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1.1 Introduction to Grafting Chemistry

Recent progress in the field of macromolecular science affords economically feasible
materials with mechanical robustness, light weight, and advanced optical, thermal,
or electronic transport performance to impact fields, such as energy storage, trans-
portation, electronics, and bioengineering. Hybrid materials that derive novel and
enhanced properties from the synergisms between distinct organic and inorganic
(or biological) constituents play a particularly important role. Research in this
area is often inspired by “nature” that employs multifunctional hybrid materials
(such as “mollusk shells”) in which novel properties arise due to the hierarchical
arrangement of constituents. An important theme is the role of interfaces in
mediating the interactions between the constituents. Surface functionalization
via anchored polymer chains has become a ubiquitously applied method to tune
the physiochemical properties of the surface, leading to significant improvements
in interface chemistry and engineering [1-11]. Advances in surface-initiated
polymerization have enabled the synthesis of brush (or “hairy”) nanoparticles,
a novel class of hybrid material “building blocks” that can be assembled into
functional material architectures or that can be applied as fillers to augment the
performance of polymer materials. The incorporation of nanoparticles allows for
enhancing the performance of the polymer host without sacrificing the superior
processability features of the host matrix. The ability to construct polymeric mate-
rials with defined or desired thermal, optical, catalytic, electronic, and mechanical
performance rendered the so-called polymer nanocomposites one of the most
active fields in modern macromolecular chemistry and engineering. Applications
of brush particles to realize stimuli-responsive polymer hybrids [2, 8, 12, 13],
antifouling paints [5, 14-16], colloidal stabilizers [17], adhesives [18], catalytic
systems [19], electronic devices [20], and biosensors [21] have been demonstrated.
Moreover, hairy nanoparticles prepared via surface-initiated polymerization have

Hairy Nanoparticles: From Synthesis to Applications, First Edition. Edited by Zhiqun Lin and Yijiang Liu.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.



2

1 Synthesis of Hairy Nanoparticles

found application for the functionalization of various novel substrates, including
nanofibers, mesoporous constituents, nanotubes, graphene, living cells, and protein
nanocomposites [22-25]. This contribution summarizes recent advances in the field
of surface-initiated polymerization, in particular, based on reversible-deactivation
polymerization methods, that have been fundamental to the advances in polymer
hybrid materials [10, 26, 27].

1.2 Surface Functionalization of Nanoparticles

The preparation of hairy nanoparticles starts with the introduction of functional
groups onto nanoparticle surfaces to enable the subsequent coupling of polymer
chains (“grafting-onto” approach) or initiating groups for surface-initiated polymer-
ization (“grafting-from” approach). The generation of strong bonding between the
polymer chains and inorganic substrates surface relies on the precise and proper
selection of desired anchoring groups.

1.2.1 Surface Modification by Chemical Treatment

A large number of anchoring reagents with distinct functionalities were explored
to fulfill the surface modification of the respective desired substrates. Table 1.1
includes some general functional groups and their suitable surfaces. Examples
of anchoring reagents and the applicable functional groups are summarized and
listed below. One of the most commonly used reagents for surface functional-
ization is silane-based coupling agents, as many commercially available func-
tional silanes, including trimethoxy(vinyl)silane, (3-aminopropyl)triethoxysilane,
(3-mercaptopropyl)trimethoxysilane, and (3-chloropropyl)triethoxysilane, are avail-
able at a low price from the industrial sources. The introduced amino moieties
are subsequently converted to different functionalities, including atom transfer
radical polymerization (ATRP) initiating sites. Many other functionalities can also
be incorporated through hydrosilylation reactions. The silanol group on the surface
can react with the functional groups. Silane-based coupling agents can consume
up to three halide or alkoxy functional groups. Hence, the anchoring reagent with
multiple functionalities can form a stronger covalent bond to the surface of nanopar-
ticles. However, the multifunctional silane coupling agents tend to self-polymerize
and form a multilayered microstructure [60]. The construction of the multilayered
structure empowers the coupling agents with functional groups to enclose the
surface, therefore making them widely applicable to a broad range of substrates.
Pyrocatechol, also known as catechol, and its derivatives have attracted great
attention in the past years [34, 61]. Pyrocatechol, especially dopamine or poly-
dopamine, was originally recognized to assemble stable adhesion to the surfaces
of metal oxide substrates by forming a chelate attachment [62]. Nevertheless, the
breakthrough of dopamine-like peptides in the byssus of mussels expanded the
application of (poly)dopamine as a universal surface modifier. Generally, dopamine
self-polymerizes into a multilayered polydopamine covering the substrate [34]. The
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1.2 Surface Functionalization of Nanoparticles

formation of polydopamine affords a large variety of surface functional groups,
such as amino, hydroxyl, aromatics, and conjugated carbonyl [61, 63, 64]. Besides
dopamine, other natural and synthetic compounds based on phenol/catechol were
employed as anchoring reagents, including catechol-bearing peptides and tannic
acid [65, 66].

The application of aliphatic acids to the functionalization of metal or metal
oxide surfaces has been well explored in the field of inorganic surface modification
[67]. Later, aliphatic acids, or amines, were utilized to stabilize inorganic colloid
nanocrystals in organic dispersion [68-70]. Either carboxyl or amino groups can
generate coordinative interaction with the metal atoms on the surfaces [70-72].
Nevertheless, low-cost aliphatic acids or amines, including oleic acid, stearic acid,
octylamine, or dodecylamine, initially served simply for compatibilization with no
reactive functional groups incorporated. Recent research proved the introduction
of ATRP initiating sites or even polymer chains with carboxylic acid or amino chain
ends onto the nanofiller surfaces [38, 39]. A carboxylate-based anchor showed high
efficiency to modify a large variety of inorganic substrates. The incorporation of
ATRP initiating moieties allowed the application of these anchoring reagents for
the synthesis of hybrid polymer nanocomposite [39, 73]. Besides aliphatic acids
or amines, another alternative approach to modify the surface of the inorganic
substrate is the deposition of aniline or pyrrole [74]. However, their control over
the surface functionality as well as the anchoring efficiency is not as facile as silane
or dopamine coupling agents [75]. The hydroxyl- or amino-modified surfaces can
directly react with the coupling agents based on derivatives of carboxylic acids,
including acyl halide or active esters [43, 44, 76]. Compared to carboxylic acids, as
one alternative surface anchoring agent, functional phosphonates and phosphates
were used to graft polymer chains onto/from salts and metal oxides as they can build
strong bond with the surface of metal oxide substrates [46, 77, 78]. Phosphine oxides
functionalized the surface of selective quantum dots, including cadmium selenide
or zinc sulfide [57, 58]. Additionally, radical species generated through heat, light,
or redox reaction from the surface or precursors introduced functional moieties
and formed covalent carbon-carbon/metal bonds on the substrate surfaces. For
instance, thermal initiators attached to the surface of carbon substrates upon
heating [79]; aryl radicals were produced through the electrochemical reduction of
diazonium compounds [48, 80, 81]; and radical coupling with alkenes yields photo-
chemically active surfaces [82, 83]. Similar to the typical process of radical coupling,
hydrosilylation can connect allyl-based anchoring reagents and pretreated silicon
substrates through either a thermal/photoinduced radical path or an organometallic
catalytic path [32]. Organosulfur compounds can form a stable linkage with a wide
range of metals, including gold, silver, mercury, iron, or copper. In these systems,
thiols and disulfides were efficiently anchored to the metal surface, providing proper
coupling functionalities. For instance, thiols are commonly employed to tune the
size of gold nanoparticles [84]. Disulfides were prone to split into thiolates upon
chemisorption on metal surfaces [85, 86]. Initiating sites or polymer ligands were
incorporated onto surfaces of gold via coordination with compounds containing
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mercapto groups or thiol-terminated polymer ligands [51-53]. The essence of the
sulfur-metal interaction is still under investigation [86, 87].

1.2.2 Surface Modification by Plasma Treatment

Plasma is a moderately ionized vapor of free electrons, ions, and radicals. It can be
defined as a quasi-neutral particle system in the form of a gaseous or fluid-like blend
[88-91]. During plasma treatment, functional groups are immobilized onto the
surfaces or free radicals are produced. The radicals can react with oxygen from the
atmosphere and be used for subsequent coupling or grafting reactions [92]. Gases
such as argon, helium, oxygen, nitrogen, ammonia, and carbon tetrafluoride are
particularly widely applied. The anchored moieties can further be used to bind other
molecules or polymers to the surface to afford the targeted properties. For example,
oxygen plasma treatment induced oxygen-containing functionalities including
hydroxyl groups, peroxide groups, and carboxyl groups. Carboxyl and hydroxyl
groups may also be incorporated via carbon dioxide or CO-plasma treatment [93].
The carbon dioxide plasma treatment creates ketones, aldehydes, and esters [94].
Nitrogen, ammonia, and nitrogen/hydrogen plasmas produce primary, secondary,
and tertiary amines, and amides, which can be used to initiate polymerization in
the postirradiation grafting procedure [95]. The pulsed plasma treatment can entail
the deposition of halogen-containing initiator films on the surface of the substrate
(Scheme 1.1) [96-98].

TIX Q PR
QU — 9O
Plasma

Scheme 1.1 Surface-initiated polymerization from pulsed plasma deposited
halogen-containing initiator layers.

1.2.3 Synthesis of Functionalized Nanoparticles Through
Initiator-Containing Precursors

Instead of tethering the initiators onto the nanoparticle surfaces, a one-step process
to prepare uniform 3 nm initiator-containing organo-silica hybrid nanoparticles was
reported [99], which relied on the polycondensation of brominated organosilane pre-
cursors, 3-(triethoxysilyl)alkyl a-bromoisobutyrate (TES-ABMP). The utilization of
an initiator-modified precursor enabled one to spare the surface modification steps
prior to polymerization, hence avoiding the generation of additional silica layers
from coupling reactions. In Scheme 1.2, “green Br” refers to the bromine initiating
sites that are essential for synthesizing the hairy nanoparticles, and “x” indicates
the number of -CH,— units, which are attributed to preparing the corresponding
organosilane precursor. The hybrid nanoparticles can readily be polymer-tethered
through surface-initiated atom transfer radical polymerization (SI-ATRP) without
additional post-functionalization [6].
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Scheme 1.2 Synthesis of 0SiO, nanoparticles. Source: Han et al. [99], scheme 1
(p. 1219)/Reproduced with permission from the American Chemical Society.

1.3 Synthesis of Hairy Nanoparticles

In the past decades, numerous methodologies and techniques have been explored
for polymer-inorganic hybrid material synthesis. Modification of inorganic sub-
strates with tethered polymer ligands optimally integrates the properties of both
ingredients [100]. Polymer ligands could be synthesized either by “grafting-from”
or “grafting-onto” approaches [101-103]. The “grafting-onto” method exploits
the benefits of coupling reactions between the surface functionalities and the
complementary anchoring blocks or (chain ends) of polymer ligands to be attached
to the substrate surfaces [104], which is experimentally straightforward. On the
other hand, the “grafting-from” modification is often preferred as it enables higher
grafting densities and polymer shell thicknesses. Both the “grafting-onto” and
“grafting-from” approaches involve reactions at a solid surface. In an alterna-
tive approach, hairy nanoparticles were synthesized through a “polymer-first”
approach, for instance, by applying block copolymers as a template [105]. This
procedure was further advanced to prepare covalently bonded hairy nanoparticles
with more complicated morphologies, including nano-capsules [106], molecular
bottlebrushes [107-109], and star polymers [110], as polymeric templates to prepare
precisely controlled polymer-inorganic nanocomposites.

1.3.1 Surface-Initiated Polymerization/The “Grafting-from” Approach

In the “grafting-from” method (Scheme 1.3), tethered polymer ligands grow
directly from the modified surfaces, enabling higher grafting density, which is one
of the most significant advantages of this approach. The grafting density (unit:
chains nm=2) of hairy nanoparticles is defined as the average number of polymer
chains per unit surface area (unit: nm?) and represents a crucial parameter for
tuning both the chemical and physical properties of brush-like composites.

9
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Scheme 1.3 The “grafting-from” approach.

1.3.1.1 Sl-Free Radical Polymerization

Conventional (free) radical polymerization (FRP) is the most industrially utilized
polymerization technique [111]. It has a long history of grafting polymer brushes
from inorganic particles [112, 113]. To perform SI-FRP from nanoparticles, a
radical-generating moiety needs to be immobilized. Radicals may be generated via
conventional azo initiators [113, 114], photoinitiators [115, 116], or ionizing irra-
diations [117, 118]. Similar to FRP in solution, surface-generated radicals undergo
radical addition to vinyl monomers and the reaction proceeds via a chain-growth
mechanism. The multifunctional nature of the nanoparticle “macroinitiators”
allows the growth of multiple chains simultaneously on a single nanoparticle.

FRP is one of the least expensive polymerization techniques while it is compatible
with the widest variety of vinyl monomers. It is also tolerant to many impurities,
such as protic solvents (e.g. water or alcohol), coordinating/chelating agents, and
electrophiles, and various polymerization conditions, including bulk, solution,
suspension, and (mini/micro)emulsion polymerization [119]. SI-FRP inherits all
these features.

Despite such advantages, its intrinsic limitations render SI-FRP a nonideal
choice in the preparation of hairy nanoparticles. Due to the high frequency of
diffusion-controlled random termination reactions, broad molecular weight distri-
bution is virtually guaranteed for FRP. It may not be a problem for homogeneous
systems, but with several hundred growing chains on each nanoparticle, such
random distribution leads to a large particle-to-particle difference, and hence
a large batch-to-batch difference, as well as gelation due to radical termination
between particle brushes.

1.3.1.2 SI-ATRP

In FRP it is challenging to simultaneously optimize each parameter of the targeted
materials, particularly when the polymerization of the tethered chains is carried out
from surfaces. The advances in surface-initiated controlled radical polymerization
(SI-CRP), also known as surface-initiated reversible deactivation radical polymer-
ization (SI-RDRP), allow precise control over chain length, composition, brush shell
thickness, and eventually polymer architecture at the same time. They afford an
approach to modify various substrates with polymeric shells of different thicknesses
meanwhile maintaining the robustness and versatility of the living polymerization
technique. The high tolerance of SI-CRP as a synthetic method toward a wide vari-
ety of functionalities and extensive applicability enabled it to be broadly applied for
the fabrication of hairy nanoparticles.
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Scheme 1.4 General scheme for SI-ATRP.

Because of the high accessibility of alkyl halide functional groups on the surface
and its high tolerance toward various reaction environments, process requirements,
and impurities, SI-ATRP amounts to a majority of all “grafting-from” approaches
(Scheme 1.4). SI-ATRP as well as its derivative techniques have been recognized as
the most common controlled radical polymerization (CRP) approach for growing
polymer ligands from substrate surfaces [4, 6, 10, 120], substantially augmenting the
toolkit of radical polymerization. SI-ATRP with well-preserved chain-end fidelity
was employed for the preparation of precisely controlled, densely tethered polymer
ligands from colloidal nanocrystals [120-122]. Based on the dynamic equilibrium
between propagating radicals and dormant species, a typical ATRP procedure is
tempered by a redox pair of transition metal complex catalysts, especially copper
complexes (Cul/L, Cu/L), Figure 1.1 [123-126]. A conventional ATRP process
typically includes initiation, propagation, activation/deactivation, and termination
steps, similar to SI-ATRP. However, the heterogeneous system presents some special
characteristics.

Determined by the diverse morphology of nanoparticles and the degree of surface
functionalization, the density of initiating sites could vary in a wide range, up to
a couple thousand per particle, resulting in hairy nanoparticles with a very high
grafting density. To achieve good control throughout the process, the overall rate of
the polymerization should be well-tuned to maintain a sufficient diffusion rate of
monomers to the chain-end radicals.

Additionally, when the overall number of initiating sites or deactivators is not
high enough, then reversible deactivation becomes too slow, and extra sacrificial ini-
tiators [127] or deactivators [110] are added to the reaction to maintain a sufficiently
fast reversible deactivation to enable a controlled process. Besides, based on the
general gelation theory, for functionalized particles containing a thousand initiating
sites on the surface, just about 0.1% of interparticle couplings could result in macro-
scopic gelation [128]. Reagents containing a-bromoisobutyrate functional groups
are commonly used to introduce initiating sites on the surface of nanoparticles for
SI-ATRP. Recent work reported the development of a tetherable ATRP initiator,
12-(a-bromoisobutyramido)dodecanoic acid (BiBADA), which contains a long

11
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Figure 1.1 Illustration of equilibrium of typical RDRP techniques.

aliphatic spacer between a carboxyl group and an a-bromoisobutyramido chain
end. Due to its versatility, BIBADA was used as a universal anchor for the surface
modification of metal oxide nanoparticles (Table 1.2, Figure 1.2).

For some applications, the residual catalysts from SI-ATRP should be separated
from the ultimate product. In the past decades, numerous methodologies were
exploited to afford a precisely controlled polymerization with only ppm levels of
copper complex catalyst. Reducing agents were employed to restore the activator
of copper complexes with high reactivity, such as Cu/Me,TREN or Cu/TPMA
[129]. There are examples utilizing chemical reducing agents, including activator
regenerated by electron transfer (ARGET) ATRP [130, 131], supplemental acti-
vator and reducing agent (SARA) ATRP [132, 133], and initiator for continuous
activator regeneration (ICAR) ATRP [134]. Later, external stimuli [135], for
instance, electrochemical method [136, 137], photo-irradiation [138, 139], and
ultrasound agitation [140-143], were applied to produce the reducing environments
(Figure 1.3). These methods not only enabled ppm levels of copper complex catalyst
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Table 1.2 Summary of polymer-grafted metal oxide nanoparticles synthesized by SI-ATRP using

BiBADA.?
Size o
Entry Particle (nm) Monomer M, M,/M.D (nm=2)9 D, (nm)?
Alkaline earth 1 MgO 20 MMA 1.32%x10° 1.60 0.08 1600 + 200
Transition 2 TiO, 15 MMA 7.24%10* 1.25 0.03 403 +5
metal 3 Co,0, 10-30 MMA 1.03x10° 1.83 014 4800100
49 NiO 10-20  MMA 7.69x10* 1.28 0.14 236+ 3
ZnO 18 MMA 8.77x10* 1.33 0.17 282+ 1
6 Y,0, 10 MMA 1.66x10° 1.72 0.24 650+ 10
7 Zr0, 40 MMA 5.56x10* 1.52 0.15 236+1
8  La,0, 10-100 MMA 6.35x10* 1.23 0.48 31742
9 CeO, 10 MMA 6.88x10* 1.27 0.13 244 +1
10 WO, 60 MMA 2.36x10° 1.98 0.28 762+5
Post-transition 11  «-ALO, 30 MMA 2.37x10° 2.10 0.06 501+ 4
12 a-ALO, 30 BA 242x10* 1.24 0.06 385+ 1
13 In,0, 20-70 MMA 1.40x10° 1.49 0.20 37749
14 ITO 20-70 MMA 1.23x10° 1.92 0.11 396+3
159 SnO, 35-55  MMA 1.64x10° 2.24 0.22 3771
Metalloid 16  Sb,0,  80-200 MMA 3.66x105 1.93 0.14 870 + 20
Metallate 179 BTO 200 MMA 1.85x10  2.38 0.43 715+4

a) Typical reaction conditions: [MO, -Br, assuming
1Brnm~2],/[M],/[CuBr,],/[Me,TREN]; = 1/1000/0.2/0.5, 50 vol% anisole, 1.0 mm X 1 cm copper wire,

room temperature.
b) Determined by SEC.

c¢) Determined by molar mass and inorganic contents.
d) Z-Averaged hydrodynamic size in THF determined by DLS.

e) Nanoparticles functionalized with BiBADA.

f) [BTO-Br, assuming 1 Brnm~2] /[M], = 1/3000.
Source: Reproduced with permission of Yan et al. [39], Copyright 2017, American Chemical Society.

but also allowed for spatial and/or temporal control over the process. Besides the Cu
complex, other transition metal compounds, including Fe [144-146], Ru [147, 148],
or Ir [149], could also regulate an ATRP equilibrium. The latest advancement of
metal-free ATRP solved the dilemma of transition metal impurities in the polymer
product. However, it is still challenging to reach a level of high versatility as well as
good control over the reaction that is similar to Cu complexes [150-152]. The ATRP
process was lately programmed by applying a DNA synthesizer, further expanding
the versatility of this technique and promoting its efficiency [153]. Due to its poten-
tial to pattern the substrates with polymer ligands, ATRP procedures with external
stimuli have drawn considerable attention to systems involving macroscopic

substrates [154-159].
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Figure 1.2 Top scheme: synthesis of BiBADA and surface functionalization of metal oxide
nanoparticles with polymer ligands. Characterization of ZrO,-g-PMMA nanoparticles:

(a) Intensity-weighted hydrodynamic size distributions of ZrO,-g-PMMA as an example.

(b) Photograph of a uniform dispersion of ZrO,-g-PMMA in THF. (c) TEM images of
Zr0,-g-PMMA. Source: Yan et al. [39], Reproduced with permission of American Chemical
Society.
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The emergence of ARGET ATRP not only enabled the dramatic reduction of the
concentration of copper complex catalyst to a ppm level but also facilitated the
polymerization reaction to be tolerant to limited amounts of air [130, 131].
ARGET ATRP can be recognized as a “green” approach, which consumes ppm
amount of the catalyst incorporated with the proper reducing agents including
tin(II) 2-ethylhexanoate (Sn(EH),) [130], ascorbic acids [160], phenol [161],
hydrazine and phenyl hydrazine [134], excess inexpensive ligands [162], amines,
or nitrogen-containing monomers [163]. ARGET ATRP confirmed that SI-ATRP is
readily applicable to large-scale manufacturing on macroscopic substrates [28, 157,
164], even under a certain level of oxygen exposure [165-169]. The repeated redox
cycle between the transition metal complex and excess reducing agents consumed
all oxygen in the reaction vessel [164]. Another important benefit of ARGET ATRP is
that the transition metal complex triggered side reactions are significantly reduced
[170]. This helps to further push an ATRP reaction to completion (full conversion)
and synthesize copolymers with larger molar mass while preserving chain-end
functionality [171, 172], which was confirmed by efficient chain extensions [173].

In ICAR ATRP, an addition of standard free radical initiators is employed to
continuously regenerate the extremely low levels of Cu/L catalyst concentration
(5-50 ppm). The use of initiators in the continuous activator regeneration procedure
could be considered as a “reverse” ARGET ATRP. At this very low concentration
of copper activator, in some applications, removing or recycling the transition
metal catalyst residues is no longer necessary. The polymerization is promoted
to high conversion with low concentrations of a source of organic free-radical
initiators [134]. The polymerization rate in ICAR ATRP is determined by the rate
of decomposition of the added initiator, while the rate of deactivation and the
molecular weight distribution are governed by K ygp [174, 175].

Cu wire (Cu®) can act as a reducing agent and induce a Cu™" deactivator com-
proportionation to produce the Cu® species [176]. Cu® can also play the role of a
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supplemental activator, where it directly reacts with alkyl halides and generates a
propagating radical, even though a majority of the activation of alkyl halides is trig-
gered by the Cu' activator. Hence, this procedure is known as SARA ATRP [177]. The
use of other transition metals, such as metallic Zn, Mg, Fe, and Ag, was explored to
lower the deactivator concentration in ATRP [177, 178].

The use of chemical reducing agents generated oxidized residues in the poly-
mer product. Therefore, it is important to develop a procedure of reduction via
nonchemical means. Electrochemical reductions provide various easily tunable
parameters to tune polymerization rates by pursuing the preferred concentration
of the redox-active transition metal complexes. For example, a desired percentage
of the Cu''Br,/Me, TREN deactivator species can be electrochemically reduced to
Cu'Br/Me,TREN activators to initiate a controlled ATRP reaction. The employed
potential determines the activator/deactivator ratio ([Cu!/L]:[Cu'/L]), thus the rate
of polymerization [136]. Temporal control of the reaction has become particularly
valuable in SI-ATRP, as it offers the possibility to “pause/restart” the polymerization
to check and monitor the status of reactions [179]. This procedure also enables
temporal control over the polymerization, simply by switching on/off the current.
The molar mass of polymer chains formed in the eATRP process grew linearly with
monomer conversion and a low dispersity was achieved. The concentration of cat-
alytic complex as low as 50 ppm was sufficient to retain a controlled polymerization
showing first-order kinetics and narrow molecular weight distribution. Cu can be
electrodeposited on the electrode and stripped, affording efficient catalytic complex
regeneration [180]. eATRP was also employed to synthesize gradient copolymer
grafted hairy nanoparticles where the thickness of polymer shell was governed by
tuning space/location of the supporting substrates from the electrode [158, 181].

Due to the simple set-up, insignificant usage of additives, and a possible choice
of employing daylight, the PhotoATRP procedure attracted considerable attention
[138, 156, 182-190]. PhotoATRP was expanded from copper to iron as the metal
catalytic complex [146]. PhotoATRP was successfully performed with ppm amounts
of copper catalysts [183, 184, 191]. PhotoATRP in either organic solvents or aqueous
solutions was carried out. Precise and well-defined control over polymerization in
PhotoATRP enabled efficient chain extension as well as the preparation of block
copolymers. The polymerization can be paused and restarted simply by switching
on/off the photo-irradiation source. The excited copper catalytic complexes (Cu!/L)
were reduced in the presence of electron donors [182]. PhotoATRP from inorganic
substrates was later extended to SI-PhotoATRP facilitated by an organic photoredox
catalytic complex, generating precisely controlled polymer hybrid nanocomposites
without metal residues [33, 179, 192].

The metal-free ATRP was mediated by photo-irradiation with multiple organic
photoredox catalysts, including phenothiazines, phenazines, and phenoxazines
[150, 152, 193, 194]. The metal-free ATRP showed excellent versatility for a broad
range of different methacrylate monomers. Successful chain extension and block
copolymer synthesis were combined with other CRP procedures, resulting in
synthetic and morphological versatility. Furthermore, phenothiazine derivatives
were utilized as novel metal-free photoredox catalytic complexes for the PhotoATRP
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of polyacrylonitrile (PAN) with desired molar mass and narrow molecular weight
distribution. The well-preserved halogen chain-end fidelity of the synthesized PAN
was confirmed either by the 'H NMR spectrum or the successful chain extension
reaction [151].

A robust mechanically controlled ATRP of methyl acrylate was performed in
an ultrasound bath with a ppm level concentration of copper catalyst by means
of ultrasonication as the external stimulus and piezoelectric nanoparticles BaTiO,
(barium titanate) as the mechanoelectrical transducing materials in DMSO solution,
using a frequency of 40 kHz [141, 195]. It was recently demonstrated that zinc oxide
nanoparticles (ZnO) are even more efficient than BaTiO; as piezoelectric material
and could be applied in c. 100 times lower amount than BaTiO, [140].

1.3.1.3 SI-RAFT

RAFT polymerization is another well-explored CRP technique. The dynamic
exchange in a RAFT process is based on the reversible addition-fragmentation
of initiating/propagating radicals to chain transfer agents (CTAs), including
dithioester or trithiocarbonate, Figure 1.1 [196, 197]. The most important char-
acteristic of RAFT polymerization is that it is mainly based on the classic FRP
setups with the added RAFT agents. Free radical initiating species are applied to
form the propagating species and maintain the polymerization rate; meanwhile,
the concentration of RAFT agents defines the targeted molecular weight. RAFT
polymerization involves degenerative chain transfer, which assures all the polymer
chains propagate at the same rate, leading to polymers with narrow molecular
weight distribution [198]. Compared to ATRP, the RAFT process can be used to
polymerize some less reactive or functional monomers [199]. In addition, the
colored reactive RAFT chain ends are usually needed to be removed to purify the
harmful residues from the polymer product [200]. Moreover, external stimuli were
also employed in RAFT polymerizations, such as photoinduced electron/energy
transfer (PET)-RAFT polymerization [186, 201]. Unlike the classic RAFT poly-
merization, the propagating species in PET-RAFT is formed by the PET-excited
photoredox catalytic complex from the RAFT agent. Thus, as the process does
not require any free radical initiators, it exhibited a superior oxygen tolerance
and excellent temporal/spatial control performance [186]. Other external controls,
including ultrasound agitation [202] and electrochemical method [203], were also
thoroughly investigated for the RAFT polymerization. Occasionally, oxygen can act
as an external trigger for RAFT polymerization [204].

SI-RAFT polymerizations were also exploited [205]. The first reported SI-RAFT
reaction was accomplished via the mechanistic transformation of an SI-ATRP poly-
merization [206]. An alternative approach to carry out a RAFT reaction was to trigger
the reaction from tethered azo initiators on the surface and control the polymeriza-
tion through free RAFT agents in the dispersion [207]. Polymerizations were also
performed by directly immobilizing CTAs on the surface with initiating species in
the reaction mixture [51].

SI-RAFT polymerization could be performed either via surface-tethered free
radical initiating sites or surface-functionalized RAFT CTA agents. Generally, there
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Figure 1.4 Three main approaches to surface RAFT polymerization: (a) Using a R-Group

Anchored CTA, (b) Using a Surface Immobilized Initiator, and (c) Using a Z-Group Anchored
CTA.

are three different ways to carry out SI-RAFT polymerization from the surfaces,
based on how the CTA is immobilized, Figure 1.4. With free radical initiating sites
immobilized on the surface and untethered CTAs in solution, SI-RAFT exhibited
the same kinetic features as SI-FRP [207]. In other approaches, either the R-group
[206, 208] or the Z-group [209, 210] of the CTA was attached to the surface, a process
termed SI-RAFT polymerization as the initiation step occurs in the reaction solution
[4]. In the R-group anchoring case, the anchored CTA is typically synthesized from
an ATRP initiator or its derivatives [208, 211]. The broad range of various functional
CTAs, for instance, 4-(4-cyanopentanoic acid) dithiobenzoate, affords an alternative
option for immobilizing the CTA functionalities in a direct/indirect manner [212].
The SI-RAFT polymerization performs similarly to SI-ATRP; however, as the system
contains the same number of growing radical chain ends and untethered CTAs, the
deactivation process is typically less efficient, resulting in broader molecular weight
distribution. Furthermore, SI-RAFT polymerization applying Z-group anchored
CTA encountered the same dilemma as the “grafting-onto” method, as the tethered
CTA on the surface progressively became inaccessible to the active chain ends.
Despite the anchoring method applied, untethered free polymers are generally
unavoidable in SI-RAFT polymerization. Nevertheless, SI-RAFT polymerization
has some advantages, especially the ability to polymerize functional monomers or
monomers with low reactivities [213]. Recently, PET-RAFT from surfaces was also
reported [214, 215].

One approach to carry out SI-RAFT polymerization is to immobilize an azo
initiator to the surface and perform the reaction in the solution containing unteth-
ered CTAs. This method has been employed to polymerize a range of monomers,
such as (vinylbenzyl)trimethylammonium chloride [216], glucose-based monomers
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[217], methacrylate [218], benzyl methacrylate [219], 2-(dimethylamino)ethyl
methacrylate [218], N-isopropylacrylamine [219-221], N-acetylmuramic acid [221],
styrene [222], acrylic acids [223, 224], and acrylamide [224]. A more conventional
method to perform SI-RAFT polymerization is to immobilize the CTA onto the
surface and add the radical initiating species in the solution. This method has
been employed to generate polymer chains from multiple substrates, including car-
bon nanotubes [225, 226], quantum dots [227], gold surfaces [228-230], iron oxide
nanoparticles [37, 211, 231-234], graphene [235], SiO, nanoparticles [211, 236-253],
BaTiO, [254], ZnO/ZnS [255], and TiO, nanoparticles [256]. Although there are
two options to immobilize the RAFT agents in the solution-initiated SI-RAFT
polymerization, either through the reinitiating R-group of the CTAs or the stable
Z-group, there is a preference for tethering the RAFT agent through the R-group.

There are mainly two approaches to functionalize surfaces with RAFT agents.
In the first method, the CTA is prepared with an active functional moiety that
can be covalently linked to the pristine surface. The second method is based on
attaching the CTA to a pre-functionalized substrate to preserve anchoring moieties,
corresponding to the functionality of the RAFT agent. The first approach generally
is more challenging, but it has been employed for a broad range of substrates. The
other approach has its benefits, as it simplified the purification step for the RAFT
agents and helped to diminish some general secondary reactions, for instance, the
condensation of CTA-bound alkoxysilane groups. Under the same principle, click
chemistry was employed to tether CTAs to SiO, nanoparticles [257]. Additionally,
halide functionalized substrate surfaces can be applied to anchor suitable reactive
RAFT agents and their derivatives. Last but not least, pre-synthesized RAFT agents
can also be attached to electroconductive substrates through the electrochemical
method, such as gold [228, 229].

1.3.1.4 Other Polymerization Techniques

In addition to SI-ATRP and SI-RAFT, other controlled polymerization approaches,
such as SI-NMP, living anionic polymerization (LAP), living cationic polymeriza-
tion (LCP), and ring-opening metathesis polymerization (ROMP), are practical tech-
niques to prepare hair nanoparticles.

NMP was one of the first-reported RDRP methods [258]. In this approach, the dor-
mant species (for example, alkoxyamine) involves homolysis of the carbon-oxygen
covalent bond at relatively high temperatures to generate an active propagating
radical and a persistent nitroxide species [259-264], Figure 1.1. Later, SI-NMP
was reported as another approach to graft polymer chains from the substrates.
Only monomers and alkoxyamine-functionalized substrates are required for this
technique. Alkoxyamine-functionalized surfaces can be synthesized either via
modification of anchoring alkoxyamine [265-267] or by reacting reactive surface
radicals with nitroxide radical species [268, 269]. However, SI-NMP presents
the limitations of NMP, as it shows the difficulty to polymerize non-styrenic
monomers, especially acrylic and methacrylic monomers. Recently developed
anchoring derivatives of alkoxyamines with high activity were used in SI-NMP,
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accomplishing higher efficiency and allowing the polymerization of challenging
acrylic monomers [266, 268-270].

In addition to radical polymerizations, ionic polymerizations have been demon-
strated as feasible techniques for grafting polymer brushes from surfaces. Both LCP
and LAP have a longer history than RDRP [271-273]. Living ionic polymerization
was discovered earlier because the ionic intermediates do not undergo bimolecular
termination as in radical polymerization. However, cationic polymerization is
typically less “living” than anionic polymerization because of proton transfer to
monomer reactions, which leads to termination/chain transfer.

Surface-initiated ionic polymerizations are far less studied than SI-RDRP because
of the highly reactive carbocation or carbanion intermediates, requiring extremely
delicate experimental setups, especially for nanoparticles with high surface areas.
In addition, ionic polymerizations are compatible with a narrower selection of
monomers than radical polymerization. Nonetheless, ionic polymerizations are
employable to monomers that do not undergo radical homopolymerization.

To introduce carbanion to a surface, a similar technique as homogeneous
anionic polymerization was used, i.e. the reaction between immobilized
1,1-diphenylethylene and butyl lithium [274]. Carbocation, on the other hand, was
introduced in two different ways. It can be generated by Lewis acid-induced cleavage
of immobilized ether [275]. Otherwise, in a way similar to surface RAFT polymer-
ization with Z-group-anchored CTAs, surface-initiated cationic polymerization can
be initiated by reacting the surface silanol group of silica with p-methoxybenzyl
alcohol in the presence of sulfuric acid to generate p-methoxybenzylium cations
stabilized by surface adsorbed hydrogen sulfate anions, and therefore proceed with
the polymerization with the nanoparticle as a “macro-counterion” [276].

Ring-opening polymerization (ROP) is capable of polymerizing a specific class
of cyclic monomers. Therefore, many hairy nanoparticles inaccessible from the
polymerization of vinyl polymers can be prepared via SI-ROP. Although the same
carbanion or carbocation initiators used for ionic polymerization can also initiate
ROP, less reactive initiators are often used because of the easier experimental han-
dling. For example, in anionic ROP, weaker bases such as alkoxides or amines may
initiate the polymerization of a wide range of cyclic monomers, such as caprolactone,
lactide, or N-carboxyanhydride [277-282]. Polymerization of N-carboxyanhydride
is especially intriguing because it yields peptide brushes [277]. Similarly, cationic
ROP can be initiated with alkylation agents such as tosylates. Biocompatible
poly(2-oxazoline)-based hairy nanoparticles were prepared this way [283, 284].

ROMP polymerizes cyclic olefin monomers with metallic carbene species as initia-
tors [285-288]. With the rational design of the catalyst, such as Grubbs catalyst third
generation, ROMP exhibits excellent control of polymerization and good tolerance
to the ambient atmosphere, impurities, and monomer functionalities [289, 290].
Typical ROMP monomers include cyclooctene, norbornene, macrocyclic olefins,
and their derivatives [291, 292]. Norbornene derivatives allow an especially rich
variety of functionalities, comparable to acrylic monomers of radical polymeriza-
tion. To initiate ROMP from a surface, a cyclic olefin has to be first immobilized, and
a one-step olefin metathesis transfers the metallic carbene to the surface [293, 294].
Subsequently, ROMP can be performed using these immobilized metallic carbenes
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as initiators. Several intrinsic challenges limit the broad application of SI-ROMP in
the preparation of hairy nanoparticles. Both ROMP monomers and catalysts, such
as ruthenium, tungsten, and molybdenum complexes, are more expensive than
those for RDRP. Such metallic catalysts/initiators in ROMP, become unfavorable
impurities in the final product. While ATRP can be performed with a ppm catalyst
loading, ROMP requires one metal atom per chain, resulting in higher costs and
more metallic residues. Although metal-free ROMP was recently reported, there are
still many challenges and no application for surface-initiated systems [295]. Another
issue with ROMP is backbiting [286]. As the reactive carbon-carbon double bonds
are also present in the polymer backbone, active chain-end attacks on the backbone
can lead to undesired loops, free polymers, and/or broadened molecular weight
distribution in the preparation of hairy nanoparticles. This also limits the available
choice of monomers and catalysts for S-FROMP when backbiting must be inhibited.

1.3.2 The “Grafting-onto” Approach

Compared to the “grafting-from” approach, the “grafting-onto” approach is
generally recognized as a more simple technique. Minimal surface modification
is needed as a suitable anchoring functionality can usually be exposed for the
pristine surface functional groups. However, due to the strong steric hindrance
among the already-grafted polymer chains, it is challenging to obtain high grafting
densities through the “grafting-onto” approach [296]. Typically, a more diluted
graft layer with a grafting density well below 1.0 chains nm~2 was typically obtained
through the “grafting-onto” approach, which resulted in a collapsed mushroom-like
topology [297].

1.3.2.1 Conventional “Grafting-onto” Approach

Polymer chains can be attached to inorganic substrates when one functional
chain end/block is reactive, which can promote connection to the substrate.
Generally, such anchoring groups can be the functional end groups of polymer
ligands [113,298], comonomers incorporated through copolymerization or a
chain-end functionality tethered by transfer agents [299]. Nevertheless, reacting the
active functional end groups through the polymerization requires strict conditions.
In the case of copolymer synthesis, when the comonomers are added along with the
polymerization, a governing of the sequence of the functional comonomers in the
backbone is needed to diminish the generation of unrestrained loop structure on
the surface. On the other hand, polymers like poly(ethylene oxide), poly(propylene
oxide), and poly(dimethylsiloxane) have intrinsic functional chain ends, which
could be directly applied for anchoring [300, 301]. Despite its advantages, this
approach is only applicable to a limited range of polymers, as many of them are
multifunctional and can lead to the formation of a mixture of hairy nanoparticles
and loops. Moreover, the gelation by interparticle coupling could likely occur during
the procedure of grafting-onto (Scheme 1.5).

CRP allows precise control over the grafting performance of the polymer ligands
on the surface and enables the synthesis of polymers with well-tuned chain
length, composition, chain-end fidelity, and chain architectures. For instance, in
RAFT polymerization, the sulfur-terminated end group is suitable to be used to
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Scheme 1.5 The “grafting-onto” approach.

graft polymer ligands onto noble metal surfaces. Another example was adding
sodium borohydride to reduce the dithioester functionality of the thiol group,
tethering gold nanoparticles [302, 303]. Polymerizations initiated by functional
RAFT agents yield functional group-terminated polymer ligands used in the
“grafting-onto” approach. For instance, esterification of propargyl alcohol with
4-cyanopentanoic acid dithiobenzoate produces an alkyne-terminated CTA, result-
ing in alkyne-terminated polymers. The chains can further be attached to a surface
through a copper-catalyzed azide-alkyne cycloaddition (CuAAC) process [304]. A
similar process has been applied to the ATRP procedure as well [104]. Meanwhile,
as the same copper catalytic complex is involved among all CuAAC, ATRP, and
Glaser coupling steps, some secondary side reactions could occur [305]. Another
approach is to prepare azide-terminated functional groups by halogen substitution
of the chain-end functionality with an azide [306-308]. Additional end functional
groups, including phosphonate and thiol, for selectively applying to iron oxide
and gold substrates, can be incorporated into polymers through ATRP reaction
from pre-functionalized initiators as well [43, 309, 310]. Moreover, Y-shaped
polymer ligands grafted substrates were prepared when the functional groups were
introduced in the middle of the backbone instead of the chain ends [311].

An alternative option for the “grafting-onto” approach is to use functional block
copolymers containing blocks with distinct surface affinities. Normally, just a weak
attraction between the anchoring block with surface affinity and the target surface
is enough to link the block copolymer ligands to the substrate, the non-tetherable
block functions as the polymer “free” chain. If there are multiple anchoring
groups present in the block copolymers, the formation of a loop structure can
be achieved by the non-affinity segments between the anchoring functionalities
[312]. In the diblock copolymers, the blocks without anchoring groups, instead
of always fully collapsing, tend to form a partially stretched conformation, as the
chain grows [313]. Grafting block copolymers with different anchoring abilities
onto surfaces can be applied to disperse and compatibilized inorganic nanofillers
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in different media, including aqueous/organic solutions, or polymer matrices
[103, 314, 315]. The different affinities between the two blocks were essential to
avoid the agglomeration of nanofillers. For instance, compared to poly(acrylic
acid)-block-poly(styrene-co-acrylonitrile) (PAA-b-PSAN) ligands, PAA-b-PMMA
ligands give better performance as the dispersant for separating ZnO nanopar-
ticles in organic solutions, as the higher polarity acrylonitrile segments might
compete with the PAA blocks and cause coupling of ZnO nanoparticles [103].
Besides, amphiphilic triblock copolymers poly(methacrylic acid)-block-poly(methyl
methacrylate)-block-poly(styrene sulfonate) (PMAA-b-PMMA-b-PSS) were adsor-
bed to the surfaces of Fe/Fe, 0, nanoparticles as physisorbed layers to improve the
dispersion stability of the nano-iron suspensions in aqueous system and facilitate
their adsorption at the water/oil interface [316-318].

1.3.2.2 Ligand Exchange

The “ligand exchange” approach involves the substitution of the small-molecule lig-
ands on the surface of the inorganic substrates with different functionalized polymer
ligands, which is a special case of the “grafting-onto” approach. To fulfill the ligand
exchange’s prerequisite conditions, either the polymer ligands present a stronger
affinity to the inorganic surface than the pristine ligands or the small-molecule lig-
ands can be removed from the system during the reaction to promote the ligand
substitution process (Scheme 1.6).

The first-reported ligand substitution reaction was carried out between the pris-
tine phosphine oxide ligands and the poly(2-(dimethylamino)ethyl methacrylate)
(PDMAEMA) ligands on the CdSe/ZnS quantum dots. In the organic medium, the
replacement from labile small-molecule ligands to bulky polymer ligands gave stable
and uniform coverage over the quantum dots [319]. However, the polymer-stabilized
quantum dots synthesized through this technique exhibited some significant lim-
itations, as the reaction strongly relied on the dynamic equilibrium between the
two ligands. The polymer ligands containing carbodithioate functional groups can
easily replace the pristine trioctylphosphine oxide ligands due to their substantially
larger affinity to the surfaces of CdSe/ZnS quantum dots [320]. In a similar manner,
a monofunctional thiol group is generally efficient enough to substitute less stable
ligands on noble metal substrates [321].

The surface affinity or the reactivity of the anchoring chain-end groups in polymer
ligands will significantly decrease as the chain grows, resulting in an incomplete lig-
and exchange reaction even with an excessive addition of the desired ligands [322].
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This can be resolved in an improved method by using a non-solvent for the small
ligands stabilizing nanocrystals as well as the polymer ligands. The precipitation of
the nanocrystals with polymer ligands as aggregates from the solutions can locally
exclude the fully soluble small pristine ligands and increase the concentration
of polymer ligands, the polymer-capped nanocrystals are non-dispersible in the
solvent, driving the equilibrium of the ligand exchange reaction further forward to
completion.

Compared to the conventional “grafting-onto” approach, a high grafting density
can be afforded by the ligand exchange method through gradual substitution of the
densely capped nanoparticles with polymer ligands, and a grafting density of up
to 1.2 chains nm~2 was achieved. For a ZnO-based hairy nanoparticles synthesis, a
relatively low boiling point (175 °C) ligand - octylamine was selected as the remov-
able pristine ligands [38]. By heating the reaction mixture above the boiling point
of octylamine, the volatile ligands were continuously removed from the system,
thus shifting the equilibrium of the ligand exchange process. With the addition of
NH,-terminated PSAN ligand, PSAN-NH,, which was synthesized through ARGET
ATRP, the obtained PSAN-capped ZnO nanoparticles were used as high-refractive
index nanofillers in transparent acrylic glasses [323], as well as the precursors of
carbon-ZnO hybrids for photocatalytic and electrochemical applications [324, 325].
The achieved grafting density of PSAN-capped nanoparticles through this approach
was 0.9-2.5 chains nm~2, depending on the ratio between ZnO nanoparticles and
the desired polymer ligands.

1.3.3 Template Synthesis

The “grafting-from” and “grafting-onto” modifications discussed above can be con-
sidered as “inorganic-first” approaches. On the other hand, the synthesis of hairy
nanoparticles through polymeric templates can be categorized as a “polymer-first”
approach. In this approach, inorganic fillers are produced within the inner template,
and the remaining outer polymeric shells serve to stabilize the nano-objects. The
molar mass, molecular weight distribution, chain composition, and architecture of
the pre-synthesized polymer templates can be well-tuned to achieve complex mor-
phologies, which can be also encoded in the hairy nanoparticles.

1.3.3.1 Block Copolymer and Its Derivative Templates

Linear polystyrene (PS)-based block copolymer templates, such as polystyrene-
b-poly(2-vinyl pyridine) (PS-b-P2VP), polystyrene-b-poly(ethylene oxide) (PS-
b-PEO), or polystyrene-b-poly(acrylic acid) (PS-b-PAA) templates, loaded with
different metallic precursors were fabricated into metal or metal oxide nanopar-
ticles/polymer nanocomposite films through reduction reactions [105, 326-328].
Surfactants can prevent aggregation, define the size, and shape of the nanopar-
ticles, as well as their compatibilization with the medium, thus playing a
critical role in inorganic nanoparticle preparation [329]. In the presence of
surfactants as templates, the precursors in the micelles transform into inor-
ganic nanofillers. Instead of the conventional organic surfactants, the block
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copolymer micelles were reported as a liquid-phase template [105, 326, 330].
The poly(methyl methacrylate)-b-poly(ethylene adipate)-b-polyvinylpyrrolidone
(PMMA-b-PEA-b-PVP) random copolymers were used to govern the decompo-
sition of Co,(CO); and induce the formation of well-defined Co nanoparticles
[331, 332]. The initial templated approach focused on the use of block copolymers
to facilitate the formation of micelles in solution, providing limited rational design
beyond the formulation adjustments [333, 334]. The amphiphilic nature of the
block copolymers endorses the use of water/oil emulsions. Inorganic/polymer
hybrids were synthesized when the inorganic fillers were formed inside the
emulsion droplets. On the other hand, porous inorganic materials were gen-
erated when the continuous phase was made of inorganic precursors. Later,
the polymeric template-assisted synthesis of metal/metal oxide nanoparticles
[333, 335-339] was further investigated with polystyrene-b-poly(4-vinyl pyri-
dine) (PS-b-P4VP) or PS-b-P2VP as copolymer templates. Au [336, 338-340], Pd
[336, 341], Pt [336], Rh, Co, and CdS [337] colloidal nanoparticles were synthe-
sized from HAuCl,, Pd(OAc),/Na,PdCl,, K[Pt(C,H,)Cl,]-H,0O, [Rh(CO),Cl],,
Co,(CO)3/CoCl,, and Cd(OAc),, respectively. The catalytic efficiency [338], and
magnetic and optical properties of the obtained hybrid nanocomposites were char-
acterized [337, 341]. Moreover, the recent development of polymerization-induced
self-assembly (PISA) furthermore facilitated template-assisted synthesis by
enabling more complex morphological control, such as the worm-to-vesicle
transitions [342-346]. Such a control using PISA templates can allow the
synthesis of inorganic nanoparticles of various sizes and shapes [106, 347].
For example, photo-crosslinkable and amine-modified poly(2-hydroxypropyl
methacrylate)-poly(2-((3-(4-(diethylamino)phenyl)acryloyl)oxy)ethyl ~ methacry-
late) (PHPMA-PDEMA) block copolymer nanoparticles were synthesized via
RAFT-PISA, and the crosslinked nanoparticles were applied as templates for
polymer/gold hybrid nanoparticles (Figure 1.5) [348].

1.3.3.2 Star/Bottlebrush Polymer Templates

Star and bottlebrush block copolymers can be generally recognized as stable
unimolecular templates. Recent publications introduced a universal synthetic route
for the preparation of polymer-inorganic hybrid nanoparticles/nanorods using
star/bottlebrush polymers with block copolymer arms as nanoreactors Scheme 1.7
[103, 110, 350]. The detailed discussion of the “polymer template approach” is
covered in Chapter 3.

1.4 The Role of “Architecture” in Hairy Nanoparticles

The grafted polymer chains on the surface of nanoparticles are generally used
to stabilize nanofiller dispersion within the polymeric host matrix and therefore
play a critical role in the binary hybrid nanocomposites. Recent advances in
hairy nanoparticles synthesis inspired various novel applications in the fields of
gas separation [351-354], lubrication [355-361], antifouling [47, 312, 362-364],
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Figure 1.5 Reaction scheme for the synthesis of photo-crosslinked stable PHPMA-PDEMA
nanoparticles and preparation of gold/polymer nanoparticle composite. (a) The spectrum
of solution after reduction of chloroauric acid using NaBH,, (b) TEM image of the
gold/polymer hybrid nanoparticles (molar feed ratio of HAuCl,/tertiary amine is 1/4).
Source: (b) Huang et al. [348], Reproduced with permission of John Wiley & Sons Inc.

smart-responsive materials [365-370], so on and so forth, Scheme 1.8. The properties
of hairy nanoparticles are strongly associated with the chain architecture as well
as the molecular characteristics of the tethered polymer ligands. The advances in
synthetic methods to precisely modulate the architecture of polymer ligands, hence
give a valuable research opportunity in the field. Major tools of macromolecular
engineering include molar mass, dispersity, ligand composition, topology, and func-
tionality. They also include multiple types of copolymers as well as bimodal ligands,
miktoarm (binary) ligands that can be separated and assembled into Janus particles.

1.4.1 Conformation of Hairy Nanoparticles

It is important to study the structure of hairy nanoparticles as it affects the physic-
ochemical properties of hairy nanoparticles both in solid and solution states. The
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main features of both the dynamic performance and interactions in hairy nanopar-
ticles can be described using a scaling model that was first established by Daoud
and Cotton (DC) to evaluate the structure of star-like polymers, which were later
extended to hairy nanoparticle systems [371, 372]. According to the DC model, the
structure of hairy nanoparticles can be divided into two regimes: the concentrated
particle brush (CPB) regime and the semi-dilute particle brush (SDPB) regime.
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Scheme 1.8 Schematic representation of the advanced application of hairy nanoparticles.
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Within the CPB regime, due to the strong excluded volume interactions, chains
maintain a stretched conformation, while in the SDPB regime, polymer chains
preserve a relaxed mushroom-like conformation (Figure 1.6a). The critical distance
r. = ro(a)Y2(v')~! (where r, refers to the particle radius, ¢ = ca? is the reduced
grafting density, a is the length of a repeat unit, and v* = v/(4x)/? is the effectively
excluded volume parameter) [371] is given to defining the transition threshold
between the two regimes: for a total effective hairy nanoparticles size r, + h <r,
(where h refers to the thickness of the polymer shell), they are presumed to be in
the CPB regime. On the other hand, for a total effective hairy nanoparticle size
ro+h>r,, the SDPB regime is expected (Figure 1.6b). In the ideal scaling model,
in the CPB regime, the thickness of the polymer shell scales h ~N* (1>x> 3/5),

Particle brush

(a)

Figure 1.6 Illustration of the transition from concentrated particle brush to semi-dilute
particle brush regime. (a) A hairy nanoparticle with radius R, and grafting density o, shows
the concentrated particle brush and semi-dilute particle brush regimes with stretched and
relaxed chain conformations. (b) The predicted variation in scaling of the thickness of the
polymer shell with the degree of polymerization. Source: Adapted from Choi et al. [373].
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Scheme 1.9 Schematic representation of the architecture of the grafted chains.

where N refers to the degree of polymerization, while in the SDPB regime, the
scaling follows h ~ N” (y = 3/5 in good solvents). Besides, the performance of
hairy nanoparticles is substantially affected by the chain architecture of the grafted
polymer chains, Scheme 1.9. As one of the most versatile methods, SI-CRP has been
applied to grow statistical/random [374], block [375, 376], gradient copolymers
[377, 378], as well as hyperbranched [379, 380] and cyclic polymers [381-383] from
various inorganic substrates.

Tuning the grafting density of the hairy nanoparticles can significantly impact
their overall physicochemical properties [384-386]. Based on the modified DC the-
ory, the critical degree of polymerization (N,) is defined where the grafted polymer
ligands enter the SDPB regime from the CPB regime. The N value was determined
by the surface curvature of the particle core as well as the grafting density of the
hairy nanoparticles. As the polymer chains start to relax after the transition from
CPB to SDPB regime, the properties of interparticle ligand entanglement and chain
penetration can only occur in the SDPB regime [387]. Generally, the final grafting
density of the hairy nanoparticle is determined by the density of initiating sites on
the surface of nanoparticles, which is controlled during the surface functionalization
step. A facile synthetic route to tune the concentration of ATRP initiating sites on
the surface of silica nanoparticles is illustrated in Scheme 1.10. The mixture with
different ratios of active and “dummy” anchoring ATRP initiators is applied to
modulate the concentration of initiating sites and further the grafting density of
the hairy nanoparticles [267, 389]. Additionally, in an alternative method, ATRP
initiators can be partially removed through high-energy irradiation [390-392].
Hairy nanoparticles with densely grafted and intermediately grafted polymer shells
exhibited uniform microstructures, while the sparsely grafted systems showed
a string-like superstructure, Figure 1.7 [393]. One way to distinguish whether
the hairy nanoparticles form uniform or string-like microstructures is to check
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Scheme 1.10 Synthesis of hairy nanoparticles with different grafting densities. Source:
Reproduced from Wang et al. [388] with permission of American Chemical Society,
Copyright 2020.
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Figure 1.7 Representative bright-field transmission electron micrographs for (a) dense
(Si0,-d-5365), (b) intermediate (Si0,-i-S328), and (c) sparse (Si0,-s-5432) PS-brush systems
with similar degrees of polymerization. Also shown are schematic illustrations of the
corresponding microstructures. Source: Lee et al. [393], Reproduced with permission of
American Chemical Society.
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their interparticle distance distributions through the image analysis performed
on the TEM images. If the distance distribution is monomodal, the structure is
considered uniform, which is attributed to the stronger hard-sphere-type attraction
in densely/intermediately grafted hairy nanoparticle systems that promote the
formation of highly ordered nanostructures, while a bimodal distribution suggests
the formation of a string-like superstructure [373, 394-399].

1.4.2 Bimodal Hairy Nanoparticles

A primary issue restraining the application of hairy nanoparticle solids is that short
polymer ligands cannot afford sufficient chain entanglements for a tough material
with good processibility, while high-molecular-weight ligands with the same
grafting density significantly reduce the inorganic content and further the targeted
improvements introduced by the inorganic nanofillers. Even though the inorganic
fraction can maintain a decent value when applying sparsely grafted high molar
mass polymer chains, the nontethered bare surface could result in severe agglom-
eration, which usually has detrimental effects on the performance of the material
[400]. A possible solution to this dilemma was demonstrated by hairy nanoparticles
with bimodal molecular weight distribution (Scheme 1.11) [401]. In an ideal case,
the short polymer ligands densely cover the pristine nanoparticles without sacrific-
ing the inorganic fraction to prevent the aggregation of nanoparticles. Meanwhile,
as the transition from CPB to SDPB regime occurs at the chain ends of the short lig-
ands, the introduction of sparsely grafted high molar mass ligands affords the chain
entanglements for enhanced mechanical performance and processibility Figure 1.8.

(" A
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N Ay Polymer “ 17,
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"0nafjy.,.: " . > . .
ation . . T
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Scheme 1.11 Interactions of hairy nanoparticles with bimodal molecular weight
distribution. Polymers with bimodal molecular weight distribution on hairy nanoparticles
via ‘extending-from” (partial deactivation) strategy and “attaching-onto” (polymer
attachment) strategy. Source: Reproduced from Yan et al. [401] with permission of American
Chemical Society, Copyright 2015.

Bimodal block copolymer hairy nanoparticles with tunable assembling behavior
were prepared using functionalized nanoparticles with different concentrations of
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Figure 1.8 TEM images of monolayers (a-e), crack formation (f-j), and illustrations of
cracks (k-o) of the five SiO,-g-PS hairy nanoparticles. Unimodal sample 55U (SiO,-g-PSg,,
a, f,k): N<N, ~ 160, extensive crack propagation. Unimodal sample 55UL (Si0,-g-PS,;,, b,
g, l): above entanglement limit but in CPB regime (DP < 250), sharp crack formation.
Bimodal sample 55B (Si0,-g-bi-PS 3 174, ¢, h, m): long brushes above entanglement limit

and slightly beyond CPB-SDPB transition (grafting density ~0.11 chains nm=2), plastic
deformation. Unimodal sample 20U (Si0,-g-PS,;,, d, i, n): N> N, and slightly beyond
CPB-SDPB transition, stent-like undulation formation. Bimodal sample 20B
(510,-g-bi-PS¢g 799, €, J, 0): long brushes in SDPB regime and far above entanglement limit,
craze formation. Scale bars = 100 nm. Source: Yan et al. [401], Reproduced with permission
of American Chemical Society.

initiating sites. The primary PMMA blocks were extended with PS as the outer shell
(Figure 1.9) [388]. The chain extension efficiency and bimodality of the grafting
ligands were modulated by the concentration of hairy nanoparticle macroinitiators
(SiO,-g-PMMA-Br). Three different bimodal block copolymer hairy nanoparticles
with densely/intermediately/sparsely grafted pristine PMMA blocks were synthe-
sized. Due to their low extension efficiency, the three bimodal SiO,-g-PMMA-b-PS
hairy nanoparticles exhibited macroscopically uniform but microscopic string-like
features, connected rings, and continuous cluster network morphologies, respec-
tively. These observed different phase-separated structures were attributed to the
segregation of PMMA- and PMMA-b-PS-grafted chains. This development offers a
new path toward designing hierarchically ordered quasi-one-component materials.

1.5 Conclusion

The incorporation of inorganic nanofillers with polymers can achieve composites
with overall enhanced performance and novel properties that are derived from
the complex superposition of dynamics and interactions. Within the past decade,
advancements in synthetic methodologies have enabled the preparation of hairy
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| -

Figure 1.9 TEM images of bimodal SiO,-g-PMMA-b-PS hairy nanoparticles. (a, b) densely
grafted, (c, d) mediumly grafted, (e, f) sparsely grafted. Scale bar: (a), (c), (e), 500 nm; (b), (d),
(f), 100 nm. Source: Wang et al. [388], Reproduced with permission of American Chemical
Society.

nanoparticles with precisely engineered structures and compositions. Among the
various approaches, SI-CRP is a robust technique that allows the synthesis of hairy
nanoparticles with precise control over molar mass, dispersity, grafting density,
the microstructure, as well as the architecture of the tethered chains. Although
some recent reports present RAFT as a promising methodology to generate
surface-grafted polymer chains, SI-ATRP is still the predominant technique in
this field, mostly due to facile surface functionalization with ATRP initiators. It is
possible to reduce the ATRP catalyst concentration to ppm level and reach a high
conversion within a short reaction period with preserved chain-end fidelity. Besides,
ATRP offers facile temporal and spatial control over the reaction through external
stimuli, including photo-irradiation, electrical current, and ultrasound agitation.
The major approaches to tether polymer ligands to inorganic substrates discussed
in this chapter are “grafting-from” and “grafting-onto” methods. Generally, the
“grafting-from” approach affords grafted polymer ligands with higher and tunable
grafting densities; however, in this approach, a step of surface functionalization
is needed before polymerization to introduce the initiating sites on the surface
of nanoparticles. The “grafting-onto” approach does not always require the pre-
treatment step, but due to the steric hindrance among the tether ligands, it is

33



34

1 Synthesis of Hairy Nanoparticles

difficult to achieve high grafting densities with this method. Subsequently, “ligand
exchange” was developed to obtain high grafting densities with limited selections
of interchangeable ligands.

The area of synthesis of hairy nanoparticles is among the most rapidly growing
fields, as it provides access to previously unavailable novel materials for high-value
potential applications, such as separation science, biosensors, non-fouling coatings,
and organic electronics. Vast opportunities are predicted from the basic investiga-
tions toward large-scale, low-cost manufacturing of soft materials. Further research
will focus on the expansion of the library of monomer selections applicable to
SI-RDRP and the further advancement of chemical methods to understand the
structure-property correlations and control higher-order chain characteristics,
such as the sequence and the spatial distribution of repeat units along with the mul-
ticomponent graft systems. The opportunities for developing innovative material
systems with better control of the microstructure could have a substantial impact
on a broad range of soft matter technologies.
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