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ABSTRACT: Hybrid nanoparticles (hNPs), or nanoparticles aggregated dlspersed internalized
composed of both organic and inorganic components, hold

promise for diverse energy and environmental applications due {ﬁ%
to their ability to stabilize reactive nanomaterials against ¥ %
aggregation, enhancing their ability to pervade tortuous spaces 5 % %\
and travel long distances to degrade contaminants in situ. Past &

studies have investigated the use of polymer or surfactant %

coatings to stabilize nanomaterials against aggregation. How-

ever, fabrication of these materials often requires multiple steps

and lacks specificity in the control of their morphologies and reactivities. Here, we demonstrated a method of producing stable
hNPs with tunable morphologies by incubating polystyrene nanoparticles formed via Flash NanoPrecipitation with citrate-
stabilized gold nanocatalysts. Using this simple fabrication technique, we found that gold adsorption to polystyrene
nanoparticles was enabled by the presence of a good solvent for polystyrene. Furthermore, changing process parameters, such
as gold incubation time, and molecular parameters, such as polymer molecular weight and end-group functionality, provided
control over the resultant nanocatalyst loading and dispersal atop hNPs. We classified these morphologies into three distinct
regimes—aggregated, dispersed, or internalized—and we showed that the emergence of these regimes has key implications for
controlling reaction rates in applications such as heterogeneous catalysis or groundwater remediation. Specifically, we found
that hNPs with gold nanocatalysts embedded below the surfaces of polystyrene nanoparticles exhibited slower bulk catalytic
reduction capacity than their disperse, surface-decorated counterparts. Taken together, our work demonstrates a simple way
by which hNPs can be fabricated and presents a method to control catalytic reactions using reactive nanomaterials.

KEYWORDS: hybrid nanoparticle, nanocatalyst, adsorption, aggregation, dispersal, internalization

he development of hybrid materials, or materials
containing both organic and inorganic components, is
of significant interest for applications ranging from
drug delivery and bioimaging' ~ to heterogeneous catalysis.”””
Hybrid materials are of particular interest in groundwater
remediation, where subsurface injection of nanomaterials is a
promising technique due to the capacity of these materials to
travel long distances, pervade small spaces, and degrade
contaminants via a number of in situ chemical reactions.'*~"”
However, most widely used nanomaterials, such as zero valent
iron nanoparticles (nZVI) and metal oxides, aggregate over
time scales on the order of minutes, reducing their reactivity
and mobility in tortuous, confined pore spaces. 14=16 Others,
like gold (Au) nanoparticles, are too expensive for widespread
use due to the large amounts of material that need to be
injected, thus preventing their widespread implementation.'”
Most research on the use of reactive nanoparticles has
focused on their stabilization through the use of surfactants or
polymer coatings.'*~** However, there is currently limited
work that addresses a method to both stabilize reactive
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nanoparticles and control the rate at which they degrade
contaminants, which is of critical importance in environmental
remediation. Hybrid nanoparticles (hNPs) may provide a
solution to this problem due to their ability to stabilize and
control the loading of reactive nanomaterials. Several methods
have been explored to produce nanostructured colloids; in
particular, methods such as self-assembly,”* > self-organized
precipitation (SORP),*™>° and Flash NanoPrecipitation
(FNP)*°~** have been explored to produce phase separated
polymeric nanoparticles. Furthermore, the capabilities of some
of these methods have been expanded to produce hybrid
nanoparticles that contain both an organic polymeric
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Figure 1. Presence of a good solvent for PS during incubation with Au NCs promotes adsorption. (a) Schematic of hNP formation via Flash
NanoPrecipitation (FNP) and incubation with Au NCs. PS NPs are represented schematically and in transmission electron microscopy
(TEM) images in gray, and Au NCs are represented in black. (b) Hybrid NP formation in the absence of a good solvent. When THF is
removed prior to incubation of PS NPs with Au NCs, there is no appreciable adsorption of Au NCs to PS NPs. (c) Hybrid NP formation in
the presence of a good solvent. When THF is present in the PS NP and Au NC mixture during incubation, Au NCs adsorb to PS NPs. (d)
Comparison of the probability density function (p.d.f.) of adsorbed Au NCs per PS NP in the absence (top) or presence (bottom) of a good
solvent. All PS NPs have <10 Au NCs adsorbed to their surfaces when THF is absent during incubation. When THF is present, most PS NPs
have >10 Au NCs adsorbed to their surfaces. Scale bars in (b) and (c) are 200 nm.

component and an inorganic metal component. While
widespread use of some of these methods may be hindered
by more complex, multistep fabrication techniques, ™ self-
assembly,””** encapsulation in nanoshells or nanopores,®” and
self-organized precipitation (SORP)**~** hold promise due to
their ability to precisely place inorganic components on or
within an organic component.

In particular, SORP presents a promising method for hNP
production because it harnesses equilibrium phase separation
to specifically confine metal nanoparticle placement within
polymeric nanoparticles. In several studies, gold nanoparticles
were stabilized using polymers so they could be readily
incorporated into block copolymer solutions in the presence of
a poor solvent, resulting in localization of gold nanoparticles in
the same domain as its polymer stabilizer.""~* In some
examples, gold nanoparticles were internalized in lamellae or
localized atop polymer nanoparticles.”® However, despite the
success of this method in producing hybrid nanostructured
particles, previously reported experimental methods require
modification of the metal component to be compatible with
the appropriate polymeric domain and require several days to
produce the final particle suspensions, presenting opportunities
for improvement in total production time, and simplified,
scalable fabrication.

To overcome these limitations, we have demonstrated a
simple, two-step fabrication technique that employs Flash
NanoPrecipitation to scalably produce hNPs with tunable
morphologies. In this study, we showed that the good solvent
present in the polymer nanoparticle suspension from FNP
could be utilized to improve the mobility of inorganic metal
nanocatalysts atop these polymer nanoparticles, thus enabling
the formation of hNPs. We demonstrated that the resultant
nanocatalyst loading and dispersion atop polymeric nano-
particles can be tuned through changes to molecular
parameters (i.e, polymer molecular weight, polymer end-
group functionality, and nanocatalyst size) or process
parameters (i.e., incubation time). By analyzing the size and
number of “clusters” formed by individual metal nanocatalysts

atop polymeric nanoparticles, we revealed that diffusion of gold
nanocatalysts (Au NCs) on their surfaces was hindered by
increasing polymer molecular weight, and therefore viscosity
due to polymer chain dynamics, resulting in aggregation of
metal nanocatalysts atop hNPs. However, the addition of
charged polymer end-groups provided stronger electrostatic
interactions that hindered diffusion and gave rise to hNPs with
disperse metal nanocatalyst decoration in which metal
nanocatalysts became embedded within polymeric nano-
particles. We also found that this internalization of metal
nanocatalysts within polymeric nanoparticles was strongly
correlated with lower bulk reaction rates of a model reduction
reaction when compared to surface-decorated morphologies.
Overall, our work reveals a simple method to fabricate hNPs
with tunable metal nanocatalyst dispersal and loading, which
controls their ability to tune catalytic reaction rates, and may
have important implications for catalytic reduction of
contaminants that permeate groundwater aquifers.

RESULTS AND DISCUSSION

Adsorption Due to the Presence of a Good Solvent.
To produce hNPs, we mixed polystyrene nanoparticles (PS
NPs) produced via FNP with previously fabricated gold
nanocatalysts, as shown in Figure la. Before incubation with
Au NCs, we first removed tetrahydrofuran (THF) from the PS
NP suspension via rotary evaporation because the presence of
a toxic, volatile organic solvent in the final particle suspension
is undesirable for many applications, such as environmental
remediation and drug delivery.43’44 However, we observed that
Au NCs incubated with PS NPs in 100% water resulted in little
to no Au NC adsorption (Figure 1b). When we quantified this
observation for many transmission electron microscopy
(TEM) images, we observed that most PS NPs adsorbed
tewer than 5 Au NCs when THF was not present during the
incubation step (Figure 1d, top). Furthermore, the few Au
NCs that were attached appeared to be caught between PS

https://doi.org/10.1021/acsnano.2c04585
ACS Nano 2022, 16, 16133-16142


https://pubs.acs.org/doi/10.1021/acsnano.2c04585?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c04585?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c04585?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c04585?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c04585?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

NPs while drying on TEM grids, rather than becoming
embedded atop their surfaces.

However, when residual THF from PS NP fabrication was
not removed prior to incubation with Au NCs, we observed a
striking difference. In a final solvent mixture of 22.2% THF and
78.8% water, Au NCs strongly adsorbed atop PS NPs despite
the fact that there were no known attractive functional groups
on PS NP surfaces to stabilize citrate-coated Au NCs. In one
example, we observed the formation of two-dimensional (2D)
Au NC aggregates atop PS NPs (Figure 1c). Furthermore,
across varying surface configurations of Au NCs atop PS NPs,
we found that most PS NPs contained between 10 and 60 Au
NCs adsorbed to their surfaces, representing considerable
adsorption, which we define as number of adsorbed Au NCs
per PS NP > 10 (Figure 1d, bottom). These results
demonstrate that the presence of THF is necessary to facilitate
Au NC adsorption to PS NPs.

To address the presence of THF in the final hNP
suspension, we also investigated the impact of post-incubation
rotary evaporation. By completing the incubation step in the
previously employed solvent mixture of 22.2% THEF and 78.8%
water before removing THF, we found that Au NC adsorption
atop PS NPs obtained through incubation in the presence of
THF was retained once THF was removed (SI Figure 1).
Moreover, the number of adsorbed Au NCs per PS NP
remained above the threshold for considerable adsorption (i.e.,
>10 Au NCs) under these conditions.

To probe the sensitivity of Au NC adsorption atop PS NPs
to THF concentration, we next investigated the ability of hNPs
to form by adding Au NCs of varying diameter (S, 20, and 40
nm) to PS NP suspensions with varying solvent compositions.
First, we considered the control case in which Au NCs were
incubated with PS NPs without THF (Figure 2(a—c)i). For all
Au NC sizes, we anticipated that no adsorption would occur,
which is indeed what we observe in the first column of Figure
2. In all samples without THF, we observed a few Au NCs, but
the number of adsorbed Au NCs per PS NP <« 10.
Furthermore, TEM images revealed that most Au NCs still
present after centrifugation appeared to be aggregated between
PS NPs rather than adsorbed atop them, which we
hypothesized to be a result of drying on TEM grids.

When we increased the THF concentration to 10%, we
began to observe differences in Au NC adsorption across the
tested range of Au NC sizes (Figure 2(a—c)ii). Specifically, we
observed hNP formation when d,, = S nm (Figure 2a.ii), while
incubation with 10% THF was insufficient to result in
considerable adsorption of 20 or 40 nm Au NCs atop PS
NPs (Figure 2b.ii, c.ii). This difference in adsorption suggests
that THF may enhance the mobility of Au NCs within PS. Ten
percent THF was enough to enhance Au NC mobility within a
surface layer >5 nm thick because we see hNP formation with
S nm Au NCs, but that layer must also be thinner than 20 nm
because we did not see hNP formation with Au NCs > 20 nm
(Figure 2b.i, c.i).

Increasing the THF concentration further to 20% revealed a
similar trend (Figure 2(a—c)iii). Here, we observed that 20%
THF was sufficient to produce hNPs in the presence of both §
and 20 nm Au NCs, suggesting that the surface layer of PS
allowed for enhanced mobility within an outer radius of >20
nm (Figure 2a.iii, b.iii). We also began to see a change in 40
nm Au NC adsorption (Figure 2c.iii), but the average number
of adsorbed Au NCs remained below the threshold for
considerable adsorption of >10 Au NCs per PS NP (SI Figure

20% THF

minimal considerable
I 10% THF

Figure 2. THF concentration impacts the ability of Au NCs to
adsorb atop PS NPs. (a) Adsorption of 5 nm Au NCs occurred
only when a minimum concentration of 10% THF was present
during incubation. (b) Adsorption of 20 nm Au NCs occurred
when 20% THF was present during incubation. (c) We observed
slight adsorption of 40 nm Au NCs to PS NPs at a THF incubation
concentration of 20%, but appreciable adsorption occurred at a
threshold value of 30% THEF. The purple line delineates the THF
concentration above which the transition between minimal (<10
Au NCs) and considerable (>10 Au NCs) adsorption occurred.
Scale bars in (a) are 50 nm. Scale bars in (b) and (c) are 200 nm.

2). We believe this transition was more gradual because Au
NCs were at most 2 times larger than the PS NP surface layer,
potentially allowing for some favorable adsorption (Figure
2c.ii). Despite this more gradual adsorption onset, we only
began to see considerable adsorption of 40 nm Au NCs at
higher THF concentrations, >30% (SI Figure 2). Thus, the
strong correlation between increasing THF concentration and
the ability for larger Au NCs to adsorb atop PS NPs establishes
a criterion for their formation, as indicated by the purple stair-
step that delineates the transition between minimal and
considerable adsorption of Au NCs atop PS NPs (Figure 2).

Surface Aggregation of Au NCs Due to Diffusion. We
next harnessed the versatility of our two-step fabrication
process to alter hNP surface decoration by exploring one
process parameter, incubation time, and one molecular
parameter, PS molecular weight. First, we investigated how
incubation time of PS NPs with excess Au NCs affected the
surface decoration of hNPs, for which we use a final solvent
mixture of 22.2% THF and 78.8% water. Using PS with M, =
100 kg/mol as our baseline, we observed disperse Au NCs on
the surfaces of PS NPs (Figure 3a) after 1 h. We consider Au
NCs to be disperse when a large population of Au NC clusters
contains fewer than 2 Au NCs and none or few Au NC clusters
exceed sizes of 10 Au NCs. For example, after 1 h of
incubation, >40% of clusters contained fewer than 2 Au NCs,
and >90% of clusters contained fewer than 10 Au NCs (Figure
3d).
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Figure 3. Diffusion time scale of PS chains impacts Au NC dispersal. Hybrid nanoparticles fabricated with 100 kg/mol PS and incubated with
Au NCs for (a) 1 h, (b) 7 days, and (c) 60 days reveal a transition from disperse to aggregated surface decoration. (d) Cumulative
distribution function (CDF) of Au NC cluster sizes over time. The CDF indicates a shift from smaller to larger cluster sizes as time increases.
Inset shows a box and whisker plot of the number of clusters per PS particle over time. As the size of clusters increases, the number of
clusters decreases. (e) hNPs fabricated with 10 kg/mol PS, (f) 100 kg/mol PS, and (g) 650 kg/mol PS at a constant incubation time of 1 h
indicate increasing dispersal due to longer diffusion time scales as molecular weight increases. (h) CDF of Au NC cluster sizes with varying
molecular weight indicates that hNPs with low molecular weight PS exhibit greater surface aggregation. Inset shows a box and whisker plot
of the number of clusters per PS particle with varying molecular weight. All scale bars are 200 nm.

However, longer incubation times with excess Au NCs did
not result in greater adsorption, but rather, there was greater
Au NC aggregation atop PS NPs. Increasing incubation time
from 1 h to 7 days caused a 15% reduction in the population of
clusters <2 Au NCs. This observation indicates that at
intermediate incubation times between 1 and 7 days, Au NCs
began to diffuse across the surfaces of PS NPs, aggregating to
increase the population of intermediate-sized clusters (Figure
3b). As incubation time was increased another order of
magnitude to 60 days, we observed the presence of even larger
clusters (Figure 3c). Between 1 h and 60 days, the population
of large clusters increased by over 20% (Figure 3d), while the
average number of Au NCs adsorbed per PS NP for long
incubation times remained constant (SI Figure 3), suggesting
that by the 60-day point, aggregation occurred via coalescence
of larger clusters, rather than by the motion of individual Au
NCs.

This shift toward larger clusters as incubation time increased
is further supported by quantification of the number of Au NC
clusters on each PS NP. The inset of Figure 3d shows a
decrease in the median number of clusters per PS NP from 19
clusters after 1 h of incubation, to 5 clusters after 7 days, and 3
clusters after 60 days. We hypothesized that the initial stark
decrease in the number of clusters between 1 h and 7 days
occurred due to diffusion of numerous small clusters. However,
once aggregates became larger, their diffusive motion became
sluggish. While they were still able to coalesce into larger
aggregates, the rate of such fusion events was reduced
drastically due to both the longer diffusion times necessitated
by the larger average cluster size as well as the more limited
number of possible interactions due to the presence of fewer
clusters.

The strong dependence of both Au NC cluster size and total
number of Au NC clusters on incubation time suggests that
Brownian diffusion of Au NCs was strongly influenced by the
viscosity of PS NPs. To further probe this hypothesis, we

altered the resultant PS NP viscosity by varying the PS
molecular weight employed in the FNP solvent stream. We
fabricated PS NPs using each molecular weight (M, = 10, 100,
and 650 kg/mol) and incubated them with Au NCs for 1 h. PS
NPs fabricated from 10 kg/mol PS exhibited strong
aggregation, in which Au NCs formed 2D worm- and ring-
like structures on PS NP surfaces (Figure 3e). However, as
molecular weight increased, formation of large aggregates on
PS NP surfaces was suppressed, giving rise to disperse surface
decoration of Au NCs on PS NP surfaces (Figure 3fg). We
again quantified aggregation via an analysis of Au NC cluster
sizes (Figure 3h). When we assessed the cumulative
distribution function (CDF) of Au NC clusters on the surfaces
of 10, 100, and 650 kg/mol PS NPs, we found that hNPs
fabricated with 10 kg/mol PS exhibited 20% more Au NC
clusters >2 Au NCs in size than their higher M, counterparts,
consistent with our observations.

Finally, to describe the transition from aggregated to
disperse surface decoration that we observed with increasing
molecular weight, we used a simple scaling argument to
compare the viscosities of the PS NPs themselves by
approximating each nanoparticle as a polymer melt. Despite
our hypothesis that residual THF penetrates some distance
into PS NPs,” we make this approximation because the
polymer chains within PS NPs are collapsed into dense
aggregates during FNP, with polymer volume fractions, x, of at
least 0.58 in the precipitated 10 kg/mol PS NPs, much less
than its respective overlap concentration, reported as a volume
fraction, x* of approximately 0.02.*>*” For PS with a molecular
weight below the entanglement molecular weight (M, = 17 kg/
mol) the viscosity scales as 77p5 ~ N, where N is the number of
monomers within the polymer chain. For PS with a molecular

weight that exceeds M,, Hpg ™~ N3/N3, where N, = M,/m, and
mq is the molecular weight of the PS monomer.”® Thus, we

16136 https://doi.org/10.1021/acsnano.2c04585
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on the surfaces of PS NPs with increasing NH, content. Inset shows that the number of clusters per PS NP increases concomitantly. All scale
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This scaling provides a rationale for the Au NC aggregation
observed in Figure 3. For example, following the viscosity ratio
'7100kDa/ M oxp. We would expect Au NCs to become aggregated

atop 100 kg/mol PS at time scales 100X longer than 10 kg/mol
PS. Indeed, when we compared the morphology of 100 kg/mol
hNPs at incubation times 100X longer than 10 kg/mol hNPs,
we saw similar extents of aggregation when we compared
Figure 3b and Figure 3e. Furthermore, following the viscosity

ratio, Nycop./Mows We wWould not expect to see comparable

morphologies to 10 kg/mol hNPs until time scales O(10°
hours) longer (SI Figure 4).

While this scaling argument helped to link qualitative
similarities in Au NC configurations atop PS NPs obtained by
either changing molecular weight or incubation time, we still
observed a difference in the trends between the number of Au
NC clusters observed per PS NP over time versus molecular
weight (insets to Figure 3d,h). When we varied PS molecular
weight, the number of clusters per PS NP increased between
10 kg/mol and 100 kg/mol, consistent with the inset to Figure
3d, but we saw a sudden decrease in the number of clusters per
PS NP at 650 kg/mol (inset to Figure 3h). We attributed this
discrepancy to our experimental method, in which we held the
inlet mass of PS during FNP constant and the volume ratio of
PS NPs to Au NCs constant during incubation. Using a
constant inlet mass of PS does not necessarily correspond to
constant PS NP size, particularly at higher M,. The smaller PS
NP size obtained from 650 kg/mol PS (d = 113 nm +11 nm)
versus those obtained from 10 kg/mol (d = 302 nm %17 nm)
or 100 kg/mol (d = 300 nm +12 nm) implies that a greater
number of small PS NPs were incubated with Au NCs. Thus,
the PS NP surface area to Au NC mass ratio increased due to
the increased surface area of 650 kg/mol PS NPs, and a smaller
number of Au NCs adsorbed to each PS NP as a result.

Dispersal and Internalization of Au NCs atop and
within PS NPs. Despite the lack of attractive interactions
between PS and citrate-stabilized Au NCs, we observed the
formation of hNPs whose surface decoration characteristics
were sensitive to diffusion. We hypothesized that by adding
amine-terminated polystyrene (PS—NH,) to the FNP solvent
stream, stronger interactions between the positive end-groups
of PS—NH, and negatively charged citrate-stabilized Au NCs
would hinder diffusive motion of Au NCs, promoting the
presence of more disperse Au NCs atop PS NPs.

We employed PS with a molecular weight M, = 10 kg/mol
to assess the effect of electrostatic interactions on Au NC

mobility atop PS NPs. Typically, complete aggregation
occurred on hNPs made from PS with M, = 10 kg/mol
within a 24-h incubation period (SI Figure S), so we analyzed
Au NC dispersal for a range of PS—NH, concentrations after
24 h of incubation to assess the ability of electrostatic
interactions to stabilize disperse Au NCs atop PS NPs. For
comparison, we show the hNP morphology produced from 10
kg/mol PS (0% PS—NH,) after 24 h of incubation with Au
NCs (Figure 4a), which exhibited almost complete aggrega-
tion, or the formation of a single, large Au aggregate per PS
particle (Figure 4d and inset).

By varying PS—NH, concentrations from 0% to 50%, we
detected two distinct morphological regimes that arise due to
the presence of charged end groups, which we term “dispersal”
(Figure 4) and “internalization” (Figure S). We first explore
the “dispersal” regime, within which we see the suppression of
Au NC aggregation on the surfaces of PS NPs. When PS NPs
were fabricated from 3 vol % PS—NH,, we still saw ring-like
aggregates similar to those that we saw in the absence of PS—
NH, (Figure 4b), but we also began to see a much larger
presence of disperse, single Au NCs, as indicated by the
difference between the CDFs for 0% PS—NH, and 3% PS—
NH, (Figure 4d). As the concentration of PS—NH, increased
to 5%, we observed a 45% increase in the population of Au NC
clusters <2 Au NCs and a concomitant 20% decrease in the
population of Au NC clusters >10 Au NCs, indicating that Au
NCs shifted toward nearly complete surface dispersal (Figure
4d).

The approach to complete dispersal at 5% PS—NH, is also
supported by our analysis of the total number of clusters per
PS NP. Here, we saw that the distribution in the number of
clusters became much wider at 5% PS—NH, than it was at 3%
PS—NH, (inset to Figure 4d). This stark difference in number
of clusters per PS particle supports our observation that the
diffusive process that formed midsized worm- and ring-like
structures gave rise to smaller Au NC aggregates or single Au
NCs. This nuance is further supported by the shift in the CDFs
of 3% and 5% PS—NH, morphologies. While the entire
distribution shifted toward smaller clusters between 0% and 3%
PS—NH,, between 3% and 5%, the majority of this shift
occurred only in the population of midsize clusters because
worm- and ring-like structures began to disappear.

When the PS—NH, volume percentage was increased to
10%, we observed that Au NCs began to embed themselves
beneath the surfaces of PS NPs in a process we term
“internalization” (Figure Sa). While Au NCs were just beneath
the surfaces of PS NPs at 10% PS—NH,, for PS—NH,
concentrations greater than 10%, Au NPs were immersed
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Increasing Au NC internalization

» |[110% NH, [25% NH, II50% NH,

25% PS-NH,

d 1
0.8

w 0.6
o

3| O 0.4

,.

0.2

07 08 08 1
Au NC Depth (rr,)

e f

Figure 5. Au NCs become internalized above a threshold concentration of PS—NH,. Hybrid NPs fabricated from 10 kg/mol PS with (a)
10%, (b) 25%, and (c) 50% 10 kg/mol PS—NH, reveal increasing degrees of internalization as PS—NH, content increases. (d) CDF of Au
NC depth within PS NPs obtained from 2D images reveals that as PS—NH, content increases above 10%, Au NCs penetrate deeper into PS
NPs. Three-dimensional (3D) tomographic reconstructions of Au NC locations within PS NPs containing (e) 10%, (f) 25%, and (g) 50%
PS—NH, content shows increasing depth of internalization as PS—NH, content increases. The color scale corresponds to the depth within
the PS NP that Au NCs are located, normalized to the radius of the PS NP. (h) Normalized radial density distribution plot of Au NCs within
PS NPs. As PS—NH, content increases, the peak density shifts toward further internalization and a population of internalized Au NCs
develops. Scale bars in (a—c) are 100 nm. Scale bars in (e—g) are 50 nm.

completely. Previous work using a two-polymer blend in the
FNP process shows that when the interfacial tension,
Ypolymerl—water < Ypolymer2—waten the Oresulting colloids exhibit a
core—shell morphology in water.’’ Thus, because PS—NH, is
—water < VPS—water)’ it should

form a core—shell structure with PS—NH, as the shell.

However, when PS/PS—NH, NPs are incubated with
citrate-stabilized Au NCs, we must also consider the charge
neutralization effects that occur when NHj and COO™ groups
interact. We can explore the impact of the interactions between
NH} and COO™ groups by quantifying the charge ratio, or the
molar ratio of NHj to COO~ groups present during
incubation. For example, the surfaces of hybrid NPs made
with 10% PS—NH, became saturated with Au NCs because the
charge ratio was <1 (Figure Sa). As a result, we expected that
all Au/PS—NH, complexes were free to exist at or close to the
surface because there was NH} in excess of COO™. Our 2D
analysis of TEM images confirmed this expectation (Figure
5d), and also suggests that the Au/PS—NH, complex was still
less hydrophobic than PS.

As PS—NH, content increased, the shell it formed became
thicker and the NHj to COO~ charge ratio eventually
exceeded 1, at a calculated crossover concentration of
approximately 21% (Supplementary Calculations). Above
21% PS—NH,, we began to see internalization of Au NCs
(Figure Sb, c). When the charge ratio eventually exceeded 1,
there was free PS—NH, available to exist at the surface of
hNPs, which we hypothesize is energetically favorable because
, and can be seen

more hydrophilic than PS (]/PS_NH
2

J/PS—water > J/PS—NHZ/Au—water > J/PS—NHZ—water
clearly by the presence of an Au NC-free ring on the outside of
50% PS—NH, NPs (Figure Sc). Because the charge ratio was
>>1 in this case, compatibilization of Au NCs within PS via
hydrophobic ion pairing enabled their miscibility and is
therefore also energetically favorable.*”” Thus, both enhanced
surface wetting and miscibility acted as energetic driving forces
in the formation of these internalized hNPs. Our observations

were further supported by the CDF of Au NC depth within PS,
which showed that >80% of hybrid NPs fabricated with 50%
PS—NH, contained only internalized Au NCs (Figure 5d).

Having quantified Au NC internalization from two-dimen-
sional (2D) images, we also performed TEM tomography to
confirm the three-dimensional (3D) structure of the hNPs.
TEM images of three isolated hNPs containing 10%, 25%, and
50% PS—NH, were acquired at tilts ranging from —60° to
+60°. Three-dimensional tomographic reconstructions from
these tilted images mapped the spatial distribution of Au NCs
within these hNPs (Figure Se—g), showing good qualitative
agreement with the Au NC placement estimated from 2D
TEM images (Figure Sa—c).

From these 3D reconstructions, we also quantified the radial
density distribution of Au NCs embedded within PS NPs
(Figure Sh). Consistent with our CDFs of the approximate
radial depth of Au NCs for many hNPs, 3D tomography
showed that the peak density of Au NCs within PS NPs shifted
deeper into PS particles with increasing PS—NH, content and
therefore increasing charge ratio (SI Figure 6). At 10% PS—
NH,, several Au NCs resided on the outside of the PS NP with
most just under the surface. TEM tomography also revealed
that as the PS—NH, content increased to 25% and 50%, a
substantial population of Au NCs became internalized to
normalized radii less than 0.5. While the PS—NH, shell
increased in thickness as PS—NH, content increased, it is also
possible that some PS—NH, became entrained within the PS
core at the highest concentration of 50%. As a result of this
potential entrainment, some Au NCs became trapped deep
within PS NPs.

Tunable Catalytic Reactions Using Hybrid Nano-
particles. Having explored a wide parameter space to
understand the emergence of aggregated, dispersed, and
internalized Au NC localization atop and within PS NPs, we
tested the ability of hybrid NPs with internalized Au NCs to
carry out a catalytic reduction of 4-nitrophenol to 4-
aminophenol (Figure 6a). We added equal volumes—and
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therefore approximately equal concentrations—of hNPs that
are washed and concentrated via centrifugation with PS—NH,
concentrations of 10%, 25%, and 50% to a reaction mixture
containing 0.1 mM 4-nitrophenol and 0.067 M sodium
borohydride (NaBH,).

For each PS—NH, concentration, we measured UV—Vis
absorbance spectra as a function of time over a range of
wavelengths, 4, from 250 to 500 nm every S min for 2 h. For
the reaction that employed 10% PS—NH, hNPs, we saw a
strong peak at the primary absorbance for 4-nitrophenol (4, =
405 nm) at time ¢ = 0 min. This peak decreased in magnitude
exponentially as a small peak at the primary absorbance for 4-
aminophenol (4,,, = 294 nm) began to emerge (Figure 6b).
We ran additional reduction reactions using 25% and 50% PS—
NH, hNPs to show the reduction in 4-nitrophenol
concentration over time for each hNP formulation (Figure
6¢). The reduction of 4-nitrophenol to 4-aminophenol is a
first-order reaction, C(t) = C, exp(—kt), where C(t) is the
concentration of 4-nitrophenol over time, C, is the initial 4-
nitrophenol concentration, k is the first-order reaction rate
constant, and ¢ is time.”' We obtained rate constants k = 6 X
1075 1/s,2 X 10™° 1/s, and 7 X 107° 1/s, for 10%, 25%, and
50% PS—NH, hNPs, respectively. These rate constants
indicate that reactions using 25% PS—NH, hNPs proceed 3
times slower than those produced using 10% PS—NH,, while
reactions using 50% PS—NH, hNPs proceed 10 times more
slowly. While a small amount of PS—NH, improved Au NC
dispersal atop PS NPs, excess PS=NH, hindered the rate of
reaction. Importantly, the evolution of these reactions reveals
that hNPs can be fabricated such that their reaction rates are
correlated to the position of Au NCs within hNPs. Addition-
ally, the method of hNP formation presented here may be used
to produce materials with varying catalytic properties.

CONCLUSION

Widespread deployment of novel nanomaterials for in situ
remediation of groundwater contaminants has long been
precluded by their inability to remain stable against
aggregation. Additionally, complex fabrication techniques are
often required to produce hybrid materials with tunable
morphologies and reaction rates. Our work introduces a simple
method to fabricate hNPs that relies only on the presence of a
good solvent for the polymer to allow for gold nanocatalyst
adsorption. Using this method, we showed that increasing
incubation time allowed for enhanced aggregation of gold
nanocatalysts on polystyrene nanoparticle surfaces, while
increasing polymer molecular weight increased their dispersal.
We also demonstrated that electrostatic interactions could be
used to overcome gold aggregation and promote surface
dispersal or internalization of gold nanocatalysts. Since
electrostatic interactions only occur between the polymer
end-group and nanocatalyst stabilizer, we expect that catalytic
reaction rates can be tuned for various citrate-stabilized
nanocatalysts, such as platinum or bimetallic nanoparticles,
thus making this approach applicable for a wide range of
catalytic reduction reactions. Taken together, these results
shed light on an approach by which hNPs can be fabricated
with tunable morphologies and reveal mechanisms by which
catalytic reaction rates can be controlled.

METHODS

Two-Step Hybrid Nanoparticle Fabrication. To prepare
polystyrene nanoparticles (PS NPs), we dissolved 0.3 mg/mL un-

a OH OH
hybrid NPs
NaBH,
ON )
4-nitrophenol 4-aminophenol
b 15 20
E 40 .
§1.0 F S
® 60 (0]
£ 3
30.5 =
2 80
0 s : s s 100
250 300 350 400 450 500
Wavelength (nm)
c | ' ' -
0.11¢ -
“...°°°ooo.o
0. 000.00......0
009 e, |
[ ] ° o
g e, °
\E,0.07' ..00..... ]
O e
0.057 .
0.0% 30 60 90 120

Reaction time (min)
10% PS-NH, ©25% PS-NH, 50% PS-NH,

Figure 6. Hybrid nanoparticle morphology controls the reaction
rate of a model reduction reaction. (a) Reaction scheme to
produce 4-aminophenol from 4-nitrophenol is catalyzed by Au
NCs. We add 100 uL of an hNP suspension to a reaction mixture
containing 0.1 mM 4-nitrophenol and 0.067 M NaBH,. (b)
Example UV—vis spectrum of reduction over time using 10% PS—
NH, hNPs shows a decrease in the magnitude of the primary
absorbance of 4-nitrophenol (4,,, = 405 nm) and an increase in
that of 4-aminophenol (4,,; = 294 nm). (c) Plot of concentration
(C) measured at A = 405 nm every 5 min for 2 h demonstrates that
increasing internalization slows reaction rate and efficacy.

cross-linked polystyrene with hydrophobic butyl end-groups of
varying molecular weight (M, =10 kg/mol, 99 kg/mol, or 646 kg/
mol, Polymer Source), and therefore a varying number of repeat units
(N = 96, 950, and 6200, respectively) in tetrahydrofuran (Sigma-
Aldrich), which is a good solvent for the polymer. We varied surface
charge by replacing pure PS with a blend of 0.1 mg/mL PS (M, = 10
kg/mol) and 0.1 mg/mL amine-terminated polystyrene (PS—NH,,
M, = 10 kg/mol, Sigma—Aldrich). We then mixed solutions of varying
volume percentages from 0% to 50% PS—NH, to produce PS/PS—
NH, colloids. Size measurements obtained from dynamic light
scattering (DLS) for all PS and PS/PS—NH, NPs are reported in
Supporting Information (S1) Figures 7 and 8 (Anton Paar Litesizer
500). Zeta potential measurements are also reported in the SI.
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Citrate-stabilized gold nanocatalysts (Au NCs) with a diameter, d =
S nm were purchased from Nanopartz. Citrate-stabilized Au NCs with
d =20 nm and d = 40 nm were synthesized using the method
proposed by Turkevich and Frens,*>** in which we brought a 0.01 wt
% solution of chloroauric acid (HAuCl,) to a rolling boil and then
rapidly added a solution of 2 or 0.4 wt % sodium citrate (NaCsH;O,)
to produce 20 or 40 nm Au NCs, respectively. The solution continued
to boil until a deep red color was achieved after approximately 20 min.
Au NCs used in this study had a diameter d = 20.9 nm with a PDI of
0.11 or d = 38.0 nm with a PDI of 0.26, measured via DLS (SI Figure
9). Au NCs fabricated using this experimental method have been
reported to have a zeta potential, { = —39.7 + 0.7 mV at pH 9.3.°

We performed Flash NanoPrecipitation (FNP) to produce PS or
PS/PS—NH, NPs using a confined impinging jet (CIJ) mixer (Figure
la). The prepared PS solutions were impinged against an equal
volume of deionized water, which is a poor solvent, or antisolvent, for
PS. The effluent stream was then deposited into an antisolvent
reservoir to produce NPs with sizes ranging from 200 to 500 nm,
depending on the inlet PS concentration. The volume ratio of the
polymer solution to the antisolvent stream to the antisolvent reservoir
for all experiments was 1:1:1, resulting in a final solvent concentration
of 33.3% THF and 66.6% deionized water. We fabricated hNPs by
incubating our prepared PS or PS/PS—NH, NPs in 33.3% THF with
excess Au NCs at a 2:1 ratio with a final solvent composition of 22.2%
THF for 1 h (Figure la). Any excess, unadsorbed Au NCs were
removed from the hNP suspension via centrifugation prior to imaging.

Sample Preparation for Imaging via Transmission Electron
Microscopy (TEM). To prepare particles for transmission electron
microscopy (TEM), 1.5 mL of hNPs was centrifuged twice to remove
any unadsorbed Au NCs (16 000g for 15—4S min, depending on PS
NP size) and resuspended in 50—150 uL of deionized water before
dropcasting 8 L of the washed, concentrated suspension onto
carbon-coated copper TEM grids (CF-200-Cu, Electron Microscopy
Sciences). Samples were left to dry overnight before imaging. All
images were acquired using an FEI Talos F200X TEM with an
accelerating voltage of 200 kV.

Electron Tomography and Reconstruction of 3D Au NC
Distributions. All tomography images were acquired on an FEI
Talos F200X TEM with an accelerating voltage of 200 kV at a—1 ym
defocus. Dried, drop cast samples on carbon-coated copper TEM
grids were placed onto a +70° tomography holder. Images were
subsequently taken at 1° increments from —60° to +60°. Tomo-
graphic reconstructions were performed using the ASTRA toolbox in
MATLAB.>* We employed a parallel beam geometry and performed
reconstructions with 150 iterations of the simultaneous iterations
reconstruction technique.

Image Analysis and Quantification of Hybrid Nanoparticle
Morphologies. To quantify Au nanocatalyst adsorption atop the
surface of PS NPs, we manually isolated each imaged PS particle for a
given data set (ie, unique experimental conditions and imaging
specifications) and binarized using multilevel thresholding in
MATLAB. We chose a global threshold level for each data set that
allowed for optimal isolation of the contrast obtained only from Au
NCs, ignoring any contrast from PS NPs themselves. We then
manually adjusted thresholding that did not adequately isolate Au NC
contrast for individual particles. To quantify Au NC cluster sizes and
count the number of Au NCs adsorbed to each PS NP, we used a
built-in MATLAB function, “bwconncomp,” and normalized the
obtained values by the average Au NC size measured via DLS. Each
experimental condition quantified in this paper represents between 40
and 100 individual PS NPs depending on the density of deposited
particles on TEM grids.
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