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ABSTRACT. Organic/inorganic hybrid nanoscale materials possess fascinating optical, electronic,
magnetic and catalytic properties which are promising for a variety of practical applications. Such
properties can be dramatically affected by the hierarchical structure and molecular organization in the
nanomaterials. Herein, we employed surface-initiated Kumada catalyst-transfer polymerization to
prepare hybrid materials consisting of shells of conjugated polymers, polythiophene or poly(p-
phenylene), and their block copolymers covalently attached to the surface of silica nanoparticles. Due

to the controlled chain-growth mechanism of surface-initiated polymerization, we obtained structural
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differentiation between two conjugated polymer blocks in the diblock copolymer shells, which resulted
in distinct spectroscopic properties related to intra-particle excitation energy transfer between the
nanoscale polymer shell components, as well as formation of the interfacial exciplex states. The
spectroscopic phenomena were further understood via time-resolved transient absorption spectroscopy
studies. Overall, the surface-initiated polymerization provided an efficient tool to prepare structurally
defined and highly stable organic polymer shell — inorganic core nanoparticles with tunable

spectroscopic characteristics not achievable from corresponding single-component systems.



Introduction

Recent advances in materials science have enabled design of nanomaterials with tunable
photophysical characteristics stemming from the enhanced surface-to-volume ratio and the nanoscale
confinement effect, contrasting them to similar bulk materials. Such nanomaterials with controlled size
and structural features are particularly suitable for the development of sensory devices,!
photovoltaic,>® optoelectronic,’”-? and biomedical applications.”!!

Organic/inorganic hybrid nanomaterials possess a unique combination of optical, electronic,
magnetic and catalytic properties stemming from both inorganic and organic components.!>!> Typical
hybrid materials consist of an inorganic core with an attached polymer shell. Hybrid nanoscale systems
provide extensive opportunities for the development of new materials with physical and chemical
characteristics unattainable with their single-component counterparts. Among organic materials used
in the design of hybrid nanomaterials, conjugated polymers (CPs) are particularly well suited for tuning
and modification of the materials’ photophysical characteristics.!6-2> CPs are a class of polymers which
possess an extensive n-electron delocalization along the polymer backbone and typically display large
extinction coefficients for light absorption and, in many cases, show strong fluorescence. In the
condensed state (such as in thin films), they exhibit complex self-organization driven by entropy and a
multitude of weak intermolecular interactions, which often leads to poorly defined mesoscale structure
and morphology and complex and not well understood spectroscopic characteristics stemming from
intermolecular electronic interactions and chain aggregation. Controlled or directed mesoscale
organization of CPs thus remains a challenge and requires availability of synthetic methods capable of
producing hierarchically organized polymer structures.

Hybrid nanoparticles represent the largest subclass of nanoscale materials and can be prepared
either by physical adsorption of polymer shell or by using covalent grafting techniques such as grafting
fo or grafting from approaches.” >* 1In the grafting to approach, the organic shell is formed by

chemically attaching pre-synthesized polymers to the inorganic nanoparticle surface. It offers a
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convenient way to link end-functionalized polymers to a complementary functionalized inorganic
nanoscale surface.?>30 Despite its simplicity, the grafting to approach typically results in low grafting
density, due to entropic limitations imposed on the reactivity of the end-functionalized polymer chains.

Surface-initiated (also called surface-confined) polymerization, or the grafting from approach,
is a versatile technique to prepare “hairy” particles with a variable molecular composition of the polymer
shell.?324 In contrast to the grafting to approach, it does not require pre-synthesized end-functionalized
polymers; instead the surface-immobilized polymer chains are prepared directly by monomer
polymerization starting from a surface-attached polymerization initiator. This provides better control
over the molecular composition and thickness of the polymer brushes, requires no addition of
solubilizing groups to the polymer chain, and enables achieving higher grafting density. In the earlier
approaches, adding surface-confined polymer shells relied on step-growth polymerization methods
(sometimes referred to as grafting through approach) as well as oxidative chemical polymerization.3!-3
More recently developed grafting from approaches were based on the controlled chain-growth
polymerization, and resulted in significant improvement in both the efficiency of the polymerization

and control over the molecular composition.?3-37-39

Scheme 1. Preparation of Ni(Il) external catalytic initiator and its use in the synthesis of regioregular
poly(3-alkylthiophene)s by controlled chain-growth Kumada catalyst-transfer polymerization.
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One of the powerful controlled chain-growth polymerization methods to prepare surface-

confined CPs utilizes Kumada catalyst-transfer polymerization (KCTP). Based on the McCullough and
5



Y okozawa discovery of the chain-growth mechanism in the case of formation of poly(3-hexylthiophene)
(P3HT),*-4 and subsequent design by Kiriy and Luscombe of the externally initiated version of
KCTP,#-4 it was used by Kiriy,*’-° Locklin,>!-3 and others?® >* to develop CP thin film preparation
methods via the grafting from approach. The surface-confined CP thin films obtained by using this
method demonstrated high structural stability and unique electronic characteristics related to specific
and well-controlled CP molecular organization in the films. Recently, we developed a simple and
reliable method to prepare stable external catalytic initiators of KCTP which deliver conjugated
polymers and block copolymers with a high degree of molecular and structural control.>> In this method,
the Ni(Il) external catalytic initiators are prepared by the reaction of a suitable aryl halide (bromide or
iodide) with readily available Ni(0) complex Ni(dppp), (Scheme 1). Covalent immobilization of a
monolayer of such Ni(Il) initiators on a surface followed by surface-initiated polymerization enabled
preparation of grafted CP thin films (such as polythiophene or poly(p-phenylene)). The detailed
structural investigation of the resulting surface-confined polythiophene (PT) thin films revealed
formation of the surface domains with crystalline packed PT chains showing uniform molecular
organization and alignment within each domain.>¢

The experimental simplicity of the preparation of surface-confined monolayers of Ni(II) catalytic
initiators of KCTP and the efficiency of the surface-initiated polymerization prompted us to
systematically investigate preparation of hybrid nanoparticles based on surface-attached conjugated
polymers and block copolymers. Silica nanoparticles were chosen as the inorganic “core” and
unsubstituted polythiophene (PT) and poly(p-phenylene) (PPP) were selected for the organic “shells”.
Monodisperse silica nanoparticles were chosen since they tend to assemble into ordered closely packed
arrays, potentially suitable for various photonic and optoelectronic applications.’”-3® We hypothesized
that stable, covalently linked and molecularly well-defined fluorescent CP shells attached to the
nanoscale sized core would demonstrate unusual spectroscopic and photophysical characteristics not

obtainable with bulk materials, and that such characteristics would be tunable via simple structural
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manipulations of the polymer shell, to facilitate the potential applications of these hybrid nanoparticles
in optoelectronic devices and biomedical imaging. We also wanted to investigate the effect of nanoscale
confinement on the molecular organization and spectroscopic properties of the CPs. Importantly, due
to insulating and UV/vis spectroscopically transparent nature of silica core, such hybrid nanoparticles
could be an excellent model to help in understanding complex photophysical properties of hybrid
nanoscale systems based on semiconducting and/or luminescent cores (e.g. TiO,, quantum dots, etc.)
and CP shells.!7-20,25-30,35, 39,54 Thjg paper describes preparation and detailed structural characterization
of silica-CP hybrid fluorescent nanoparticles, and their extensive steady-state and time-resolved

spectroscopic studies.

Results and Discussion

Synthesis and structural characterization of conjugated polymer-grafted silica
nanoparticles. Monodisperse silica nanoparticles were prepared via a modified Stober process.>% 0
FT-IR spectroscopy confirmed that the particles had free hydroxyl groups on their surface by showing
characteristic band at 945 cm™! (Si—OH bending), and a broad band between 3000 and 3700 cm™! (O-H
stretching). The size of the particles as determined in a TEM study was 58.0 + 4.3 nm, with the expected
lognormal size distribution (Figure 1A and S1 in the Supporting Information). The size of the dried
particles from the TEM study was in agreement with the size determined in small-angle neutron
scattering (SANS) experiments using a colloidal dispersion of the nanoparticles in D,O (Figure 1B).
Modelling the neutron scattering data (using a monodisperse core-shell model) yielded particle size of
60.2 nm (PDI 0.07); the slightly higher diameter determined in the SANS experiments could be
explained by surface solvation of the nanoparticles in D,O, which effectively increased their measured

size.
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Figure 1. (A) TEM image of prepared SiO, nanoparticles. (B) SANS data for the SiO, nanoparticles
in D,0 colloidal solution (black circles) and best fit to the data (red solid line).
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Figure 2. Preparation of a monolayer of Ni(Il) KCTP catalytic initiator 2 immobilized on SiO,
nanoparticle surface, and subsequent surface-initiated polymerization to yield hybrid SiO,@PT and
Si0,@PT-b-PPP nanoparticles. The polymer chain alignment normal to the nanoparticle surface is
shown only for illustrative purpose and does not describe the actual complex morphology of the CP
shell.



Conjugated polymer (CP) grafted silica nanoparticles were prepared using the surface-initiated
polymerization approach that we recently developed for the preparation of surface-confined CP thin
films.>¢ It started with the covalent immobilization of 5-(triethoxysilyl)-2-iodothiophene precursor 1 on
the silica nanoparticle surface followed by the reaction of the surface-functionalized nanoparticles with
Ni(0) complex Ni(dppp), to yield surface-immobilized Ni(I) Kumada catalyst-transfer polymerization
(KCTP) initiator 2 (Figure 2). After the Ni(II) catalyst 2 formation, the resulting nanoparticles were
thoroughly washed with toluene to remove excess reagents. The Ni(II)-functionalized nanoparticles
were then added to a solution of (5-bromothiophen-2-yl)magnesium chloride for the surface-initiated
KCTP to effectively yield a surface-immobilized polythiophene (PT) shell on silica nanoparticles
(Si0,@PT) (Figure 2). At the end of polymerization, a portion of the reaction mixture was quenched
with methanol to effectively stop the polymerization, and the resulting SiO,@PT nanoparticles were
sequentially washed with a series of organic solvents to remove excess reagents and solution by-
products (the unquenched portion of the reaction solution was preserved to prepare block copolymer
functionalized nanoparticles, vide infra). A similar procedure using 4-bromophenylmagnesium chloride
monomer effectively yielded nanoparticles with surface-immobilized poly(p-phenylene) (PPP) shell
(Si0,@PPP nanoparticles). Although silica core and seemingly dense CP shells could not be
unambiguously distinguished from each other in the TEM images, the increase in the size of the
polymer-functionalized nanoparticles (compared to the initial SiO, nanoparticles) was clearly observed
(Figures 3A and B). Thus, the diameter of Si0O,@PT nanoparticles was estimated at 64 = 6 nm (Figure
S2A in the Supporting Information); this gave the thickness of surface-immobilized PT shell at 3 nm
(based on the initial SiO, nanoparticles size of 58 nm). Similarly, the size of SiO,@PPP nanoparticles
was estimated at 68 +£ 6 nm (Figure S2B in the Supporting Information), which gave the thickness of

PPP shell of 5 nm.



Figure 3. TEM images of SiO,@PT (A), SiO,@PPP (B), SiO,@PT-b-PPP (C), and SiO,@PPP-H-PT
(D) nanoparticles.

o Si0,@PT
SiO,@PT (fit)
1005 ) SiOi@PPP
SIO,@PPP (fit)
o Si0,@PT-b-PPP
o Si0,@PPP-b-PT

0.1

001 o
g (A

Figure 4. SANS data on hybrid nanoparticles in deuterated DCB (conc. 10 mg/ml): SiO,@PT (black
circles, red trace — best fit), SiO,@PPP (blue circles, magenta trace — best fit), SiO,@PT-b-PPP (green
circles), and SiO,@PPP-b-PT (cyan circles). Experimental data fitting was performed using the model

described in the text.

The electron microscopy images obtained on dried nanoparticles showed significant inter-

particle aggregation (Figures S3A and B in the Supporting Information). Significant aggregation is
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typical for electron microscopy images of dried core — CP shell nanoparticles, even those functionalized
with a soluble polymer (e.g. P3HT),>* but it does not reflect the aggregation (or lack of it) in solutions
of the same nanoparticles. Therefore we carried out extensive SANS studies on colloidal dispersions of
the nanoparticles in deuterated 1,2-dichlorobenzene (DCB) to characterize structure and morphology of
the nanoparticles directly in the colloidal solution. DCB was found to be a good solvent for the hybrid
nanoparticles, yielding stable colloidal dispersions of both SiO,@PT and SiO,@PPP nanoparticles.
SANS is a noninvasive technique which can deliver useful information about the shape, morphology
and structure of individual colloidal particles in solution, but also allows to evaluate the extent of
interactions between the particles.®!- ¢ Conjugated polymers, especially those without long-chain alkyl
solubilizing groups, have very limited solubility, and therefore polymer-functionalized particles were
expected to show significant inter-particle aggregation. Surprisingly, we found that for both SiO,@PT
and SiO,@PPP nanoparticles, aggregation features were not prevalent in the SANS plots, and we did
observe characteristic oscillations indicating relatively low polydispersity of hybrid nanoparticles which
existed in DCB as predominantly isolated nanoparticles with little inter-particle aggregation (Figure 4).
The experimental SANS datasets were modeled using a core-shell model plus a power function to take
into account the effect of inter-particle aggregation. This model produced a relatively good fit to the
experimental data, and allowed estimating the polymer shell thickness of 2 nm for PT nanoparticles and
3 nm for PPP nanoparticles, with both values being in a reasonable agreement with the values obtained
from the TEM studies. The sharp boundary between the polymer shell and the solvent and the relatively
low overall thickness of the polymer shells indicated that the polymer chains were not extended into the
solvent (as was previously observed in the case of “hairy” silica nanoparticles surface-grafted with
soluble P3HT polymer*®) but were instead strongly tilted parallel to the nanoparticle surface, forming a
dense lamellar packing, where strong interchain interactions along with the low solubility of PT and
PPP chains, precluded their expansion into the solvent. Despite good stability of SiO,@PT and
Si0,@PPP colloidal suspensions in DCB, some inter-particle aggregation was still noticeable,
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appearing as a highly sloped Porod region at the low g-range (although the appearance of the low-g
Porod region could also be due to the high concentration, 10 mg/ml, of the nanoparticles in solutions

used for the SANS experiments).
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Figure 5. TGA studies (in air) of hybrid SiO,@CP nanoparticles and precursors.

In order to quantify the amount of the grafted conjugated polymer shell, we carried out
thermogravimetric analysis (TGA) studies in air. Heating the particles in air up to high temperature
(1000 °C) was expected to result in complete loss of the organic material, leaving behind only the
inorganic silica core. For the baseline reference, we also obtained TGA curves for the bare silica
nanoparticles, as well as the particles surface-functionalized with iodo precursor 1 (Figure 5). Despite
prolonged drying of the particles in vacuo before acquiring TGA data, the bare SiO, nanoparticles
showed approximately a 14% weight drop at the temperature below 500 °C. We attributed this drop to
the loss of incorporated surfactant used in stabilization of microemulsion in the Stéber process, as well
as the loss of adsorbed water. Thoroughly vacuum-dried nanoparticles surface-functionalized with iodo
precursor 1 showed a total 17% drop of weight. Assuming that the relative difference with bare SiO,
nanoparticles was due to the loss of covalently immobilized iodo precursor 1, we could estimate the

amount of 1 at 3% of the total weight of the nanoparticles. This allowed estimating surface grafting
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density of 1 at 1.5 molecules nm~2; this surface density was consistent with the value previously reported

by Locklin for silyl-functionalized aromatic precursors on planar ITO surfaces.>!
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Figure 6. High-resolution I 3d XPS spectra of silica nanoparticles (bottom trace), silica nanoparticles
surface-functionalized with iodo precursor 1 before reaction with Ni(dppp), (middle green trace), and
after reaction with Ni(dppp), upon conversion of 1 to Ni(II) external initiator 2 (top red trace). Shirley

background (cyan traces) was applied to the top and middle spectra. Fitting parameters and
deconvolution details are listed in Table S1 in the Supporting Information.

Reaction of the surface-functionalized nanoparticles with Ni(dppp), resulted in near quantitative
conversion of iodo precursor 1 to the Ni(Il) external initiator 2. The conversion was determined using
high-resolution X-ray photoelectron spectroscopy (XPS), based on analysis of the iodine 3d signal
which is characterized by two well-resolved peaks in the XPS spectrum.>® The nanoparticles surface-
functionalized with iodo precursor 1 displayed two signals at approximately 622 and 633 eV which
corresponded to I 3ds,, and I 3d;,, peaks (Figure 6, middle trace). Upon reaction of the nanoparticles
with Ni(dppp),, these signals shifted to lower binding energy at approximately 618 and 630 eV
corresponding to the iodide in the surface-immobilized Ni(Il) initiator 2, with no observable signals
from unreacted 1 (Figure 6, top trace). Assuming the controlled chain-growth polymerization
mechanism, and considering quantitative conversion of surface-immobilized 1 to 2, we could estimate,

based on the TGA weight loss, an average molecular weight of conjugated polymer in the shell for
13



Si0,@PT and SiO,@PPP hybrid particles. Thus, for SiO,@PT nanoparticles, the total weight loss was
31%, and therefore the fraction of PT shell (the weight loss within the temperature interval 450 — 650
°C) was 17%. Conversion of this percentage into number-average molecular weight M, yielded a value
of 1580 Da, which corresponded to an average degree of polymerization of 19 (see the Supporting
Information for more details on the estimation). An estimate of the total length of a straightened PT
chain with 19 thienyl repeating units was 8 nm (based on an AM1 semi-empirical computation).
Considering the PT shell thickness of 2 nm (from SANS data), this indicated that PT polymer chains
were oriented nearly parallel to the SiO, core surface (tilting angle ~14° with respect to the nanoparticle
surface), forming a lamellar densely packed shell.?

A similar analysis of SiO,@PPP nanoparticles (TGA weight loss corresponding to PPP polymer
24%) estimated a number-average molecular weight of polymer chains M, of 2430 Da, which resulted
in approximately 32 p-phenylene repeating units per chain. Based on the calculated (using a semi-
empirical AM1 method) p-phenylene repeating unit length of 0.43 nm, the average length of a
completely extended PPP chain was estimated at 14 nm. Similar to the case of SiO,@PT nanoparticles,
this indicated that PPP chains were oriented nearly parallel to the SiO, core surface (tilting angle ~12°
with respect to the nanoparticle surface). The polymer coverage was uniform and complete, with a
sharp boundary between the CP shells and environment as both SANS data and TEM images indicated.
The low solubility of CP chains, and strong intermolecular interactions between unsubsituted CP chains
were primarily responsible for these morphological and structural features, strongly contrasting with the
structure and morphology of previously described “hairy” SiO,@P3HT nanoparticles.*> The CP chain
alignment parallel to the nanoparticle surface and forming an oriented lamellar phase was consistent
with our previous structural studies on PT thin films prepared by surface-initiated polymerization,>® as
well as with previous reports on the molecular packing of a soluble P3HT polymer grafted to the surface
of ZnO nanowires.’® ® Such molecular organization and alignment in the CP shell had clear

implications on the nanoparticles’ photophysical properties as discussed later in the paper.
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In order to prepare nanoparticles surface-functionalized with block copolymer shell (SiO,@PT-
b-PPP), we used an unquenched portion of the reaction solution from the preparation of SiO,@PT
nanoparticles. Our previous studies on preparation of surface-confined PT thin films by surface-initiated
polymerization demonstrated that a better quality film could be obtained by using intermediate
regeneration of Ni(II) catalytic centers (as there was some premature degradation of the Ni(II) active
catalytic centers during polymerization reaction).’® Therefore, after washing with toluene, the
unquenched portion of SiO,@PT nanoparticles was stirred with a fresh solution of Ni(dppp), for 48 h.
Then the nanoparticles were separated by centrifugation, washed with toluene, and added to a solution
of 4-bromophenylmagnesium chloride monomer in THF (Figure 2). Upon completion of the surface-
initiated polymerization, the reaction mixture was quenched with methanol, and SiO,@PT-5-PPP
nanoparticles were sequentially washed with a series of organic solvents. The same approach was used
to prepare SiO,@PPP-b-PT nanoparticles, starting with an unquenched portion of the reaction solution
from the preparation of SiO,@PPP nanoparticles.

TGA analysis revealed substantial increase of polymer fraction in the block copolymer
nanoparticles. For SiO,@PT-b-PPP nanoparticles, weight increase was 33% relative to SiO,@PT
nanoparticles, and for SiO,@PPP-H-PT nanoparticles the corresponding weight increase was 18%
relative to the parent SiO,@PPP nanoparticles (Figure 5). In both cases, this indicated successful
incorporation of the second polymer block using the controlled KCTP process. The higher weight
increase in the case of SiO,@PT-b-PPP nanoparticles reflected the higher reactivity of the surface-
initiated polymerization originating from the PT layer and leading to the PPP outer layer formation.
Electron microscopy images of the dried nanoparticles showed significant aggregation of the block
copolymer functionalized nanoparticles, with nanoparticle clusters dominating microscopy images even
after extended ultrasonication in the good solvent DCB (Figures 3C and D, and Figures S3C and D in
the Supporting Information). Although electronic microscopy images were acquired on dry samples,

the significant aggregation in solution was also evident from SANS data analysis, where a high-slope
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Porod plot was a dominating feature at the low-g region (corresponding to the large-size aggregates),
and no characteristic oscillations were noticeable at higher ¢ values (Figure 4). Due to the aggregation
features dominating SANS plots, we were not able to successfully model the experimental data in order
to determine shell thickness of the block copolymer shells, or sharpness of the interface between the
block copolymer shell and solvent. The high-resolution electronic microscopy images showed relatively
uniform coverage in the case of SiO,@PT-b-PPP nanoparticles, but rough and non-uniform CP shell
surface with shell interpenetration between the particles in the case of SiO,@PPP-b-PT nanoparticles.
The clearly observed morphological differences between the two kinds of block copolymer
functionalized nanoparticles could reflect differences in the molecular organization and the packing in
the polymer shells, and were responsible for the spectroscopic and photophysical properties of the
hybrid systems which are discussed below.

Spectroscopic properties of the nanoparticles. Structurally defined fluorescent conjugated
block copolymer shells on the nanoparticle surface allow for the study of photoexcitation energy transfer
in the nanoscale condensed systems, with the goal to tune spectroscopic/photophysical characteristics
of such systems for potential practical applications. A detailed understanding of energy transfer in
condensed m-electron conjugated polymer systems remains complicated due to the problems associated
with deciphering the relative contribution of intermolecular and intramolecular pathways. The interplay
between these two pathways has received substantial attention in the literature.®>-¢7 The intermolecular
energy transfer occurs by a through-space dipole — induced dipole mechanism (similar to the FRET
mechanism for energy transfer between small-molecule chromophores) and is enhanced by the
multitude of close interchain contacts in the condensed phase. Similarly, the intramolecular energy
transfer can happen by the through-space mechanism, but in the presence of strong n-electronic coupling
along CP chain there is also the possibility of facile long-range energy transfer due to wavefunction
delocalization, which is generally referred to as the through-bond (Dexter) energy transfer (also known

as an exchange mechanism).%%-70 The through-bond mechanism may become particularly efficient in
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the conditions that maximize electronic conjugation along the polymer backbone, e.g. in the case of
extended and highly ordered conjugated polymer chains.”! With PT-b-PPP conjugated block copolymer
shells, we expected an efficient energy transfer via the through-space dipole — induced dipole
mechanism from the higher-energy PPP to the lower-energy PT chromophores as there is a strong
overlap between PPP emission and PT absorption. In addition, the unique morphology and molecular
organization of the surface-immobilized polymer blocks could allow for additional inter-chromophore
interactions resulting in a more complex spectroscopic behavior.

Spectroscopic properties of the polymer-grafted hybrid nanoparticles were studied in their
colloidal solutions in 1,2-dichlorobenzene (DCB). Although unsubstituted PT and PPP polymers are
not soluble in organic solvents, using DCB resulted in indefinitely stable colloidal suspensions of the
polymer-grafted nanoparticles, likely due to the good solvation of conjugated polymer shell via aromatic
interactions with the solvent. UV/vis absorption spectra of SiO,@PT and SiO,@PPP nanoparticles
displayed broad vibronically structured bands at 370-620 nm and 300-420 nm, which could be attributed
to the absorption by PT and PPP shells, respectively (Figure 7A). The broad absorption spectrum of
Si0,@PT nanoparticles with pronounced vibronic structure was similar to the absorption spectra of PT
thin films prepared using surface-initiated polymerization approach,>® and was indicative of an ordered
molecular organization of rigidified polymer molecules, and of a certain level of uniformity in the
polymer chains alignment.”>’* The similarly observed vibronic structure in SiO,@PPP absorption
spectra was also consistent with the spectra of PPP thin films prepared by surface-initiated
polymerization.>3 Therefore, this observation suggested a certain level of molecular organization in the
PPP shell. The ratio of the intensities of 0-0 to 0-1 vibronic bands was found to be less than 1 (~0.8 for
Si0,@PPP and ~0.7 for SiO,@PT) which pointed to the predominant interchain electronic coupling in
the organic shell typical of the formation of weakly coupled polymer H-aggregates.”>””7 Formation of
the interchain H-aggregates was consistent with the conclusion that the polymer chains in the shell were

densely packed in a nearly coplanar fashion relative to the nanoparticle surface (vide supra). This
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Figure 7. Steady-state spectroscopic data on hybrid nanoparticles in colloidal solutions in DCB (conc.
0.5 mg/ml): UV/vis absorption (A), fluorescent excitation (B), and fluorescent emission (C). The
excitation and emission spectra were normalized by corresponding extinction coefficients and quantum
yields. Emission quantum yields: SiO,@PT <0.001; SiO,@PPP 0.26; SiO,@PT-b-PPP 0.02;
SiO,@PPP-b-PT 0.01.
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molecular arrangement was similar to the previously studied bulk organization of the PT thin films,
which was reflected in the similarity between the absorption spectra of the CP-functionalized
nanoparticles and the corresponding plane thin films. Overall, the hybrid nanoparticles were remarkably
stable and showed no change in absorption spectra even after prolonged ultrasonication in various
solvents.

Si0,@PPP nanoparticles showed intense fluorescence with a vibronically structured fluorescent
emission band at 400-550 nm, whereas SiO,@PT nanoparticles were practically non-emissive,
displaying a weak vibronically structured emission band at 600-800 nm (Figure 7C). Fluorescent
excitation spectra were generally consistent with the absorption spectra thus indicating that the emission
bands originated from electronic excitation of the weakly coupled polymer chromophores within the
polymer shells (Figure 7B).

Although one could expect similarity between the spectroscopic characteristics of the two kinds
of block copolymer functionalized nanoparticles (SiO,@PT-b-PPP and SiO,@PPP-b-PT), we found
them to be strikingly different. Incorporating an outer PT sublayer in SiO,@PPP nanoparticles was
accompanied by the appearance of an intense vibronically structured PT band in addition to the initial
PPP band (Figure 7A). In striking contrast to SiO,@PT nanoparticles, the PT absorption band in
Si0,@PPP-b-PT nanoparticles was substantially bathochromically shifted, with the ratio of intensities
of 0-0 to 0-1 vibronic bands being greater than 1 (~1.2). These two observations, along with the
increasing extinction coefficient, indicated predominance of the intramolecular J-aggregates.”® 77
Within the weak coupling framework model developed by Spano, polymer J-aggregates result from the
intramolecular electronic coupling along the stretched planarized PT chains, and with only a small
contribution from the interchain coupling.’® 7 Formation of the polymer J-aggregates was also
consistent with an increased intensity of the vibronically structured PT band in the emission spectrum,
obtained upon excitation of the PPP chromophore at 380 nm (Figure 7C). Indeed, the near absence of

the PPP emission band indicated a highly efficient intra-shell photoexcitation energy transfer from the
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higher-energy PPP to the lower-energy PT chromophores. An excitation spectrum acquired upon
monitoring the PT emission band (Figure 7B) showed the presence of both PPP and PT bands (with the
latter showing pronounced J-aggregate character), and indicated the possibility of PT fluorescence
originating both through direct excitation of the PT chromophore and via an efficient intra-shell
“outward” energy transfer from the photoexcited PPP chromophore.

Very surprisingly, reversing the order of the chromophores in the block copolymer shell in
Si0,@PT-b-PPP nanoparticles resulted in some major changes in the optical spectra. The UV/vis
absorption spectrum showed bands corresponding to both PT and PPP chromophores, and indicated the
predominance of intermolecularly weakly coupled H-aggregates in both polymer blocks (as the ratio of
0-0 to 0-1 vibronic intensities was less than 1 for both PT and PPP chromophores). The emission
spectrum obtained upon excitation of the PPP chromophore at 380 nm displayed a strong PPP
fluorescence band (indicative of the lower efficiency of energy transfer from the photoexcited PPP
chromophore), but also a new intense broad band with a maximum at 570 nm (Figure 7C). The
wavelength range corresponding to this new band was too short for it to be assigned to a PT emission.
The fluorescence excitation spectrum of the nanoparticles (Figure 7B) revealed an intense band
corresponding to the PPP chromophore and a very weak band due to the PT chromophore. This
indicated that the broad 570 nm emission band could be generated only via the excitation of the higher-
energy PPP chromophore but not via the excitation of the lower-energy PT chromophore. Based on
these observations, we attributed the new 570 nm emission band in the SiO,@PT-b-PPP nanoparticles
to the formation of a PPP/PT exciplex. Emissive exciplexes are excited state species which are observed
in thin-film spectra of conjugated polymers where they are formed via electronic interaction of an
excited-state chromophore in one polymer chain with a ground-state chromophore on a closely
positioned neighboring chain.3? Previously, formation of emissive exciplexes was observed at the
interlayer interface between two different conjugated polymers in bilayer thin films.8!- 82 The lack of a

new absorption band in the UV/vis spectrum or any new feature in the excitation spectrum indicated
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that the species responsible for the 570 nm emission could not be directly accessed from the ground
state and thus corresponded to the interpolymer exciplex formation. The relatively high intensity of the
PPP emission band also indicated a less efficient energy transfer to the lower-energy PT chromophore.
Thus, unlike the highly efficient “outward” energy transfer from the inner PPP to the outer PT
chromophore in the case of SiO,@PPP-b-PT nanoparticles, the “inward” energy transfer in SiO,@PT-
b-PPP nanoparticles was much less efficient and resulted in the appearance of both PPP and exciplex
emission bands (Figure 7C).

The higher efficiency of the “outward” photoexcitation energy migration in SiO,@PPP-b-PT
nanoparticles correlated well with the predominance of J-aggregates in the PT chromophore. Indeed,
the enhanced intramolecular electronic coupling along the stretched and planarized polymer chains in
J-aggregates would further facilitate the intramolecular energy transfer via increasing contribution of
the through-bond (Dexter) mechanism. Similar enhancement via the through-bond mechanism
contribution was previously observed in the stretched and uniformly aligned fluorescent conjugated
polymer chains in nematic liquid crystalline media.”!

In the case of SiO,@PT-b-PPP nanoparticles, predominance of the weakly coupled interchain
H-aggregates could diminish the efficiency of “inward” energy transfer but also created proper structural
conditions for the formation of an interpolymer exciplex. Such an exciplex could be formed at the thin
well-defined interface between uniformly aligned PT and PPP chromophores, and could act as a
blocking layer preventing efficient energy transfer from PPP to the PT chromophore. This indicated
major differences in the structural organization and morphology of the block copolymer shells. In order
to further understand the nanoparticles structure and correlation with their different spectroscopic
properties, we carried out a detailed time-resolved spectroscopy investigation.

Transient absorption spectroscopy study of the nanoparticles. Time-resolved optical

spectroscopy studies on hybrid conjugated polymer nanoparticles could provide valuable information
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on the excited-state dynamics of both radiative and non-radiative photophysical processes occurring in
the polymer shell such as exciton formation and decay, energy transfer, etc.

The transient absorption spectroscopy on SiO,@PT and SiO,@PPP hybrid nanoparticles in
colloidal suspension in DCB was investigated using a 380 nm excitation which was sufficient for
exciting both PPP and PT chromophores. Representative transient absorption spectra of SiO,@PPP
nanoparticles are shown in Figure 8A. Two broad negative bands ranging between 430 and 560 nm and
approximately coinciding with steady-state emission spectrum of SiO,@PPP could be attributed to the
combination of PPP chromophore and ground-state bleach (GSB) and stimulated emission (SE) bands,
whereas a positive band near 400 nm was due to the PPP chromophore excited-state absorption. An
intense positive band spanning the wavelength region above 560 nm could be attributed to absorption
of the interchain polaron pair, and is consistent with the predominance of interchain H-aggregates found
in steady-state spectra. In order to separate different contributions in the combined transient absorption
spectra, we carried out global analysis of the transient absorption time-profiles to obtain wavelength-
dependent decay spectra.®3-3¢ The wavelength-dependent decay spectra could be described by a sum of
exponentials to recover the lifetimes and corresponding spectra of the relaxation dynamics, and are
presented in Figure 9B. Two lifetimes of 77 = 8 = 3 ps and » = 20 £ 4 ps were needed to accurately
describe the ultrafast excited-state relaxation dynamics of the PPP chromophore in the SiO,@PPP
nanoparticles. The decay spectrum corresponding to the shorter lifetime 7; was localized in the higher
energy part of the spectral range, and showed a positive excited-state absorption band below 430 nm
and a more narrow negative band with maximum at 460 nm, as well as a positive band at 500 nm. The
component corresponding to the longer lifetime 7, incorporated a broad negative band with a maximum
at 520 nm, and the broad positive singlet exciton band above 560 nm. Both the SE and GSB bands were
bathochromically shifted compared to the steady-state absorption and fluorescence spectra (Figure 7).
Such bathochromic shifts have been previously noticed in transient absorption spectroscopy studies of

conjugated polymers, and could be explained by effective isolation by the transient spectroscopy of the
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excited sub-population, as opposed to the entire ground-state ensemble probed by steady-state
spectroscopy.?” Overall, the decay spectrum corresponding to 7; could be assigned to the formation of
initial singlet Frenkel excition, whereas the decay spectrum corresponding to 7, could be related to the

subsequent relaxation to interchain polaron pair.8® It should be noted that both processes were rather

fast and happened within a picosecond time frame.
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Figure 8. Representative transient absorption spectra of colloidal solution of Si0,@PPP nanoparticles
(A) and SiO,@PT nanoparticles (C) in DCB (conc. 0.5 mg/ml) obtained using 380 nm pump pulses.
Decay spectra for SiO,@PPP (B) and SiO,@PT (D) nanoparticles obtained from global analysis of the
time-dependent transient absorption spectra.

Figure 8C shows representative transient absorption spectra of SiO,@PT hybrid nanoparticles.
A broad negative band was observed at the spectral region above 580 nm. This band was dominated by
SE since it occurred in the spectral range of fluorescent emission but not absorption of the PT
chromophore. Two lifetimes were needed to accurately describe the excited-state relaxation dynamics

(Figure 8D). The decay spectrum corresponding to the shorter lifetime 7z = 23 &+ 2 ps showed a small
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negative GSB band with maximum at 580 nm, and a broad positive band with maximum at 675 nm.
The positive band could be mainly attributed to the absorption of the initially formed Frenkel exciton.
The decay spectrum corresponding to the substantially longer lifetime 7, = 119 = 7 ps was dominated
by the broad negative SE band spanning above 580 nm. The long lifetime associated with this band
likely indicated that it was due to the long-lived interchain polaron state.

The transient absorption spectra of SiO,@PPP-b-PT block copolymer functionalized hybrid
nanoparticles were obtained upon excitation of the PPP chromophore using 380 nm pulses (Figure 9A).
At first glance, it appeared like a combination of the time-resolved spectra of SiO,@PPP and SiO,@PT
systems. The corresponding decay spectra from global analysis (Figure 9B) required five lifetimes of
n=3x1ps,n=19%+2ps, 53 =27=+3ps, 7y =128 = 5 ps, and 75 = 11 + 2 ps to accurately describe
the ultrafast excited-state relaxation dynamics, and the lifetimes 7; — 7 nicely matched the
corresponding lifetimes observed for the homopolymer systems SiO,@PPP and SiO,@PT. The decay
spectra associated with 7; and 7z could be assigned to PPP chromophore, and they were predominantly
localized in the PPP transient absorption wavelength range, whereas the decay spectra associated with
73 and 7, were assigned to the PT chromophore, and they were localized in the longer-wavelength
spectral range. Interestingly, the transient absorption spectra bands associated with PT chromophore
were more narrow and significantly hypsochromically shifted relative to the similar bands in the
transient absorption spectra of SiO,@PT system (Figure 8C). This was consistent with the
predominance of intrachain coupled J-aggregates in the PT chromophore of SiO,@PPP-b-PT system.
It is striking that the relative amplitudes of the transient spectra associated with the PT chromophore
(and the related decay spectra) were significantly higher than the amplitudes associated with the PPP
chromophore absorption (Figures 9A and B). The dominance of the features associated with the PT
chromophore in the transient absorption spectra was reflective of the efficient energy transfer towards
this chromophore in the SiO,@PPP-b-PT nanoparticles, as was preliminarily deduced from the analysis

of steady-state spectroscopy data (vide supra). Indeed, the fifth lifetime 75 could describe the kinetics
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of the fast energy transfer from PPP to PT chromophores, as the corresponding decay spectrum showed
both a positive band associated with the excited-state (Frenkel exciton) absorption of PPP chromophore,

and an SE band of the PT chromophore (Figure 9B).
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Figure 9. Representative transient absorption spectra of colloidal solution of SiO,@PPP-b-PT
nanoparticles (A) and SiO,@PPP-5-PT nanoparticles (C) in DCB (conc. 0.5 mg/ml) obtained using 380
nm pump pulses. Decay spectra for SiO,@PPP-b-PT (B) and SiO,@PT-b-PPP (D) nanoparticles
obtained from global analysis of the time-dependent transient absorption spectra.

The transient absorption spectra of SiO,@PT-b-PPP hybrid block copolymer nanoparticles were
obtained using 380 nm excitation pulses (Figure 9C). Although features associated with both PPP and
PT chromophores could be observed, the spectra were strikingly different from the spectra obtained for
the SiO,@PPP-b-PT system. Overall, transient absorption spectra of SiO,@PT-b-PPP nanoparticles
were dominated by the PPP chromophore. A broad negative absorption centered near 460 nm could be
attributed to a GSB band of the PPP chromophore, whereas a smaller-amplitude band at around 670 nm

was associated with the PT chromophore. There was also an excited-state absorption band at ~620 nm.
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This band could be assigned to the absorption of PPP/PT exciplex which was earlier identified through
its intense fluorescence band in the steady-state emission spectra of the SiO,@PT-b-PPP system. As
shown in the decay spectra (Figure 9D), five lifetimes of ; =7+ 1ps, n=21+3ps, =23+ 1ps, 5
=118 £4 ps, and 75 = 8 = 1 ps were required to accurately describe the ultrafast excited-state relaxation
dynamics of the nanoparticles. Similar to the case of SiO,@PPP-b-PT nanoparticles, 7; and 7, could be
assigned to the PPP chromophore, and z; and 74 were assigned to the PT chromophore. Once again, the
lifetime 75 corresponding to the decay spectrum showing both PPP excited-state (exciton) absorption
and PT stimulated emission, was assigned to the kinetics of intra-particle energy transfer from PPP to
PT chromophore. The amplitude associated with the lifetime 75 was much smaller than in the case of
SiO,@PPP-b-PT nanoparticles, and reflected the lower efficiency of the “inward” energy transfer in
SiO,@PT-b-PPP system, in good agreement with the conclusion obtained from the steady-state
spectroscopy analysis of this system (vide supra).

Structure of the hybrid nanoparticles. Structural and spectroscopic studies described in this
work permitted some generalizations to be made regarding similarities and differences between the
various SiO,@CP hybrid nanoparticles prepared by surface-initiated Kumada catalyst-transfer
polymerization. The specific spatial and reactivity constraints imposed on the polymer chains growing
on the nanoparticle surface via controlled chain-growth polymerization process made these hybrid
nanoparticles distinctly unique relative to other, previously described organic/inorganic core-shell
nanoparticles. It appears reasonable that, as surface-initiated polymerization proceeded, the interplay
between attractive van der Waals interactions between the surface-confined polymer chain and polymer-
solvent interactions as well as the tendency to form densely packed polymer layer forced the polymer
chains to tilt over the nanoparticle surface and form lamellar phase of only a few nanometers thick dense
polymer shell. Such packing resulting in close interchain contacts was reflected in the predominance of
interchain H-aggregate features in optical spectra. The structure of the homopolymer shells appeared

to be similar for both SiO,@PPP and SiO,@PT systems, and was similar to the structure and molecular
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packing in the corresponding homopolymer thin films. Thus, we could conclude that nanoscale
confinement did not play any determining role for the Si0,@CP systems. Differences started appearing
upon introducing the second, outer, CP chromophore in the block copolymer nanoscale systems. The
Si0,@PPP-b-PT nanoparticles displayed efficient “outward” energy transfer from the “inner” PPP to
the “outer” PT chromophores. The PT chromophore showed dominant spectroscopic features associated
with the strongly coupled intrachain J-aggregate formation; the PT chromophore also dominated the
time-resolved spectroscopy of this system. Such features indicated the unique spatial constraints
imposed by the nanoscale particle environment. Apparently, higher molecular rigidity of the PPP
conjugated backbone?®- %0 resulted in the PT polymer chains grafted at the end of PPP chains being less
tilted towards the nanoparticle surface and instead forming more planarized rigid PT chains exposed
into the solvent (as in the case of “hairy” nanoparticles). Strong intramolecular electronic coupling in
such extended PT chains promoted efficient energy transfer via the through-bond (Dexter-type)
mechanism, similar to the previously described case of stretched and aligned CP chains.”!

For the case of Si0O,@PT-b-PPP nanoparticle system the PPP chains in the “outer” sublayer were
more tilted toward the nanoparticle surface, likely forming a densely packed lamellar phase, with a well-
defined and tight interface with the underlying PT chromophore. Such a tight interface between PPP
and PT chromophores could explain formation of the PPP/PT exciplex state at the narrow and well-
defined interfacial area between the two chromophores. Low efficiency of the “inward” energy transfer
from “outer” PPP to the “inner” PT chromophore could be related to blocking the energy transfer toward
the “inner” PT chromophore by the exciplex-forming interfacial layer and not by the effect of spatial
nanoscale confinement. Importantly, the SiO,@PT-b-PPP hybrid nanoparticles with their sharp
interfacial border between the PT and PPP sublayers represent a first example of controlled preparation

of core-shell nanoparticles with well-defined block copolymer shell.

Conclusions
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Surface-initiated controlled chain-growth Kumada catalyst-transfer polymerization is an
efficient way to prepare hybrid core-shell nanoparticles consisting of conjugated polymer shell attached
to the central SiO, core. This process offers a platform for engineering nanoparticles with a
homopolymer (PT or PPP) shell as well as for nanoparticles with a structurally well-defined block
copolymer shell. The resulting hybrid core-shell nanoparticles were exceptionally stable and showed
unique spectroscopic features associated with both the effect of nanoscale morphology and specific
molecular organization of the polymer chains in the CP shell. Most interesting was the effect of the
order of CP chromophores on the intra-particle energy transfer between PPP and PT chromophores in
block copolymer shells showing strong dependence on the “inner” vs. “outer” placement of the polymer
chromophores. These findings provide prospects for fine-tuning of photophysical characteristics of
hybrid core-shell nanoparticles, especially for the applications in optoelectronic devices, biomarkers and

contrast agents, as well as chemo- and biosensors.
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