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Abstract
We present a versatile strategy to prepare a range of nanostructured poly(styrene)-block-poly(2-
vinyl pyridine) copolymer particles with tunable interior morphology and controlled size by a
simple solvent exchange procedure. A key feature of this strategy is the use of functional block
copolymers incorporating reactive pyridyl moieties which allow the absorption of metal salts and
other inorganic precursors to be directed. Upon reduction of the metal salts, well-defined hybrid
metal nanoparticle arrays could be prepared, while the use of oxide precursors followed by
calcination permits the synthesis of silica and titania particles. In both cases, ordered morphologies
templated by the original block copolymer domains were obtained.
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Introduction
The dramatic increase in surface area associated with polymeric nanoparticles has sparked
interest in applications ranging from biomedicine to photovoltaics.1–12 However, most of
this interest and related design strategies have focused on the surface properties of these
nanostructures,13–14 with only a limited number of studies examining strategies to control
and exploit internal morphology. This is unfortunate since controlled internal structure
creates significant opportunities for further increasing surface area while also providing
unique nanoenvironments for the spatial location of functional groups within these systems,
template porous silica particles being an excellent example.15

In terms of nanoscale morphologies, block copolymers (BCP) offer a wide variety of self-
assembled structures in solution,16–17 for example micelles,18 vesicles,19 and rods20–21

while the same block copolymers undergo phase separation induced self-assembly in the
bulk or in thin films, to give various nanoscale morphologies including lamellae,
hexagonally-packed cylinders, spherical and gyroid structures.22 To combine the shape and
size control of solution assembly with the richness of bulk morphologies, two strategies
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have recently been developed to allow the self-assembly of BCPs into nanoparticles with
subsequent internal phase-separation leading to a range of ordered nanostructures. 23–25 The
first technique emulsifies a BCP with appropriate surfactants and water-immiscible solvents
and the phase-separated nanostructure is then formed after the organic solvent is removed.24

The second strategy involves a solvent exchange procedure using a water-miscible solvent
and has the advantage of not requiring surfactants. In this case the polymer is dissolved in a
good solvent and a bad solvent is gradually added to induce particle formation25 with the
internal nanostructures being controlled by block copolymer phase separation. While this
technique affords access to novel nanostructures,26 with applicability in drug delivery27

there has been limited success in controlling the size of these nanoparticles, or in exploiting
the internal functional groups.

The preparation of mesostructured oxide particles is a well developed field utilizing the self
assembly of small organic surfactants or even amphiphilic polymer block copolymers.28

However, the utilization of hydrophobic block copolymers to guide the sol-gel reactions
enables access to new libraries of self assembled structures. The morphology and size of the
features can be tuned by the block copolymer volume fraction and molecular weights of the
block copolymer, thus enabling the preparation of silica layers in size ranges that are
unachievable by current methods.29 Likewise the preparation of layered structures with
metal nanoparticles has been developed utilizing layer-by-layer,30 however these stepwise
procedures do not allow the versatility of controlling internal phase separated morphologies.
Herein, we present a versatile strategy to prepare a range of nanostructured particles with
tunable interior morphology and controlled size by a simple solvent exchange procedure. By
selecting poly(styrene)-b-poly(2-vinyl pyridine) (PS-b-P2VP) as the block copolymer, a
unique library of structures with variable internal morphology through thermal or solvent-
annealing can be obtained. In addition, the pyridine unit can be exploited as a functional
handle to form hybrid metal nanoparticle loaded polymer particles and to template the
condensation of silica or titania to produce nanostructured oxide particles. These generalized
strategies allow a range of structures to be prepared (Scheme 1) and may find use in diverse
applications from catalysis and surface enhanced Raman spectroscopy to photovoltaic
devices.31–33

Results and Discussion
Due to its well-known phase behavior,34 PS-b-P2VP was initially chosen to investigate the
interplay between nanoparticle formation and internal morphology. Two different polymers
based on PS-b-P2VP were utilized, one a diblock copolymer PS-b-P2VP (Mn = 19 KDa,
fP2VP= 25%) and the other a triblock copolymer PS-b-P2VP-b-PS (Mn = 16 KDa, fP2VP =
38%). The preparation of polymer nanoparticles by a slow evaporation strategy involves the
initial dissolution of the BCP in tetrahydrofuran (THF, 0.1 wt%) with water being added at
the rate of 1 mL/min to the polymer solution with constant stirring until the final water to
THF ratio of 2:1 is obtained. THF is then allowed to slowly evaporate under ambient
conditions over the course of three days. Utilizing this procedure, both the PS-b-P2VP
diblock and the PS-b-P2VP-b-PS triblock copolymers formed nanoparticles, with the P2VP
phase-separating into ordered P2VP spheres with 10.5 ±1.2 nm diameters (measured from
TEM images) within a PS matrix (Figure 1).

Interestingly, the diblock copolymer formed dimple, or bowl-like particles (Figures 1a and
1b). These bowl-like structures have been observed in other colloidal systems35 with the
unique shape possibly originating from the initial formation of a glassy skin around the
particle. Upon further change in solvent conditions, the THF escapes by rupturing the
surface of the particle to form a dimple/hole. While the PS-b-P2VP-b-PS triblock copolymer
forms spherical nanoparticles without any dimples, phase separation to give a spherical
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internal morphology is again observed (Figures 1c and 1d). These systems show remarkable
ordering of the internal 10 nm features without annealing, which is dramatically different to
the corresponding bulk systems. In fact, these same di- and triblock copolymers have vastly
different morphologies in the bulk, with both exhibiting ill-defined morphologies with very
poor order, even after extended annealing (Figure S1), possibly due to the relatively low
molecular weight of the copolymers used. This illustrates the dramatic influence that
nanoconfinement can play in the preparation of ordered nanoscale morphologies.36

The success of this initial demonstration of controlled phase morphologies in block
copolymer nanoparticles prompted an investigation into controlling particle size. Under
these initial conditions, dynamic light scattering (DLS) measurements indicated that the PS-
b-P2VP diblock copolymer formed particles with a diameter of around 400 nm and the PS-
b-P2VP-b-PS triblock copolymer formed particles with diameter of 600nm. To further
understand size control and the in situ evolution of particle size for these systems, a
comprehensive light scattering study was performed whereby particle growth was monitored
during water addition (Figure 2). Upon addition of water, aggregates are immediately
observed for both systems with the diameter of the particles formed from the diblock
copolymer increasing with increasing water concentration, reaching a plateau of
approximately 400nm at a 30 wt% water concentration (THF:H20; 30:70). A similar
sensitivity is demonstrated by the PS-b-P2VP-b-PS triblock where water addition leads to a
similar plateau after addition of 40wt% water. It is postulated that the onset of the plateau in
both cases occurs when the solvent-environment is too hydrophilic to allow BCP exchange
between particles. Importantly, these results demonstrate that particle size can be controlled
by regulating the amount of water added during particle formation. The biggest challenge in
exploiting this strategy to control particle sizes is “quenching”, or stopping, of particle
growth. By rapid injection of excess water into the solvent/polymer mixture, further growth
of the particles was stopped while at the same time effectively locking the particle size to
that determined by the amount of water initially added during the slow addition phase. As
illustrated in figure 3, a distinct relationship between the amount of water added and particle
size was possible with particles prepared from the triblock copolymer reproducibly leading
to particles with diameters of 75, 240, and 560 nm after addition of 7.5 %wt, 14 %wt, and 28
%wt water, respectively. Similar results were obtained for the diblock copolymer, clearly
demonstrating that this is a robust strategy for the preparation of particles with controlled
diameters in the range of 50–500 nm.

Once formed, these particles are stable in aqueous to size changes due to the insolubility of
the diblock and triblock copolymer chains. An advantage of this insolubility and associated
static particle size is that these systems can be annealed to control the internal morphology
as well as obtain thermodynamically stable nanostructures. Both thermal and solvent-
assisted techniques were adapted from traditional thin film procedures with thermal
annealing involving the heating of a stable dispersion of nanoparticles in water at 80 °C.
Significantly, thermal annealing resulted in a dramatic change in morphology for these block
copolymer particles which is illustrated for the triblock copolymer where the transition from
P2VP spheres in a PS matrix to a well-ordered, lamella-like or layered morphology is
observed (Figures 4a and 4b). Similar structural changes were observed for the triblock
copolymer under modified solvent-annealing conditions. In this case the particles are formed
as before, however the system is sealed before the THF has completely evaporated but after
stable particles have been formed. Upon sealing this system the particles were left to stand at
40 °C for 48 h. Of particular note is the difference in behavior between the triblock and
diblock copolymers. No change in morphology was observed for the diblock copolymer
particles under either thermal- or solvent-annealing conditions, likewise the dimple structure
did not change upon annealing. This may be due to the higher P2VP composition and the
different polymeric architectures. The nature of the internal morphology was also found to
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be dependent on the size of the particle. As can be seen in Figure 4a and 4b, large 400 nm
particles formed from the triblock copolymer underwent a well-behaved transition from
spherical morphology to layered/lamella morphology on annealing. In direct contrast,
smaller 250 nm particles formed from the same triblock copolymer and annealed under
identical thermal conditions formed a disordered lamella phase (Figure 4d). This behavior
may be due to confinement or commensurability with the highly-curved interior wall of the
particle at small particle diameters.37

One of the challenges in nanoparticle research is the controlled introduction of functional
units within the interior of the nanostructure, there has been some recent examples of elegant
procedures to prepare inorganic/organic hybrids.38 Here we have developed a versatile
technique based on The incorporation of the pyridine moiety which allows for systematic
and generalizable use of this group as a coordinating ligand for various applications.39 To
demonstrate this feature, a range of metal ions could be coordinated inside the polymer
particles, including Au, Pd, and Pt, via specific interactions with the P2VP repeat units.
Subsequent reduction ultimately afforded the metal nanoparticle-loaded polymer particles
with the fidelity of this templation being examined using a variety of techniques. As an
example, BCP particles were imaged prior to introduction of metal salt (and without iodine
staining) as a control experiment and revealed no contrast variation via TEM (Figure 5a).
Upon incubation with Gold chloride trihydrate, the TEM image clearly indicates phase
contrast with the dark P2VP domains indicating absorption of the gold salt in the P2VP
phase (Figure 5b). The PVP phase has will be starting to swell and thus will enable the
particles to incorporate the metal ions throughout the particle as indicated by the contrast in
the TEM images, some layers of the assembly have started to merge allowing further
incorporation of metal ions. These particles can be subsequently treated with sodium
borohydride to reduce the gold salt and form sub 10 nm gold nanoparticles imbedded into
the parent polymer particles (Figure 5c). The incorporation of gold into the nanoparticles
was also confirmed by Energy-dispersive X-ray spectroscopy which showed characteristic
AuL and AuM lines (Figure S3). Similar results were observed with other metal systems
such as Pt and Pd (Figure S4 and S5), which demonstrates the versatility of this approach to
hierarchically ordered composite nanoparticles which may be useful in catalysis and surface-
enhanced Raman spectroscopy.

The pyridine functionality can be further exploited as a structure directing agent for the
production of unique mesostructured silica and titania particles. Simply mixing the
preformed nanostructured polymer particles with a hydrolyzed aqueous silica or titania
solution successfully directed the template condensation of the oxide precursors. To
illustrate this strategy the triblock copolymer particles shown in Figure 4a were used as
templates and after formation of the hybrid silica-polymer particle (Figure S6), the BCP
template could be removed by calcination at 400 °C for 2 h, which was verified by TGA
(Figure S7). The resultant oxide particles revealed a mesoporous structure with high fidelity
of the original phase separated polymer domains (Figure 6a), nitrogen isotherm confirmed
mesoporous structure (Figure S8). The same procedure could be repeated with a titania
precursor (Figure S9), furthermore, the initial lamellae triblock copolymer particle can be
utilized (Figure 4b) which allowed the formation of ‘onion-like’ TiO2 nanoparticles with
complete removal of the organic template (Figure 6b), similarly a layered silca particle can
also be synthesized (Figure S10).

Conclusions
By exploiting the combination of microscale solution assembly of block copolymers with
the solid-state phase separation of block copolymer domains, a robust procedure for
controlling the size and the interior morphology of BCP nanoparticles has been developed.
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Polymer particles with interior morphology were readily prepared, gaining access to a rich
array of nanostructures from 50 to 500 nm in diameter. The versatility of this strategy also
allows functional handles, such as pyridyl groups, to be incorporated into the block
copolymer, creating a unique platform for the controlled localization of reactive groups into
specific nanoenvironments. Utilizing directed templation, the initial self-assembled
nanoscale morphology of the particle can be translated into the corresponding inorganic/
organic hybrids or pure inorganic nanostructures with a high degree of fidelity, providing
new strategies for complex mesostructured oxide particles.

Experimental
Materials

All reagents were purchased from Sigma Aldrich unless otherwise specified. Gold chloride
trihydrate (HAuCl4.3H20, 99.9%), palladium chloride (PdCl2, 99%) chloroplatinic acid
(H2PtCl6.6H20, ACS reagent) where used as received. Dry THF was used directly from a
solvent purification system.40 Styrene was stirred over CaH2 and degassed through three
freeze-pump-thaw cycles, followed by distillation from dibutyl-magnesium to a flame-dried
buret immediately prior to use. 2-vinyl-pyridine was stirred and degassed over
triethylaluminum, and distilled to a flame-dried buret immediately prior to use. Water was
purified using a millipore water purification system.

Polymer synthesis
Burets containing dry THF, purified styrene, and purified 2-vinyl-pyridine were attached to
a flame-dried reactor under an argon atmosphere. The reactor assembly was again flame-
dried and cycled between vacuum (5 mTorr) and a positive-pressure argon atmosphere five
times. Under an argon atmosphere, THF was added and the reactor temperature was
decreased to −70 °C. Styrene was added to the reactor followed by a predetermined amount
of sec-butyllithium initiator (1.4M in hexane). Polymerization of styrene was allowed to
proceed for 1.5h, 2-vinylpyridine was then added and polymerization continued for an
additional 1.5h. The polymerization was terminated with degassed isopropanol. The PS-b-
P2VP was precipitated in hexanes, filtered, and dried in vacuo. 1H NMR spectroscopy: Mn
= 19 kDa, XP2VP = 25%. Size-exclusion chromatography relative to PS-standards: PDI =
1.13. For the PS-b-P2VP-b-PS triblock polymer: the same procedure as above was
performed except termination was performed with a half molar equivalent of p-xylene
dibromide in THF to couple the living poly(2-vinyl-pyridinyl) chains. 1H NMR
spectroscopy: Mn = 16 kDa, XP2VP = 38%. Size-Exclusion Chromatography relative to PS-
standards: PDI = 1.18.

Self-assembly of BCP into nanoparticles
The block copolymer was dissolved in THF (4.5 mL, 0.1 wt %) and the solution was
continuously stirred while water was added (9mL @ 1 mL/min). The solution was then
allowed to stand under ambient conditions to evaporate THF (typically 3 days). For
quenched systems, excess water was rapidly injected after the initial slow addition of water
followed by THF evaporation. All assembly was conducted at 20°C in 20 mL vials with an
open top of 12 mm diameter. Thermal annealing of particles was performed in a water
dispersion (0.05 wt%) heated to 80 °C for 48 h. Quasi-solvent annealing was performed by
sealing the particle/THF/water mixture before all THF was evaporated (after 48h) and
heating to 40 °C for 48 h.

Preparation of metal loaded nanoparticles
To an aqueous dispersion of block copolymer particles (1mL, 0.05 wt%) a solution of metal
precursor (100 µL, 0.1 mmol) was added and stirred for 3h. Excess metal was removed by
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three centrifugation/dispersion cycles. The metal coordinated in the particles was reduced by
addition of NaBH4 solution (100 µL, 0.1 mmol) with stirring for 1h. The particles were
purified by three centrifugation/dispersion cycles.

Preparation of oxide nanoparticles
Methods were adapted from previously reported procedures block copolymer thin films41

using prehydrolyzed solution of oxide precursors. For a silica sol: tetrethyl orthosilicate
(TEOS, 0.5 g) was mixed with HCl (0.75 g, 0.2 M), water (0.45 g), and ethanol (1.13 g) and
the solution was heated to 60°C for 1h. For the corresponding titania sol: titanium
isopropoxide (0.4 g) was mixed with HCl (0.3 g, 12.1 M) and was stirred vigorously for 5
min after which ethanol (1 mL) was added. An aliquot (100 µL) of the hydrolyzed solution
was then added to a dispersion of block copolymer particles (3 mL, 0.05 wt %) and stirred
for 0.5h. The particles were purified by repeated centrifugation and dispersion cycles and
dispersed in water. The water was removed by lyophilization and the particles were
subsequently heated to 400 °C in air for 2h to remove the block copolymer template.

Characterization
Transmission electron microscopy was conducted on a FEI-T20 instrument, operating at 200
kV. Grids were prepared by casting a concentrated dispersion of particles onto the copper
grids and the droplet was wicked through the grid using tissue paper. Particle dispersions
were cast onto freshly cleaned silicon wafers, coated with a gold layer and visualized using
Scanning electron microscopy (SEM) on a FEI XL30 Sirion FEG microscope.

Dynamic light scattering measurements were performed on a Wyatt DynaPro NanoStar
instrument using Dynamics 7.0 software. Data were collected at 25 °C with an acquisition
time of 5 sec. Hydrodynamic radii were averaged over 20 acquisitions. Solvent refractive
index values were calculated based on volume composition from independent measurements
on aqueous THF solutions performed on a Wyatt Optilab rEX instrument. Viscosities of the
binary solvent mixtures were calculated from previously reported data.42

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) and (b) TEM of phase-separated particles formed by PS-b-P2VP diblock copolymers. (c)
and (d) TEM of phase-separated, spherical particles formed by PS-b-P2VP-b-PS triblock
copolymers. P2VP phase is stained with iodine.

Connal et al. Page 9

Chem Mater. Author manuscript; available in PMC 2013 November 13.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 2.
DLS data demonstrating the growth of particles with respect to water concentration a)
diblock copolymer, b) triblock copolymer. Error bars represent one standard deviation as
calculated from individual size distributions. Typical size distributions are shown in Figure
S2.
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Figure 3.
TEM analysis of controlled particles sizes formed by PS-b-P2VP-b-PS triblock copolymers
after varying amounts of water addition (a) 7.5 %wt water; (b) 14 %wt water; and (c) 28
%wt water. P2VP phase is stained with iodine.
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Figure 4.
TEM analysis of phase separated controlled by the particles sizes formed by PS-b-P2VP-b-
PS triblock copolymers a) TEM image of P2VP sphere morphology in PS matrix occurring
in a 400nm diameter nanoparticle. b) Onion-like morphology after thermal annealing of the
400 nm particle displayed in a). c) TEM image of triblock copolymer particle (250 nm)
formed after the addition of 14 %wt water. d) Disordered lamella-type structure after
thermal annealing the 250 nm particles shown in c). P2VP phase is stained with iodine.
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Figure 5.
a) Triblock copolymer nanoparticle without metal salt incubation and no iodine staining
showing the absence of contrast in the TEM image. b) HAuCl4 loaded onion-like PS-b-
P2VP-b-PS triblock copolymer particle showing the stained P2VP phase by the gold salt (no
iodine staining). c) Gold nanoparticle loaded PS-b-P2VP-b-PS triblock copolymer particles
with onion-like morphology after the absorption and reduction of HAuCl4, insert; high
resolution TEM showing sub 10 nm gold nanoparticles.

Connal et al. Page 13

Chem Mater. Author manuscript; available in PMC 2013 November 13.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 6.
(a) Silica mesoporous nanoparticle after the removal of the BCP template. (b) Titania onion-
like particle after the removal of the BCP template.
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Scheme 1.
Graphical representation of the potential nanostructures and applications for nanoparticles
based on block copolymers.

Connal et al. Page 15

Chem Mater. Author manuscript; available in PMC 2013 November 13.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text


