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ABSTRACT: When Au nanoparticles are encapsulated within shells of cross-linked, block copolymer
amphiphiles, the structure of the shells is determined by the initial interaction between the amphiphile
and the nanoparticle surface. In the case of small nanoparticles, for which particle size is comparable to
the dimension of the block copolymer (pau/R; &~ 1), particles act like solutes that are dissolved within
polystyrene-block-poly(acrylic acid) (PS-b-PAA) micelle cores. In the case of larger nanoparticles (pa/Rg
> 1), PS-b-PAA adsorption is templated by the particle surface, and a concentric core—shell structure is
formed. The thickness of this shell can be predicted from theoretical models of polymer adsorption onto
highly curved surfaces and controlled by varying the ratio of polymer to available nanoparticle surface
area. We anticipate that these rules will illustrate how cross-linked copolymer shells with predetermined
thickness can be used to stabilize and functionalize a variety of nanoparticle materials.

Introduction

Amphiphilic block copolymers have been studied
extensively for their ability to self-assemble in selective
solvents and form stable micelles and adsorbed mono-
layers at very low polymer concentrations. This property
makes amphiphilic block copolymers very effective
surfactants and enables them to solubilize and stabilize
otherwise insoluble substances in various media as
vehicles for drug delivery,!~* as microreactors for chemi-
cal synthesis and catalysis,? and as general detergents.®
Block copolymers also have been used to compatibilize
surfaces and colloidal particle suspensions by surface
adsorption in selective solvents.”® The theories that
describe the selective adsorption of block copolymers at
surfaces and the selective solvation of solutes into block
copolymer micelles have important differences. For the
case of incorporation of molecular solutes within surf-
actant micelles, theory predicts that added solute will
progressively perturb the original structure of the
polymer micelle by swelling the interior.’~!! Neverthe-
less, if the concentration of solute is low, the structure
of the surfactant micelle is still largely dictated by the
molecular properties of the copolymer alone. By con-
trast, the assembly of polymer surfactants at macro-
scopic surfaces in selective solvents is dependent on a
number of factors, including the relative affinity of each
polymer block for the surface and for solvent, block
lengths and fractions, interfacial surface area, and
polymer concentration.!?2-17 These effects can have a
considerable effect on the thickness and regularity of
the assembled surfactant layer. An important assump-
tion of most theories on adsorption is that curvature of
the surface is small relative to polymer chain length and
film thickness. As a result, it is not clear what sort of
monolayer structure should be formed by block copoly-
mer assembly on the highly curved surface of a
nanoparticle—an adsorbate layer, a micelle, or some-
thing in between. Bates, Tirrell, and co-workers have
estimated that surface curvature affects adlayer thick-
ness when the radius of curvature approaches the
radius of gyration of the polymer (o/Rg ~ 1).1%> Theoreti-
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cal work by Qiu and Wang likewise suggests that there
is a range of particle sizes over which polymer surfac-
tants exhibit a combination of surface adsorption and
micellization.!® Intuitively, the assembly of block co-
polymer surfactants onto a nanoparticle surface should
look more like a grafted layer when the particle is large
and more like a micelle when the particle is small. Very
little experimental work has been done to characterize
this particle size regime.l”

Block copolymer surfactants have played a particu-
larly important role in the development of nanoparticles
as technological tools. The inherently large surface area-
to-volume ratio of nanoparticles gives them high surface
energies and low stability in suspension without stabi-
lizers. Block copolymers have been used to stabilize a
variety of nanoparticle materials by forming steric or
ionic barriers around the particles.!®723 In general,
nanoparticles are better stabilized by thicker and denser
polymer shells, which result in strong depletion stabi-
lization.1213 As part of an effort to functionalize and
stabilize inorganic nanoparticles, we have previously
reported that nanostructures captured within block
copolymer shells can be further stabilized by chemically
cross-linking the surrounding surfactant into a perma-
nent structure.?* For example, a shell of amphiphilic
poly(styrene-block-acrylic acid) (PS-6-PAA) surrounding
Au nanoparticles in water could be permanently fixed
by cross-linking the outer PAA blocks.?? Originally, a
micelle solvation model was invoked to predict the
polymer layer thickness and amount of polymer re-
quired for encapsulation. However, the validity of this
model was observed to depend very sensitively on the
size of the nanoparticles. Larger nanoparticles acted
more like flat surfaces than molecular solutes with
respect to the surface assembly of polymer molecules,
and the thickness of the adsorbed polymer layer was
observed to vary significantly with polymer concentra-
tion and solvent conditions. Modulating the thickness
of the cross-linked copolymer layer would provide
further control over the chemical and physical proper-
ties of surfactant-encapsulated nanostructures.

The adsorption of block copolymers on flat surfaces
and large colloidal particles in selective solvents has
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been theoretically described by Marques, Joanny, and
Leibler!* in terms of the relative energies of interactions
between the copolymer, surface, and solvent. The ad-
sorbed copolymer layer is in equilibrium with free
polymer in the solution reservoir (often in the form of
micelles), and the amount of adsorbed polymer and the
layer thickness is determined by a thermodynamic
energy balance between the chemical potential of the
reservoir solution, the free energy of the desolvated
grafted polymer block, and the stretching energy of the
solvated polymer block. Marques described a number
of different regimes of interaction where different ener-
gies predominate. The copolymer layer thickness (¢shen)
is small at low polymer concentration or when the
adsorbed block is weakly desolvated. Conversely, tshen
is maximized at high polymer concentrations or when
the adsorbed copolymer is strongly desolvated. However,
these studies have focused on the self-assembly of
copolymers on macroscopic surfaces.

In this study we show that the Marques—Joanny—
Leibler (MJL) model of surfactant adsorption accurately
describes the thickness of cross-linked, block copolymer
nanoshells. For PS-b-PAA copolymers, the grafting
model generally describes the behavior of polymer
adsorption to nanoparticles as small as 10 nm in
diameter (Scheme 1). Because the thickness of the
adsorbed polymer layer does not change during cross-
linking, the eventual structure of the cross-linked shell
is determined not only by the macromolecular charac-
teristics of the copolymer but also by the initial adsorp-
tion conditions. As predicted by MJL theory, tshen is
greatest at a low ratio of nanoparticles to copolymer and
smallest at high ratios. This concept has been used to
coat Au nanoparticles with shells of predictable thick-
ness ranging from 10 to 40 nm. Particles smaller than
10 nm, however, act more like solutes than surfaces,
and reduction of the polymer concentration increased
the number of particles within micelles rather than
decreasing polymer layer thickness. We argue that this
observation confirms theoretical prediction that too
much surface curvature can lead to incomplete coverage
by adsorbed surfactants.

Experimental Section

Synthesis and Characterization. Polystyrene-block-poly-
(acrylic acid) (PS-b-PAA) was synthesized via sequential
atomic transfer radical polymerization (ATRP) of tert-butyl
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Table 1. Molecular Weight Characterization Data of
PS-b-PAA Amphiphiles®

polymer M, x 1073 My x 1073
composition (g/mol) (g/mol) PDI
PS100-6-PAA;3 11.8 13.5 1.14
PS160-6-PAA;13 17.6 19.6 1.11
PSo50-b-PAA;3 26.8 30.8 1.15

@ Values derived from GPC analysis of precursor PS-b6-PtBA
polymers.

acrylate and styrene to PS-b-P¢BA, followed by deprotection
of tert-butyl groups to yield PS-6-PAA.%~27 Molecular weight
characterization data of polymers are summarized in Table
1. Au nanoparticles (12.3 + 1.1, 31.0 & 2.5, or 51.4 + 4.8 nm,
determined by TEM) were prepared by trisodium citrate
reduction?® or by seeded growth.?>2°

Transmission electron microscopy (TEM) images were ob-
tained on a JEOL 1210 electron microscope equipped with a
Gatan video camera and a Gatan Multiscan CCD camera (1024
x 1024 pixels). TEM samples were prepared by dropping
nanoparticle solutions (5 4L) onto Formvar-graphite-coated
copper grids (300 mesh, Electron Microscopy Science) and air-
drying. All TEM images were obtained at an operating voltage
of 120 kV.

Encapsulation of Au Nanoparticles. Au nanoparticles
dispersed in DMF were prepared by centrifugation and re-
dispersion of citrate-stabilized, aqueous Au nanoparticles.?’
Encapsulation of these particles within PS-6-PAA was per-
formed according to a previously reported method?® with
modified reagent ratios and reaction times. To encapsulate Au
nanoparticles within PSy00-6-PAA;3, 10 uL of PS100-6-PAA;3
solution (1072 g/mL in DMF) was added to 1.0 mL of Au
nanoparticle solution (da, = 31 nm, 648 pM in DMF) with
vigorous stirring. In this step, the concentration of Au nano-
particle solution could be varied, with the polymer concentra-
tion held constant to change the ratio of polymer to particles.
Then, 200 uL of H,O was gradually added dropwise (8.3 uL/
min) via syringe pump with continued stirring. At this point,
the solution turned slightly violet in color and became deeper
violet as more HsO was added. After 10 min, 5 uL of
dodecanethiol solution (1 vol % in DMF) was also added to
the solution, and then the resulting solution was stirred for
24 h. Nanoparticles were diluted with HyO, purified by
dialysis, cross-linked, and separated from empty micelles by
centrifugation as previously described.? For cross-linking,
0.5 equiv of 1-(3-dimethylamino)propyl)-3-ethylcarbodiimide
methiodide activator and 1.0 equiv of 2,2'-(ethylenedioxy)bis-
(ethylamine) difunctional linker were used, calculated on the
basis of the number of reactive PAA groups. Encapsulation
with PSi60-b-PAA13 and PSgs0-b-PAA;3, or with different size
Au nanoparticles, was performed similarly.
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Figure 1. TEM images (a—d) and histograms of shell thickness (e—h) for Au@PS¢o-b-PAA;3 with different core diameters: dau
=(a,e)4.1 £0.5nm, (b, f) 12.3 &+ 1.1 nm, (¢, g) 31.0 & 2.5 nm, and (d, h) 51.4 &+ 4.8 nm. (Inset, a) Typical TEM image of micelles
filled with multiple 4 nm Au nanoparticles, observed in the same sample as (a). Scale bar represents 100 nm. (Inset, d) Typical
TEM image of the encapsulated Au nanorods (d = 100 nm, [ = 300 nm). Scale bar represents 100 nm. For all samples, the initial

polymer concentration was [PS100-6-PAA13]initia = 107 g/mL = 6.7n;, Affflal. See Supporting Information for other TEM images

used to obtain histograms.

Results and Discussion

Correlation of Cross-Linked Shell Thickness
and Surfactant Adsorption. The overall goal of this
study was to determine what factors could be used to
control the thickness of cross-linked surfactant shells
surrounding nanoparticles. These core—shell nanostruc-
tures were fabricated by (1) dissolving the nanoparticle
and surfactant in DMF, a solvent that is good for both
solutes, (2) gradually adding water to induce surfactant
assembly around the nanoparticle, and (3) fixing the
surfactant layer by chemical cross-linking. In this study,
we have used TEM of structures after cross-linking as
an indicator of how surfactant interacts with nanopar-
ticles before cross-linking. On the basis of previous
studies of empty cross-linked copolymer micelles by
Wooley?3? and Liu,?! we assume that the structure of the
shell does not change during the cross-linking process.
This assumption should be correct only if fluctuation of
the assembled surfactant structure occurs much more
slowly than cross-linking. For micelles and surfactant
layers made from PS-6-PAA, the hydrophobic PS core
is glassy and rigid under the aqueous conditions used
to cross-link the PAA shell.32 For samples in which
excess PS-b-PAA surfactant was added to Au nanopar-
ticles to form thick protective shell, TEM images
obtained before cross-linking the assembled shells were
essentially identical to those obtained after cross-
linking.?3 However, for samples in which the ratio of
polymer to nanoparticles was not large (which comprise
many of those described in this study), the un-cross-
linked surfactant shells fused and aggregated during
isolation and TEM sample preparation. As a result, we
have made the assumption that the structures observed
by TEM after cross-linking reflect the way surfactant
adsorbs before cross-linking. We have also assumed
that, although the glassy PS core freezes the surfactant
shell in place, that the observed structures represent
thermodynamic rather than kinetically trapped states
of the shell. Eisenberg and co-workers have previously
characterized the conditions under which PS-6-PAA
surfactants assemble into kinetic or thermodynamic
structures.?* To ensure thermodynamic equilibrium
between copolymer adsorbed onto the Au particle sur-
face and the reservoir of copolymer in solution, the
mixture was first allowed to stir for 24 h at low water

fraction (we = 15—20%), where micelles form but the
PS core is still slightly solvated, before completing the
transfer to water. In this way, we expected to avoid the
complex kinetic structures that Eisenberg has observed
for PS-b-PAA micelles when solvent polarity is changed
more rapidly.3?

Dependence of Encapsulation on Nanoparticle
Size. To determine the effect of surface curvature on
the structure of cross-linked core—shell nanoparticles,
we first characterized Au nanoparticles encapsulated
with PSloo-b-PAAlg (“Au@PSloo-b-PAAB”) for several
different sizes of nanoparticle (pay, = 2—60 nm). In this
system, the nanoparticle radii are comparable to the
dimensions of the polymer chains (R ~ 3 nm for PS1go-
b-PAA;3), and so the particles could act as solutes or
surfaces with respect to the surfactant during surfactant
adsorption. We defined monolayer capacity n}, for each
nanoparticle size as the amount of copolymer required
to form a monolayer on a 1 nm? area of particle with a
thickness equivalent to the theoretical root-mean-square
end-to-end distance ([£2[d2) of an unperturbed polymer
chain. The value of n}, increases slightly with increas-
ing surface curvature. To make a consistent comparison,
the ratio of polymer concentration to monolayer capacity
and total surface area of added Au particles (A" =
AauNa[Au], where Aa, is surface area of an Au nano-
particle, N, is Avogadro’s number, and [Au] is the
concentration of Au nanoparticles) was set to be the
same ([PS100-0-PAA 13 initia = 107* g/mL = 6.7n5, A%,
and in considerable excess, for experiments on particle
size dependence. In other words, the amount of added
polymer was 6.7 times that required to form a complete
monolayer around each Au nanoparticle. Under these
conditions, the excess surfactant reservoir consists
primarily of empty micelles due to the remarkably low
critical micelle concentration of the copolymer.

For Au nanoparticles 12 nm in diameter or larger (pa./
R, = 1, Figure 1b—d), each core—shell structure con-
sisted of exactly one nanoparticle surrounded by a shell
of fairly consistent thickness. We considered that a
statistical distribution of particles encapsulated within
micelles might lead to a few structures containing two
or more particles. No such structures, however, were
observed. Even extremely large and irregularly shaped
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nanoparticles were passivated with shells that appeared
very similar to those surrounding 12 nm particles
(Figure 1d). For smaller nanoparticles (4 nm diameter,
pa/Rg ~ 1), on the other hand, some structures did
indeed contain multiple particles (Figure 1a), under the
same encapsulation conditions as the bigger particles.
Similar characteristics of multiple nanoparticles sol-
vated within polymer surfactant micelles have been
reported.?637 In addition, the variation of average
surface thickness among particles was much larger for
smaller nanoparticles than for larger ones and ap-
proached the variation observed in free PS1g-b-PAA;3
micelles.

These differences indicate that 4 and 31 nm diameter
nanoparticles span the range over which PS;¢9-b-PAA;3
either solvates the particle as solute or adsorbs to the
particle as a surface. Small Au nanoparticles behaved
like solutes, swelling the micelle core. These particles
were statistically partitioned into the cavities of the
micelle cores, and micelles containing more nanopar-
ticles were reproducibly larger than those with fewer
particles. As a result, this random distribution of
particles led to micelles having very broad size distribu-
tion (Figure le), as is commonly observed for solute-
swollen micelles.?839 These observations demonstrated
that it would be difficult to generate monodisperse
samples of singly encapsulated, small Au particles using
PS100-6-PAA;3. Changing the encapsulation conditions—
including relative and absolute polymer and particle
concentrations, solvent composition, and transitions—
failed to improve the quality of encapsulated, small
particles. If the mechanism of surfactant adsorption was
indeed related to pau/R,, then reducing the molecular
weight of the polymer should have improved encap-
sulation; however, particles smaller than 10 nm in
diameter were insufficiently stabilized by shorter PS-
b-PAA surfactants.

By contrast, encapsulated nanostructures observed
with nanoparticles larger than 10 nm in diameter were
reproducibly and singly encapsulated within cross-
linked PS100-b-PAA 13, and the thickness of the shell was
consistent with surfactant adsorption onto a curved
nanoparticle surface. For larger particles, shell thick-
ness gradually increased with increasing nanoparticle
diameter when the ratio of polymer to particle surface
area was kept constant (Figure 1f—h). Although the
range of shell thickness was small, it was larger than
measurement error and variation from sample to sample
(<1 nm). The same trend has been characterized for
copolymer adsorption onto curved surfaces!’40=43 and
has been explained in terms of a simple blob model of
adsorbed polymer chain conformation.134¢ According to
this model, decreasing the surface curvature should
increase segment—segment interaction in the polymer
layer, decrease blob size, and increase the resulting
layer thickness. Our experimental results agree with
this theoretical expectation. Another way to express
variation of adlayer thickness is in terms of stretching
of the adsorbed polymer chains,*> which is induced by
increasing segment—segment interactions between poly-
mer molecules. Here, we have defined the degree of
stretching of the PS block (Spg) as the ratio of measured
shell thickness (£shen) to (22[GY2. As summarized in Table
2, the degree of stretching of PS blocks (Spg) increased
with increasing nanoparticle diameter, but the surface
density of chains (0) remained constant. For chains
adsorbed to 12 nm Au nanoparticles, the value of Spg is

Macromolecules, Vol. 38, No. 14, 2005

Table 2. Characteristics of Au@PS;0o-b-PAA 3 with
Different Nanoparticle Core Sizes

dau (nm) tshell (Nm) Sps® o®
4.1+ 0.5 119+ 3.6 1.77 0.84
123+1.1 102 4+1.9 1.52 0.13
31.0 £ 2.5 152 +12 2.25 0.13
51.4+4.8 16.7+1.2 2.49 0.12

@ Degree of stretching of PS blocks, taken as the ratio of ¢shen to

the end-to-end distance of the PS block [(h2gY2 = b,/Npg, where b
is the statistical segment length (6.7 A for PS) and Nps is degree
of polymerization of PS.#647 ® Surface density, defined as 0 = (Nyge
x a?)/Aau, where Nygq is the aggregation number of polymer chains
absorbed on the surface of an Au nanoparticle, a is the monomer
length (2.5 A for styrene), and Ap, is the surface area of one Au
nanoparticle.! Italicized values vary significantly from the ob-
served trend.

as small as that of empty PS-6-PAA micelles,?* but
chains encapsulating larger Au nanoparticles exhibited
significantly higher Spg values. The surface densities o
for chains encapsulating all Au nanoparticles larger
than 10 nm are, on the other hand, almost identical. In
our previous report,?> images of encapsulated 12 and
31 nm Au nanoparticles showed the same shell thick-
ness; in these past experiments, we failed to control the
ratio of polymer to surface area, and we argue that the
similarity in shell thickness for these preparations was
coincidental. By contrast, we report here that keeping
[PS-b-PAA]/nS, AL constant results in identical sur-
face density, and thus different shell thickness, for
different Au nanoparticle sizes. The calculated degree
of stretching and surface density for encapsulated 4 nm
Au (Table 2) deviate substantially from this trend,
consistent with the hypothesis that these smaller par-
ticles are dissolved in micelles rather than passivated
by an adlayer. Taken together, the experimental results
on varying nanoparticle size demonstrate that, for
particles encapsulated within a complete cross-linked
surfactant monolayer, shell thickness is determined by
stretching of polymer chains induced by surface curva-
ture rather than by variation in surface coverage. In
addition, these results suggest guidelines for protecting
a wide range of nanoparticle sizes with cross-linked
amphiphile shells.

Influence of Surface Area on Shell Thickness.
When particle encapsulation is best described by an
adsorption model (for pas/Rg > 1), the structure of the
polymer adlayer is significantly affected by the available
surface area. To investigate this effect, Au nanoparticles
(pau = 15.5 nm) were encapsulated with PS;po-b-PAA;3
at various ratios of polymer to total particle surface
area. This ratio was varied by adding different amount
of nanoparticles while keeping the initial polymer
concentration constant ([PSi00-b-PAAislinitiai = 1074
g/mL). Experiments were performed such that [PS-b-
PAAl/nS, A ranged from 2.60 to 325.

As shown in Figure 2, the shell thickness of the
encapsulated nanoparticle gradually increased with
increasing [PS-b-PAAl/nS, A¥™! ratio. Averaged over
100 particles, the shell thicknesses for Au@PS;o-b-
PAA;3 (day = 31 nm) increased from 8.9 4+ 1.0 to 40.1 +
2.0 nm as [PS-b-PAAl/nS A increased from 2.6 to
325. This overall increase in shell thickness was ac-
companied by an increase in the number of empty
micelles remaining in the encapsulation solution, as
observed in TEM images of unpurified material.?? Both
of these observations can be understood in terms of the
MJL model of surfactant adsorption.'* According to this
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Figure 2. TEM images (a—d) and histograms of shell thickness (e—h) for Au@PS;0-b-PAA;3, day = 31 nm, with varying polymer
to surface area. [PS100-6-PAAs3l/n}, Aﬁ"‘l =(a, e) 2.6, (b, f) 13, (¢, g) 65, and (d, h) 325. Histogram (g) represents two populations
of single-layered (black) and double-layered (grey) structures. Image (d) and histogram (h) shows double-layered structures only.
The initial polymer concentration was [PSio0-b-PAAj3linitis = 107 g/mL for all samples. See Supporting Information for other

TEM images which were used in obtaining histograms.

Table 3. Dependence of the Structure of Adsorbed
Polymer Layer on [PS-b-PAAVRS, A Ratio

[PS100-b-PAA3l/ns, Aldte! tshell (NM) Spg® ob
325 40.1 £+ 2.0¢ 5.98¢ 0.87¢
65 29.2 + 2.4¢ 4.36¢ 0.44¢
20.4 + 1.8 3.04 0.22
13 18.1+£1.0 2.70 0.18
6.5 149+1.1 2.22 0.13
4.3 13.5+1.6 2.01 0.11
3.2 124+ 2.0 1.85 0.09
2.6 89+1.0 1.32 0.06

%b See Table 2 for definitions. ¢ Values are for nanoparticles
encapsulated within double-layered polymer shells. Italicized
values vary significantly from the observed trend.

equilibrium model, the adlayer thickness is related to
the effective chemical potential exerted on the available
surface area by the reservoir of available polymer. As a
result, during nanoparticle encapsulation, the shell
thickness should be dependent not on the absolute
concentration of polymer or Au nanoparticle but on the
relative amount of polymer and Au nanoparticle. We
observed that varying [PS-6-PAA] over an order of
magnitude yielded Au@PS-b-PAA with the same shell
thickness as long as [PS-b-PAAl/nS AV was kept
constant. Varying the [PS-b-PAAl/nS, AV ratio, how-
ever, yielded consistent changes in surface density of
adsorbed polymer and in chain stretching. As [PS-b-
PAAI/nS, A% was increased, both o and Sps increased
continuously (Table 3). Interestingly, we also found that
shell thickness exhibited a linear relationship with ([PS-
b-PAAl/RE, A1 for a broad range of [PS-b-PAAl/n,
A ratios (Figure 3). We have found that this linear
relationship allows us to predictably control the shell
thickness of the produced Au@PS-b-PAA by simply
varying the relative concentration of polymer and avail-
able particle surface area.

At high [PS-b-PAA]/nS, A¥ ratios, the relationship
between shell thickness and ([PS-b-PAA]/nS Al)-1
deviated from this trend, and TEM images showed some
particles with double layers of slightly different con-
trast. Samples of Au@PS;00-b-PAA;3 prepared at [PS-
b-PAAl/nS, A = 65 contained a mixture of single-
and double-layered particles (Figure 2¢,g), and particles
prepared with much higher [PS-b-PAAl/n}, Affflal ratios

40
E 3010
s
EZD S—_ .
10 d i
0
0 0.25 0.5

1
(IPS100-b-PAA 1INz AL

Figure 3. Variation of shell thickness with ([PS100-6-PAA;3]/
n,, Aﬁal)‘lz (M) ¢snen measured for particles showing a single
shell layer; (O) ¢shen measured for particles showing a double-
layered shell. A linear fit to the data for single-layered shells
gave slope —14.4 nm and R = —0.99.

were entirely double-layered (Figure 2d,h). In all of
these cases, the total multilayer shell thickness was
larger than the theoretical length of a fully stretched
PS100-b-PAA;3 chain (26 nm). Although we have previ-
ously observed layered structures in TEM images of
copolymer micelles that are swollen with small-molecule
solute, empty micelles from unpurified material from
these preparations looked normal.

The organization of the polymer in these layered
structures is not clear. In particular, we do not under-
stand how an additional layer of block amphiphile could
assemble onto a hydrophilic surface to yield another
hydrophilic surface. So, the composition of these double-
layered structures and the mechanism of their forma-
tion are still under investigation in our lab. Nonetheless,
the size polydispersity of these shells is still exception-
ally low, and encapsulating particles within amphiphile
multilayers extends our ability to control to control
polymer thickness in Au-core/copolymer-shell nano-
structures.

Effect of Polymer Composition on Shell Thick-
ness. The relative and absolute lengths of the copolymer
blocks also greatly affected the structure of the adsorbed
polymer layer. We previously reported that we could
only successfully encapsulate Au nanoparticles with
highly asymmetric block copolymers.?> TEM images of
nanoparticles mixed with moderately asymmetric or
symmetric copolymers (PSi59-b-PAAgs, PS49-b-PAAs54)
failed to show adsorption of polymer to particle surfaces,
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Figure 4. TEM images (a—c) and histograms of shell thickness (d—f) of encapsulated 31 nm Au nanoparticles within micelles
formed with (a) PS100-b-PAA;3, (b) PS160-b-PAA13, and (c¢) PSas0-b-PAA;13. The initial polymer concentration was [PS-b-PAAlinitia =
107 g/mL = 6.7n}, Ag"ﬁal for all samples. All empty micelles were completely removed by 3—5 times of consecutive centrifugations
after cross-linking the acrylate groups in PAA blocks by 50%. See Supporting Information for other TEM images which were

used in obtaining histograms.

Table 4. Dependence of the Shell Thickness on Polymer

Composition
polymer
composition tshell (NM) Sps® ab
PS100-b-PAA;3 152 +1.2 2.27 (1.52¢) 0.13
PS160-6-PAA;3 17.2+15 2.03 0.10
PSa50-6-PAA;3 20.8 + 2.1 1.96 (1.43¢) 0.09

@b See Table 2 for definitions. ¢ Values are for empty micelles
isolated from the encapsulated nanoparticle solution.

whereas very asymmetric polymers (PSgs0-b-PAAjs,
Pslso-b-PAAIB, Pslo()-b-PAAlS, PMMAQ40-I)-PAA13) suc-
cessfully formed thick surfactant shells. This difference
could be explained by competition between adsorption
of copolymer onto the nanoparticle surface and forma-
tion of empty micelles in solution by surfactant mol-
ecules.16:4849 Qualitatively, when other factors are same,
polymers having longer hydrophobic blocks are pre-
dicted to favor adsorption, and polymers having longer
hydrophilic blocks should favor self-association into
micelles in aqueous solution.!® Within the range of
surfactants that successfully formed shells around
nanoparticles, we found that shell thickness could be
further controlled by copolymer composition. At con-
stant [PS-b-PAA]/nS, AY™! (=6.7), the shell thickness of
Au@PS-b-PAA (day = 31 nm) increased from 15.2 £ 1.2
to 20.8 &+ 2.1 nm as the PS block length increased from
Nps = 100 to Nps = 250 (Figure 4). A number of
relationships between surface-grafted polymer layer
thickness and polymer molecular weight have been
proposed; Marques et al. predicted tg,en 0 NV2 at flat
surfaces,* and Ligoure and Liebler subsequently pre-
dicted tsnen 0 N3/ at curved surfaces,? for polymers with
identical surface density. The three samples we evalu-
ated for PSy-b-PAA;3 more closely fit the relationship
tshen O NX with X ~ 1/3, but the calculated surface
density for this series also varies (Table 4). More
importantly, the shell thickness for Au@PSy-b-PAA;3
progressively increases with increasing surfactant mo-
lecular weight N, as predicted by adsorption theory.

Conclusions

The present study shows that for Au nanoparticles
larger than 10 nm in diameter a general polymer
adsorption model successfully describes the formation
of well-defined core—shell Au nanoparticles (Au@PS-b-
PAA). The structures of these core—shell nanoparticles
can be programmed for a particular particle diameter
by varying the relative ratio of the amount of polymer

to available surface area ([PS-b-PAAl/nS AY™). Be-
cause the properties of nanoparticles can be extremely
sensitive to their local chemical and physical environ-
ment, we anticipate that the strategy outlined in this
report will facilitate controlled application of nanopar-
ticle materials where they might not ordinarily be stable
or functional.
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