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ABSTRACT: A simple and efficient route to gold—polymer
nanoparticle composites is described. Our versatile synthetic
route exerts facile control over polymer nanoparticle
morphology, including micelles, rod-like structures, and
vesicles, all easily attainable from a single polymerization
taken to different monomer conversions. Specifically, poly-
[oligo(ethylene glycol) methacrylate]-b-poly-
(dimethylaminoethyl methacrylate)-b-poly(styrene) (POEG-
MA-b-PDMAEMA-b-PST) triblock copolymers were synthe-

o
o

200 nm

sized using a polymerization induced self-assembly (PISA) approach. Subsequently, spherical gold nanoparticles (10 nm AuNPs)
were formed at the hydrophilic—hydrophobic nexus of the assembled triblock copolymer nanoaggregates by the addition of
chloroauric acid (HAuCl,) followed by in situ reduction using NaBH,,. After reduction, the cloudy white nanoparticle dispersions
turned to a red-purple color. The gold nanoparticles that formed were stabilized by the enveloping polymeric nanostructures,
neither precipitation nor agglomeration occurred. We demonstrated that we were able to tune the gold nanoparticle composition
in these polymer—gold composites by varying the concentration of chloroauric acid. Morphology, particle size, molecular weight,
AuNP content, and chemical structure of the polymer structures were characterized by transmittance electron microscopy
(TEM), dynamic light scattering (DLS), size exclusion chromatography (SEC), thermal gravimetric analysis (TGA), and 'H
NMR. Finally, the formation of the AuNPs occurred without affecting the polymer nanoparticle morphology.

Polymer/inorganic hybrid nanoparticles have garnered
much attention given their potential applications in a
broad range of areas including biotechnology, nanotechnology,
optoelectronics, therapeutic applications, and catalysis." Specif-
ically, gold nanoparticles (AuNPs) are widely studied as they
are nontoxic, are tunable in size and shape, and a plasmon
resonance band ranging from 500 to 800 nm.”> However,
AuNPs have a high surface area that results in poor colloidal
stability and subsequent aggregation in solution.” To overcome
this instability, polymers have often been used as an outer shell
coating to the gold cores, providing a steric (or sometimes
electrostatic) barrier to aggregation.* A slightly different
approach to polymer—metal hybrid nanoparticles has also
been taken, where inorganic nanoparticles (e.g., AuNPs,
magnetic nanoparticles), have been attached to the surface of
polymeric microparticles yielding composites with demonstra-
ted potential in cancer therapy and photovoltaic applications.®

There have been a number of publications describing a
combination of inorganic nanoparticles with polymeric
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particles, to produce colloidal composite particles with complex
internal phases.® Most commonly, an ex situ approach is taken;
a method based on the cooperative self-organization of
preformed inorganic nanoparticles in the presence of
presynthesized polymers as reported by Taton and co-workers,
for instance, who encapsulated hydrophobic iron oxide
nanoparticles into poly(acrylic acid)-block-poly(styrene) (PS-
b-PAA) micelles.” In another example, Yabu and co-workers
self-assembled inorganic nanoparticles in micelles, exploiting
electrostatic interactions, generating a range of spherical
composites.® In other work, So-Jung Park and co-workers
self-assembled AuNPs in the hydrophobic layer of preformed
PS-b-PAA or poly(ethylene oxide)-block-polylactide based
vesicles.”
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Scheme 1. (A) Schematic illustration of POEGMA Homopolymer and POEGMA-b-PDMAEMA Diblock Copolymer Synthesis
(Left) and Their SEC Traces (Right); (B) Schematic Illustration of Dispersion Polymerization of Styrene in the Presence of
POEGMA-b-PDMAEMA (Top); SEC Traces of the POEGMA-b-PDMAEMA-b-PST Triblock Copolymers at Different

Polymerization Times (Bottom-Left); Evolution of Molecular Weight and PDI versus Monomer Conversion (Bottom-Right)
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An alternative synthetic approach to prepare hybrid organic/
inorganic nanocomposites is the in situ production of inorganic
nanoparticles within preformed polymeric nanoparticles.**'® In
this method, one of the polymer blocks strongly interacts with
the metallic (precursor) ion.'®'! Metal—polymer composite
particles are subsequently generated via the direct reduction of
the metallic precursors contained within polymeric nano-
particles. As an example, McCormick and co-workers
synthesized gold nanoparticles inside spherical polymersomes
using the in situ reduction of chloroauric acid in the presence of
tertiary amine groups.12

To our best knowledge, no work has been done on the
preparation of polymer-gold composite with diverse shapes,
ranging from spherical and rod-like micelles to vesicles. In this
paper, we present a simple and versatile method for the
preparation of tunable hybrid nanocomposite morphologies
composed of a polymer nanostructure, enveloping multiple
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spherical gold nanoparticles. We exploited polymerization-
induced self-assembly (PISA)" together with in situ gold
nanoparticle formation, in a novel synthetic strategy to generate
these composite nanoparticles. We were able to tune the
content of the spherical gold nanoparticles at the interface of
hydrophilic and hydrophobic segments.

Polymerization-Induced Self-Assembled (PISA) Approach:
OEGMA (M, = 300 g mol™") was polymerized by reversible
addition—fragmentation chain transfer (RAFT) polymeriza-
tion,'* yielding POEGMA (M, gzc = 7300 g mol™" and PDI =
1.08). The PEOGMA was then chain extended in the presence
of dimethylaminoethyl methacrylate (DMAEMA) in toluene
(Scheme 1), yielding a diblock polymer (constituted by 15
units of DMAEMA), as verified by SEC analysis. The diblock
copolymer was then chain extended using RAFT dispersion
polymerization of styrene at 70 °C in methanol, to yield a
triblock copolymer, as confirmed by SEC (Scheme 1B). Linear
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Figure 1. '"H NMR spectra of (A) POEGMA recorded in D,0O, (B)
POEGMA-b-PDMAEMA block copolymer recorded in D,0, and (C)
POEGMA-b-PDMAEMA-b-PST recorded in d-chloroform.

Table 1. Summary of the Polymers Prepared in This Study

a Mn,NMRh M, s5c”

# (%) (g mol™) (g mol™) PDI®
POEGMA 42 7700 7300 1.08
POEGMA-b- 75 8800 8500 1.09

PDMAEMA
time (h) POEGMA-b-PDMAEMA-b-PST
6 4.2 31700 22000 1.30
12 53 37400 24400 1.43
18 6.3 43400 28900 1.45
24 6.5 44300 32100 141
32 8.9 56550 37000 143
40 9.1 57300 37600 1.45

“Monomer conversion was calculated from 'H NMR spectrum.
“NMR molecular weight was calculated according to this equation M,
= ([M]o/[RAFT]) X @ X M, """ + M4, where [M],, [RAFT],,
a, M,™"™ and MFT are the monomer RAFT agent
concentration and monomer conversion molecular weight of
monomer and RAFT agent, respectively (Note: for POEGMA-b-
PDMAEMA and POEGMA-b-PDMAEMA-b-PST copolymers, we
used the molecular weight of POEGMA and POEGMA-b-PST as the
molecular weight of the RAFT agent. “The experimental M, and PDI
were determined by SEC calibrated with polystyrene standards using
N,N-dimethylacetamide as eluent.

increments in In([M]o/[M]) and molecular weight with
conversion, together with reasonably narrow PDIs demonstrate
traits of livingness imbued by RAFT control over the dispersion
polymerization (Scheme 1B). The molecular weight shoulders
of POEGMA-b-PDMAEMA-b-PST triblock copolymers were
observed at different polymerization times and were attributed
to the formation of PST—PST radical coupling during the
dispersion polymerization. Similar observations were also noted
in previous publications using dispersion polymerization, ">

Styrene conversion increased continuously during the
dispersion polymerization, attaining 9.1% after 40 h. The
clear reaction solution became cloudy after 6 h of polymer-
ization, finally turning milky-white at the end of the dispersion
polymerization. SEC analysis confirmed the successful chain
extension of POEGMA-b-PDMAEMA with a gradual increase
of the molecular weight as the dispersion polymerization
progressed (Scheme 1B).
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The POEGMA homopolymer, POEGMA-b-PDMAEMA
diblock copolymer, and POEGMA-b-PDMAEMA-b-PST tri-
block copolymers were all characterized by '"H NMR (Figure
1). Characteristic signals of POEGMA homopolymer were
observed between 4.3 and 3.3 ppm with dithiobenzoate end
groups at 7.2, 7.5, and 7.8 ppm. After chain extension with
PDMAEMA, new signals appeared at 2.55 and 2.30 ppm,
consistent with methylene protons adjacent to the tertiary
amino group and methyl protons on the tertiary amine besides
POEGMA peaks in the midspectrum. After the final chain
extension, the presence of aromatic protons of polystyrene at
around 6.6 and 7.1 ppm confirmed triblock copolymer
formation. '"H NMR was also employed to estimate the
molecular weight of the triblock copolymers (Table 1). The
molecular weight values determined by SEC were slightly lower
than the values calculated via NMR. Finally, FTIR spectroscopy
(SL, Figure S1) was utilized to characterize the copolymers.

The morphologies that formed during the dispersion

polymerization were investigated by TEM and DLS measure-
ments. Number-average particle sizes of the triblock copoly-
mers were measured as 34 nm after 6 h polymerization time
and 436 nm after 40 h as depicted in Figure 2A. TEM images
revealed morphology transitions with increasing monomer
conversion, going from micelles to rod-like structures and then
to vesicles (Figure 2B, and SI, Figure S2). The morphology
progression was mainly influenced by the DP, of the PST
block, as shown in Figure 2C. Micelles were observed after the
PST block reached 200 repeating units, and finally, vesicles
were formed with 440 PST repeating units.
AuNP—Polymer Composite Formation: The triblock copoly-
mer nanoaggregate dispersions were used for in situ gold
nanoparticle formation exploiting the PDMAEMA block
segment. Chloroauric acid was complexed with the tertiary
amine groups present in DMAEMA using two different molar
feed ratios, that is, 2:1 and 4:1 of Au/tertiary amine for 1 day.
During the incubation, no self-reduction was observed.
Reduction to form gold nanoparticles was achieved by adding
a solution of NaBH, in water whereupon, the white cloudy
dispersions turned to red-purple color in a few seconds (Figure
3A). The same protocol was followed for all the polymer
morphologies (SI, Table S1).

Aliquots of the composite polymer-AuNPs were dried as thin
films on a Mica substrate and the crystalline structures were
investigated via XRD measurements (Figure 3C). In the XRD
patterns, peaks at 38, 44, and 64° were observed, confirming
the formation of metallic gold in a face-centered cubic lattice
within the triblock copolymer aggregates. The peaks assigned
using blue marks came from residual NaCl produced during the
reduction. The presence of gold nanoparticles was also
confirmed by TEM in Figure 3E (supplementary TEM
micrographs are included in SI, see Figure S3), where gold
nanoparticles can be seen as small black dots (%10 nm). As
clearly seen from the TEM images, the polymeric morphologies
were not affected by the gold nanoparticle formation.
According to the molar feed ratio of Au/tertiary amine, TEM
revealed different densities of AuNPs encapsulated in the
polymer composites, which demonstrated that the amount of
AuNPs can be easily tuned using this approach (SI, Figure S4).
As expected, greater density of AuNPs was observed when a
high ratio of Au: tertiary amine was employed.

In addition, DLS also confirmed that the polymeric
nanoparticle sizes were not affected by the gold attachment
(Figure 3D). Furthermore, UV—visible spectroscopy showed
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Figure 2. (A) Dynamic light scattering (DLS) of the solutions after dispersion polymerizations were taken to different polymerization times; (B)
Transmission electron microscopy (TEM) of the different polymerization solutions after dialysis against methanol; (C) A phase diagram summary
showing structural changes at different polymerization times.
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Figure 3. (A) Photographs of samples before and after reduction of chloroauric acid with NaBH,; (B) A typical UV—visible spectrum of solution
after reduction of chloroauric acid using NaBH,; (C) XRD patterns of gold tethered POEGMA-b-PDMAEMA-b-PST nanoparticles (24 h sample);
(D) Dynamic light scattering (DLS) of gold tethered POEGMA-b-PDMAEMA-b-PST nanoparticles; and (E) Transmission electron microscopy
(TEM) micrographs of the gold decorated triblock copolymer nanoaggregates in aqueous dispersion obtained using a molar feed ratio, that is, 4:1 of
Au/tertiary amine.
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the presence of a visible absorption at 528 nm caused by the
surface plasmon resonance (SPR effect) of AuNPs (Figure
3B),'® which demonstrated the formation of spherical AuNP
with a diameter of 10 nm. The characteristic wavelength of
maximum absorption of plasmon resonance band and its width
depends on the size, shape, and dielectric environment of the
AuNPs."” Typically spherical AuNPs dispersed in water present
a single absorption maximum which varies with their
diameter.'® The SPR wavelength exhibits a red-shift with any
increase in nanoparticle size, along with an overall decrease in
the maximum absorbance intensity. A stable, well dispersed
solution of AuNPs appears red, as the average interparticle
distance is greater than the particle diameter. When particle
aggregation occurs, with the average interparticle distance
becoming smaller than the particle diameter, the solution turns
blue.” Finally, the SPR effect is also a function of the effective
refractive index of the metal surface that is determined by the
mass of the substances present at the interface."**

TGA analysis was invoked after purification to determine the

gold composition in the host POEGMA-b-PDMAEMA-b-PST
triblock copolymer matrices. The amount of AuNPs present in
the nanocomposites assessed by TGA varied from 8 to 20%,
according to the molar feed ratio of Au/tertiary amine
employed 2:1 and 4:1, respectively (SI, Table S1 and Figure
SS).
In summary, we used polymerization induced self-assembly
(PISA) to prepare different polymeric nanoparticle morphol-
ogies containing a short block of tertiary amine groups (DP,, =
15 units). The amino groups were exploited to complex gold
ions, which were subsequently reduced by exposure to sodium
borohydride (NaBH,), yielding gold nanoparticles within the
polymeric particles. These composites are currently investigated
for catalysis and for bioapplications.
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