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ABSTRACT: Here, we report a simple method to control the
location of nanoparticles in colloidal block-copolymer
assemblies by using nanoparticles modified with mixed surface
ligands. The binary self-assembly of amphiphilic polymers of
polystyrene-b-poly(acrylic acid) (PS-b-PAA) and gold nano-
particles (AuNPs) modified with a hydrophobic ligand,
dodecanethiol (DT), led to polymer micelles with nano-
particles segregated in the core of polymer micelles. On the

50 nm

50 nm

other hand, AuNPs modified with mixed ligands of mercaptoundecanol (MUL) and DT were distributed at the PS—PAA
interface, reducing the interfacial energy between the two polymers. This result was in good agreement with the prediction by the
surface energy calculations. We also showed that the AuNPs with mixed ligands can decorate preformed polymer assemblies by
the interfacial self-assembly. Furthermore, we demonstrated the compartmentalization of two different types of nanoparticles in

colloidal polymer assemblies based on the strategy.

C olloidal self-assembly of amphiphilic block-copolymers
and inorganic nanoparticles offers a way to create solution
processable functional materials with useful chemical and
mechanical properties of polymers and the unique size-
dependent properties of nanoparticles for various applications
including medical imaging and drug delivery.'~* Because the
distribution of nanoparticles in the polymer matrixes is an
important factor that determines the properties of such hybrid
structures, it is of great interest to form polymer assemblies
with controllable nanoparticle arrangements. A range of
different types of nanoparticles (e.g, semiconducting,’®
magnetic,” and metallic nanoparticles”) have been encapsulated
in various polymer assemblies. For example, Eisenberg and co-
workers have demonstrated a strategy to incorporate polymer-
grafted nanoparticles in the membrane of polymer vesicles.”
Taton and co-workers have fabricated nanoparticle-loaded
polymer micelles where alkyl-terminated nanoparticles were
uniformly embedded in the hydrophobic polymer core.”'
Using a similar method, we have shown that the arrangement of
nanoparticles and the polymer morphology can be controlled
by changing the initial solvent composition, polymer lengths,
and nanoparticle weight fractions."' Unique cavity-like
assemblies of hydrophobic nanoparticles were formed in A—B
polymer assemblies where nanoparticles were arranged at the
B—B interface."*™'* We have also prepared polymer vesicles
densely packed with magnetic nanoparticles and showed that
the spatial arrangement of nanoparticles in the polymer matrix
significantly affects the magnetic relaxation rate of surrounding
water."!

In this communication, we report a simple method to control
the location of gold nanoparticles (AuNPs) in colloidal
polymer assemblies by tuning the nature of the nanoparticle
surface. For bulk and thin film composite systems, various
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factors affecting the binary self-assembly of block-copolymers
and nanoparticles have been investigated including the size of
the nanoparticles, the molecular weight of polymers, and the
nanoparticle surface ligands.">™"” For example, Kramer and co-
workers have localized polymer-grafted AuNPs in different
domains of lamellar assemblies of block-copolymers by
changing the polymer composition grafted onto AuNPs.'®
Emrick and co-workers have shown that the location of
nanoparticles in block-copolymer assemblies can be controlled
by varying the ratio between hydrophobic and hydrophilic
ligands on nanoparticles.”” On the contrary, the ability to
control the nanoparticle distribution in the solution-phase self-
assembly is still quite limited. In this study, we show for the first
time that the arrangement of nanoparticles in A—B polymer
micelles can be controlled from the core of the polymer
micelles to the A—B polymer interface by using mixed
nanoparticle ligands. We also demonstrate that different types
of nanoparticles can be compartmentalized in different
locations of colloidal polymer assemblies using the approach.
In typical experiments, AuNPs stabilized with dodecanethiol
(DT) were first synthesized by the Brust—Schiffrin method.*
Then, a fraction of DT ligands of nanoparticles was replaced
with 11-mercapto-1-undecanol (MUL) by the ligand ex-
change,'>'* resulting in nanoparticles with mixed hydrophobic
(DT) and hydrophilic (MUL) ligands (Figure S1, Supporting
Information). The ratio of DT to MUL was controlled by
varying the concentration of MUL in the solution used for the
ligand exchange (Table S1, Supporting Information). The final
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ratios of DT and MUL on nanoparticles were determined by
"H NMR (Figure S2 and Table S1, Supporting Information).
The synthesized nanoparticles were assembled with amphiphilic
polymers of polystyrene and poly(acrylic acid) (PS-b-PAA)
using the selective solvent method.'' Briefly, AuNPs in
chloroform or ethanol (1.7 M, 50 uL) were mixed with
PS,5,-b-PAA,, dissolved in N,N-dimethylformamide (DMF) (4
uM, 500 uL). To induce self-assembly, 0.3 mL of purified water
(17.9 MQ) was slowly added to the mixture at the rate of 10
#L/30 s while stirring. The solution was then dialyzed against
water for 24 h. In all experiments, the volume fraction of
AuNPs over the combined volume of AuNPs and polymers was
kept constant at 0.06. The resulting assemblies were
characterized by transmission electron microscopy (TEM),
scanning transmission electron microscopy (STEM), energy-
dispersive X-ray spectroscopy (EDS), and dynamic light
scattering (DLS).

Figure 1 presents TEM images of binary assemblies of PS-b-
PAA and AuNPs with varying surface ligands. The AuNPs
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Figure 1. (a) Pictorial description of the self-assembly of PS,y-b-
PAA,, and AuNPs with varying surface ligands. Light gray lines, dark
gray lines, and red spheres represent PAA, PS, and AuNP, respectively.
(b) A TEM image of coassemblies prepared with AuNPs modified
with 100% DT. (c) A TEM image of coassemblies prepared with
AuNPs modified with 75% DT and 25% MUL. (d) A TEM image of
coassemblies prepared with AuNPs modified with 20% DT and 80%
MUL. Note that the PAA layer is not visible in TEM images.

immobilized with 100% DT segregated into the PS core of
polymer micelles due to the favorable enthalphic interaction
between the hydrophobic nanoparticles and the PS block as
well as the attractive interaction between AuNPs (Figure 1b).
As the fraction of MUL increases to 25% or 33%, the
nanoparticle aggregates moved toward the PS—PAA interface,
forming Janus-type particles (Figure 1lc). The asymmetric
assembly formed at the MUL % range is reminiscent of the
report by Chen and co-workers where single gold nanoparticles
are eccentrically embedded in polymer micelles when nano-
particles and polymers are self-assembled in the presence of
hydrophobic and hydrophilic thiols.>" A further increase of the
MUL % over SO (50%, 60%, 80%, 100%) led to AuNPs
distributed at the PS—PAA interface (Figure 1d). Note that
TEM images are two-dimensional projections of three-dimen-
sional objects. Therefore, the dark contrast at the edges of
polymer assemblies indicates the selective accumulation of
nanoparticles at the PS—PAA interface.
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Understanding the wetting properties of nanoparticles and

polymers is important for the rational design of polymer
162223 .

nanocomposites. The spatial arrangements of nano-
particles with varying surface ligands in polymer assemblies
can be explained by the interfacial energies between two
polymer blocks, A and B, and nanoparticles. Nanoparticles can
locate at the A—B interface of two polymers if the criterion of

(1)

is satisfied, where o, /\p, Op/npy and o,/ are the interfacial
energies of A—AuNP, B—AuNP, and A—B pairs, respec-
. 16,2324 . .

tively. The interfacial energy, o¢,,,, between two
interacting components, 1 and 2, is defined as

o= (% = JB) )

where y is the surface energy.25 The surface energy can be
estimated by measuring contact angle, 6

IUA/NP - UB/NP' < Op/B

P
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where ¥, is the surface energy of liquids and s is the surface
energy of solids.?® The y° and 7" denote dispersion
components, and y;" and ys* denote polar components.
From contact angle measurements with a polar and a nonpolar
liquid with known surface energies, 75" and ys” can be obtained
from the slope and the intercept of eq 3.

We used these relationships to predict the molar ratio of
MUL and DT that induces the interfacial assembly of AuNPs.
To estimate the interfacial energies between modified AuNPs
and two polymer blocks, PS and PAA, gold thin films coated
with DT and MUL were used as model systems for ligand-
modified AuNPs. Water and formamide were used as test
solvents for contact angle measurements. The ligand-modified
gold films were prepared by immersing freshly deposited gold
films into ethanolic solutions of DT or DT/MUL mixtures (3
mM) for two days at room temperature. The surface energies of
modified Au films were estimated from the contact angle
measurements for varying molar ratios of DT and MUL. As
expected, the surface energy gradually increased as the
percentage of MUL increased (Figure S$4, Supporting
Information), which is consistent with previous reports.”””
The opg/np and oppa/np Values were then calculated from the
surface energies using eq 2. As plotted in Figure 2, the lopg,np —
Opaa/npl value decreases with increasing MUL percentage
(Figure 2) and becomes smaller than 6pgpps (3.43 mJ/m?) at
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Figure 2. (a) Pictorial description of nanoparticles modified with two
different ligands at different ratios. Green lines and orange lines
represent two different ligands. (b) The lopg/np — Gpaa/np! values at
varying MUL % on nanoparticle surfaces. The blue line indicates the
interfacial energy between PS and PAA.
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about 61% MUL (Supporting Information). Eventually, the
Ops/Np — Opaa/np Decomes negative for 100% MUL, and the
absolute value of lopg,np — Opaa/npl becomes closer to Opg/pas.
Therefore, the minimum value of lopg/np — Gpaa/npl is found at
an MUL % between 65% and 100%. These data indicate that
NPs with MUL % larger than 65% can reside at the PS—PAA
interface, reducing the interfacial energy between PS and PAA.
It also indicates that the ideal MUL % for interfacial assembly
should be larger than 65% and smaller than 100%.

This prediction is in a good agreement with the experimental
data presented in Figure 1. Among four different MUL % (50%,
60%, 80%, 100%) that showed the interfacial assembly, the
nanoparticle distribution was most even at 80% MUL (Figure
1d and Figure S6, Supporting Information). This result is
consistent with the prediction that the most effective MUL %
for reducing the PS—PAA interfacial energy is in between 65%
and 100% (Figure 2). However, it is worth noting that the
interfacial assembly of nanoparticles was found over a wider
range of MUL % than predicted. This is partly due to the fact
that the surface energy of modified AuNPs can be different
from that of modified gold films, as reported by Stellacci and
co-workers.”” Moreover, the two ligands on AuNPs can phase-
segregate to maximize the interaction between PS and DT and
the interaction between PAA and MUL rather than forming
homogeneously mixed monolayers. Also, note that the
prediction by the interfacial energy calculation does not
consider the distribution in ligand compositions, while the
actual ligand composition is distributed about the measured
average values with fractions of nanoparticles with more or less
MUL % than the average value. Nonetheless, the interfacial
energy calculation presented in Figure 2 provides a useful
guidance for the solution-phase interfacial assemblies of
nanoparticles and amphiphilic polymers.

The EDS measurements were consistent with the TEM
observations (Figure 3). The Au intensity profile of the
assemblies formed with 100% DT showed a Gaussian-shape
curve indicating that AuNPs concentrated in the center of
polymer micelles (Figure 3a). The assemblies with 80% MUL,
on the other hand, showed high intensities at the edges of the
micelle, confirming the assembly of nanoparticles at the PS—
PAA interface (Figure 3b). On the basis of the size of the
assemblies (Figure 3c,d), it is likely that the assemblies formed
at 80% MUL adopt the compound micelle structure,*”>° which
is composed of a micelle containing reverse micelles in the core.
Because varying numbers of reverse micelles can be
incorporated in compound micelles, they typically show
broad size distributions.”’ However, the interfacial assemblies
prepared with 80% MUL AuNPs were fairly uniform and
showed a narrow size distribution with the standard deviation
of 8% from TEM measurements (Figure 3d). This result
indicates that the incorporation of amphiphilic AuNPs regulates
the characteristic length scale and overall size of polymer
assemblies, as shown for polymer melts and larger colloidal
polymer particles.>" It is interesting to note that the size
distribution becomes broader when the MUL % was increased
to 100% or decreased to S0% (Figure 3e). For 100% MUL,
polymer assemblies might be preformed before nanoparticles
start associating with polymers at the PS—PAA interface or in
the PAA block because of the hydrophilic nature of the NPs,
resulting in a broader size distribution.

The result of 100% MUL suggests that nanoparticle-
decorated polymer assemblies can be prepared from preformed
polymer assemblies (Figure 4). This approach provides a
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Figure 3. (a,b) STEM images and EDS line scans of the assemblies
prepared with 100% DT (a) and 80% MUL (b). The EDS line profile
(gold L, line) is an average of multiple scans. (c,d) Size distribution
histograms of the assemblies prepared with 100% DT (c) and the
assemblies prepared with 80% MUL (d) obtained from TEM images.
(e) DLS data for assemblies prepared with 50%, 60%, 80%, and 100%
MUL.

Figure 4. (a) Schematic description for the formation of rod-like
micelles decorated with AuNPs. (b,c) Rod-like micelles of PAAy—PS
(b) before and (c) after the nanoparticle assembly. (d,e) Commercial
carboxylic acid terminated polystyrene beads (100 nm) (d) before and
(e) after the nanoparticle assembly.
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simple way to decorate various types of polymeric nanostruc-
tures with inorganic nanoparticles and is particularly useful for
nonspherical assemblies that are difficult to prepare using the
simultaneous self-assembly of amphiphilic polymers and
nanoparticles. To test the feasibility of the approach, rod-like
micelles were first prepared by dispersing PSo-b-PAA ;4 in water
by sonication. An ethanol solution of AuNPs immobilized with
100% MUL (2.7 uM, 100 pL) was then slowly added to the
aqueous solution of micelles (2 mg/mL, 15 uM, 10 uL) while
stirring the solution. The self-assembly was induced by the slow
water addition (1.8 mL) followed by dialysis. This procedure
led to rod-like micelles densely coated with AuNPs, as revealed
by TEM (Figure 4ab). As another example, commercial
carboxylic acid modified polystyrene beads were used for the
interfacial assembly. As shown in Figure 4d, polystyrene beads
uniformly coated with nanoparticles were formed by the same
procedure.

With these capabilities, we fabricated multicomponent
assemblies where gold and iron oxide nanoparticles are
embedded in different locations of polymer assemblies (Figure
5). We have previously shown that iron oxide nanoparticles
stabilized with oleic acids can form unique radial arrays at the
PS—PS interface in compound micelles of PS-b-PAA (Figure
5b).""** The ternary self-assembly of iron oxide nanoparticles,
AuNPs (80% MUL or 100% MUL), and PS-b-PAA resulted in
layered assemblies with AuNPs located at the PS—PAA
interface and iron oxide nanoparticles located in between the
polymer core and polymer shell'' of compound micelles
(Figure Sa,d). For a typical experiment, magnetic NPs were first
mixed with PS,,,-b-PAA,, (2 uM, 20 uL) in DMF and then
mixed with AuNPs (4.7 uM, 10 L) in ethanol, followed by the
slow water addition and dialysis. The distance between two
nanoparticle layers can be potentially controlled by varying the
molecular weight of polymers or nanoparticle volume
fractions."”” The EDS data confirmed that iron oxide nano-
particles and AuNPs are arranged at two different radial
positions of polymer assemblies (Figure Sd). The distribution
of iron oxide nanoparticles can be controlled by using a
different initial cosolvent for nanoparticles and polymers as we
previously reported.'' When THF was used instead of DMF,
iron oxide nanoparticles are embedded throughout the PS
matrix rather than forming shell-like assemblies as previously
reported (Figure Se).'®'" Figure 5f presents the coassemblies
of AuNPs and iron oxide nanoparticles prepared in the
condition that favors the uniform distribution of iron oxide
nanoparticles. It is apparent from TEM images and EDS line
scans that iron oxide nanoparticles are embedded in the PS
core, while AuNPs are located at the PS—PAA interface.

In summary, we demonstrated a strategy to control the
location of nanoparticles in colloidal solution-phase assemblies
of amphiphilic polymers. Depending on the ratio between
hydrophobic and hydrophilic surface ligands, particles either
localized at the interface between PS and PAA blocks or
aggregated in the center of the assemblies. Uniform interfacial
assemblies of AuNPs were obtained with AuNPs modified with
80% MUL and 20% DT, which is in good agreement with the
prediction by interfacial energy calculations. Compared to the
hollow nanoparticle capsules fabricated by the interfacial
assembly at the oil/water interface of emersions,® the binary
assembly of nanoparticles and polymers reported here results in
more stable nanoparticle capsules supported by polymer
templates. On the basis of the approach, we fabricated
multifunctional assemblies where iron oxide nanoparticles and
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Figure S. (a) Pictorial description for the formation of multi-
component layered assemblies of AuNPs and magnetic nanoparticles.
Red dots and green dots represent AuNPs and iron oxide
nanoparticles, respectively. (b) Compound micelles with 4.5 nm
magnetic nanoparticles arranged in between the polymer core and
polymer shell. (c) Compound micelles with 4.5 nm iron oxide
nanoparticles arranged in between the polymer core and polymer shell
and AuNPs (80% MUL) at the PS—PAA interface. (d) An STEM
image and EDS Au intensity (L, line) and Fe intensity (K, line)
profiles of the assemblies shown in (c). (e) Polymer micelles
encapsulated with 15.7 nm magnetic nanoparticles in the PS domain.
(f) Polymer micelles encapsulated with 15.7 nm magnetic nano-
particles in the PS domain and AuNPs (100% MUL) at the PS—PAA
interface. The inset shows a higher magnification TEM image (scale
bar: 50 nm). (g) An STEM image and the EDS Au intensity (L, line)
and Fe intensity (K, line) profiles of the assemblies shown in (f).

AuNPs are compartmentalized at different locations of polymer
matrixes. Furthermore, we demonstrated that MUL-modified
AuNPs can decorate preformed assemblies of amphiphilic
polymers. This approach can be potentially useful for
functionalizing polymer particles with targeting molecules or
drugs for biomedical applications.
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