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ABSTRACT: Mixed polymer brush-grafted particles, in which two distinct polymers are randomly or
alternately immobilized by one end via a covalent bond on the surface of core particles with sufficiently high
grafting densities, represent a new, intriguing class of environmentally responsive nanostructured hybrid
materials. The two end-tethered polymers can undergo spontaneous chain reorganization in response to
environmental variations, rendering particles adaptive surface properties and different colloidal behavior.
This Perspective is intended to review recent exciting progress on the synthesis, responsive properties, self-
assembled structures, and applications of mixed brush-grafted particles with a spherical core radius R oe
significantly larger than, comparable to, and smaller than the root-mean-square end-to-end distances ((Rms))
of grafted polymers. The critical yet unsolved issues in the phase morphology of mixed homopolymer brushes
and the hierarchical self-assembly of mixed brush-grafted particles are discussed.

Polymer Brush-Grafted Particles: Hairy Particles

Hairy particles are composed of a core and a layer of polymer
chains that are densely tethered by one end v1a acovalent bond on
the core surface (i.e., a polymer brush').? The core can be an
inorganic (e. g srhca) a metal (e.g., gold) or an organic (e.g.,
latex) particle* with a size from a few nanometers to hundreds of
nanometers. Besides regular spherlcal shapes,>™* the core can
also be cylindrical or rod-like.” The brush layer may be made of a
neutral or a charged polymer, a flexible or a rigid-rod-like
polymer, and a single-component or a multicomponent polymer
system. Thus, the term “polymer brush-grafted particles” or
“hairy particles” comprises a very broad range of nanostructured
hybrid particles. These particles can be engineered to combrne
desired propertles of both core particles (mechanical, optical,®
magnetic,” etc.) and polymer brushes (environmental compa-
t1b111ty, responsiveness, etc.)'® and thus have potential applica-
tions in drverse fields ranging from advanced ndnocomposnes
to cataly51s ¢ to Prckerrng emulsions,”!® to self-cleaning
materials,' to sensing,'' and biotechnology."

Generally, there are two approaches to prepare polymer
brush-grafted particles: (i) the “grafting to” method, where
end-functionalized polymers are grafted onto the surface of
existing particles via a reaction between the polymer end group
and the particle surface or act as a stabilizing reagent in the
synthesis of core particles,™*!* and (i) the “grafting from”
method, where the tethered polymer chains are grown directly
from initiator-functionalized particles.>** These two methods
are complementary to each other, and each has distinct advan-
tages. The “grafting to” method is simple in practice, and one can
use well-defined polymers with known molecular architectures,
predetermined molecular weights, and narrow polydispersities,
but the grafting density of polymer brushes tends to be low
because polymer chains must diffuse through the existing grafted
polymer layer to react with the surface. The “grafting from”
or surface-initiated polymerization method usually produces
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polymer brushes with a higher grafting density and a greater
thickness, but it rei]uires the immobilization of an initiator on the
surface first.!>>!

The past decade has seen a rapid growth in the research of hairy
particles. Since Prucker and Riihe described in their seminal
papers the growth of polystyrene (PS) from silica gels that were
functionalized with an azo monolayer by conventional free radical
polymerizaiton,”*® a variety of polymerization techniques, parti-
cularly “living”/controlled rad1ca1 polymerizations including
atom transfer radical (ATRP)," nitroxide-mediated radical
(NMRP),'®and reversrble addrtlon fragmentation chain transfer
polymerization (RAFT),"” have been used to synthes1ze high-
density polymer brushes from silica partlcles 8 gold and mag-
netic nanoparticles,>” quantum dots,® and carbon nanotubes.”
The availability of well-defined hairy particles with precisely
determined structures in both core and brushes opens up new
opportunities in fundamental studies and nano- and biotechno-
logies. For example, using the Langmuir—Blodgett technique,
Ohno et al. demonstrated that the distance between the gold
nanoparticles with a size of ~10 nm can be well controlled by the
chain length of the grafted polymer.* They also discovered that
under appropriate conditions high-density polymer brush-grafted
silica particles can form semisoft colloidal crystals,"®"™ a new
type of colloidal crystals. Hairy partrcles have also been used for
the fabrication of hollow organic particles'®* and advanced
polymer nanocomposites.”’ Magnetic nanoparticles grafted with
blocompatlble polymer brushes can be used as magnetlc reso-
nance imaging contrast agents By incorporating organic cata-
lysts into dangling polymer chains grafted on particles, Zhao et al.
developed polymer brush-supported catalysts that exhibit the
advantages of both soluble polymer-supported (high catalytic
activities) and cross-linked polymer-supported OrganCdtdlyStS
(high recyclability).** These examples demonstrate the unique
characteristics of hairy particles compared with bare particles or
small molecule-coated particles.

Among all types of polymer brush-grafted particles, environ-
mentally responsive hairy particles are particularly interesting as
they exhibit different structures and properties in response to
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environmental variations.”'3?!'"2* These particles are usually
made by the use of stimuli-responsive polymers, the polymers
that exhibit an abrupt change in chain conformations upon
application of an external stimulus (e.g., a temperature change,
light, etc.).>* A representative example of such polymers is
thermosensitive hydrophilic polymers that can undergo coil-
to-globule or hydration-to-dehydration transitions in water at
lower critical solution temperatures (LCSTs).> Since the polymer
brushes dictate how hairy particles interact with environment, the
conformation changes of individual polymer chains could cause
the particles to exhibit different behaviors. For example, thermo-
sensitive polymer brush-grafted silica particles can spontaneously
transfer from water to ethyl acetate phase upon heating or vice
versa upon cooling.”?® The thermo-induced transport of hairy
particles is fully reversible and quantitative, which could be used
to design novel phase transfer catalysts or material-delivery
systems.

A new type of environmentally responsive hairy particles that
has received growing interest in recent years is mixed brush-
grafted particles,?® in which two distinct, immiscible polymers are
randomly or alternately immobilized by one end via a covalent
bond with sufficiently high grafting densities on the surface
of core particles. Unlike conventional stimuli-responsive, e.g.,
thermosensitive, hairy particles where individual polymer chains
exhibit different chain structures and properties upon application
of an external stimulus, the responsive properties of mixed brush-
grafted particles stem from the capability of two immiscible
components to undergo structural reorganization in a confined
geometry in response to environmental variations in order to
achieve the lowest free energy states. Thus, the two grafted
polymers are not necessarily stimuli-responsive as in the con-
ventional definition. Certainly, the use of stimuli-responsive
polymers in the design and synthesis of mixed brush-grafted
particles would further enrich their phase behavior and respon-
sive properties. Before we consider mixed polymer brush-grafted
particles, it would be beneficial to briefly discuss mixed homo-
polymer brushes in general.

Mixed Homopolymer Brushes on Planar Solid Substrates:
Theoretical and Simulation Studies

Much like diblock copolymers, when molecular weights are
sufficiently high, the two immiscible homopolymers in mixed
brushes will undergo microphase separation; the covalent fixa-
tion of one end of polymer chains on a solid surface prevents
macroscopic phase segregation.”’ * The phase behavior of
binary mixed homopolymer brushes on a planar solid substrate
is dictated by a number of factors, including (i) degree of
polymerization (DP) of each grafted polymer (N5 and Np),
(i)) Flory—Huggins interaction parameters between two compo-
nents (ya—g), between each polymer and environment (y,—g and
B—E), and between each polymer and the grafting substrate
(xa—s and yp—s), where A, B, E, and S represent respectively
polymer A, polymer B, environment E (E could be a solvent or a
polymer matrix, etc.), and substrate, (iii) grafting density of each
polymer, and (iv) distribution of grafting sites of two polymers
on the substrate. Although diblock copolymers and mixed
homopolymer brushes have many characteristics in common
(one extreme case of mixed homopolymer brushes is Y-shaped
brushes made by grafting a diblock copolymer through the
junction point to the surface), one distinct difference is that the
junction points of block copolymer chains are mobile at the
interface of different microdomains, while the grafting sites
of two homopolymers in the mixed brushes are fixed.** In
addition, mixed brushes are just a single brush layer with
a typical thickness less than 100 nm. Thus, environmental
factors could play a decisive role in the determination of phase
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structures of mixed brushes, making them exhibit different
surface properties under different conditions. The distinctive
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Scheme 1. A Simplified Schematic Illustration of Self-Assembly of
Mixed Homopolymer Brushes under Equilibrium Melt Conditions and

in Various Solvents
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responsive properties and intriguing phase behavior of mixed
brushes have attracted considerable interest and have been
intensively studied by theoretical considerations and simulations
in the past two decades.

Marko and Witten were the first studying whether symmetric
mixed homopolymer brushes on a flat substrate phase separate
laterally forming a “rippled” phase or vertically producing
a “layered” structure under equilibrium melt conditions
(Scheme 1).’* The lowering of enthalpy via microphase
separation is accompanied by an entropic cost, which originates
from the distribution of free ends within the layer in the case of
vertical separation or the changes in the conformations of chains
traveling in different regions of the brush layer in the case of
lateral separation. They predicted that the lateral phase separa-
tion preempts vertical phase segregation and the “rippled”
structure should be the one to appear. The phase separation is
expected to occur at a molecular weight 2.27 times that for the
same polymers in a simple blend at its demixing threshold, that is,
xagN = 4.54, where N is the DP of one grafted polymer. The
ripple wavelength of the pattern is predicted to be 1.97 times the
chain root-mean-square end-to-end distance ((R;ns)). Marko and
Witten also pointed out that the phase transition can be con-
trolled in a number of ways. For example, altering the relative
compositions and molecular weights should drive first-order
transitions between different ordered states. The lateral phase
separation of mixed homopolymer brushes under melt or near-
melt conditions has also been revealed by other researchers in
theoretical or simulation studies.”’*%** Dong investigated the
phase separation of mixed brushes in melt under a strong
demixing interaction and found that in order to reduce the free
energy the unlike chains undergo lateral microphase separation
and form periodic pure A and B regimes, but it is unclear whether
a striped pattern or a checkerboard pattern is preferred.”’® The
spatial period of the pattern is independent of the interaction
strength between two polymers.2’** It should be noted here that
in these studies it is implied that ys—g and yg_g are equal as well
as the interaction strengths between two polymers and the
grafting plane (ya—s = yp—s)- If the surface free energy difference
between two polymers is substantial, the species with a lower
surface free energy may segregate in melt to the outermost layer
to reduce the system’s free energy. Similarly, the polymer with a
lower interfacial free energy with respect to the grafting plane
may have a stronger affinity to the substrate. However, no
systematic theoretical investigations have yet been performed
to elucidate the effects of the differences between ya_g and yg_g
and between ya—s and yp—s.

In the presence of solvents, mixed homopolymer brushes
exhibit an even richer phase behavior than in melt as the solvent
quality can be readily tuned from nonselective good, to non-
selective poor, and selective.?®% Many nanostructures have been
predicted for planar mixed brushes in nonselective solvents. Lai
studied binary mixed brushes in a good solvent by simulation and
found that for symmetric binary brushes polymer chains of the
same type clustered together laterally, forming a rippled state.”*
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For asymmetric mixed brushes, layered structures were observed
with the minority chains being more stretched and staying away
from the grafting sites under partial phase separation. The heights
of both minority and majority chains in the layered state
were proportional to their chain lengths. Soga et al. studied
equilibrium structures of mixed brushes under various nonselec-
tive solvent conditions.”®® When the two species are sufficiently
immiscible, lateral microphase separation is observed over a wide
range of solvent conditions. The onset of lateral phase separation
is delayed as the solvent quality improves. Zhulina and Balazs
designed an ideal binary mixed brush, Y-shaped brush in which a
symmetric AB diblock copolymer is densely grafted on a sub-
strate surface through a functional group at the junction point of
the two blocks and studied how the variations of nonselective
solvent quality, grafting density, and chain length affect the
morphology of the Y-shaped brushes.?* A rich variety of lateral
nanostructures within the brush layer was observed, and a phase
diagram was constructed to delineate the regimes where different
self-assembled nanostructures appear. Miiller further investi-
gated the structure and phase behavior of binary mixed brushes
in nonselective solvents as a function of stretching, composition,
and incompatibility of polymer chains.”®® At small incompa-
tibilities, a rippled phase is formed where different species
segregate into an array of parallel cylinders. At large incompa-
tibilities or asymmetric compositions, two “dimple” phases were
identified, where different species form clusters that arrange on a
quadratic (checkerboard structure) or hexagonal lattice. By using
Monte Carlo simulations, Wenning et al. studied how the
distribution of grafting points of two polymers influence the
structure formation and found that the density fluctuation of
grafting points enhances the formation of irregular structures and
the randomness prevents the formation of a long-range order.?*
The lack of a long-range periodic order in the nanostructures
formed from microphase separation of binary mixed brushes was
also observed in the studies using single-chain-in-mean-field
simulations.?*¢

In selective solvents, micellar structures with the solvophobic
chains packing into a dense core and the solvophilic chains
forming the corona have been predicted.” Since the solvophilic
chains are swollen in the solvents, the brush surface exhibits the
properties of the solvophilic polymer. By varying the selective
solvents, one can reversibly change the surface properties
of mixed brushes. The switching process of binary mixed brushes
composed of hydrophobic and hydrophilic species upon a sudden
change of solvent quality was analyzed by Merlitz et al.
for various solvent selectivities, chain lengths, and grafting
densities.”>¢ The process is highly reversible because after a
microphase separation the chains are moving collectively inside
their phase domains so that the interactions between chains of
different types are diminished.

The above theoretical and simulation studies evidently show
that by tuning parameters, including Ny and N, relative and
overall grafting densities, chemical compositions, and solvents, a
variety of surface nanostructures could be formed by binary
mixed homopolymer brushes. Moreover, different structures
formed from the same mixed brushes are fully reversible because
polymer chains are covalently fixed on the substrate, making
mixed brushes robust surface-responsive materials.®

Mixed Polymer Brushes on Planar Solid Substrates: Experi-
mental Studies

Experimental study on mixed brushes began a decade ago.!
Sidorenko et al. reported in 1999 the synthesis of first mixed
homopolymer brushes, mixed PS/poly(2-vinylpyridine) (PVP)
brushes, by a “grafting from” method using a two-step conven-
tional free radical polymerization process, in which the second
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Scheme 2. Synthesis of Mixed Homopolymer Brushes by Sequential Surface-Initiated Atom Transfer Radical Polymerization (ATRP) and Nitroxide-
Mediated Radical Polymerization (NMRP) from Y-Initiator-Functionalized Silicon Wafers in a Two-Step Process (Adapted from Refs 63 and 64)

| |
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polymer was grown from the residual surface-immobilized
azo initiator that did not decompose in the synthesis of the
first polymer.>! The obtained binary mixed brushes exhibited
switching properties in response to environmental variations.
Upon exposure to toluene, a selective solvent for PS, the surface
became hydrophobic with PS chains occupying the outermost
layer; treatment with an acidic aqueous solution, a selective
solvent for PVP, changed the brush surface to hydrophilic due
to the enrichment of PVP chains at the upper layer. These
processes were reversible. Since this seminal experimental work,
the intriguing responsive properties of mixed brushes have
received enormous interest, and considerable efforts have been
invested on the synthesis, characterization, phase morphologies,
and applications of mixed brushes,®'~® especially the mixed
brushes on planar solid substrates in the past decade.

Besides the two-step surface-initiated conventional free radical
polymerization,*' ~** various “grafting to” methods have also
been developed for the preparation of mixed brushes. Notably,
Minko et al. reported a “grafting to” method, in which carboxyl-
terminated PS and PVP were grafted sequentially onto silicon
wafers that were functionalized with 3-glycidoxypropyltri-
methoxysilane at temperatures above the glass transition tem-
peratures (7,s) of polymers.**** As mentioned earlier, the
“grafting to” method allows the use of polymers with controlled
molecular weights, narrow polydispersities, and well-defined
architectures.* % Wang et al. prepared mixed PS/poly(methyl
methacrylate) (PMMA) brushes on silicon wafers by grafting
ABC triblock copolymers with a short central B block that can
form covalent bonds with silicon wafers in an one-step reaction.’’
The polymers used, PS-b-poly(4-hydroxystyrene)-b-PMMA and
PS-b-poly(4-urethanopropyltriethoxysilylstyrene)-b-PMMA, were
synthesized by living anionic polymerization and subsequent
polymer modification reactions. Julthongpiput et al. prepared a
Y-shaped brush, the model brush that Zhulina and Balazs studied in
their theoretical work, by grafting PS-b-poly(zert-butyl acrylate)
(PfBA) to silicon wafers via the reaction between the surface and
the carboxylic acid group at the junction point of PS and PrBA
blocks.”™* Similarly, Wang et al. synthesized Y-shaped PS/PVP
brushes on silicon wafers via a hydros1lylat10n reaction.®’ A distinct
advantage of Y-shaped brushes is that the fluctuation of grafting
points of two polymers is completely eliminated, and two polymers
are alternately grafted on the surface. However, the thickness of
these Y-shaped brushes is low, typically <5 nm."~%

Zhao et al. developed a “grafting from” method for the synthesis
of mixed homopolymer brushes with controlled molecular weights,
narrow polydispersities, and high grafting densities by combining
two different living radical polymerization techniques,”' > ATRP
and NMRP, from asymmetric difunctional initiator- (Y-initiator-)
functionalized silica wafers (Scheme 2).° " The Y-initiators were
designed to ensure that the ATRP and NMRP initiators are

Homopolymer Brush

® O M2,120°C O O

Mixed Homopolymer Brush

alternately immobilized on the substrate surface, and thus it is
possible to prepare well-mixed homopolymer brushes. The NMRP
initiator (TEMPO initiator) was confirmed to be stable under the
typical ATRP conditions.®' %" Corresponding free initiators were
added into the reaction mixtures to control the surface-initiated
polymerizations. The grafting densities of two polymers were high
and very close to each other. The brush thickness was proportional
to the polymer molecular weight, and a thickness of 76.5 nm was
obtained for a mixed brush with a molecule weight of 36—40 kDa
for each polymer. 63

The responsive properties of mixed brushes upon environ-
mental variations, including solvent changes and heating,
have been intensively studied and well documented in the
literature.”' "® The changes in chemical composition of the
topmost layer, topography, wettability, and mechanical proper-
ties have been investigated by contact angle analysis, X-ray
photoelectron spectroscopy (XPS), atomic force microscopy
(AFM topography and nanomechanical analysis), and ellipso-
metry. While most studies were performed ex-situ, e.g., on
samples that were exposed to a solvent and subsequently dried
with a stream of air or nitrogen, in-situ observations of the
reorganization of mixed brushes in response to solvent changes
were conducted by Lin et al. using AFM®® and by Mikhaylova
et al. using ellipsometry.>* The wettability switching of amphi-
philic mixed brushes can be amplified by surface roughness,
which has been elegantly demonstrated by Minko et al. using
a rough surface as the substrate to prepare mixed po g/(styrene-
¢0-2,3.,4,5,6-pentafluorostyrene) (PSF)/PVP brushes.*® The sur-
face exhibited an advancing contact angle of 160° after exposure
to toluene, and water could readily roll off. In contrast, water
spread on the surface after the sample was treated with an acidic
aqueous solution. The switching properties of mixed brushes
have also been exploited in environmentally responsive lithogra-
phy, where a pattern that was “written” in the mixed brushes by
UV irradiation through a photomask can be reversibly developed
and erased by treatments with different solvents.*” Applications
of binary mixed polymer brushes in microfluidic systems, chemi-
cal gating, and biotechnology have been reported.®’~®

Understanding how two polymers organize themselves in the
mixed brush layer under different conditions will increase our
knowledge about polymer microphase separation in a confined
geometry and allow better use of these surface-responsive mate-
rials in technological applications. Efforts have been made to
elucidate the phase morphology of mixed brushes after exposure
to different solvents. Minko et al. used AFM and X-ray photo-
emission microscopy to study mixed PSF/PMMA brushes, which
were prepared by surface-initiated conventional free radical
polymerizations from silicon wafers, and observed that in a
nonselective solvent different species segregate into parallel
cylinders (“ripple” structure).”® Upon exposure to a selective
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solvent, the “ripple” structure transformed to a “dimple” struc-
ture, in which the unfavored component formed clusters, and
simultaneously an enhanced perpendicular segregation was
observed. In a separate work, they investigated the structure of
mixed PS/PMMA brushes by a combination of step-by-step
oxygen plasma etching and AFM (“AFM tomography”).”® The
brushes exhibited ripple and dimple morphologies upon exposure
to toluene, a nonselective solvent, and acetone, a selective solvent
for PMMA, respectively. They concluded that the ripple morpho-
logy consisted of depressed PS-rich and elevated PMMA-rich
elongated domains. For the dimple morphology, the core of the
cluster was rich in PS, while the very top layer and valleys between
clusters were rich in PMMA.

Although experimental studies had been performed to eluci-
date the nanostructures of mixed brushes after solvent treat-
ments, the phase morphologies of mixed brushes had not been
unequivocally determined; no direct visualization had been made,
for example, by transmission electron microscopy (TEM) to
show how the two polymers are organized in the brush layer.
The phase behavior of symmetric mixed homopolymer brushes in
melt, discussed by Marko and Witten,?’® had not been touched.
This is largely because of two challenges encountered in the
experimental studies. One is the preparation of relatively well-
defined mixed homopolymer brushes with controlled molecular
weights, narrow polydispersities, and relatively high grafting
densities. This requirement is similar to that for the study of
phase morphology of block copolymers, where the samples used
are well-defined and usually made by living polymerizations. The
Y-brushes prepared from well-defined diblock copolymers by
“grafting to” are truly alternate mixed brushes, but the thickness
tends to be low, <5 nm as reported in the literature.””~%° The
two-step surface azo-initiated radical polymerization can pro-
duce thick brushes, but the molecular weights and polydisper-
sities are not controlled.*' ** The second challenge is the
experimental determination of phase structures. Although con-
tact angle measurements, XPS, and AFM can give some insights,
direct and explicit determination of phase behavior of mixed
brushes requires the use of TEM, scattering methods, or differ-
ential scanning calorimetry (DSC), typical tools used in the study
of block copolymers. The mixed brushes prepared by sequential
surface-initiated ATRP and NMRP from a Y-initiator-functio-
nalized substrate are relatively well-defined. However, micro-
toming of silicon wafers (e.g., by focused ion beams) for the
preparation of TEM samples is very challenging.”!

Mixed Brush-Grafted Particles: A New Intriguing Class of
Environmentally Responsive Hairy Particles

Grafting two different polymers at the surface of particles in a
random or alternate fashion with sufficiently high grafting
densities for both polymers will produce a class of unprecedented
hairy particles.”” These hybrid particles undoubtedly possess
environmentally responsive properties as mixed brushes on flat
solid substrates, but they are not simply a curved version of
planar mixed brushes for the following two reasons. First,
interesting properties such as mechanical,® optical,**'* and
magnetic properties,”'? which usually are not associated with
polymers, can be introduced into hairy particles through the
selection of appropriate core particles. Second, a new funda-
mental parameter, the curvature of the grafting surface, emerges,
which could play an important role in the determination of phase
structures of mixed brushes on particles. New nanostructures
could be generated from microphase separation of mixed brushes
when the core is small.

The effect of substrate curvature on phase morphology of
mixed homopolymer brushes has largely remained unexplored.
There is only one computer simulation study on mixed brushes
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Scheme 3. Mixed Homopolymer Brushes Grafted on Spherical Parti-
cles with a Radius R (i) Significantly Larger than the Root-Mean-
Square End-to-End Distances ((R,p,,s)) of Polymers, (ii) Smaller than
(Ryms)s and (iii) Comparable to (R s

e8¢

() R>> <Rppe>

(i) R< <R,&>

(iii) R ~ <R,e>

that are grafted on spherical particles with a core radius
R comparable to the polymer size (Ryms).”> The phase behaviors
of mixed brushes on spherical particles of other sizes and particles
of other shapes and sizes have not been investigated theoretically.
There have been a number of experimental studies on spherical
particles.'*?*7*7% In the following sections, we will discuss,
whenever applicable, the synthesis, responsive properties and
phase morphologies of mixed brushes on spherical particles with
a radius R (i) significantly larger than (R,,s) of polymers having
the same molecular weights in an ideal state, (i) smaller than
(Rims), and (iii) comparable to (R, (Scheme 3). This classifica-
tion is arbitrary, solely based on the authors’ opinion. In doing so,
the authors hope to convey a sense to readers that mixed brush-
grafted particles are an intriguing class of nanostructured materi-
als and are of great interest to both academic research and
technological applications. Besides the morphologies of mixed
brushes on the surface of particles, attention will also be paid to
the hierarchical structures formed by self-assembly of hairy
particles under various environmental conditions.

Mixed Brush-Grafted Particles with a Core Size Significantly
Larger than Root-Mean-Square End-to-End Distances (R,
of Polymers

When the size of core particles is significantly larger than the
(Rims) of the polymers in an ideal state, mixed brushes can be
considered to be grafted on a quasi-planar substrate. Compared
with silicon wafers, the higher surface area of particles and the
increased amount of grafted polymers allow the use of traditional
block copolymer characterization techniques for study of phase
behavior of mixed homopolymer brushes. These techniques
include DSC, TEM, and neutron scattering, which have been
routinely employed to determine phase morphologies of block
copolymers in melt and in solution.”"”? Different from silicon
wafers, silica particles can be microtomed to thin sections for
direct visualization by TEM. Moreover, the higher surface area
of particles allows the cleavage of grafted polymers for thorough
characterization of molecular weights, polydispersities, and
grafting densities if mixed brushes are synthesized by surface-
initiated polymerizations. These molecular characteristics are
important for the study of phase behavior of mixed homo-
polymer brushes.

Aiming at determining the phase structures of mixed homo-
polymer brushes in melt and in solution, Zhao and co-workers
synthesized mixed poly(terz-butyl acrylate) (PfBA)/PS brushes
with controlled molecular weights and narrow polydispersities
from Y-initiator-functionalized silica particles with a size of
180 nm by sequential ATRP of fert-butyl acrylate and NMRP
of styrene in the presence of corresponding free initiators.® By
cleaving the grafted polymers off the silica particles, the mole-
cular weights and polydispersities of grafted polymers were found
to be essentially identical to those of free polymers formed
from free initiators in solutions. A significant portion of the
polymer mixture cleaved from mixed P/BA/PS brush-grafted
silica particles was the diblock copolymer, implying that the two
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Figure 1. '"H NMR spectra of mixed PAA/PS brush-grafted silica
particles in (a) CDCls, (b) DMF-d;, and (¢) CD;OD. A drop of
DMF-d; was added into the particles prior to CDCl; and CD;0D to
facilitate the dispersion of hairy particles. Mixed PAA/PS brush-grafted
particles were synthesized from P/BA/PS brush-grafted particles with
PrBA M, of 24.2 kDa and PS M,, of 23 kDa. The grafting densities of
PrBA and PS were 2.5 and 2.7 nm~/chain, respectively (reproduced and
adapted from ref 26).

homopolzfmers were nearly alternately grafted on the surface of
particles.” Thus, the local fluctuation of grafting points was
largely ehmlnated making the system well suited for phase
morphology study.g3 Amphiphilic mixed poly(acrylic acid)
(PAA)/PS brush-grafted particles were synthesized from mixed
PBA/PS brush-grafted particles by the removal of tert-butyl
groups of PfBA. The calculated average distance between graft-
ing sites was 1.1—1.2 nm. To confirm that the tethered polymers
are in the brush regime, we estimated the radii of gyration ((R,))
of free polymers having the same molecular weights in their ideal
states and found that they were more than twice larger than the
average distance between the grafting points, suggestlng thdt the
grafted polymers were in the highly stretched brush regime.”*

These hairy particles exhibited environmentally responsive
properties. For example, amphiphilic mixed PAA/PS brush-
grafted particles can be dispersed in chloroform, a selective
solvent for PS, and methanol, a selective solvent for PAA,
forming stable dispersions.*® The capability of mixed brushes
to undergo self-reorganization in response to environmental
variations can be better seen from "H NMR spectroscopy
analysis (Figure 1). For the hairy particles in DMF-d;, a
nonselective good solvent for both polymers, the peaks from
both PAA and PS were visible, indicating that the two polymers
were mobile. In CDCl;, a selective solvent for PS, the grafted
PAA chains collapsed, which was evidenced by the disappearance
of the characteristic peak from PAA at ~2.5 ppm, while the signal
from PS remained visible. In contrast, in CD;0D, a selective
solvent for PAA, the grafted PS collapsed, but the PAA chains
were mobile.”®

To determine whether symmetric mixed homopolymer brushes
undergo lateral or vertical microphase separation in melt, we used
DSC and TEM to investigate the mixed Pf/BA/PS brushes on
silica particles.”* DSC studies showed that for thermally annealed
mixed P/BA/PS brushes with PBA M, of 24.2 kDa and PS M, of
23.0 kDa (the high molecular weight (MW) sample) two glass
transitions were observed at 44 and 90 °C, which corresponded to
the T,s of P/BA and PS, respectively, suggesting that the two
grafted polymers phase-separated into microdomains that con-
sisted of nearly pure polymers. In contrast, mixed PrBA/PS
brushes with PrBA M, of 10.4 kDa and PS M, of 11.9 kDa
(the low MW sample) exhibited only one broad glass transition
with a middle point at 83 °C, implying that the two grafted
polymers in this sample did not strongly phase separate. Figure 2
shows the typical TEM micrographs of microtomed thin sections
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Figure 2. TEM micrographs of thin sections of (A) the thermally
annealed high MW sample (mixed brushes with PrBA M, of
24.2 kDa and grafting density of 2.5 nm %/P/BA chain and PS M, of
23.0 kDa and grafting density of 2.7 nm?/PS chain) and (B) low MW
sample (mlxed brushes with PBA M, of 10.4 kDa and grafting density
of 3.1 nm 2/P{BA chain and PS M, of 11.9 kDa and grafting density of
2.9 nm*/PS chain) after staining with RuOy for 30 min (reproduced
from ref 74).

Figure 3. Bright field TEM micrographs of (A) a top view and (B) a
cross-sectional view of a mlxed brush sample with P1BA M, 0of 24.2 kDa
and grafting density of 2. 5 nm?/PBA chain and PS M, of 23.0 kDa and
grafting density of 2.7 nm?/PS chain that was cast from CHCls, a good
solvent for both P/BA and PS. The samples were stained with RuOy4
vapor for 30 min (reproduced from ref 75).

(~50 nm) of mixed PrBA/PS brushes that were stained with RuOy4
vapor to enhance the contrast. For the high MW sample, the two
grafted polymers in the brush layer (~20 nm) clearly underwent
lateral microphase separation, forming a “rippled” nanostructure
with the dark and white areas corresponding to PS and P/BA
microdomains, respectively.”* The feature size was ~10 nm,
which is on the same order of (R, of polymers in an ideal state
(9.2 nm for P/BA having a M, of 24.2 kDa and 10 nm for PS
having a M, of 23.0 kDa), consistent with the theoretical
prediction, though the brushes were on curved substrates. The
pattern formed was random and worm-like, resembling the early
stage spinodal decomposition of polymer blends but at a much
smaller scale. For the low MW sample, no clear phase separation
can be seen in the brush layer from the TEM micrograph,
consistent with the DSC result.

We further used TEM to study the phase morphologies of
mixed P/BA/PS brush-grafted particles after exposure to differ-
ent solvents.”® Figure 3A shows a typical top-view TEM micro-
graph of the high MW sample, which was cast from chloroform, a
good solvent for both PfBA and PS, and stained with RuOy,
vapor. As in the melt, this sample underwent lateral microphase
separation, producing a nearly bicontinuous, random worm-like
pattern. A distinct difference from the morphology in melt
(Figure 2) is that both Pf/BA and PS were highly stretched and
the interstitials among silica particles were completely covered by
microphase-separated PS and PrBA chains. Moreover, the dark
PS and white PrBA stripes bridged among neighboring particles.
Figure 3B shows a typical TEM micrograph of the microtomed
thin section (~50 nm). A “rippled” nanostructure can be clearly
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seen. The thickness of the mixed brush layer was ~30 nm, which is
in contrast to ~20 nm in the equilibrium melt state. We believe
that the two grafted polymers phase-separated laterally in non-
selective solvents, as suggested by theoretical studies.”® However,
to directly visualize the nanostructures of mixed brushes in a
solvent, it is necessary to carry out cryogenic TEM studies.
Completely different from the high MW sample shown in
Figure 3, the low MW sample did not strongly microphase
separate when cast from CHCI; (Figure 4), the same as in the
melt state. Comparing the phase morphologies of two samples
shown in Figures 2—4, it is clear that the critical MWs for the
phase separation of mixed PrBA/PS brushes are between the
molecular weights of two samples (ca. 10—23 kDa).

As mentioned earlier, various surface micellar structures have
been predicted in theoretical and simulation studies but had not
been directly visualized in the experimental studies. To induce the
formation of surface-tethered micelles in the mixed PrBA/PS
brushes, n-octane, which is a good solvent for P/BA but a poor
solvent for PS, was slowly added into a dispersion of the high
MW mixed P/BA/PS brush sample in CHCl; under strong
stirring. After the removal of CHCl;, PS chains collapsed,
and its high 7, helped arrest the self-assembled nanostructure
of mixed brushes in n-octane. Figure SA—C shows typical
TEM micrographs of the particles cast from n-octane. A
striking difference from Figure 3A is that after the solvent

200 nm

Figure 4. TEM micrograph of the low MW mixed PrBA/PS brush-
grafted particles (P/BA M, of 10.4 kDa and grafting density of 3.1 nm?/
PrBA chain; PS M, of 11.9 Da and grafting density of 2.9 nm?/PS chain)
that were cast from CHCls, a good solvent for both P/BA and PS. The
sample was stained with RuO, vapor for 30 min (reproduced from ref
75).
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evaporation the polymer chains were no longer highly stretched
out and covered the interstitials among the particles. The nearly
bicontinuous worm-like morphology observed in Figure 3 was
transformed into a nanostructure composed of isolated (dark) PS
microdomains in the (bright) PrBA matrix. Because n-octane is
a poor solvent for PS, to minimize the contacts of PS segments
from the unfavorable solvent, PrBA chains likely formed
a shielding layer around the PS microdomains, yielding a
surface-tethered micellar structure—the nanostructure predicted
in the theoretical studies and illustrated in Scheme 1. Similar
surface micelles were also observed in amphiphilic mixed
PAA/PS brushes after water was gradually added into the
dispersion of the hairy particles in DMF and the cast particles
were stained with uranyl acetate (Figure 5D).

These studies showed that for the high MW mixed P/BA/PS
brushes cast from CHCIl; a random worm-like, nearly bicontin-
uous morphology was formed. In selective solvents (n-octane for
mixed P/BA/PS and H,O for mixed PAA/PS brushes), PS chains
collapsed and packed into isolated domains shielded by the
second polymer. These results confirmed the theoretical predic-
tions of the formation of “rippled” nanostructures and surface
micellar structures of mixed brushes induced by nonselective
good solvents and selective solvents, respectively.

Although exciting progress has been made on the direct
visualization of phase morphologies of mixed homopolymer
brushes, there are still a lot of unanswered fundamental issues.
Solving these issues will further enhance our understanding of
how two polymers organize themselves in mixed brushes and
enable a rational design of responsive materials by the use of
mixed homopolymer brushes. These issues are listed below.
(i) The substrate curvature effect on the microphase separation
of mixed homopolymer brushes. In our work, we used silica
particles with a diameter of 180 nm, and the (R, of grafted
polymers was ~10 nm. To ensure that the morphology of mixed
brushes observed on such large particles is not affected by the
particle size, it is necessary to use even larger particles as substrate
to grow mixed brushes. One actually can use a mixture of silica
particles with various sizes and carry out the reaction in one pot.
(ii) The critical molecular weight for symmetric mixed homo-
polymer brushes to begin microphase separation. Marko and
Witten predicted that the critical molecular weight for symmetric
mixed brushes to phase separate is 2.27 times that for the same
polymers in a simple blend.?”* (iii) The correlation between the
periodicity of the “rippled” nanostructure and the molecular
weight of symmetric mixed brushes under constant grafting
densities. According to the theoretical study,”” the ripple wave-
length of the nanopattern is 1.97 times the (R,,). A quantitative

‘2op nm

Figure 5. TEM micrographs of the high MW mixed P/BA/PS brush-grafted particles that were cast from n-octane, a selective solvent for PrBBA (A—C), and
mixed PAA/PS brush-grafted particles cast from water, a selective solvent for PAA (D). Micrographs (A) and (B) are magnified images showing
the (dark) isolated PS microdomains in the (bright) continuous P/BA matrix. The mixed P/BA/PS brush samples were stained with RuQO,4 vapor for 30 min.
The mixed PAA/PS brush-grafted particles were stained with uranyl acetate. Mixed PAA/PS brush-grafted particles were synthesized from the high MW
mixed P/BA/PS brush sample (PrBA M,, of 24.2 kDa and PS M,, of 23.0 kDa) by the removal of a tert-butyl group of PrBA (reproduced from ref 75).
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Scheme 4. Microphase Separation of Symmetric Mixed Homopolymer
Brushes at the (Curved) Substrate—Vacuum Interface: (a) Lateral,
(b) Vertical, and (c) Vertical + “Hidden” Lateral

9,81

(a) Lateral (b) Vertical (c) Vertical + “Hidden” Lateral
analysis of Figure 3A showed that the average width of dark PS
microdomains was 13.5 &+ 4.7 nm, while that of bright P/BA
microdomains was 8.2 + 3.6 nm. The estimated values of (R,
of PS and PrBA having the same molecular weights as the grafted
polymers in an ideal state are 10.0 and 9.2 nm, respectively. Thus,
our results are almost in a quantitative agreement with theoretical
predictions. Still, more work is needed to establish the scaling
relationship between the chain length and the “ripple” wave-
length. (iv) The effect of grafting density. It can be imagined that
if the grafting density is low, the entropic loss associated with
chains traveling in different regions of the laterally phase-sepa-
rated brush layer may not be compensated by the energy decrease
gained from the microphase separation. However, it is challen-
ging to systematically change the overall grafting density while
keeping the grafting densities of two polymers comparable.
(v) The effect of relative chain lengths. It is possible that the
morphology of mixed brushes in melt evolves from a layered
structure to a bicontinuous rippled phase to a layered structure
when the chain length of one polymer is held constant and the DP
of another polymer is gradually increased. (vi) In Marko and
Witten’s work, it is implied that yag is equal to ypg and yas 18
equal to ygs. [t can be imagined that interfacial free energy plays a
role in the microphase separation of mixed homopolymer
brushes, especially those composed of two polymers with very
different surface free energies because it is known that the more
hydrophobic component is enriched at the outermost layer in
vacuum. Thus, there are three possibilities for the microphase
separation as shown in Scheme 4. When the surface free energies
of the two polymers are identical or very close, the two polymers
undergo lateral microphase separation as predicted by Marko
and Witten (Scheme 4a). If the surface free energy difference
between two polymers is substantially large, the more hydro-
phobic species will be enriched at the topmost surface during
thermal annealing in vacuum. Two scenarios can be envisioned:
the two polymers phase separate vertically (Scheme 4b), where
surface enriching is driven by different surface free energies of
the two polymers; the two polymers phase separate laterally in the
bottom layer, producing a hidden “rippled” nanostructure
(Scheme 4c, vertical + lateral phase separation underneath
the top layer). Similarly, if the affinity of one polymer to the
substrate is stronger than another one, vertical phase separation
is possible. However, the control and tuning of yas and yggis very
challenging. (vii) As shown in Figures 2 and 3, the lateral
microphase separation of mixed brushes in melt and a nonselec-
tive solvent produces a random worm-like, nearly bicontinuous
nanopattern with no long-range order. The simulation studies
indicated that the randomness of grafting sites prevents the
formation of a long-range order.”®"¢ Even a small fluctuation
is sufficient to disrupt the long-range order. It would be very
interesting if mixed brushes can be induced to form ordered
nanopatterns. In principle, this is possible if an external field (e.g.,
a lamella-forming block copolymer matrix or a nanopatterned
wall with an appropriate feature size in contact with the brush) is
applied to direct the microphase separation of mixed brushes.
Large mixed brush-grafted particles are of great interest to
a number of technological applications including particle-
stabilized emulsions of small molecule liquids or polymers and
self-cleaning surfaces. Motornov et al. prepared amphiphilic

Zhao and Zhu

Scheme 5. A Solid Particle Is Residing at the Interface of A and B
Phases with Contact Angle, Defined with Respect to Phase B, Smaller
than, Equal to, and Larger than 90°

A

mixed brush-grafted particles by using a quaternization reaction
between 200 nm silica particles or fused silica nanoparticle
aggregates functionalized with 11-bromoundodecyltrimethoxy-
silane and the pyridine groups in a triblock copolymer PS-b-PVP-
b-PEO."%7¢ Because of the random nature of the grafting reaction
and only a small number of pyridine groups participating in the
reaction, the obtained brushes were actually mixed block copo-
lymer brushes constituted of grafted block copolymers PVP-
b-PEO and PVP-h-PS.'""® Note that block copol;/mer brushes
are another type of surface-responsive materials.”> The respon-
sive properties of these hairy particles manifested in the forma-
tion of stable dispersions in both toluene and water. In toluene, a
good solvent for PS, PVP collapsed and PS blocks were stretched;
PEO was presumably segregated between PS and PVP layers.
In an aqueous solution with pH < 4, a good solvent for PVP
and PEO and a poor solvent for PS, PS collapsed and PVP and
PEO were stretched. In an aqueous solution with a pH > 4, PEO
chains formed the corona, while PS and PVP collapsed. Interest-
ingly, the interactions between hairy particles can be tuned by
adjusting the solution pH; reversible aggregation—dispersion
transitions in water were achieved by changing pH. Cheng
et al. prepared mixed PS and poly(tert-butyl methacrylate)
(PtBMA) brush-functionalized nanodiamond aggregates by
grafting PPBM A-b-poly(glycidyl methacrylate)-b-PS with a short
central block to the surface of nanodiamonds via the reaction
between the epoxy groups in the central block and the carboxyl
groups on the surface of nanodiamond aggregates.” The size of
aggregates decreased from several micrometers to hundreds of
nanometers after the surface immobilization reaction. Hydrolysis
of PrBMA produced amphiphilic mixed PS/poly(methacrylic
acid) (PMAA) brush-grafted particles.

It is known that solid nano- and microparticles can be used as
surface active materials, though they do not necessarily have an
amphiphilic feature as surfactants.”® The emulsions of water and
oil formed with particles as stabilizers are traditionally called
Pickering emulsions, which have found practical uses in cosmetics,
controlled release, etc. As shown in Scheme 5, there are three
possibilities for particles residing at an interface with the contact
angle () less than, equal to, or greater than 90°, depending on the
affinity of the particles toward the B phase. The energy (AE) that is
required to remove a particle from the interface is

AE = 7Ry \5(1 £ cos 0)* (1)

where R is the radius of the particle, yap is the interfacial energy
between phases A and B, and 6 is the contact angle of the particle at
the interface.”® The sign inside the parentheses is negative for
removal of the particle into the B phase and positive for removal
into the A phase. The type of emulsions is primarily determined
by the wettability of particles at the interface; it is generally
observed that a contact angle <90° favors the formation of an
A-in-B emulsion and a contact angle > 90° favors the formation of
a B-in-A emulsion.

Amphiphilic mixed brush-grafted particles are excellent
candidates as particulate stabilizers for Pickering emulsions;
these particles may exhibit synergistic stabilization abilities of
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both amphiphilic surfactant and solid particles. Motornov et al.
used their hairy particles as stabilizers for water—toluene
Pickering emulsions.'® It was found from conductivity measure-
ments that o/w emulsions of toluene and water were formed at
pH =< 3, while w/o emulsions were formed at pH > 4. The
particles were more hydrophilic at an acidic pH because of the
protonation of PVP, favoring the formation of an oil-in-water
emulsion. At pH higher than 4, the hairy particles became less
hydrophilic, causing the formation of a water-in-oil emulsion.
Thus, the type of emulsions can be changed by adjusting the
pH of the water phase, an excellent example demonstrating
the potential of amphiphilic mixed brush-grafted particles as
environmentally responsive Pickering emulsion stabilizers.
Cheng et al. also showed that mixed PS/PMAA brush-grafted
nanodiamond aggregates can act as an environmentally respon-
sive stabilizer for Pickering emulsions of water and chloroform.”
At pH > 10, the particles were found only in the water phase.
When the pH was decreased to <5, the particles resided at the
interface, forming o/w droplets.

Superhydrophobic and superhydrophilic surfaces have
attracted increasing attention in recent years because of their
self-cleaning abilities. These surfaces are usually made by using
surface roughness to amplify the surface wettability, making a
hydrophobic surface more “hydrophobic” and a hydrophilic
surface more “hydrophilic”.*® Hairy particles are natural candi-
dates for the fabrication of self-cleaning materials as coating a
substrate with hairy particles modifies its surface chemical
composition and simultaneously introduces surface roughness
if particles with a right size are used. Moreover, for amphiphilic
mixed brush-grafted particles, the surface wettability can be
switched between hydrophilic and hydrophobic by exposing the
surface to different solvents or by heating. Motornov et al.
showed that superhydrophobic coatings can be made by deposit-
ing their mixed brush-grafted silica particles onto a polyamide
textile sample.'® Upon heating above the T, o of PS, the surface
exhibited an advancing contact angle of 154° and a roll-off angle
of less than 11°. The surface can be switched to a hydrophilic state
by exposure to an acidic aqueous solution. However, the deposi-
tion of the same particles onto silicon wafers did not produce a
superhydrophobic coating, indicating that the substrate texture
played an important role. Motornov et al. also prepared mixed
polymer brush-grafted particles by grafting PS-b-poly(4-vinyl-
pyridine) to ~150 nm particles composed of 14 nm fused silica
nanoparticles and functionalized with bromoalkyl groups.”’
They observed that increasing the pH above 5 caused the
formation of hierarchically structured aggregates of hairy parti-
cles. Deposition of the aggregates onto flat substrates and
subsequent heating produced superhydrophobic coatings. Note
that these superhydrophobic surfaces were made from environ-
mentally benign water-borne dispersions. The coatings can be
easily switched to a hydrophilic state upon exposure to acidic
water (pH = 3) and back to the superhydrophobic state by
heating in air or by exposure to toluene. In principle, one should
be able to make superhydrophobic/superhydrophilic coatings by
directly depositing amphiphilic mixed brush-grafted particles
onto a substrate without resorting to the substrate texture or
the secondary aggregates of hairy particles. More work is needed
to optimize the conditions. Also, to make the coating permanent,
a polymer that can form covalent bonds with substrates may be
used in the preparation of mixed brush-grafted particles.

Mixed Brush-Grafted Particles with a Core Radius Smaller
than the (R,,,s)s of Grafted Polymers

Mixed brush-grafted particles with a core radius smaller than
the (R.ngs of grafted polymers not only exhibit responsive
properties as large particles discussed in the previous section
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Scheme 6. Mixed Homopolymer Brush-Grafted Particles Behaving as
Janus Particles at an Interface of A and B Phases

A

but also possess some unique characteristics. They could act as
Janus particles, the particles having two physically or chemically
differing sides/surfaces, more effectively via phase separation at
an interface as the grafted chains are long enough to extend to the
other side of the particle (Scheme 6). Note that in principle large
mixed brush-grafted particles can also behave as Janus particles
at an interface via the formation of micelles and inverted micelles
on the opposite sides of particles (Scheme 6). This unique feature
of small particles enables them to self-assemble into novel
hierarchical structures that are not accessible to large mixed
brush-grafted particles. We will repeatedly come back to this
point in the following discussions of mixed brush-grafted parti-
cles at the water—air interface, in a solvent selective for one
polymer, and at the polymer—polymer interface.

There have been a number of reports on mixed polymer
brushes on metal and inorganic nanoparticles with a size of
several nanometers.””®” Most of these hairy hybrid nanoparti-
cles were prepared by “grafting to” methods, either directly using
two distinct end-functionalized polymers as stabilizing ligands in
the synthesis of nanoparticles or fi’rafting functionalized polymers
to the surface of particles.79_8 Other methods, for example,
direct synthesis of quantum dots in the core of the micelles of an
ABC triblock copolymer with the short B block forming the core
and the other two blocks forming the corona,*>*¢ have also been
used for the synthesis of mixed brush-grafted particles.

Shan et al. reported a “grafting to” method to prepare
amphiphilic PS- and poly(N-isopropylacrylamide) (PNIPAm)-
grafted gold nanoparticles.” ®" They found that the RAFT
polymers bearing a dithioester end group can be used directly
as ligands for the synthesis of gold nanoparticles because the
dithioester end group can be reduced to a thiol under the
reduction conditions for HAuCly. The gold nanoparticles synthe-
sized by this method were 2—3 nm in diameter, determined by
TEM.” The molar ratio of two polymers on the particles can be
tuned by changing the feed ratio. The monolayer behavior of
amphiphilic hairy nanoparticles at the air—water interface was
studied using a Langmuir film balance. The compression iso-
therm of hairy particles with comparable molar contents of PS
and PNIPAm showed several characteristic regions that can be
attributed to the polymer conformational transitions from the
pancake, the pancake to brush transition, to the brush. Note that
PS-grafted nanoparticles cannot form a stable monolayer at the
water—air interface. Presumably, PNIPAm chains were im-
mersed in the water subphase and PS chains were in air, produ-
cing a Janus nanostructure (Scheme 7).*° The optical properties
of Langmuir monolayer were studied by in-situ spectroscopy
analysis. Upon compression in the Langmuir trough, the surface
plasmon resonance (SPR) bands for mixed brush-grafted Au
nanoparticles at 20 and 30 °C exhibited a blue shift. It was
concluded that the blue shift was induced by compression and
closely related to the conformational change of the PNIPAm
chains.

Using a mixture of two end-functionalized polymers as ligands
to prepare binary mixed brush-grafted nanoparticles is a simple
and straightforward process; the ratio and molecular weights of
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Scheme 7. Amphiphilic Mixed PS/PNIPAm Brush-Grafted Gold
Nanoparticles at the Water—Air Interface upon Compression”

“The hairy particles underwent microphase separation, producing
amphiphilic Janus particles (reproduced from ref 80).

two ligands can be tuned. However, it is unclear how the
grafting sites of two polymers are distributed on the surface of
nanoparticles. Zubarev et al. reported a “grafting to” method
that produces truly mixed homopolymer brush-grafted
nanoparticles,*” ** in which two polymers are alternately
immobilized by one end on the surface. Their method involved
grafting a diblock copolymer with a carboxylic acid group at
the junction point of the two blocks to 4-mercaptophenol-
stabilized gold nanoparticles via a DCC-type coupling reac-
tion, producing V-shaped amphiphilic mixed polybutadiene
(PB)/poly(ethylene oxide) (PEO) or PS/PEO brushes.®*** On
the basis of the weight gain after grafting, the molecular weight
of diblock copolymer, and the assumption that 2 nm gold
nanoparticles contained 270 atoms, the grafting density of
mixed PB/PEO brushes was found to be 2.94 chains/nm?®
The responsive properties of mixed PB/PEO brush-grafted
nanoparticles can be seen from their ability to be dispersed in a
broad range of solvents, including such extremes as pure
hexane and pure water. The dispersions were very stable over
a long period of time.

The self-assembly of amphiphilic mixed homopolymer brush-
grafted gold nanoparticles in solution is particularly interesting.
For example, after water was added dropwise to a THF solution
of V-shaped PS/PEO brush-grafted Au nanoparticles with PS
M, = 4000 Da and PEO M, = 2200 Da (the final solution
contained 75 vol % of water) and the mixture was dialyzed
against water to remove THF, well-defined rod-like nanoassem-
blies with a diameter of 18 nm and ~100 nm in length were
observed by TEM (Figure 6).% The particles were residing with
an average interparticle distance of ~3 nm at the interface, i.e.,
the boundary separating the insoluble glassy PS core from the
solubilizing PEO chains. The radius of nanorods was in good
agreement with the length of PS chains in the fully extended, all-
trans conformation, suggesting that the diameter of nanorod
assemblies was determined by the PS chain length. This was
supported by the observation that the nanorod diameter was
bigger when longer hydrophobic PS was used. Interestingly,
when larger gold nanoparticles were used, the hairy particles
form irregular aggregates in water. It appears that to form
rod-like nanoassemblies the lengths of polymer chains need to
be sufficiently greater than half circumference of the particles
so that the hairy particles can rearrange into Janus hairy particles
via microphase separation. Although hairy particles with a
large core can also act as Janus particles via the formation of
micelles and inverted micelles on the opposite sides of the core
(Scheme 6), particles with a small core and a long hair appear
to behave more effectively as Janus particles. The interfacial
behavior of amphiphilic PB/PEO brush-grafted gold nanoparti-
cles was examined by using Langmuir—Blodgett techniques.**
These nanoparticles can form stable Langmuir monolayers at the
air—water interface through phase segregation with hydrophobic
PB chains pointing toward air and hydrophilic PEO chains being
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Figure 6. (A) Schematic representation of the self-assembly of mixed
PS/PEO brush-grafted Au nanoparticles in water. (B) TEM image of a
sample prepared from an aqueous solution of mixed PS/PEO brush-
grafted nanoparticles after dialysis of a THF/H,O (1:3 v/v) solution
against DI water (reproduced from ref §3).
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immersed in water, similar to the mixed PS/PNIPAm brush-
grafted Au nanoparticles at the water—air interface investigated
by Shan et al.*

Using a different approach, Guo and Moffitt synthesized
semiconductor quantum dots (QDs) functionalized with binary
mixed PS/PMMA brushes.***® Their synthesis started from the
micellization of a triblock copolymer PS,95-b-PAA41-b-PMMA 534
in a mixture of benzene/methanol (9:1 v/v) induced by addition of
cadmium acetate, which neutralized the PAA block, resulting in
the formation of insoluble poly(cadmium acrylate) ionic cores
surrounded by a mixed corona of PS and PMMA chains.
Subsequent reaction with H,S produced CdS QDs with a mixed
PS/PMMA brush layer. From TEM analysis, the diameter dis-
tribution of QDs was bimodal with a larger particle population
centered at 7 nm and a smaller population at ~4 nm, which might
be because, in a majority of micelles, all Cd*" ions were converted
to a single QD, whereas some micelles contained multiple smaller
QDs due to the incomplete reaction.

The obtained hybrid particles can be easily dispersed in organic
solvents of various polarities including acetone, chloroform,
THF, and toluene, yielding clear colloidal dispersions. Note that
pure PS-grafted quantum dots cannot form a stable dispersion in
acetone, which is a selective solvent for PMMA. The environ-
mentally responsive properties of the particles also manifested in
their capability of being dispersed in both PS and PMMA
homopolymers. UV—vis spectroscopy and photoluminescence
studies showed that QD sizes and optical properties were in-
dependent of solvent media because of the protection provided by
the mixed brush layer. 2D "H nuclear Overhauser effect spectro-
scopy (NOESY) analysis, which can probe through-space dipolar
interactions of proximal protons (<0.5 nm), was employed to
investigate whether PS and PMMA chains were mixed or
compartmentalized within the brush layer. The results showed
that PS and PMMA were randomly distributed within the brush
layer in THF-ds. However, '"H NOESY spectroscopy analysis
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cannot tell whether mixed PS/PMMA brushes phase-sepa-
rated or not because even in the microphase-separated state of
alternately grafted binary mixed brushes, there is a crossover
zone in which PS and PMMA segments are in an intimate
contact, which would produce signals in 2D 'H NOESY
spectra. Controlling the phase morphology of polymer blends
is very important for many technological applications. Guo
and Moffitt applied their hairy CdS QDs as a stabilizer for
PS/PMMA binary polymer blends by taking advantage of the
responsive properties of mixed brush-grafted particles.®® The
hairy particles can self-assemble at the polymer/polymer inter-
face in phase-separating PS/PMMA blends. The segregated
QDs regulated the phase separation during spin-coating and
dramatically stabilized the spin-coated blend morphologies
in the subsequent annealing. This is in a sharp contrast
with neat PS/PMMA blends which underwent rapid phase
inversion and coarsening. Moreover, the QDs retained their
photoluminescence after the interfacial self-assembly and
subsequent annealing.

The two distinct polymers in a mixed brush can be stimuli-
responsive polymers, e.g., thermosensitive water-soluble poly-
mers; these mixed brushes and hairy particles could exhibit
interesting properties that are different from conventional mixed
homopolymer brushes. Very recently, Boyer et al. reported the
preparation of doubly thermosensitive mixed brush-grafted gold
nanoparticles.®” The thermosensitive polymers used in this work
were (co)polyacrylates with a short oligo(ethylene glycol) pen-
dant from each repeat unit, which belong to a new class of
thermosensitive water-soluble polymers.”® Two different thermo-
sensitive polymers, poly(ethoxydi(ethylene glycol) acrylate)
(PDEGA) with a LCST of ~15 °C and poly(DEGEA-co-oligo-
(ethylene glycol) acrylate) (P(DEGA-co-OEGA)) with a LCST of
~33 °C which were synthesized by RAFT, were assembled onto
gold nanoparticles directly via ligand exchange due to the strong
affinity of the trithiocarbonate chain end of RAFT polymers to
the gold surface. The thermoresponsive properties of the particles
were investigated. As the temperature increased slowly from 5 to
25 °C, no significant change was observed in the plasmon
absorbance from UV—vis spectrometry and there was only a
very slight decrease in the size of hairy particles. When the
temperature reached 28—30 °C, slightly lower than the second
LCST (~33 °C), the size increased quickly from 35 to 250 nm, and
the solution color changed from red to purple, indicating that the
particles underwent aggregation. Fluorescence spectroscopy was
employed to further study the LCST transitions of hairy particles
using pyrene as probe. It is known that when pyrene is seques-
tered in a hydrophobic environment, there is a decrease in
the intensity ratio of the first ; to the third /5 vibration bands.
For mixed PDEGA/P(DEGA-co-OEGA) brush-grafted gold
nanoparticles, the ratio ;/l; versus temperature is shown in
Figure 7. Two transitions were observed: the first one occurred
at 8—10 °C and the second one at 25—28 °C, which corresponded
to the LCST transitions of two grafted polymers in the brush
layer. The transitions were reversible. Although two LCSTs
transitions have been detected, it is unclear how the two polymers
self-assemble in the mixed brush layer when one or both polymers
collapse.

Mixed Brush-Grafted Particles with a Core Radius Compar-
able to the (R,,,) of Grafted Polymers

The curvature of core particles is expected to affect the phase
behavior of two grafted polymers in the brush layer. Unlike on
planar substrates, the segments of the polymers grafted on
a curved substrate are densely packed near the grafting sites
but have more space with increasing the distance from the
particle surface. However, the substrate curvature effect on the

Macromolecules, Vol. 42, No. 24, 2009 9379

~ T2Tigsre Tiesn

0 ' 1|0 ' Zb ' 3'0 ’ 4‘0 | 5’0
Temperature (°C)

Figure 7. Evolution of the 1;/I; ratio of pyrene versus temperature for

gold nanoparticles grafted with mixed polymer brushes composed of

PDEGA with a LCST of 15 °C and P(DEGA-co-OEGA) with a LCST
of ~33 °C (reproduced and adapted from ref 87).

phase separation of mixed brushes has not been systematically
studied.

Using computer simulation, Roan investigated the microphase
separation of immiscible mixed homopolymer brushes on sphe-
rical nanoparticles with a radius comparable to the Polymer size
{R:ms), and very rich morphologies were revealed.”” By varying
polymer chain lengths, grafting densities, and grafting patterns,
well-ordered 3-, 6-, 8-, 9-, 10-, and 12-island structures can form in
the microphase-separated spherical mixed brushes, resulting in
soft nanopolyhedras with structures similar to those found in
small clusters of colloidal microspheres.”” For example, the
equilibrium nanostructures can be changed from rippled, to
12-islanded, and then layered with the increase of chain length
disparity under the condition that the grafting densities for A and
B are identical (Figure 8). On the other hand, when the grafting
densities for the two polymers are very different, a layered
structure was observed with the minority chains extending farther
away from the nanoparticle surface. On the basis of these results,
Roan suggested a route to fabricate multivalent nanoparticles,
namely, nanoparticles with precisely controlled numbers and
locations of functional sites. These types of patterned soft
particles are very interesting and could have potential applica-
tions in many fields such as the fabrication of drug carriers.
However, this regime, in which the core size is in the range
of tens of nanometers, remains as an “experimentally un-
chartered, intermediate territory”,”® partly because of the
difficulty in the synthesis of well-defined high-density mixed
homopolymer brushes on such sized nanoparticles. Moreover,
the ordered nanostructures were predicted for the system in
a nonselective good solvent for both polymers. Characteriza-
tion of such structures will be challenging, though cryo-TEM
might be very useful. Despite the synthesis and characteriza-
tion challenges, if multivalent nanoparticles are formed and
detected, a broad range of new possibilities will be opened up
as these nanoparticles are similar to the Eatchy nanoparticles
that have been theoretically discussed.”® In addition, multi-
valent particles can be permanently fixed by cross-linking of
both polymers and the core can be removed, leading to
nanocages with the wall composed of two types of nano-
domains. Note that ordered nanopatterns were observed by
Stellacci et al. in self-assembled monolayers of thiols on gold
nanoparticles.”’
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Figure 8. Structures at varying compositions but fixed total grafting density, fao + fg = 180, where f and fg are the numbers of chains A and B,
respectively. N and Np are grafted chain lengths. (a) Free-end distributions of A (left) and B (right). (b)—(h) World maps of total segment density, r =
7. The radius of particles is 4, and Flory—Huggins interaction parameters between A and B, A and solvent, and B and solvent are 1, 0, and 0,
respectively. Reprinted with permission from ref 73. Copyright 2006 the American Physical Society.

A special case of mixed brush-grafted particles with a core
radius comparable to the polymer size is that both core and
polymer are very small, only a few nanometers. Chiu et al.
prepared binary PS and PVP-grafted gold nanoparticles
by standard reduction of HAuCly in THF or two phase
toluene/water using low molecular weight thiol-terminated
PS (M, ~ 1300 Da, PDI = 1.10) and PVP (M, ~ 1500 Da,
PDI = 1.09) chains as stabilizing ligands.*® The average core
diameter of gold nanoparticles was 3.9 £ 1.0 nm, and the
polymer shell thickness was ~1.9 nm. Compared with either
pure PS- or pure PVP-coated nanoparticles, binary brush-
grafted particles exhibited different behavior when dispersed
in a PS-h-PVP lamellar diblock copolymer phase. Pure PS- and
PVP-coated gold nanoparticles were found to be localized in
the center of the PS and PVP nanodomains of PS-h-PVP,
respectively.® This is understandable because by segregating
into the corresponding domain of the block copolymer,
the particles lower their enthalpy, and by concentrating
particles near the center of the compatible domain where the
polymer chain ends are located, the chains can accommodate
particles by moving apart rather than by stretching. In
contrast, the particles that were grafted with a mixture of
PS and PVP thiols were localized at the interface between PS
and PVP nanodomains. This interfacial adsorption can be
explained by using eq 1 if we consider that the difference
between the interfacial free energies of PS and the nanoparticle
and of PVP and the nanoparticle is very small (i.e., cos 6 < 1).
The estimated adsorption energy of a nanoparticle at the
PS—PVP interface is £, = 10 kx7,*® which drives the nano-
particles to the interface.

Theoretically, any nanoparticles with an approximately “neu-
tral” surface relative to PS and PVP will adsorb to the interface.
This was supported by the observation that Au nanoparticles
coated with a thiol-terminated random copolymer P(S-r-VP)
with a PS molar fraction of 0.52 were localized at the interfaces
in PS-5-PVP.% A difference between the particles grafted with a
mixture of PS and PVP and the particles grafted with a P(S-r-VP)
is that the binary PS and PVP brushes could phase separate, and

Interface
B e

00 02 04 06 08 1.0
PS Fraction {Fgg)

Figure 9. Segregation of binary PS- and PVP-coated Au nanoparticles
with varying surface compositions (Fps: mole fraction of PS) in a
microphase-separated diblock copolymer PS-5-PVP (reproduced from
ref 90).

the hairy particles may behave as Janus particles at the interface.
However, with such short polymer chains, it is unlikely that PS
and PVP will undergo a microphase separation as illustrated in
Scheme 6. Kim et al. synthesized a library of binary low-
molecular-weight PS and PVP brush-grafted Au nanoparticles
with varying PS and PVP surface compositions (Fpg) and
incorgorated them into a lamellar PS-b-PVP diblock copoly-
mer.” Sharp transitions in the particle location from the PS
domain to the PS/PVP interface, and subsequently to the PVP
domain, were observed at Fpg = 0.9 and 0.1, respectively. This
extremely wide window of Fpg values at which binary PS and PVP
brush-coated Aunanoparticles adsorbed to the interface suggests
a redistribution of PS and PVP on the Au surface (via surface
diffusion), producing Janus nanoparticles at the PS/PVP inter-
faces (Figure 9). A calculation for the adsorption energy to the
interface of nanoparticles with different surface arrangements
of PS and PVP ligands supports the rearrangement of thiol-
terminated homopolymers. An upper limit estimation of the
adsorption energy of nanoparticles uniformly coated with a
random arrangement of PS and PVP ligands where a 10% surface
area was occupied by PVP was ~1 kT, indicating that such
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nanoparticles are unlikely to be segregated at the interface, in
contrast to the experimental results for nanoparticles coated with
binary PS and PVP brushes.

Concluding Remarks and Outlook

Mixed brush-grafted particles are an intriguing class of
environmentally responsive hybrid nanostructured materials;
these hairy particles are of great interest to both fundamental
research and technological applications. In terms of morphology
of mixed homopolymer brushes, although some exciting progress
has been made in recent years, many fundamental issues remain
unsolved or unexplored. In particular, no systematic theoretical
and experimental studies have been performed on the substrate
curvature effect on phase morphology of mixed homopolymer
brushes under the equilibrium melt conditions and in solvents.
Note that to describe a curved surface, it is necessary to use two
radii of curvature, which are perpendicular to each other; they are
equal for a sphere but not necessarily for other shaped objects.
Besides spherical particles, the phase behavior of mixed homo-
polymer brushes on other shaped nano-objects, e.g., nanorods
which have one finite radius of curvature and one infinite radius
of curvature, is also of great interest. However, no theoretical or
experimental studies have been performed on mixed homopoly-
mer brushes on nanorods. Intuitively, if the nanorod diameter is
comparable to the polymer size, there is a possibility that mixed
brushes phase separate into alternating rings. It would be of great
interest if one ring is hydrophobic and another one is hydrophilic,
an interesting hairy hybrid nano-object that could find techno-
logical applications (e.g., site-isolated catalysts'°>'°"). In addi-
tion, the morphology of mixed homopolymer brushes on a
concave surface, e.g., on the surface of nanopores of tens of
nanometers, is unknown. If the radius of curvature is comparable
to the (Rymes of polymers, the interactions of grafted polymers
with both substrate surface and grafted polymers on the opposite
side of the nanopore may become important in the determination
of self-assembled nanostructures of symmetric mixed brushes in
melt and in solvents. Thus, various interesting phase morpholo-
gies could be observed when the substrate of mixed homopolymer
brushes is changed from a flat solid substrate, to a spherical
particle with a radius significantly larger than, comparable to,
and smaller than the polymer size, to a nanorod, and a concave
substrate.

Moreover, mixed brushes could be extended from mixed
homopolymer brushes to mixed block copolymer brushes. For
example, Dong et al. have investigated the phase behavior of
mixed block copolymer brushes that contain equal numbers of
A—B diblock copolymer chains and complementary B—A chains
that are densely 0gzrafted to a surface in the melt state using mean-
field methods.'” The demixing leads to a density wave of
composition, produced by splaying of the polymer chains. The
synthesis of such mixed block copolymer brushes is technically
feasible, e.g., by using sequential surface-initiated ATRP and
NMRP from a Y-initiator-functionalized surface. ATRP and
NMRP are “living”/controlled radical polymerization techni-
ques, allowing the synthesis of diblock copolymers.

The potential of mixed polymer brushes and mixed brush-grafted
particles has certainly not been fully tapped, though they have
been used in the fabrication of switchable (super)hydrophobic/
(super)hydrophilic smart surfaces, Pickering emulsions, environ-
mentally responsive lithography, transport of particles across
liquid—liquid interface, etc. Considering various parameters includ-
ing chain lengths, overall and relative grafting density, surface
chemical compositions, surface free energy of each polymer,
substrate curvature, etc., mixed homopolymer brushes are simply
a polymer system with high design flexibility. Using stimuli-
responsive polymers to make mixed brushes would further enhance
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the phase behavior and responsive properties of mixed polymer
brushes.

Experimental studies on mixed brushes began only 10 years
ago and investigations on mixed brush-grafted particles only a
few years ago. We have every reason to believe that in the near
future we will have a better understanding of phase behavior of
mixed brushes on solid substrates with various curvatures and the
hierarchical self-assembly of mixed brush-grafted particles and
will see more innovative applications of mixed polymer brushes.
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