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ABSTRACT. Double-hydrophilic diblock copolymers have been extensively used as additives
to tune the growth of inorganic crystals in aqueous media. However, there have been no reports
of how double-hydrophilic diblock copolymer-decorated nanoparticles influence the
morphology, structure and properties of such crystals. Herein, a well-defined poly(ammonium 2-
sulfatoethyl methacrylate)-poly(glycerol monomethacrylate) diblock copolymer is prepared by
RAFT polymerization and then adsorbed onto the surface of gold nanoparticles via its
dithiobenzoate end-group to form sterically-stabilized nanoparticles. The growth of ZnO crystals
in the presence of such nanoparticles leads to their occlusion, producing Au@ZnO
nanocomposite crystals with a remarkable diabolo morphology. Furthermore, such Au@ZnO
crystals enable the rapid photocatalytic degradation of a model organic dye (rhodamine B) when
subjected to visible light irradiation. This study opens up a new avenue for the design of diblock
copolymer-stabilized nanoparticles to enable the construction of organic-inorganic

nanocomposite crystals that exhibit emergent properties.

Introduction

Double-hydrophilic diblock copolymers are well-known to be effective crystal growth
modifiers.!"* Typically, one of the two blocks interacts with the crystal phase while the other acts
as a steric stabilizer.>® Preferential adsorption of copolymer chains at a specific crystal facet
leads to suppression of the corresponding directional growth, thus conferring control over both
crystal dimensions and morphology.®!® In recent years, various amphiphilic diblock copolymer
nanoparticles have been employed as crystal growth additives: this approach has produced a
range of nanocomposite materials in which the guest organic nanoparticles are densely occluded

within host inorganic crystals.!!"!3 Similar results have been achieved using polymer-stabilized



inorganic nanoparticles and even copolymer-stabilized oil droplets.'*® It is remarkable that a
wide range of hybrid materials can be designed using such a straightforward, efficient method.'*-
22 Unlike diblock copolymer nanoparticles, double-hydrophilic diblock copolymers are
molecularly dissolved in aqueous solution. This is an important distinction, because the latter
species can diffuse faster to the growing crystal surface.?** Hence double-hydrophilic diblock
copolymers often exhibit a more profound effect on the crystal size and morphology. However,
incorporation of functional nanoparticles is more likely to lead to the resulting nanocomposite

crystals possessing emergent properties.?>2’

In the present study, we sought to combine the advantages of double-hydrophilic diblock
copolymers and nanoparticles for the rational design of new nanocomposite crystals with
controllable size, morphology, chemical composition and properties. More specifically, we
employed reversible addition-fragmentation chain transfer (RAFT) polymerization to prepare a
new double-hydrophilic diblock copolymer: poly(ammonium 2-sulfatoethyl methacrylate)so-
poly(glycerol monomethacrylate)so (denoted as Sso-Gao for brevity, where the subscripts refer to
the mean degrees of polymerization of each block).***! The dithiobenzoate group located at the
end of the Ga9 block promotes the adsorption of such anionic-neutral copolymers onto gold
nanoparticles, resulting in the formation of sterically-stabilized gold nanoparticles (see Figure
1). Subsequently, crystallization of zinc oxide (ZnO) in the presence of such Sso-Gao-Au
nanoparticles results in the formation of a remarkable diabolo morphology in which Sso-Gao-Au
nanoparticles are occluded within the inorganic crystalline matrix. Finally, the photocatalytic
properties of such Ss0-Gao-Au@ZnO diabolo crystals are briefly explored in the context of the
visible light-induced degradation of a model organic dye (thodamine B, or RhB). This study

highlights a new synthetic approach to functional nanocomposite crystals.



Results and Discussion

Synthesis and Characterization of Ss0-G49-Au Nanoparticles

First, poly(ammonium 2-sulfatoethyl methacrylate)so (denoted as Sso) was prepared by RAFT
polymerization. This anionic precursor was subsequently chain-extended using glycerol
monomethacrylate to produce a poly(ammonium 2-sulfatoethyl methacrylate)so-poly(glycerol
monomethacrylate)so diblock copolymer in aqueous media (see Figure 1 and Figure S1, detailed
synthesis protocols are provided in the Supporting Information). Aqueous gel permeation
chromatography (GPC) analysis indicated that both Sso and Ss0-Gas9 had relatively narrow
molecular weight distributions (Mw/Mx < 1.25, see Figure S2). This Sso-Ga9 copolymer was then
used to modify gold nanoparticles to produce Sso-G49-Au nanoparticles (see Figure 2a). Here the
anionic Sso block is located within the outer coronal layer while the Ga9 block lies close to the
gold cores: this is because the latter block bears the dithiobenzoate end-group that adsorbs onto
the gold surface (see cartoon in Figure 1).3> Thermogravimetric analysis (TGA) indicated an Sso-
Ga9 copolymer content of ~ 64 wt.% (Figure S3). Given that transmission electron microscopy
(TEM) studies indicate a mean core diameter of 4.4 + 1.0 nm for the gold nanoparticles (Figure
2a), this corresponds to an adsorbed amount of ~25 mg m™. As expected, surface modification of
the gold nanoparticles with this Sso-Ga9 diblock copolymer leads to an increase in the mean
hydrodynamic diameter, as determined by dynamic light scattering (DLS, see Figure S4a).
Aqueous electrophoresis studies indicated a less negative zeta potential for Sso-Gao-Au
nanoparticles in the presence of zinc ions, which suggests that Zn** ions bind to the anionic Sso

block (see Figure S4b).
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Figure 1. Synthesis of the poly(ammonium 2-sulfatoethyl methacrylate)so-poly(glycerol
monomethacrylate)so (Ss0-Gag) double-hydrophilic diblock copolymer via RAFT aqueous
solution polymerization and schematic representation of the formation of Sso-Gao-Au@ZnO

diabolo nanocomposite crystals via in sifu occlusion of Ss0-G49-Au nanoparticles.

Occlusion of Sso-G49-Au Nanoparticles into ZnO Crystals

The surface plasmon band for Sso-Ga9-Au nanoparticles was red-shifted by 7 nm compared to
that observed for the original citrate-stabilized Au nanoparticles (see Figure 2b). This is
attributed to adsorption of the Sso-Gag copolymer chains.>? Importantly, no additional red shift is
observed in the presence of 15 mM Zn(NOs)2, which indicates good colloidal stability for the
Ss0-Gao-Au nanoparticles under such conditions.!® This is important because colloidally unstable
nanoparticles cannot be efficiently occluded within growing crystals.!'® ! Moreover, control
experiments confirmed that using dithiobenzoate-capped Sso homopolymer instead of the Sso-Gao
diblock copolymer led to gold nanoparticle aggregation in the presence of 15 mM Zn(NOs): (see

Figure S5). The enhanced colloidal stability exhibited by the Ss50-Ga9-Au nanoparticles is



attributed to the non-ionic Gao block, which can tolerate the presence of Zn>* while conferring

steric stabilization.!®
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Figure 2. (a) TEM image recorded for Sso-Ga9-Au nanoparticles with a number-average core
diameter of 4.4 = 1.0 nm, as determined by digital image analysis of 200 nanoparticles. The inset
shows a schematic cartoon of a single Sso-Ga9-Au nanoparticle; (b) Visible absorption spectra
recorded for aqueous dispersions of citrate-Au, Sso-Ga9-Au, and Sso-Gs9-Au in the presence of 15
mM Zn(NO3).. The surface plasmonic absorption band for Sso-G49-Au is red-shifted compared to
that for the original citrate-stabilized gold nanoparticles, confirming adsorption of the Sso-Gao
copolymer. Furthermore, the visible absorption spectrum recorded for Sso-Gao-Au nanoparticles
in the presence of Zn** ions is identical to that obtained for Sso-Gao-Au nanoparticles in deionized
water, confirming good colloidal stability in the presence of Zn?>*; (c) SEM image recorded for
Ss0-Gao-Au@ZnO nanoparticles prepared in the presence of 0.15 g dm™ Sso-Gao-Au
nanoparticles (inset shows a magnified image depicting an unusual diabolo morphology); (d)
volume-average particle size distribution recorded for Sso-G49-Au@ZnO nanoparticles by

analytical centrifugation (LUMiSizer instrument).



The Sso-Gao-Au nanoparticles (0.15 g dm™) were then used as additives for the precipitation
of ZnO crystals in aqueous solution (see Supporting Information for further experimental
details). Interestingly, scanning electron microscopy (SEM) studies indicated the formation of
remarkably uniform ZnO particles with an unusual diabolo morphology (Figure 2c¢). Analytical

centrifugation studies (LUMiSizer instrument) indicated a sphere-equivalent diameter of 625 =+

89 nm (Figure 2d), which is consistent with SEM observations. Subsequent studies confirmed
that using higher Sso-Ga9-Au nanoparticle concentrations led to narrower size distributions and

superior colloidal stability for the Ss0-G9-Au@ZnO particles (see Figures S6 and S7).

TEM studies confirmed such Sso-Gao-Au@ZnO particles have a concave, rough surface.
Moreover, individual gold nanoparticles are clearly present at the surface of such Sso-Gao-
Au@ZnO particles (see black dots in Figure 3a). Selected area electron diffraction (SAED)
pattern indicated a wurtzite-type single ZnO crystal. The diffraction ring was assigned to
Au(111), see Figure 3b. To confirm successful occlusion of the Sso-Gs9-Au nanoparticles, Sso-
Ga9-Au@ZnO particles were embedded within a resin and then microtomed to produce thin
sections. This enabled the internal structure of the Ss0-G49-Au@ZnO particles to be examined by
TEM. Figures 3c¢c-3f showed cross-sections prepared either perpendicular or parallel to the ¢ axis
of the S50-Gao-Au@ZnO particles. Clearly, gold nanoparticles are distributed throughout the
whole ZnO crystal. Moreover, lattice fringes were observed, which suggests that Sso-Gao-Au
occlusion did not disturb the long-range order of the host crystal.>* Powder X-ray diffraction
studies indicated that Sso-Ga9-Au@ZnO crystals formed in the presence of Ss0-Gao-Au
nanoparticles invariably exhibited a wurtzite structure and gold peaks could be detected at
relatively high degrees of occlusion (see Figure S8). The extent of nanoparticle occlusion within

Ss0-Gao-Au@ZnO particles prepared in the presence of 0.15 g dm™ Sso-Gao-Au nanoparticles was



determined to be 5.2% by mass, as judged by inductively-coupled plasma mass spectrometry

(ICP-MS) studies.

Figure 3. (a) TEM image of intact Sso-Gao-Au@ZnO particles precipitated in the presence of
0.15 g dm™ Ss0-Gao-Au nanoparticles; (b) selected area electron diffraction (SAED) pattern
recorded for S50-Gao-Au@ZnO particles; (c) HAADF-STEM images obtained perpendicular to
the ¢ axis for microtomed Ss0-Ga9-Au@ZnO particles; (d) TEM image recorded for the same
sample examined in (c¢); (¢) HAADF-STEM images obtained parallel to the ¢ axis for
microtomed Ss0-G49-Au@ZnO particles; (f) TEM images recorded for the same sample

examined in (e). Insets in (d) and (f) show fast Fourier transform (FFT) patterns for the



corresponding images, indicating high crystallinity. Dashed white circles in (d) and (f) indicate

occluded gold nanoparticles.

Mechanism for the Formation of Sso-G49-Au@ZnO Nanoparticles with a Diabolo

Morphology

A series of control experiments was conducted to examine the mechanism of formation for
the diabolo-shaped Ss0-G49-Au@ZnO particles. In the absence of any additives, ZnO crystals
exhibited a hexagonal prismatic rod morphology (see Figure S9a). In this case, twin rods grow
outward from a central junction (Figure S10, further details are provided in the Supporting
Information).** In addition, the Zn-rich cationic (0001) plane grows much faster than the six
lateral non-polar (1010) faces, which leads to a twinned rod structure.*> The addition of Sso alone
(denoted as Sso@Zn0O) induced a significant change in the crystal morphology. Such Sso@ZnO
crystals no longer possessed a rod-like structure but instead comprised an asymmetric twin
structure (Figure S9b). This suggests that the anionic Sso chains strongly interact with the
growing ZnO crystals (see Figure S11 for the proposed mechanism). In contrast, ZnO crystals
grown in the presence of poly(glycerol monomethacrylate) (Gss) alone retains its intrinsic rod-
like morphology (Figure S9c¢), indicating that such non-ionic homopolymer chains do not affect
the growth habit of ZnO (Figure S12). However, it is perhaps worth noting that the pendent cis-
diol groups on poly(glycerol monomethacrylate) do chelate Zn>" ions, which enables the
efficient occlusion of G7o-Au nanoparticles within twinned rod-like ZnO crystals.'® Interestingly,
hexagonal ZnO plates were obtained in the presence of Sso-Gag alone. This is most likely because
such diblock copolymer chains prevent the formation of twinned structure during the early stages

of crystallization (see Figure S13, see detailed discussion in the Supporting Information). We



also attempted to incorporate Sso-Au nanoparticles into ZnO under the same conditions as those
employed for the occlusion of S50-G49-Au nanoparticles. However, no occlusion could be
achieved because the Sso-Au nanoparticles proved to be colloidally unstable in the presence of
Zn*". Nevertheless, a dramatic change in the crystal morphology was observed (see Figures S9e

and S9f).

Based on the above observations, the following mechanism was proposed for the formation
of diabolo-shaped Ss0-Ga9-Au@ZnO crystals. Clearly, the Sso block directs the formation of
diabolo morphology. Meanwhile, the non-ionic Gao block plays a key role in ensuring that the
Ss0-Gao-Au nanoparticles remain colloidally stable in the presence of Zn?*, which is a
prerequisite for their successful occlusion within ZnO crystals. During the formation of ZnO
crystals, Sso-Gao-Au nanoparticles effectively adsorb onto the cationic (0001) plane and are
gradually buried by growth of an ZnO overlayer. This is because the anionic Sso block ensures a
strong electrostatic interaction between the nanoparticles and this crystal plane. As a result, the
growth rate of the latter is significantly suppressed. This hypothesis is supported by the fact that
the mean diabolo length for the Ss0-G49-Au@ZnO crystals is approximately 300 nm, which is
much less than the ~2 pm dimensions of the ZnO control crystals (compare Figure 2¢ and
Figure S9a). Meanwhile, the Sso-Gao-Au nanoparticles also prohibit the growth rate of (1010)
faces, particularly during the early stages of crystallization. However, this effect is gradually
weakened as the ZnO crystals grow larger owing to the consumption of Sso-G49-Au
nanoparticles. This explains why the Ss0-G49-Au@ZnO particles eventually become concave in

appearance.
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Photocatalytic Degradation of a Model Organic Dye via Visible Light Irradiation

Close inspection of the TEM images shown in Figure 3 suggests that there is no discernible Sso-
Gayo layer between the gold nanoparticles and the crystalline matrix. This is because the ZnO
grows throughout the diblock copolymer stabilizer chains and hence comes into intimate intact
with the gold nanoparticle cores. In principle, this should promote efficient charge transfer
between these two components. Indeed, X-ray photoelectron spectroscopy (XPS) studies
confirmed that two signals corresponding to Au 4f electronic states are shifted to lower binding
energies for the Sso-Gao-Au@ZnO particles. Correspondingly, two Zn 2p signals are shifted to
higher values (see Figures 4a and 4b). Additionally, these Au 4f signals become more intense
when using higher Sso-G49-Au nanoparticle concentrations, indicating a higher degree of
occlusion. This is consistent with IR spectroscopy studies, where the ester carbonyl band at 1723
cm™! become gradually more intense for ZnO crystals prepared using higher concentrations of

Ss50-Gao-Au nanoparticles (Figure 4c).

UV-visible absorption spectra indicated that the maximum absorption band is red-shifted
from the near-UV region (377 nm) into the visible region (440 nm). Moreover, this band
gradually broadens for Sso-Gao-Au@ZnO particles prepared when using higher concentrations of
Ss0-Gao-Au nanoparticles (see Figure 4d). These features are most probably attributed to the
morphological change induced by the incorporation of the Sso-Gao-Au nanoparticles.*® The
characteristic strong plasmonic absorption band for gold nanoparticles was not detected.
Presumably, this is because surface plasmon resonance is significantly weakened as electronic

charge is rapidly transferred to the ZnO matrix.?”*
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Figure 4. High-resolution X-ray photoelectron spectra recorded for various Sso-Gao-Au@ZnO
crystals and various appropriate reference materials: (a) Au 4f; (b) Zn 2p. (c) FTIR spectra and
(d) UV-visible absorption spectra recorded for a ZnO control, the Ss0-Ga9-Au nanoparticles alone

and four example of Ss50-Gao-Au@ZnO particles prepared using varying concentrations of Sso-

Gao-Au nanoparticles (see individual labels for further details).

Inspired by the above observations, we then explored the photocatalytic property of these Sso-

Gao-Au@ZnO particles for the decomposition of a model dye, rhodamine B, subjected to visible
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light irradiation. Figure 5a indicates that only a minor fraction of RhB dye molecules (~10%)
are decomposed during visible light irradiation for 3 h conducted either in the presence of Sso-
Ga9-Au nanoparticles or in the absence of any additives. These observations are consistent with
the well-known self-degradation of this particular dye under visible light in aqueous media.>* In
another control experiment, a faster rate of dye degradation was observed in the presence of the
rod-like ZnO particles. This is the result of RhB-induced sensitization of ZnO, as previous
reported.*® The mechanism is depicted in Figure 5b (see Route 1). First, RhB molecules are
activated by visible light to generate excited electron and holes. These electrons are transferred
to the ZnO conduction band and interact with oxygen to form radicals, leading to dye
decomposition. Remarkably, more than 95 % RhB dye is decomposed by visible light irradiation
for 3 h in the presence of Ss0-Ga9-Au@ZnO particles. This significant enhancement in
photocatalytic efficiency cannot be solely attributed to dye-induced sensitization (Route 1). The
incorporation of Sso-Ga9-Au nanoparticles undoubtedly plays a vital role in achieving such a
significant improvement. We propose the following additional mechanism (see Route 2 in
Figure Sb). First, visible light is absorbed by the Sso-Gao-Au@ZnO particles, which absorb
visible light intensely in the 400~600 nm range (see Figure 4d) and electron-hole pairs are
generated in the vicinity of the gold nanoparticles. The electrons are rapidly transferred into the
ZnO conduction band, aided by the intimate contact between the guest gold nanoparticles and the
host ZnO crystals._This spatial separation of charge minimizes recombination between electrons
and holes, thus significantly promoting photocatalytic behavior. In addition, the change from a
rod-like to a diabolo morphology exposes electronegative oxygen atoms at the concave surface

of the Ss0-Gao-Au@ZnO particles. This should facilitate the electrostatic adsorption of cationic
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RhB molecules and also promote the transfer of excited electrons to ZnO (Route 1), thus

enhancing the photocatalytic efficiency.
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Figure 5. (a) Rate of photodegradation of a model organic dye (rhodamine B, or RhB) under
visible light irradiation under the following conditions: dye alone (black data set), Sso-Gao-Au
nanoparticles (blue data set), ZnO crystals alone (red data set), and Ss50-Ga9-Au@ZnO (purple
data set). (b) Schematic representation of two proposed mechanisms for photodegradation of
RhB under visible light. Route 1 refers to dye-induced sensitization whereby the excited
electrons are generated from dye molecules subjected to visible light irradiation. In contrast,
Route 2 involves the generation of electron-hole pairs at the Au nanoparticles and the electrons
are immediately transferred into ZnO due to the intimate contact between the occluded gold
nanoparticles and the ZnO host crystal. Hence, this rapid spatial separation of electrons and holes

significantly promotes the photocatalytic property.

Conclusions

The design of bespoke nanoparticles for efficient occlusion within inorganic crystals has

traditionally focused on optimizing the nanoparticle surface chemistry.*!"*> Typically, this
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involves using a single homopolymer as a steric stabilizer.’® *** In the present study, a new
anionic-neutral double hydrophilic diblock copolymer (Ss0-Ga9) has been prepared via RAFT
polymerization. This copolymer was used to produce Sso-Gao-Au nanoparticles with a core-shell
morphology. Subsequent incorporation of such model nanoparticles into ZnO led to the
formation of S50-G49-Au@ZnO crystals with a remarkable ‘diabolo’ morphology. The anionic
Sso block ensured a strong interaction between the nanoparticles and the host crystals while the
non-ionic G49 block enhances colloidal stability and thus facilitates nanoparticle incorporation.
Such occlusion dramatically changes the growth habit of ZnO crystals and also generated new
nanocomposite crystals with enhanced photocatalytic properties, as evidenced by visible light
photodegradation of a model dye (rhodamine B). In principle, this approach suggests a generic,
efficient route for the preparation of a series of novel functional hybrid materials with

controllable compositions, morphologies and physicochemical properties.
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