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ABSTRACT: We combine solution small-angle X-ray scattering (SAXS) and high-resolution analytical transmission
electron microscopy (ATEM) to gain a full mechanistic
understanding of substructure formation in nanoparticles
templated by block copolymer reverse micelles, speciﬁcally
poly(styrene)-block-poly(2-vinylpyridine). We report a novel
substructure for micelle-templated ZnS nanoparticles, in which
small crystallites (∼4 nm) exist within a larger (∼20 nm)
amorphous organic−inorganic hybrid matrix. The formation of
this complex structure is explained via SAXS measurements
that characterize in situ for the ﬁrst time the intermediate state
of the metal-loaded micelle core: Zn2+ ions are distributed
throughout the micelle core, which solidiﬁes as a unit on sulﬁdation. The nanoparticle size is thus determined by the radius of the
metal-loaded core, rather than the quantity of available metal ions. This mechanism leads to particle size counterintuitively
decreasing with increasing metal content, based on the modiﬁed interactions of the metal-complexed monomers in direct
contrast to gold nanoparticles templated by the same polymer.

■

INTRODUCTION
The ability to produce regularly spaced arrays of nanoparticles
is important in a range of applications across magnetism, optics
and biomaterials.1−4 A common method is to use block
copolymer spherical micelles as templates, growing nanoparticles from metal precursors localized within the micelle
core. The spherical micelles can then be assembled into closepacked layers in 2D and 3D, generating materials incorporating
regularly spaced highly monodisperse nanoparticles with longrange order.5,6
One of the most broadly applied block copolymer systems
for nanoparticle synthesis is poly(styrene)-block-poly(2-vinylpyridine) (PS-b-P2VP) reverse micelles formed in simple
aromatic solvents (toluene/xylene). This system has the
advantage that the pyridine moieties in the poly(2-vinylpyridine) (P2VP) micelle core are readily complexed by a range
of metal ions, with the nonpolar nature of the surrounding
environment providing an additional driving force to localize
ionic species in the core, and increase the speciﬁcity of
synthesis. The PS-b-P2VP system has been particularly applied
to gold nanoparticle synthesis, generating unique 2D nanoparticle arrays that combine sub-10 nm feature sizes with the
ability to coat large areas.7−9 This combination of properties
has enabled them to be biofunctionalized to produce regular
biomolecule arrays that have generated fundamental results in
cell biology: determining the eﬀect of intermolecular spacing on
© 2016 American Chemical Society

cell responses in biological processes including cell adhesion10−12 and immune cell activation.13−15 Additionally, they
have been used as templates for catalyzing nanowire growth,16
and antireﬂection coatings.17 More recently, the production of
nanoparticles of metal compounds has been demonstrated:
oxides of iron,18 zinc19 and titanium20 as well as cadmium
sulﬁde21 have been formed.
Despite the importance of the PS-b-P2VP templating system,
the mechanisms of nanoparticle growth in these systems are
not well-understood. In particular, there has been, to the best of
our knowledge, no characterization of the metal-loaded micelle
core in the solution state (as opposed to imaging of dried
samples by TEM) despite the critical role of the metal-loaded
core as an intermediate state on the route to nanoparticle
formation. In the most commonly used application of gold
nanoparticle synthesis, the ﬁnal nanoparticles have a simple
crystalline structure, and the particle volume is expected to be
determined purely by the total amount of gold in each
micelle,7,22,23 and the state of the metal-loaded core may not be
considered to be of high importance. However, in more
complex cases, the state of the metal-loaded core may be critical
in determining the ﬁnal nanoparticle size and structure.
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Scheme 1. Schematic Showing the Mechanism of ZnS Nanoparticle Synthesis: (1) Micelle Formation by Dissolution of Block
Copolymer in p-Xylene, (2) Zn2+ Ion Encapsulation within Core of Micelles, (3) Treatment with H2S Generated in situ, and (4)
Formation of Single ZnS Nanoparticle with Composite Structure in Core of Micelles

(x)-b-P2VP(y), where x, y represent the Mn of the individual
chains with x = 16000, 34000, 52100, y = 3500, 18000, 31000,
respectively] (Polymer Source, Inc.) dissolved in p-xylene
(Sigma-Aldrich) were stirred overnight. For preparation of the
loaded micelles, zinc acetate (Sigma-Aldrich), predissolved in
propan-1-ol (Sigma-Aldrich) at 0.073 mg/μL, was added to the
micelle solutions at concentrations ranging from 0.05 to 0.5:1
Zn2+:P2VP ratio. The solutions were left to stir overnight. For
the sulﬁdation of the zinc particles, the zinc acetate loaded
micelle solutions were treated with H2S generated in situ, by
implementing a three-ﬂask system: 60 mg sodium sulﬁde
(Sigma-Aldrich) in the ﬁrst ﬂask, the Zn2+ micelle solution in
the second, and bulk zinc nitrate (Sigma-Aldrich) in deionized
water in the third. Flasks were connected and deoxygenated
with nitrogen carrier gas for 10 min before 10 mL 2 M nitric
acid (Sigma-Aldrich) was injected into the ﬁrst ﬂask and the
reaction left to stir for 40 min. To obtain a monolayer of
micelles on a surface, a previously cleaned silicon substrate was
dipped into the solution and withdrawn at a constant speed.
The silicon wafer was dried in air at room temperature.
Synthesis of PS-b-P2VP templated Au Nanoparticles.
0.5 wt % solutions (c = 5 mg/mL) of the diblock copolymer
polystyrene(x)-block-poly(2-vinylpyridine)(y) [PS(x)-b-P2VP(y), where x, y represent the Mn of the individual chains with x
= 52100 and y = 31000] (Polymer Source Inc.) dissolved in pxylene (Sigma-Aldrich) were stirred overnight. For preparation
of the loaded micelles, gold(III) chloride hydrate (SigmaAldrich) was added to the micelle solutions at concentrations
ranging from 0.05 to 0.5:1 Au(III):P2VP ratio. The solutions
were left to stir overnight. Reduction of the gold ions to form
elemental gold nanoparticles was achieved by adding hydrazine
solution (1.0 M in THF) (Sigma-Aldrich) at 1:20 molar ratio of
Au(III):hydrazine.
Transmission Electron Microscopy (TEM). Holey carbon
coated copper TEM grids (Taab) were baked under vacuum at
120 °C for 4 h. ZnS micelle solutions were drop-cast onto TEM
grids, dried in air, and imaged using a JEOL 2000FX TEM
operated at 200 kV. HR-TEM imaging was carried out on an
image-corrected FEI Titan 80−300 (S)TEM operated at 80 kV.
Digital Micrograph (Gatan) software was used to perform
Fourier transforms.

In this paper, we apply block copolymer micelle templating
for the ﬁrst time to the synthesis of zinc sulﬁde (ZnS)
nanoparticles. The formation of zinc sulﬁde nanostructures is in
general somewhat complex. Speciﬁcally, ZnS tends to nucleate
readily in bulk, leading to small crystallite sizesoften less than
5 nm.24−26 In addition, such nanocrystallites have been shown
to undergo postsynthesis phase transitions,27 and to relax into a
partially disordered state on exposure to solvents.28 This
complex behavior indicates a potential for interesting structures
to develop during synthesis of micelle-templated nanoparticles.
To understand the mechanism of formation of micelletemplated nanoparticles with potentially complex substructure,
it is necessary to apply and correlate several characterization
techniques. Measuring the properties of the metal-loaded
micelle core in its native solution state is ideally accomplished
by synchrotron-based small-angle X-ray scattering (SAXS).
SAXS is the gold standard technique (together with its neutron
equivalent) to permit direct high-resolution in situ observation
of such solution structures at room temperature and does not
require complex sample preparation, using radiation of a
wavelength smaller than the feature sizes.29−32 In addition, it
intrinsically averages over macroscopic numbers of particles to
generate a statistically representative picture of the population.
Here, we use SAXS to compare the formation of ZnS
nanoparticles with the well-established case of gold nanoparticles templated by identical PS-b-P2VP micelles, comparing
direct measurements of the metal-loaded core with the ﬁnal
nanoparticle in both cases.
For detailed characterization of nanoparticle structure and
crystallinity, high-resolution transmission electron microscopy
(HR-TEM) can be used; however, in the ZnS nanoparticle that
forms within a polymer micelle, it is also necessary to map the
locations of the distinct chemical components. We achieve this
using energy dispersive X-ray (EDX) spectroscopy performed
in the scanning transmission electron microscope (STEM),
with resolution reaching ∼1 nm or better.

■

EXPERIMENTAL SECTION
Synthesis of PS-b-P2VP Templated ZnS Nanoparticles. 0.5 wt % solutions (c = 5 mg/mL) of the diblock
copolymer polystyrene(x)-block-poly(2-vinylpyridine)(y) [PS9217
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Dark ﬁeld scanning transmission electron microscopy
(STEM) imaging and EDX spectrum imaging were performed
in STEM mode using a Titan3 60−300 (FEI Company, USA)
operated at 300 kV. This microscope is equipped with a highcoherence, high-brightness ﬁeld emission electron gun (XFEG) and a high-speed, high-throughput, quad-silicon drift
detector (Super-X), optimized for rapid EDX collection. EDX
data were postprocessed using Esprit v1.9 (Bruker Nano
GmbH, Berlin, Germany) software. The incident probe size
was estimated to be 0.15−0.18 nm.
Small Angle X-ray Scattering (SAXS). Data was collected
on the I22 beamline at the Diamond Light Source. Fitting was
carried out on the SANSVIEW program, using the built-in
Sphere and Core−Shell models. Polydispersities were modeled
using the Schulz distribution.

of hexagonal ZnO34). The existence of the crystalline phase is
further conﬁrmed by the Fourier transform of the bright ﬁeld
(BF) image (Figure 1B), which shows a combination of bright
spots associated with lattice fringes in the image and diﬀuse
rings indicative of amorphous materials. In contrast to overall
particle size, the size of crystalline features was independent of
polymer block molecular weight (Figure S2, Supporting
Information).
Two possible explanations for this composite structure
present themselves. First, the nanoparticle could have formed
by an initial precipitation of amorphous ZnS that was too rapid
for the formation of the thermodynamically favored crystalline
phase. 27 The crystallites could have then formed by
spontaneous nucleation within an initially uniform amorphous
nanoparticle (devitriﬁcation). In this case, crystallite growth
would be expected to continue; however, this is not supported
by observations of nanoparticles after 1 year at room
temperature, which showed the crystallite size unchanged at
∼4 nm (Figure S3, Supporting Information).
The second hypothesis is that the amorphous phase is not
pure ZnS, but rather a hybrid phase comprising both ZnS and
P2VP. In this scenario, Zn2+ ions are initially distributed
throughout the P2VP micelle core, complexing the pyridine
moieties. Sulﬁdation bridges these Zn2+ ions without inducing
phase separation, so that the P2VP is locked into the newly
formed ZnS phase, clearly resulting in an amorphous structure.
In speciﬁc locations where crystalline ZnS does nucleate, then
crystallites can grow, but only to a size limited by the need to
exclude the polymer. Alternatively, the crystallites can be
explained by postulating nanometer-scale regions of high Zn2+
concentration within the micelle core, as has been previously
proposed based on TEM observations of zinc-loaded micelles.19
To determine whether the amorphous phase is indeed
hybrid, we performed high-resolution chemical mapping of the
nanoparticle-block copolymer structure by EDX spectrum
imaging. Rapid EDX collection using a large-angle EDX
detector was necessary to acquire suﬃcient signal without
imparting signiﬁcant damage to the beam-sensitive organic
phase of the nanoparticles. The Zn and S line proﬁles show the
distribution of ZnS, with their colocalization in the micelle
center, showing that there is no detectable zinc or sulfur, and
therefore no ZnS, in the outer noncore part of the micelle
(Figure 1D). Critically, the N signal shows the location of the
P2VP that would have made up the micelle core prior to
nanoparticle formation. This is strongly colocalized with ZnS,
peaking at the center of the spherical nanoparticle. This
reproduces what would be observed if the P2VP is distributed
roughly evenly through the nanoparticle, and is inconsistent
with the alternative scenarios of a P2VP corona around a pure
ZnS sphere, which would lead to the measured intensity being
greatest at the nanoparticle edges. The presence of P2VP in the
nanoparticle core is thus conﬁrmed, excluding the possibility
that the amorphous phase is pure ZnS. The nature of the
amorphous phase as an organic−inorganic hybrid is demonstrated by local EDX mapping, with zinc still present in
signiﬁcant quantities outside the crystalline regions (Figure S4,
Supporting Information). Sulfur mapping similarly suggests the
presence of sulfur outside the crystalline regions; however, mass
loss and the lability of sulfur in response to the electron beam35
limits the spatial resolution of EDX for these samples. The
hypothesis that zinc in the nanoparticle is fully sulﬁded is,
however, supported by the fact that the observed nanostructure
did not change when the experiment was repeated with a 5×

■

RESULTS AND DISCUSSION
Formation of ZnS Nanoparticles with Novel Hybrid
Substructure. ZnS nanoparticles were synthesized in block
copolymer spherical reverse micelles (PS-b-P2VP in p-xylene),
with the experimental stages shown in Scheme 1 (see
Experimental Section). PS-b-P2VP micelles were ﬁrst exposed
to Zn2+ ions via addition of zinc acetate, which is expected to
lead to a block ionomer micelle, where the P2VP moieties that
makes up the core form dative bonds to coordinate the Zn2+
cations.19 The block ionomer micelles were then exposed to
hydrogen sulﬁde gas to ﬁnally generate zinc sulﬁde nanoparticles; we have adapted a procedure previously reported for
CdS.21 Particles were synthesized using PS-b-P2VP polymers of
diﬀerent block molecular weights, each with two diﬀerent levels
of added zinc acetate corresponding to Zn2+:P2VP ratios of
0.05 and 0.5. These variables controlled the overall particle size
in the range 12−35 nm (see SAXS measurements below: Table
1).
Table 1. Summary of Nanoparticle Sizes As Determined by
SAXS, for both ZnS and Au Nanoparticles Synthesized Using
Polymer Template PS(52,100)-b-P2VP(31,000) with 0.05
and 0.5 Loading
polymer template
PS(52,100)-bP2VP(31,000)

Zn2+:P2VP Rcore/Å
0.05
0.5

180
180

polymer template

Au(III):P2VP

PS(52,100)-bP2VP(31,000)

0.05
0.5

Zn2+
Rloaded/Å

ZnS
RNP/Å

Rcore/Å

175
135
Au(III)
Rloaded/Å

170
114
Au
RNP/Å

180
180

180
200

29
60

The structure and crystallinity of the nanoparticles was
examined by HR-TEM (Figure 1). This revealed a novel
composite structure, with a crystalline phase of zinc sulﬁde
coexisting with an amorphous matrix. The crystalline phase,
well-visualized using high angle annular dark-ﬁeld (HAADF)
STEM imaging (Figure 1C), occupies a large fraction of the
nanoparticle volume, and consists of irregularly shaped
nanocrystallites distributed throughout the nanoparticle. Close
examination of the crystallites by bright-ﬁeld HR-TEM shows a
lattice fringe spacing of 0.32 nm, which is consistent with the
accepted value for the (111) lattice plane in cubic spharelite
ZnS,33 and which diﬀers from the characteristic fringe spacings
in this range that would be observed from ZnO (0.26 and 0.28
nm, typical of the (002) and (100) lattice planes, respectively,
9218
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Figure 1. HR-TEM analysis of ZnS nanoparticles where (A) shows a bright ﬁeld transmission electron micrograph of typical ZnS particles,
synthesized using polymer template PS(52,100)-b-P2VP(31,000) and 0.5 loading (scale bar represents 20 nm), (B) shows a high-resolution
transmission electron micrograph (HR-TEM) of ZnS crystallites of ∼4 nm diameter present in nanoparticles synthesized using the polymer template
PS(52,100)-b-P2VP(31,000) and 0.5 loading (scale bar represents 5 nm) with an inset showing the Fourier transform containing both an amorphous
ring and bright spots indicating crystallinity, (C) shows a scanning transmission electron micrograph (STEM) of nanoparticles from the same system
with the inset highlighting the presence of multiple crystallites ∼4 nm in size (scale bars represent 20 and 9 nm for the main image and inset,
respectively), (D) represents EDX elemental line proﬁles showing the amounts of Zn, S, N, and O (with each element normalized to the area under
its curve) along the yellow line in the inset of panel C.

higher dose of hydrogen sulﬁde (Figure S3, Supporting
Information). These results clearly indicate that the observed
composite structure is a ﬁnal structure and not a consequence
of incomplete sulﬁdation, suggesting that the amorphous phase
of the nanoparticle is indeed a P2VP-ZnS hybrid. Interestingly,
based on HR-TEM images, this amorphous phase appears
continuous with no other substructure (apart from the included
crystalline ZnS) detectable by any method we have used.
The Intermediate State: Metal-Loaded Micelle Cores.
The observed hybrid substructure of the ZnS nanoparticles has
important implications for the relationship between the ﬁnal
nanoparticle and the intermediate state of a metal-loaded
micelle. This is because the sulﬁdation may eﬀectively lock the
micelle core in place, so that the size and geometry of the
eventual nanoparticle are likely to directly reﬂect those of the
micelle core.
To test this conjecture, we used synchrotron small-angle Xray scattering (SAXS) to characterize the three stages of
template nanoparticle synthesis: block copolymer micelles,
metal-loaded block copolymer micelles (also known as block
ionomer micelles), and the ﬁnal nanoparticle. SAXS proﬁles are
shown in Figure 2 A and B (Experimental and data-ﬁtting
details in Supporting Information). To our knowledge, these
are the ﬁrst SAXS measurements on metal-loaded PS-b-P2VP
micelles.

In each structure, the scattering is heavily dominated by the
most electron-dense feature, which in every case can be
successfully modeled as a sphere. In the case of the block
copolymer micelles (Stage 1 in Scheme 1), this will be the
dense micelle core, made from P2VP; detailed ﬁtting
demonstrates the expected presence of a low-density corona.
In the metal-loaded micelles (Stage 2), the micelle core is
predicted to comprise P2VP complexed by Zn2+, leading to a
much higher scattering intensity due to the electron-dense Zn.
This is indeed observed (Figure 2A,B). In the ﬁnal sample
(Stage 3), the scattering is dominated by the ZnS nanoparticle:
however, the momentum transfer range used does not permit
resolution of any substructures. The radii of the micelle core,
metal-loaded micelle core and nanoparticle synthesized in the
PS(52,100)-b-P2VP(31,000) polymer template are given in
Table 1.
Strikingly, it is clear that the size of the metal-loaded core
does not vary greatly (Δ diameter < 3 nm) from the size of the
ZnS nanoparticle. This is consistent with our proposed
mechanism of formation for the nanoparticles, with the micelle
core solidifying as a whole on sulﬁdation, trapping the P2VP to
form the amorphous hybrid phase. So, the radius of the
nanoparticle is essentially determined by the radius of the preexisting metal-loaded core.
The idea that the core radius directly determines the
nanoparticle radius can explain an otherwise counterintuitive
9219
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Figure 2. SAXS curves and the corresponding ﬁtting curves for PS(52,100)-b-P2VP(31,000) micelles, showing the eﬀect of loading on particle size
where panel A represents 0.05 Zn2+:P2VP loading concentration, and B represents 0.5 Zn2+:P2VP loading concentration. The curves were vertically
shifted by a constant multiplicative factor. Panel C represents 0.05 Au(III):P2VP loading, where the curves were vertically shifted by a constant
multiplicative factor, and D represents 0.5 Au(III):P2VP loading ratio where only the Au loading curve was shifted by a multiplicative factor. Data
was ﬁtted to a core−shell model with a Schulz distribution and every ﬁfth point is shown. Imperfect ﬁtting at low Q can be attributed to the presence
of small quantities of large aggregate phases in solution.

for the zinc (Figure 2C,D, Table 1). It can be seen that the size
of these metal-loaded cores is not very diﬀerent from the zinc.
The slight increase in HAuCl4-loaded core size for the 0.5
loading ratio vs the 0.05 is consistent with previous studies,
which showed a direct relationship between metal loading and
micelle core size.22
Au3+ reduction with hydrazine generates nanoparticles of
crystalline gold as previously observed.38,39 This can either be a
single nanoparticle, if suﬃciently high hydrazine concentrations
are used, or controlling the rate of nucleation through
hydrazine concentration can lead to the formation of multiple
small nanoparticles within the micelle core.39 SAXS measurements were performed under conditions where TEM
demonstrated that single spherical nanoparticles had formed,
enabling direct comparison between the radii of gold-loaded
cores and nanoparticle size.
It can be seen that the gold nanoparticle radius is much less
than the micelle core size in every case, in contrast to what was
observed for the ZnS composite nanoparticles. This is a
consequence of their pure gold composition that necessarily
leads to the gold atoms occupying a much smaller volume than

result. For the PS(52,100)-b-P2VP(31,000) polymer system,
the nanoparticle size decreases with a substantial increase in the
quantity of added zinc (Zn2+:P2VP ratio 0.5 versus 0.05). This
is despite the fact that the increase in metal ions added to the
solution is expected to lead to an increase in the amount of
metal ions in each micelle,22,23,36,37 which in the absence of the
hybrid phase would necessarily increase the nanoparticle size.
Within the framework of our model, in contrast, the
observation is readily explained: the lower nanoparticle size at
high Zn2+ concentration arises from the observed change in the
block ionomer micelle core size. It is expected that adding
metal can decrease micelle core size, due to dipole−dipole
interactions between the P2VP-Zn2+ complex.
Comparison of Micelle-Templated Nanoparticle Formation Mechanisms: ZnS versus Gold. The striking nature
of these results conﬁrms the distinctive formation mechanism
of the ZnS composite nanoparticles. This is further illustrated
by comparison with the more commonly used PS-b-P2VP/gold
system. We have carried out for the ﬁrst time SAXS
measurements of gold(III) chloride (HAuCl4)-loaded PS-bP2VP cores, using the same polymer and metal-loading ratios as
9220
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when they were in the micellar core. Similarly, the spherical
shape of the nanoparticles must arise from direct surface energy
minimization and is not a consequence of the micelle core
geometry as it may be in the ZnS case. Again in contrast to the
ZnS, and consistent with previous studies,8,9,23 the gold
nanoparticle size increases substantially with an increase in
the amount of added gold(III) chloride precursor for every
polymer case. The formation of ZnS nanoparticles with the
composite substructure described in this paper represents a
new class of behavior beyond what has been observed so far.

■

SUMMARY AND CONCLUSIONS
In conclusion, we report the most detailed characterization to
date of the mechanisms of formation of block copolymer
micelle-templated nanoparticles. ZnS nanoparticles synthesized
by templating with block copolymer (PS-b-P2VP) micelles
show a novel composite substructure, with small (∼4 nm)
regions of crystalline ZnS embedded within an amorphous
hybrid matrix. SAXS characterization of the intermediate stages
of synthesis shows that the nanoparticle forms by direct
solidiﬁcation of the metal-loaded micelle core upon sulﬁdation,
with the ﬁnal nanoparticle retaining the size of the preceding
core. This stands in direct contrast to gold nanoparticles
templated by the same polymer, where the nanoparticle size is
determined by the total volume of gold and the rate of
reduction.
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(38) Möller, M.; Spatz, J. P. Mineralization of Nanoparticles in Block
Copolymer Micelles. Curr. Opin. Colloid Interface Sci. 1997, 2 (2),
177−187.
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