uniform size, Bogush et. al.>! designed a reverse microemulsion method.
pH was maintained around 9 to control the unwanted silica particles formation and provide
uniform size distribution. TEM image (figure 3.1) shows formation of silica particles with a

diameter of 74 + 4 nm.
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Figure 3.1 TEM images of silica particles with size distribution

The preparation of conjugated polymer-silica nanoparticles was based upon the surface-
initiated polymerization strategy developed in the Nesterov’s group (Scheme 3.1).° It is based on
immobilization of silyl-functionalized bromothiophene precursor onto the silica surface, followed
by further treatment with Ni(dppp):2 to yield Ni initiator. Ni(dppp)2 can be easily prepared in large
scale and is stable for few months. The reaction occurs through oxidative addition of Ni(dppp)2
complex to iodothiophene precursor to give efficient Ni(Il) catalytic initiator. This methods
allowed us to obtain an efficient catalytic system for Kumada polymerization providing defect free

polymers e.g. polythiophenes, poly(p-phenylenes), and block copolymers.
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Scheme 3.1: Synthesis of homopolymer, diblock copolymer and triblock copolymer shells grafted
on silica particles

Activate Ni(II) catalytic initiator upon exposure to a solution of suitable Grignard monomer
starts living polymerization to form a conjugated polymer film. For co-block polymerization, after
1 day of polymerization, initiating sites were regenerated with additional amount of Ni(dppp)2
followed by addition of 2" Grignard monomer, followed by regeneration with Ni(dppp)2 and the
addition of 3™ (allene) monomer. It was previously shown that regeneration of polymer with Ni(0)
gives better catalytic initiator density, and it helped to reinstate an incomplete terminated
polymerization. As a proof-of-concept, we chose Ni-initiated Kumada polycondensation of (2-
bromo 3-hexylthiophen-5-yl)magnesium chloride, or (4-iodo-phenyl)magnesium chloride to form
poly(3hexylthiophene) (P3HT), or poly(p-phenylene) (PPP), respectively. P3HT and PPP are two

of the most common conjugated polymers for various electronic and optoelectronic applications,
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and their photophysical properties are well-known and well-documented. Therefore, it was a
convenient model for our proof-of-concept study. Depending on the sequential order of these

polymers on the silica particles, photophysical properties could be modified and fine-tuned.

Small-angle neutron scattering (SANS) is an important tool to characterize nanomaterials.
Using SANS, Berry et al. found P3HT to possess rod-like structure.>? Segalman group studied
various P3ATs and found that persistence length of P3AT is affected by synthesis method,
regioregularity and side chain chemistry.’® These factors can decrease the persistence length by

60-70%.
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Figure 3.2 SANS analysis of hybrid particles consisting of homopolymer, diblock copolymer and
triblock copolymer shells grafted on silica cores, dispersed in 1,2-dichlorobenzene (DCB).

Formation of each sublayer of polymer was studied by SANS. Small angle scattering has
become a powerful tool to analyze macromolecules in solution. It had been used to study self-
assembly and formation of aggregates of macromolecules as well as for the investigation of
complex fluids. Polymer grafted silica particles were dispersed in d4-dichlorobenzene (DCB) to

get more contrast. The SiO> core radius was fixed at 37 nm based on the data obtained from
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the TEM image. The data was fitted by the core-shell model which corresponds to the local density
fluctuation of the polymers in suspensions. The monodisperse core-shell model worked and
directly caught all the oscillations in the scattering profile. Silica size obtained from TEM data was
fixed to fit the data for grafted polymers on the surface.

The scattering intensity of a polymer can be fit using the following equation:

1(q) = KP(q) S(g)+ line (1)
where K is a scaling factor, P(q) is the form factor of a single chain, and Iix is the incoherent

scattering intensity which is assumed independent of q.

P(q) _ Vis[(WC(Pc—Ps)h(ch) n (BVs(ps—psow)i1(qrs) ]2 + bkg )

qre qrs

Where ji (x) =(sin x- X cos X)/ x> ; ;= 1. + t; V; =(4n/3); bkg is incoherent background, solv is
solvent, s is shell, ¢ is core

There are only 3 fitting parameters: prefactor, shell thickness and the scattering length
density of the polymer shell. The monodispersity of the grafted polymer on the surface of SiO»
was excellent. Shell thickness obtained by fitting the data was as follows: P3HT 2.2 nm; P3HT-
PPP 12.7 nm; P3HT-PPh-PAA 13.6 nm; PPP 12.3 nm; PPP-P3HT 13.2 nm; PPP-P3HT-PAA 13.2
nm.

3.2.2 Photophysical properties of hybrid silica-conjugated polymers

Photoexcitation of conjugated polymers creates an electron-hole pair, or exciton, by
absorbing photon of light, through moving an electron from an occupied orbital to an unoccupied
orbital. This exciton will then delocalize over the whole chain but is not confined within the chain.
This exciton then relaxes along the excited state potential surface into a cold exciton which then

decays radiatively back to the ground state.>* In general, conjugated polymers after photoexcitation
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undergo conformational changes from aromatic to quinoidal type of geometry. This results in a
change in torsional constants between each repeat units. This change results in Stokes shifts which

are greater in solutions than in thin films.>

Particles functionalized with triblock copolymer, SiO2- P3HT-PPP-PAA, were dissolved
in DCB. DCB is a good solvent for P3HT and PPP, and thus, overall solvent-polymer interaction
is good and stabilizes the polymer. Absorption spectra show broad spectra with maxima around
380 nm with a shoulder at 425 nm. A slight decrease in the shoulder intensity of triblock copolymer
P3HT-PPP-PAA with respect to diblock copolymer P3HT- PPP grafted silica particles shows an
increase in solubility of the polymer due to the incorporation of PAA layer. Absorption spectra
showed less vibronic features than luminescence spectra because absorption spectra correspond to
vertical frank-condon transition of ground state whereas emission spectra reflect conformations of
relaxed excited state. Comparison of absorption spectra with excitation spectra demonstrated the
effect of aggregation of P3HT. Order-disorder transition of P3HT has been extensively studied.
Kohler’s group had shown that aggregation is a first order transition from coil to a more ordered
phase which changes with the difference in a polydispersity of polymer chains and molecular

t.5¢ Study of aggregation in solution is important as it is well known that such aggregates in

weigh
solution can later act as nucleation points for aggregate formation in thin films for spin-coating
samples.’” Comparison of Amax of absorption and excitation shows that there is a 20 nm blue shift.
Blue shift in the excitation spectra compared to absorption spectra may be understood as indicating
energy transfer from poly(p-phenylene) to P3HT. With initial photoexcitation for most -
conjugated systems, energy is transferred via downhill process within the density of states. A

structural disorder caused by kinks or twists in polymer chain leads to an inhomogeneous

distribution of conformational states.’’” Thus, excitation at 380 nm (blue edge) will result in
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excitation of high energy poly(p-phenylene) segments by rapid unidirectional energy migration to
low energy P3HT layers. This results in the channeling of all excitation energy to the lowest energy
emissive state regardless of the excitation wavelength.’® Change in the solvent from DCB to THF
does not alter absorbance and excitation spectra of poly(p-phenylene) segment appreciably. Thus,
PPP block is least affected as it does not have any solubilizing group and is solvophobic. There is
no change in absorbance for diblock copolymer but for triblock copolymer the appearance of
shoulder at around 470 nm reflected possibly better solubility of polymers and overall
planarization of the m-conjugated backbone which resulted in the formation of more ordered
conformation. The appearance of 470 nm peak indicated that there were such conformational
changes. Inter-chain interaction would relax the molecular symmetry, and thus, the 0-0 transition

will be allowed and correspondingly increased.

In the case of PPP-P3HT-PAA series, it showed the same behavior for poly(p-phenylene)
segment i.e. excitation maximum was blue shifted with respect to absorbance (395nm for
absorbance and 375 nm for excitation). This clearly proved that there was an energy transfer taking
place from higher energy poly(p-phenylene) segments to lower energy P3HT segment. Increase of
the intensity in 470 nm peak for PPP, PPP-P3HT and PPP-P3HT-PAA in DCB relative to that in
THF solution may be attributed to the incorporation of P3HT and PAA blocks. This is because
THF is a nonaromatic solvent which tends to separate the polymer chains from each other and
helps to collapse into coils. On the other hand, in the case of DCB, polymer chains would prefer
to have extended conformations which help in aggregate formation.>® The appearance of shoulder
peak at 600 nm for the solution of PPP-P3HT-PAA in DCB and THF may correspond to P3HT 0-
0 transition peak. This may be due to better planarization of the triblock copolymer upon the

incorporation of PAA segment. This would result in more efficient energy transfer from poly(p-
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phenylene) to P3HT segment. This was seen by the appearance of more vibronic structures in

excitation spectra.
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Figure 3.3 Absorbance spectra of homopolymer, diblock copolymer and triblock copolymer shells
grafted on silica particles in 1,2-dichlorobenzene and THF (0.3 mg/ml).

As stated earlier, in the case of DCB, polymers may prefer to adopt a planar conformation

with more electronic delocalization and more vibronic features appearing in the excitation spectra
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of polymers in DCB than in THF. In the case of the diblock copolymer, there were almost no
vibronic peaks observed in P3HT segment which mean that the solvent molecules tend to collapse
P3HT polymer chains into coils on top of poly(p-phenylene) shell. Similar types of vibronic
features have been documented in other conjugated polymers.®-%3 This may be due to overall
increasing solubility of polymer hybrid particles caused because of hexyl side chains of P3HT

which prefer to stay in coil conformation.
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Figure 3.4 Excitation spectra of homopolymer, diblock copolymer and triblock copolymer shells
grafted on silica particles in 1,2-dichlorobenzene and THF (emission at 650 nm) (0.3 mg/ml).
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Emission spectra (figure 3.5) showed strikingly different behavior for the two polymer
series in DCB and THF. In general, absorption spectra were mostly structureless whereas emission
spectra were more structured. These suggest that the excited state geometry was more ordered
compared to the ground state geometry. The rotational energy barrier was smaller in the ground
state and thus contributed molecular disorder that lead to inhomogeneous broadening and almost
featureless absorption band.%* In the case of emission, on the other hand, it showed a narrow
distribution of excited-state molecular geometries which is characterized by more rigid planar
quinoid electronic structure contribution to the singlet excited state. Thus more structurally defined
luminescence spectra originated from the conformational relaxation of the excited state to more
ordered rigid molecular structure prior to the radiative decay.®?

Single step energy transfer occurs in conjugated polymers at distances ranging from 0.1
nm to more than 5 nm which can take place via intermolecular or intramolecular energy transfer
processes from an excited donor molecule to an acceptor molecule. Conjugated polymer chains
have several hundred repeat units, but their effective n-electron conjugation may be altered due to
structural, topological and chemical defects.®? Thus, the excitation energy transfer can be described
as a combination of intrachain and interchain energy transfer which can occur by Forster and
Dexter mechanisms. Emission spectra clearly showed energy transfer from poly(p-phenylene) to
polythiophene chromophores. Energy transfer process can be either by through space (Forster) or
through bond (Dexter) type. The former takes place when an efficient spectral overlap of donor

emission with acceptor absorption exists.

Emission spectra of diblock and triblock polymers can be divided into two regions: one
from 400- 550 nm and the other from 550-850 nm. The first region (400-550 nm) originates from

the contribution of the poly(p-phenylene) polymer segment, and the other region (from 550 — 850
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nm) corresponds to P3HT chromophore. Energy transfer process is unidirectional irrespective of
the order of poly(p-phenylene) and P3HT, but the efficiency of energy transfer is affected by the
sequence of the two blocks. When P3HT was grown as the first block on silica core, energy
transfer from PPP to P3HT was minimal due to twisting of bonds caused by steric repulsions
between hexyl groups. Due to high grafting density near silica surface, sterically bulky hexyl
groups in P3HT would hamper the subsequent growth of polymeric chains. This was confirmed
by SANS where P3HT shell size was found to be 2 nm. Thus, the steric hindrance could result in
more twisting of the n-conjugated bonds, thus breaking the electronic conjugation in P3HT. Also,
presence of hexyl side chain does affect the polymerization growth process as could be seen from
our previous results. The unsubstituted polythiophene shells grow to bigger size during the same
polymerization time. Thus, energy transfer via Dexter mechanism will be hampered, and only the
intramolecular Forster energy transfer process will take place. PPP is solvophobic to both the
solvents and will thus form a protective layer covering P3HT. As soon as the polyallene layer was
introduced as an outer layer, which is solvophilic to DCB as well as THF, it helped the overall
polymer to stretch and thus enhancing the backbone planarization of triblock copolymer. This
could assist in funneling the energy from PPP to P3HT and minimizing the conformational defects
caused by twisting of bonds.

It can be seen that when poly(p-phenylene) was inside, there was more energy transfer
occurring to P3HT chromophore. The appearance of two peaks at 625 and 675 nm confirmed the
formation of ordered structures of P3HT. The peak at 675 nm was less pronounced in THF than in
DCB. Again this is because of interaction of aromatic solvent, DCB, with polymer chain where
polymer chains prefer to adopt an extended planar ordered structure, as opposed to THF, where

polymer chains collapse and prefer to have coil conformation.” Higher grafting density near the
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surface could not affect the polymerization process toward poly(p-phenylene) as it has a rigid and

symmetric structure which prefers to stay in planar extended conformation. Also, absence of

solubilizing side groups on repeating units will give more room and a less steric hindrance to the

polymer growth. This could be confirmed by SANS data where poly(p-phenylene) size was 12 nm

in comparison to 2 nm for P3HT in DCB.
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Figure 3.5: Emission spectra of homopolymer, diblock copolymer and triblock copolymer shells
grafted on silica particles in 1,2-dichlorobenzene and THF (0.3 mg/ml).
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3.2.3 Solvatochromism

The solvent effect was also studied. Three different solvents were chosen, 1,2-
dichlorobenzene, THF, and chloroform. Figure 3.6 shows that energy transfer process was more
efficient for THF than in DCB and chloroform at the same concentration of polymer in solution
(0.3 mg/ml). Also, vibronic features were missing in chloroform but were present in DCB and
THEF. This is because chloroform solvent molecules tend to enhance polymer-polymer interactions
and thus, polymer molecules would adopt a coil conformation to minimize the interaction with
solvent molecules. Also, in the case of 1,2-dichlorobenzene, the polymer would adopt an extended
conformation that would enhance aggregation or formation of more ordered structure. THF is also

a good solvent for both P3HT as well as polyallene because it facilitates ordered and planarized

structure.
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Figure 3.6: Emission spectra of hybrid silica-triblock copolymer particles in chloroform, 1,2-
dichlorobenzene, and THF showing effect of solvent on spectroscopic properties of these hybrid
silica polymer nanoparticles (0.3 mg/mL).

Both PPP and P3HT get affected by solvent quality. Though in the case of poly(p-
phenylene) chromophore there was no change in shift in wavelength but there was a change in

intensity of vibronic 0-0 peak which directly relates to the packing and interaction of this molecule
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with solvent. Thus, in the case of chloroform, 0-0 peak was weak in comparison to 0-1 peak, which
indicates strong interaction between the polymer and the solvent due to extra stability incorporated
by polyallene block attached to the end of PPP. P3HT molecule prefers to be in different
conformations depending upon the type of solvents. In THF, it tends to planarize which results in
a more bathochromic shift as seen in figure 3.6. In chloroform, P3HT tries to adopt a coil structure
which results in broad featureless P3HT emission spectrum with overall spectra blue shifted in

comparison to DCB and THF.
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Figure 3.7: Emission spectra of hybrid silica-diblock copolymer nanoparticles in chloroform, 1,2-
dichlorobenzene, and THF showing effect of solvent on spectroscopic properties of these
nanoparticles (0.3 mg/mL).

To get more insight into the structure of these nanoparticles and how they behave in
solvents, emission spectra of diblock polymer in different solvents were recorded (figure 3.7). The
trend became entirely opposite as compared to the triblock copolymer. Though there was almost
no effect for the P3HT-PPP diblock polymer; PPP-P3HT polymer showed substantial effect.
Chloroform is a good solvent for P3HT, and thus, it would tend to planarize the molecule by
increasing solvent-polymer interactions. As a result, the entire polymer molecule will stretch into

extended conformation which would help to funnel energy from poly(p-phenylene) to P3HT
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chromophores effectively, and thus energy transfer via both Forster and Dexter mechanism
pathways could take place. Energy transfer process for the PPP-P3HT polymer was observed to
be less efficient in THF, as THF is not an as good solvent for P3HT as chloroform and thus results
in minimizing the energy by collapsing polymer chains into globular conformations. This results
in twisting of bonds and breaking of m- electron conjugation. This will decrease the overall

efficiency of energy transfer process from PPP to P3HT chromophores.
3.3 Conclusions

Controlled Kumada catalyst transfer polymerization occurring by the chain-growth
mechanism was employed for the synthesis of homoblock and diblock copolymer from the surface
of an inorganic material such as silica. Though synthesis of conjugated polymers via Kumada-type
polymerization became an established method in solution, carrying out the same reaction in
heterogeneous surface conditions to achieve a uniform polymer chain length still remains a
challenge. We developed a simple and efficient approach to the preparation of a nanoparticle
surface-immobilized layer of catalytic Ni(Il) initiator, and demonstrated using it to grow block
copolymers on silica nanoparticles. The hybrid nanoparticles were characterized by small angle
neutron scattering which showed formation of polymer shells in each step. Effect of solvent on
energy transfer processes was also studied. It was found that energy transfer took place via a
combination of Dexter and Foster mechanisms, but the Dexter through-bond transfer was affected
by the change in solvent quality as well as the sequence of conjugated polymer segments. The
efficiency of energy transfer was greater for a polymer with P3HT segment as an outer block,

grown over PPP block
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CHAPTER 4. RELATIONS BETWEEN STRUCTURE AND
PHOTOPHYSICAL PROPERTIES IN HYBRID GOLD@SILICA
NANOPARTICLES WITH CONJUGATED POLYMER SHELLS

4.1 Introduction

Nanostructured materials such as metals, metal oxides, and semiconductors, having unique
physical and chemical properties, have become an exciting field of research due to their unique
quantum properties at nanoscale dimension. In particular, they have promising applications in the
areas of sensor technology, biomarkers, etc.! Metal nanoparticles such as gold can act as
nanoantennas when excited by light and can partly transfer energy nonradiatively to the
chromophores.?

Thus, the presence of gold nanoparticles in proximity to nanocrystals has been observed to
influence the photoluminescence properties of nanocrystals. First, the excitation rates in the
nanocrystal are changed due to the variation of electromagnetic field caused by surface plasmon
of gold. Second, the decay rates of the nanocrystal, including radiative and non-radiative decay,
are also changed. Thus, this competition will result either in PL enhancement or quenching.>**

Polymer brushes are made by a surface-initiated polymerization reaction or grafting-from*
technique. The grafting from method is preferred and most widely used as polymerization is
initiated from the surface directly rather than a pre-synthesized polymer is attached to the
functionalized surface. This gives more control over brush thickness, and thus, higher grafting
density can be achieved. An important discovery by Yokozawa®> and McCullogh® that formation
of regioregular poly(3-hexylthiophene), P3HT, takes place by chain growth mechanism made it
possible to effectively grow this conjugated polymer from the surface. With such development,
external-initiated catalyst- transfer polymerization with surface immobilized initiator was used to

grow polymer from glass surface to form a thin film on spherical silica nanosurface to give well-
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defined polymer brush.”!? These can provide well defined shells of polythiophene, PT, and other
conducting polymers.

In the previous chapters, we described using of this methodology to prepare complex
conjugated polymer shells on silica cores. Conjugated polymers (CP) due to their unique optical
and electrical properties find applications in a variety of devices such as organic light-emitting

1415 optically pumped lasers!'® and fluorescent sensors for detection of various

diodes,"? solar cells,
analytes.!”"!® Recently Guy et al. have used grafting to approach to attach conjugated polymers to
iron oxide, quantum dots. "

Quantum dots encapsulated iron oxides,?® or organic dyes,?! are widely used as a labeling
material for biological sensing and detection applications. Organic dyes proved to be useful but
are still not a perfect candidate as they suffer from severe photobleaching during biodetection
process. Conjugated polymer thin film sensory device, on other hand, has an advantage over
organic dyes due to a highly extended n-conjugated system which, if properly aligned, gives better
signal amplification due to the facile transport of excited states (excitons).?> Photoexcitation
energy migration process in case of the thin film can occur either by intramolecular or
intermolecular pathways where latter is more predominant due to the proximity of particles in the
strongly aggregated system.? >?7 Use of magnetic field to orient this polymer hybrid brush can
help in facilitating exciton migration.

Photoluminescence properties of conjugated polymers will also be affected by the presence
of gold nanoparticles by altering the excitation decay rates of the conjugated polymer, thus
changing the ratio of radiative and non-radiative decay rates.’®>* Heeger et al. showed the
quenching of conjugated polymer emission by investigating the role of energy and electron transfer

in the presence of gold nanoparticles. They found that quenching of emission depends on the size
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of gold particles, and quenching takes place via energy transfer and not through electron transfer.
In some cases, there was a huge enhancement in optical limiting performance when the conjugated
polymer is coupled with gold nanoparticles.** Thus, to avoid quenching of these polymers, a spacer
molecule is placed in between gold and chromophores.3-3

Thus, adding silica coating on gold nanoparticle is necessary not only to avoid quenching
but also the silica shell provide a surface to grow polymer shells.?”® Silica will also act as a spacer
to transfer the energy from gold to polymers or vice-versa. FRET is an electrodynamic
phenomenon that occurs between donor molecule in an excited state and acceptor molecule in the
ground state.’® The energy transfer rate depends on the extent at which donor emission spectra
overlaps with acceptor absorption, and also depends on the orientation of the donor and acceptor
chromophores and distance between donor and acceptor. Thus, the transfer of energy depends on
the negative 6 power of distance (R™®) and any condition that affects donor-acceptor distance will
affect the transfer rate. In this chapter, we describe our studies on the energy transfer taking place
between gold nanoparticles and conjugated block copolymers.

Herein we designed a unique series of block copolymers grown on gold nanoparticles
coated with a thin layer of silica, showing more efficient energy transfer from one polymer to an
other. The energy transfer takes place between block copolymer segments irrespective on how
conjugated block copolymers are attached on silica surface with or without gold core. We

attempted to evaluate how energy transfer takes place between two attached polymer

chromophores, and effect of the plasmon core on optical properties of these polymers.
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4.2 Results and Discussion

4.2.1. Synthesis of Au@SiO2-homopolymers and block copolymers
Gold nanoparticles were prepared by standard sodium citrate reduction method.*

Au@SiO, was prepared by the method described by Kobayashi (Scheme 4.1).%!

1. Sodium Citrate TEOS, ethanol
2. PVP sol. O .
.

H,0, 90°C

HAUCI,.3H,0

Gold Nanoparticles Au@SiO,

Scheme 4.1 Synthesis of Au and Au@SiO2 nanoparticles

Au@SiO;- homopolymer and block copolymer were synthesized by “grafting from” the
surface of Au@SiO> by surface-initiated Kumada polymerization. It is based on surface
immobilization of silyl-functionalized thiophene precursor on Au@SiO> followed by treatment
with Ni(dppp)2 to give surface-immobilized catalytic nickel initiator. This synthetic approach
gives efficient catalytic initiator suitable for efficient and reliable surface-initiated
polymerization.*? Particles were then washed with an excess of solvents to get rid of excess
reagents. Activated hybrid particles were then transferred to a suitable Grignard monomer which
initiated living polymerization to form conjugated polymer shell. Thus, 5-bromo-thiophen-2-
ylmagnesium chloride or 4-iodo-phenylmagnesium chloride give polythiophene and poly(p-
phenylene), respectively. After one day of polymerization, an aliquote of the polymer was taken
out and quenched to give a homopolymer shell. Remaining reaction mixture was treated with Ni(0)
for regeneration of active initiating sites followed by addition of 2" Grignard monomer.
Regeneration helps to activate incomplete terminated polymerization sites and thus increases

efficiency of subsequent surface-initiated polymerization (scheme 4.2).
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Scheme 4.2: Synthesis of multilayer shells of block copolymers on Au@SiO> nanoparticles by
surface-initiated living Kumada polymerization technique

TEM image (figure 4.1) shows monodisperse gold particles with an increase in particle

size upon the incorporation of each block of polymer

Figure 4.1 TEM images of nanoparticles: (a) Au; (b) Au@SiO2; (¢) Au@SiO»- PT; (d) Au@SiO»-
PPP; (e) Au@SiO;- PT-b-PPP; (f) Au@SiO2- PPP-b-PT
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4.2.2 Photophysical properties Gold@Silica- conjugated polymer nanoparticles

Figure 4.2 shows normalized absorption spectra of gold nanoparticles and gold@silica-
conjugated homopolymer and block copolymers hybrid particles dispersed in chloroform.
Gold@Si02 nanoparticles have a strong plasmonic band around 525 nm. In the case of Au@SiO»-
PPP, plasmon band of gold appears red-shifted at 536 nm. This is likely due to the strong electronic
interaction between poly(p-phenylene) and gold nanoparticles which change both the surface
plasmon band and the absorption band of poly(p-phenylene). Also, the formation of a dipole on

the surface of the particles causes a red shift of the plasmon band.

| e AU@SIO

2
= Au@SiO, - PT
= AU@SiO, - PT- PPP ||
= Au@SiO, - PPP 4
2

PPP-PT

Normalized absorbance (a.u.)

300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 4.2 Normalized absorption spectra of Au@SiO2-Conjugated polymer nanoparticles in 1,2-
dichlorobenzene.

The dipolar band was blue shifted for hybrid particles. Au band was completely masked
by PT absorption band for Au@SiO»>-PT hybrid particles, which appeared at Amax at 460 nm. It
also showed two characteristic vibronic shoulder bands at 550 and 598 nm. Which were due to the

intrachain n-x transition of PT chains arising because of the increasing order and crystallinity of
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the PT shell. Indeed, such two peaks typically appear due to more ordered structures arising
because of m-m stacking and resulting better electronic delocalization of polythiophene.*’
Polythiophene can self-organize to align polymer chains and form semi-crystalline lamellar
morphologies which possess highly ordered packing and alignment, and also show high hole
mobility and strong interchain and interlayer interactions. We observed that when poly(p-
phenylene) was inside there was aan efficient energy transfer taking place from poly(p-phenylene)

to polythiophene chromophores. It was more efficient compared to the case when PT was on

outside block.
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Figure 4.3 Normalized emission spectra of Au@SiO2-Conjugated polymer nanoparticles in 1,2-
dichlorobenzene solution.

Photoluminescence spectra (figure 4.3) of diblock copolymer-functionalized particles
showed a different trend for each block copolymer. Irrespective of ordering of polymer block in
the shell, there was always energy transfer from poly(p-phenylene) chromophore to polythiophene.
In the case of PT placed as the first block, there was no change in Amax of polythiophene absorption

band. Amax was found to be more red-shifted for poly(p-phenylene)-coblock-polythiophene than
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for polythiophene-coblock-poly(p-phenylene). This might be due to more electronic delocalization
and more ordering/planarization when polythiophene was outside. There was almost a 100 nm
blue shift in Amax which could be explained by two considerations. First, in the case of Au@SiO»-
PPP-b-PT, there was an energy transfer from polythiophene chromophore to gold nanoparticles
through surface plasmon-coupled emission (SPCE) via strong coupling between plasmonic field
and conjugated polymer excitons which resulted in more blue shifted absorption band. Second, it
could also result in more twisted or coil-like conformation with corresponding loss in planarity
and lower electron delocalization.**

4.2.3 Transient absorption studies of Gold@Silica- conjugated polymer nanoparticles

To gain more insight into effect of gold nanoparticle core on photophysical characteristics
of conjugated polymers, transient absorption spectroscopy experiments were undertaken were
taken.***” Figure 4.4 (a) shows representative transient absorption spectra of Au@SiO>-PPP
nanoparticles after excitation with 380 nm pulses. An intense negative band centered at 450 nm
was observed. The transient absorption time profiles measured at 450 nm are shown in figure 4.4
(b). The decay spectra of Au@SiO2-PPP generated by a global analysis technique using multi-
exponential fits are shown in figure 4.4 (c). Two lifetimes of 11 =17.2 + 0.8 ps and 120 =4.3 £ 0.6
ps were needed for the fit.

Figure 4.5 (a) shows representative transient absorption spectra of Au@SiO2-PT
nanoparticles after excitation with 380 nm pulses. A negative band centered at near 700 nm was
observed. The transient absorption time profiles measured at 670 nm are shown in figure 4.5 (b).
The decay spectra of Au@SiO2-PT generated by a global analysis technique using multi-
exponential fits are shown in figure 4.5 (c¢). Two lifetimes of 14 = 10 £ 0.2 ps and 15 = 74.3 £ 1.1

ps were needed for the fit.
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Figure 4.4. (a) Transient absorption spectra of Au@SiO2-PPP after excitation with 380 nm
excitation pulses. (b) Transient absorption time-profiles of Au@SiO>-PPP. (¢) Decay spectra of
Au@SiO,-PPP obtained by global analysis of the time profiles.
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Figure 4.6 (a) shows representative transient absorption spectra for Au@SiO2-PPP-b-PT
nanoparticles after excitation with 380 nm pulses. A small negative band appears at 450 nm
followed by a second strong depletion band centered at 630 nm. The transient absorption time
profiles measured at 450 and 650 nm are shown in figure 4.6 (b). The decay spectra of Au@SiO»-
PPP-b-PT nanoparticles generated by a global analysis technique using multi-exponential fits is
shown in figure 4.6 (c). Five lifetimes of 11 =523 £ 1.1 ps, 12=6.5+0.3 ps, 13 =93+ 0.1 ps, 14

=24.5+0.6 ps, and 15 = 5.3 £ 0.2 ps were needed for the fit.
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Figure 4.6. (a) Transient absorption spectra of Au@SiO2-PPP-b-PT after excitation with 380 nm
excitation pulses. (b) Transient absorption time-profiles of Au@SiO2-PPP-b-PT. (¢) Decay spectra
of Au@SiO,-PPP-b-PT obtained by global analysis of the time profiles.
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Figure 4.7 (a) shows representative transient absorption spectra of Au@SiO»-PT-b-PPP
nanoparticles after excitation with 380 nm pulses. A negative band appears at 450 nm followed by
a second smaller depletion band centered at 650 nm. The transient absorption time profiles
measured at 450 and 650 nm are shown in figure 4.7 (b). The decay spectra of Au@SiO2-PT-b-
PPP nanoparticles generated by a global analysis technique using multi-exponential fits is shown
in figure 4.7 (c). Five lifetimes of 11 =789+ 0.4 ps, 12 =85+ 0.3 ps, 13 =142+ 0.2 ps, 14 =19.5

+ 0.3, and t5s = 4.7 +£ 0.2 were needed for the fit.
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Figure 4.7. (a) Transient absorption spectra of Au@SiO2-PT-b-PPP after excitation with 380 nm
excitation pulses. (b) Transient absorption time-profiles of Au@SiO2-PT-b-PPP. (¢) Decay spectra
of Au@Si0O,-PT-b-PPP obtained by global analysis of the time profiles.
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In Au@SiO»2-PT-b-PPP nanoparticles, PT excited state ends up quenched on gold surface
through the gold plasmon effect as well as energy transfer to PPP chromophore. In contrast, energy
is additionally transferred to PPP chromophore, as compared to SiO2-PT-PPP system. For
Au@SiO2-PPP-b-PT system, possibly a charge transfer between PPP chromophore and the
plasmon surface diminishes the energy transfer from PPP to PT.

Table 4.1: Comparison of transient times of Silica@Conjugated polymers with Au@Silica-

Conjugated polymers
Si02-PPP-b-PT Si0,-PT-b-PPP Si02-PT Si0,-PPP
650 nm 128.6 £ 1.4 ps 120.7 £ 0.9 ps 119.9 £ 1.1ps
27.1+£0.4ps 23.2+0.5ps 23.1+1.4ps
11.4+0.9 ps 73+ 1.1ps
450 nm 18.7 £ 0.3 ps 20.5+ 0.4 ps 20.0+ 0.3 ps
2.8+0.4 ps 7.0 £0.5 ps 8.0£0.6 ps
Au@SiOz-PPP-b- | Au@SiO2-PT-b-PPP | Au@SiO2-PT | Au@SiO,-PPP
PT
650 nm 523+ 1.1ps 789+ 0.4 ps 743+ 1.1 ps
9.3£0.1ps 142+ 0.2 ps 10.8 £ 0.2 ps
6.5+0.3 ps 8.5+0.3 ps
450 nm 24.5 £0.6 ps 19.5+0.3 ps 43+0.6 ps
53+0.2ps 47+£0.2ps 17.2+ 0.8 ps
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In contrast, in Au@SiO2-PT-PPP system, PPP is far enough from the gold nanoparticle
surface so that charge transfer from the plasmon surface to PPP is not observed.

These results were compared with control silica@conjugated polymers hybrid
nanoparticles. Table 4.1 shows the results of transient absorption studies. It was evident gold
quenches PT heavily. Thus, energy transfer takes place from PT chromophore to gold. When PT
is the outer layer, energy transfer to gold is more efficient in comparison to when PT is an inner
layer. One possibility is that PPP also transfers energy to PT, which slightly compensates for the
energy transfer from PT to gold. In the case of PPP chromophore, there is always a gain in energy
in PPP, which may be due to energy transfer from gold to PPP. No such effect was observed in
silica particles as silica act as an insulator, so any changes in diblock copolymers should be due to
the energy transfer between the polymers. This can be seen by an appearance of extra lifetime peak
15 which only was observed for diblock copolymer nanoparticles.

4.3 Conclusions

Polythiophene and poly(p-phenylene) based polymers were grown on Au@SiO2 core using
surface-initiated Kumada catalyst transfer polymerization. Photophysical studies showed that
energy transfer from poly(p-phenylene) to polythiophene chromophore takes place irrespective of
the order of polymer grown on the surface of Au@SiO.. There is a strong coupling of gold and
polythiophene which results in energy transfer from polythiophene to gold particles when
polythiophene is placed as an outer block layer which resulted in blue spectroscopic shift.
Transient absorption studies indicated that there was a gain in excitation energy for poly(p-
phenylenes) whereas there was an efficient energy transfer occuring from polythiophene to gold

at a picosecond time scale.
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CHAPTER 5. EXPERIMENTAL SECTION

5.1 General information

All reactions were performed under an atmosphere of dry nitrogen. Melting points were
determined in open capillaries and are uncorrected. Column chromatography was carried out on
silica gel (Sorbent Technologies, 60 A, 40-63 um) slurry packed into glass columns.
Tetrahydrofuran (THF), dichloromethane, ether, and toluene were dried by passing through
activated alumina, and N, N-dimethylformamide (DMF) by passing through activated molecular
sieves, using a PS-400 Solvent Purification System from Innovative Technology, Inc. The water
content of the solvents was periodically controlled by Karl Fischer titration (using a DL32
coulometric titrator from Mettler Toledo). All other solvents were additionally purified and dried
by standard techniques. Isopropylmagnesium chloride (2.0 M solution in THF) was purchased
from Acros Organics, all other reagents and solvents were obtained from Aldrich and Alfa Aesar
and used without further purification. Organometallic reagents were titrated with salicylaldehyde
phenylhydrazone prior to use.! UV-visible spectra were recorded on Varian Cary 50 UV-Vis or
agilent Cary 5000 UV-VIS-NIR Spectrometer . Fluorescence studies were carried out with a PTI
QuantaMaster4/2006SE spectrofluorimeter. '"H NMR spectra were recorded at 400 MHz , and 13C
NMR - at 100 MHz, and are reported in ppm downfield from tetramethylsilane; 3'P NMR spectra
were obtained at 162 MHz and are reported in ppm relative to 80% aqueous H3PO4 as external
standard.
5.2 Transient absorption optical setup

The transient absorption optical setup has been previously reported.> Briefly, a
titanium:sapphire laser amplifier generates 70 fs pulses centered at 800 nm, with a repetition rate

of 10 kHz and a pulse power of 7 W. The beam passes through a beam splitter to generate the
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pump and probe pulses. The latter passes through a nonlinear crystal, B-barium borate to generate
400 nm pulses through frequency doubling. The 400 nm and residual 800 nm pulses are focused
into a quartz flow cell containing water to generate femtosecond white light that extends from 300
nm to 1100 nm. The pump beam passes through an optical parametric amplifier (OPA) to generate
380 nm pulses, which are then focused to a spatial overlap with probe beam into a 3 mm quartz
cell containing the sample under stirring. A computer-controlled delay stage is used to insure the

pump-probe temporal delay and multiple spectra are acquired for statistical analysis.
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Figure 5.1: Schematic diagram of the ultrafast transient absorption setup.

5.3 Synthetic details
5.3.1 Synthesis of Silica nanoparticles*
In a three-necked flask equipped with a mechanical stirrer, 17.5 ml of Igepal-CO-520 in

225 ml of cyclohexane was added. The mixture was stirred for 15 minutes to homogenize. To this
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mixture was added 5 ml of ammonium hydroxide (25 vol%). The mixture was again stirred for 20
minutes. To this mixture, a mixture of TEOS in ethanol solution (Iml of TEOS in 4 ml of ethanol)
was added dropwise over 40 minutes. The resultant mixture solution was stirred overnight.
Reaction was quenched by addition of ethanol and precipitate was centrifuged and washed 5 times
sequentially with ethanol, water, ethanol, and toluene, to ensure the mixture is free from excess
reactants.
5.3.2 Preparation of gold nanoparticles®

The synthesis of silica-coated gold nanoparticles was performed using the modified
literature procedure.! An aqueous solution of sodium citrate (100uL of 0.34 M solution, 0.34
mmoles) was added to a solution of HAuCl4 (0.2 ml of 5 mmol solution) (Aldrich) in 10 ml of
degassed water with stirring at 80°-90° C. Previously deaerated Milli-Q water (18 MOhm cm) was
used, and nitrogen was bubbled during the entire process. Color changed to red which confirmed
the formation of gold nanoparticles. Gold nanoparticles were then ultra-centrifuged at a rate of
5500 rpm and washed with water and ethanol and then again re-dispersed and centrifuged. This
re-dispersion and centrifugation were done 4-5 times to remove excess reagents. Finally, the
particles were redispersed in 10 ml ethanol and used in the next step.
5.3.3 Preparation of gold@silica nanoparticles.®

To a 500 ml, 3 neck flask equipped with mechanical stirrer was added 20 ml of water and
80 ml of ethanol. To this mixture was added 0.2 ml of gold sol solution prepared as described
above. 0.1 ml of 3-(aminopropyl)trimethoxysilane and 5 ml of tetraethoxysilane (0.4 ml in 4.6 ml
of ethanol, 1.79 mmol) (Aldrich). Add sodium hydroxide solution (100 ml of 0.1 M, 10 mmol)
was added dropwise after 15 minutes and the resulting mixture was stirred overnight. Gold@silica

nanoparticles were ultra-centrifuged at a rate of 5500 rpm and washed with water and ethanol and
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then again re-dispersed and centrifuged. This re-dispersion and centrifugation were done 4-5 times
to remove excess reagents. . Finally, the particles were redispersed in 10 ml toluene and used in
the next step.

5.3.4 Synthesis of Triethoxy(5-iodothiophen-2-yl)silane (P1)

1. iPrMgClI
/K 2. (Et0);SiCl &
I’(Sj\l —>THF IQSi(OEt);;

P1

Scheme 5.1: Synthesis of Triethoxy(5-iodothiophen-2-yl)silane (P1)

Synthesis of precursor P1 (scheme 5.1) was done by a substitution reaction of
chlorotriethoxysilane with Grignard reagent, prepared by treatment of 2,5-diiodothiophene with i-
PrMgCl. A solution of i-PrMgCl (1ml of 2.0 M solution in THF, 3.0 mmol) was added dropwise
to a stirred solution of 1g (3 mmol) of 2,5-diiodothiophene in 3ml of THF at 0°C. The reaction
mixture was stirred for 1 hour, and then the temperature was lowered to -78°C.
Chlorotriethoxysilane (1.75 ml, 9 mmol) was added dropwise. The resulting solution was
precipitated into hexanes, the solids were filtered, and the filtrate was concentrated in vacuo, and
subjected to Kugelrohr distillation (ca. 85 °C at 10 mTorr,) to afford P1 as a colorless oil (1.1 g,
50%). It was dissolved in 15 ml of toluene to make a 0.2 M stock solution which was kept at —30
°C in an inert atmosphere glovebox. 'H- NMR (CDCls) 6 7.31 (d, J=4 Hz, 1H), 7.13 (d, /=4 Hz,

1H), 3.87 (q, J = 8 Hz, 6H), 1.24 (t, J = 8,9H) (figure B-1).

5.3.5 Synthesis of Bis[1,3-bis(diphenylphosphino)propane]nickel(0)

Bis[1,3-bis(diphenylphosphino)propane]nickel(0) (Ni(dppp)2) was prepared following the
literature procedure (figure B-2).°
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5.3.6 Immobilization of precursor P1 on gold@silica or silica nanoparticles and conversion
to Ni(II)- modified nanoparticles

Silica-coated gold nanoparticles (8 ml) prepared as described above were dispersed in 10
ml of toluene in an inert atmosphere (glove box) at room temperature. A solution of P1 precursor
(10 ml of 3 mM solution in toluene) was added to the nanoparticles dispersion in 10 ml of toluene,
and the resulting mixture was kept at 60 °C for one day. After completing surface immobilization
of the precursor, the solution was centrifuged, and the toluene solution was decanted. The particles
were redispersed in toluene, ultrasonicated for 10 min, centrifuged, and toluene was again removed
by decantation. The procedure was repeated 3 more times to ensure complete removal of the
unattached precursor P1.

The surface-modified nanoparticles were then transferred to a solution containing 88mg
(0.1mmol) of Ni(dppp)2 in 10 ml of toluene. The reaction mixture was stirred at 40°C for 2 days.
The resulting solution was centrifuged, and the toluene solution was decanted under nitrogen. The
procedure of adding toluene and subsequent decantation was repeated 3 more times to ensure
complete removal of the unattached Ni(dppp)a.

5.3.7 General preparation of gold@silica or silica nanoparticles core with conjugated
polymer shell

The Ni(I) surface-modified nanoparticles were transferred to freshly prepared 10 mM
solution of Grignard monomer in THF, which was prepared by the reaction of 0.1 ml (0.2 mmol)
of 2 M solution of i-PrMgCl with 10 mmol of the either 2,5-dibromothiophene, or 1,4-
diidobenzene in 20 ml of THF. The resulting solution was stirred at room temperature for 24 h to
allow for surface-initiated polymerization to proceed. An aliquot of reaction mixture was taken
and quenched with methanol to give homopolymer-functionalized nanoparticles. The remaining

portion was left for regeneration. The quenched nanoparticles were removed by centrifugation,
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and washed thoroughly in sequence with fresh THF, toluene, methanol, chloroform and

ultrasonicated each time gently and then re-suspended in 1,2-dichlorobenzene.

5.3.8 General preparation of block copolymer coated gold@silica or silica nanoparticles
The remaining un-quenched portion of homopolymer grafted nanoparticles was washed
with toluene and centrifuged to remove excess of Grignard reagent and was redispersed in 5 ml of
toluene for regeneration with Ni(dppp)2. 44 mg (0.05 mmol) of Ni(dppp)2 in 5 ml of toluene was
added to the solution containing nanoparticles and heated to 40° C for 2 days. Upon completion,
the reaction was centrifuged and washed 5 times with toluene to remove excess of reagents.
Finally, the nanoparticles were re-suspended in 5 ml of THF. Into this solution was added a
solution of second Grignard monomer in THF, which was prepared by reaction of 0.1 ml (0.2
mmol) of 2 M solution of i-PrMgCl with 10 mmol of the either 1,4-diiodobenzene or 2,5-
dibromothiophene in 15 ml of THF. The resulting solution was kept at room temperature for 24 h
to allow for surface-initiated polymerization to proceed. The reaction was quenched with
methanol. The quenched nanoparticles were removed by centrifugation, and washed sequentially
with fresh THF, toluene, methanol, and chloroform and ultrasonicated each time gently and then

re-suspended in 1,2-dichlorobenzene.
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APPENDIX B
NUCLEAR MAGNETIC RESONANCE DATA
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Figure B-1. 'H NMR spectrum (400 MHz, THF-Ds) of 2-triethoxysilyl-5-iodothiophene 2.
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Figure B-2. 3'P NMR spectrum of the reaction between compound 2 and 2 equivalents of
Ni(dppp)2 to form Ni(Il) catalytic initiator 3. The reaction was carried out for 24 h in toluene at
45 °C, followed by removing toluene by evaporating in vacuo and redissolving the residue in THF
to acquire the NMR spectrum.
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