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In this article, a dual-solvent method is presented which allows for precise control over the distribution of
nanoparticles (NPs) in hydrogels. The technique is based on the interfacial reaction between a reducing
agent (herein THPC) initially solubilized in the hydrogel phase, and an organometallic precursor (herein
Au(PPh3)Cl) solubilized in the surrounding organic liquid phase. When the organic phase is completely
immiscible with water, the interfacial reaction yields a fragile monolayer film of NPs at the hydrogel
surface. Then, the addition of a co-solvent (miscible with both aqueous and organic phases) allows
precise tuning over the distribution of NPs, from a fine and well-anchored layer at the interface, to the
whole gel volume. As a result, it is possible to independently control the size and concentration of NPs,

and their distribution. The impact of such control is demonstrated with the reduction of p-nitrophenol to
Received 15th June 2020 . . .
Accepted 26th September 2020 p-aminophenol catalyzed by gold nanoparticles (AuNPs). When AuNPs are mostly localized at the gel
surface, the apparent reaction rate is more than 10x superior compared to AuNPs distributed in the

DOI: 10.1039/d0na00488; whole gel — at comparable particle content and size. This approach is straightforward, decisive and
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Introduction

In the last two decades, nanoparticles (NPs) have attracted
much interest in many fields of applications such as catalysis,
sensors and actuators, biotechnologies, bactericide wound
dressing, and imaging, to name a few.™ For catalysis applica-
tions, this interest stems from the high reaction rates, selectivity
and yield for many electron-transfer reactions.>® With high
surface-to-volume ratio, and surface energy, NPs can catalyze
reactions at mild reaction conditions (i.e. at room temperature
and pressure) in aqueous solutions.® Two significant problems
encountered when using NPs freely dispersed in solution are
their gradual agglomeration and resulting deactivation, and the
extensive and costly separation processes involved when the
reaction is over.>®” Immobilizing NPs using monoliths can
solve these issues, but the synthesis process can be complex
and/or costly, and can also lead to decreased catalytic
performances.®®

A promising approach to overcome these shortcomings is to
immobilize NPs in hydrogels, which can efficiently retain NPs.
Hydrogels display liquid-like diffusion/mass transfer properties
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compatible with broad arrays of NPs and hydrogel chemistries, and solvent combinations.

- interesting for catalysis applications, with solid-like mechan-
ical properties, for ease of manipulation and separation.® So far,
NPs immobilized in hydrogels either show a distribution
gradient, or a nearly uniform distribution in the volume of these
materials.' Typically, NPs are either synthesized in situ by using
a variety of reduction reactions, or simply by gelling a colloidal
suspension.>** For catalysis applications, one significant
concern when NPs are distributed in the whole gel volume is
that diffusion can significantly limit chemical reaction rates,
resulting in a large fraction of NPs being either less accessible,
or isolated. To increase the reaction rate, selectively locating the
NPs near the surface of hydrogels is thus a pertinent strategy.
However, there are very few studies addressing the control of
NPs spatial distribution within hydrogel materials."*™*” Kim
et al. have prepared self-assembled 2D films of gold (Au) NPs by
direct deposition onto substrates immersed into AuNPs solu-
tions.'® Planar and curved glass surfaces, inner walls of capillary
tubes, silica beads and cotton fabrics were covered with
AuNPs."™ While high control over NPs size and film thickness
can be achieved, complex 3D structures cannot be covered, and
film adhesion can be problematic.

A method that stands out to control the localization and
distribution of NPs is periodic precipitation (related to the
Liesegang phenomenon)."”"” This method allows formation of
concentric rings of NPs in hydrogels, starting from the gel
surface/interface. NPs are formed by the reaction between two
precursors — one situated in the gel phase, and the second in the
surrounding solution, followed by the precipitation of the
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resulting metallic compound. The resulting periodic ring
structure is governed by reactants diffusion, the delicate
balance between NPs formation and precipitation, and trans-
port phenomena. The width, intensity, and spacing between the
bands or rings can be controlled by the choice of gelling agent
and its concentration,” the application of electric currents,*
and the precursors' concentrations.** Complex patterns are also
possible via wet stamping: a gel stamp containing one of the
precursors is applied to a gel film containing the other
precursor, resulting in the formation of Liesegang rings.'>'®
However, this technique is limited to simple 2D morphologies.
Finally, oppositely charged NPs can be used as well to form
these periodic patterns.” In all cases, macroscopic positioning
of the bands or uniform distribution of NPs in a certain thick-
ness of the gel is not achievable other than by stopping or
limiting the reaction.'*'¢

In a series of articles,**** Rao et al. have developed a method
to synthesize NPs at the liquid-liquid interface, ie. at the
interface of two immiscible liquids, typically an organic solvent
and an aqueous phase - a much less explored synthesis
pathway. The formation of a thin film of nanoparticles (e.g
AuNPs) comes from the reduction reaction at the solvent/water
interface between an organometallic precursor and a reducing
agent, solubilized respectively in the solvent and aqueous
phases.”® The reaction results in the formation of a dense
monolayer of NPs, and it is controlled in part by the precursors'
concentrations, the reaction time, and temperature.'** The NPs
monolayers typically display very smooth surfaces with high
interfacial coverage (>75%) of fairly uniform nanoparticles.'> An
interparticle separation of =1 nm is observed and is linked to
triphenylphosphine ligands and THPC, acting as capping
agents.” The approach is versatile and simple, as demonstrated
with the synthesis of metallic, semi-conductor and chalco-
genide films.”** Films of multispecies alloys can also be
prepared with this technique.”” However, the method has been
limited so far to NPs film formation at the liquid-liquid inter-
face or, with the addition of suitable capping agents, to aqueous
and organic solutions, yielding respectively hydrosols or
organosols.*>**

The objective of this work is to control the localization of NPs
in hydrogels by adapting the approach developed by Rao et al.
The hypothesis is that the addition of a co-solvent to the organic
phase, miscible with both the solvent and aqueous (hydrogel)
phases, can result in precise control over the NPs localization,
while at the same time ensuring strong NPs anchoring in the gel
phase. Ultimately, concentrating the NPs at the gel surface
should result, for example, in enhanced catalytic properties
compared to NPs dispersed in the whole gel volume.

In this work, the aqueous phase previously used by Rao et al.
is substituted by a solid and highly permeable hydrogel phase.
The liquid organic phase contains the solubilized metal
precursor (e.g. Au(PPh;)Cl), while the hydrogel phase contains
the reducing agent (e.g. THPC). The hydrogels are then plunged
in the dual-solvent phase, which is comprised of one solvent
completely immiscible with the gel phase (e.g. toluene), and
a co-solvent miscible with both the organic and gel phases (e.g.
acetonitrile). AuNPs formation occurs by the reduction reaction
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between the metal precursor and reducing agent, which is
investigated as a function of solvent type, dual-solvent compo-
sition, reaction time, and temperature.

Results and discussion

Formation of AuNPs thin film at the toluene/hydrogel
interface

In this work, the interfacial synthesis of metallic NPs at liquid/
liquid (organic/aqueous) interfaces (Fig. Sla-cf), a method
developed by Rao et al., is adapted to control the distribution of
NPs in hydrogels.* Initially the aqueous phase was replaced
with sodium alginate (SA) hydrogels loaded with a reducing
agent (herein THPC, as described in the Methodology, see ESIT),
before plunging the gels in a 1.5 mM solution of Au(PPh;)Cl in
toluene (see Fig. S1d¥).

Fig. 1a displays a =1 cm® cubic SA hydrogel covered with
a thin film of AuNPs, prepared at 60 °C during 48 h - the
experimental parameters were chosen following a series of
initial experiments looking at the effects of reaction time and
temperature on NPs film formation. At 60 °C, a complete NPs
film is obtained after 24 h, whereas the film remains incomplete
after 10 days when the reaction is realized at 30 °C (Fig. S1d+t). In
this work, all of the following reactions were then conducted at
60 °C. A cross-section of the gel (Fig. 1b) reveals that the AuNPs
strictly grow at the toluene/hydrogel interface and form a very
thin film. TEM observations (Fig. 1c) show a film entirely
composed of a monolayer of closely packed polycrystalline
AuNPs with an average size of 14 &+ 4 nm - note that the AuNPs

a)

Fig. 1 Bulk alginate hydrogel with AuNPs synthesized at the surface
using toluene as the organic phase (48 h of growth at 60 °C): (a)
alginate hydrogel cube covered with AuNPs; (b) cross-section slice of
cube displayed in (a); (c) TEM micrograph of monolayer polycrystalline
AuUNPs film on the alginate cube. Average particle size = 14 + 4 nm; (d)
energy-dispersive X-ray (EDXS) spectra of AuNPs film with charac-
teristic composition peaks, herein gold (excluding Cu and C which are
the constituents of the copper grid), with the corresponding electron
diffraction profile (SAED) in inset.

This journal is © The Royal Society of Chemistry 2020
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show multiple facets resulting from growing in a confined
environment. Moreover, the EDX spectra in Fig. 1d confirms the
particles composition (pure Au) (the inset confirms the typical
face-centered cubic crystal structure of gold).”

Lastly, a crucial feature is film adhesion - in this case, the
film is fragile, easily peelable and fragmented with a spatula,
confirming that it is only superficially deposited onto the
hydrogel surface. This is a significant concern for applications
requiring strong adhesion (e.g. catalysis), but an interesting
feature when NP film transfer is required. In order to improve
film adhesion and stability onto hydrogel surfaces, the effect of
organic solvent miscibility with water was next considered.

Effect of the organic solvent miscibility with water on the
selective localization of NPs in hydrogels

To understand how organic solvent miscibility with water
impacts the formation of AuNPs, a series of synthesis were
undertaken using three solvents miscible with water (acetone,
DMF and acetonitrile), and two immiscible solvents (toluene
and benzene) - note that Au(PPh;)Cl is soluble in all five
solvents. The results are presented in Fig. 2. For acetonitrile and
acetone (Fig. 2a and c), NPs synthesis occurs in the whole
volume of the hydrogel, which is explained by the diffusion of
the solvent and Au(PPh;)Cl in the hydrogel, followed by the
reduction of Au(PPh;)Cl with the THPC initially contained in
the gel. For DMF, a peculiar NPs distribution is observed
(Fig. 2b). This cross-like pattern is caused by gel syneresis
(liquid expulsion and gel shrinking) when plunged in DMF,
combined with the diffusion of DMF and Au(PPh;)Cl in the gel,

a) o) P
-

}

{

L J

[ | P S

f
1.
r

>

Fig. 2 Cross-sections of 1 cm® cubic AuNPs/SA hydrogels nano-
composites prepared with different organic solvents during the NPs
synthesis step (48 h at 60 °C): (a) acetone; (b) N,N-dimethylformamide
(DMF); (c) acetonitrile; (d) toluene; (e) benzene. From (a)—(c), NPs are
formed in the hydrogels, while in (d) and (e), they are formed at the gel
surface. Note that the first three solvents are miscible with water, while
the last two are immiscible.
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and the resulting formation of AuNPs. Once the reaction is
completed and the hydrogel is rehydrated (as shown on the
picture), the gel expands again and displays this interesting
pattern. While difficult to control, this approach could be
employed to synthesize hydrogels with certain patterns. For the
other two solvents that are immiscible with water (Fig. 2d and
e), toluene and benzene display similar results, with NPs strictly
growing at the solvent/gel interface, as expected, with low film
adhesion.

The five cases illustrated above are in fact the two limiting
cases of NPs distribution control - (1) solely at the gel surface, or
(2) in the whole gel volume. The different colors observed for the
first three cases come from the different type of solvents used
and their impact on AuNPs synthesis.”> While concentrating the
NPs at the surface in Fig. 2d and e is quite interesting for
a number of applications, the NPs films are fragile and easy to
remove. On the other hand, NPs distributed in the whole
volume are strongly bound to the gel due to the binding inter-
actions between the AuNPs and alginate carboxyl groups.*
However, a significant fraction of AuNPs is now isolated or
“lost” in the bulk gel phase - as a result, diffusion limits
applications such as catalysis.

Following these results, using a co-solvent to control the
diffusion of Au(PPh;)Cl in the gel phase, and ultimately the
distribution of NPs, was investigated. Also, in order to avoid
pattern formation, and corner/edge effects, further NPs
synthesis experiments were realized with SA gel cylinders.

Controlling the localization of AuNPs with a co-solvent

To assess the effect of a co-solvent, we started with toluene as
the organic phase, which is completely immiscible with the
hydrogel phase, to which we gradually added acetonitrile, a co-
solvent for both toluene and water. Acetonitrile was also chosen
since it has a higher boiling point compared to acetone and
does not cause gel syneresis like DMF.

Fig. 3 illustrates the distribution of AuNPs in hydrogels when
the volume fraction ¢,, of co-solvent in the organic phase
gradually increases from 0% acetonitrile (pure toluene) to 100%
acetonitrile (no toluene). As seen earlier, these two extreme
values yield NPs distributed solely at the interface for the
former, and in the whole gel volume for the latter (Fig. 2). At low
acetonitrile volume fractions ¢y, (0-30%), no significant effect
on the distribution of AuNPs is observed — NPs synthesis occurs
solely at the interface. In addition, the film of AuNPs can be
easily removed at low acetonitrile contents (0% to 20%), but
starts anchoring at the surface at ¢,, = 30%. Then, over 30%,
AuNPs are well anchored but still localized near the interface -
even after 48 h of synthesis time. Finally, when ¢, > 80%,
AuNPs growth mostly occurs in the whole gel volume.

Adding a co-solvent has a significant effect on the distribu-
tion of AuNPs during synthesis. As the composition in aceto-
nitrile and the miscibility of the organic phase with water
increase, the diffusion rate of the organic phase containing
Au(PPh;)Cl in the hydrogel also increases, gradually leading to
the formation of NPs deeper in the gel phase by reaction with
THPC. This represents a simple approach to precisely control

Nanoscale Adv., 2020, 2, 5263-5270 | 5265
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Fig. 3 Cross sections of AuNPs/SA hydrogel nanocomposites cylin-
ders (diameter dc, = 11 mm) prepared in toluene/acetonitrile mixtures
(48 h of growth at 60 °C), in increasing order of acetonitrile content
(vol%).

the distribution of NPs in hydrogels. Note that a similar result is
obtained when replacing acetonitrile by acetone, also a co-
solvent of toluene and water (Fig. S21). In that case, tightly
closed vials were used to avoid acetone evaporation during
synthesis.

Next, the effect of NPs synthesis time (from 4 h to 48 h at
60 °C) for three organic phase compositions - 100% acetoni-
trile, 70/30 acetonitrile/toluene, and 100% toluene (vol%)
(Fig. 4) - was investigated. Note that the time intervals were
chosen to clearly illustrate how the gels' appearances evolve
during NPs synthesis. Firstly, it was observed that the presence
of acetonitrile increases the reaction speed and NPs formation.
Indeed, the diffusion of Au(PPh;)Cl in the hydrogel due to
acetonitrile facilitates the reaction of the organometallic
precursor with THPC. However, the most important feature is
the level of control we obtain over AuNPs localization, which
becomes nearly independent of the reaction time. When pure
acetonitrile is used (Fig. 4a), AuNPs are formed in the whole
volume (a concentration of NPs near the surface can be distin-
guished). For pure toluene, NPs are strictly formed at the gel
surface (Fig. 4c). The effect is most striking at intermediate
solvent compositions, since at 70/30 acetonitrile/toluene,
AuNPs are mostly restricted to a very thin region near the
surface. This thin region grows darker with time, suggesting
a growing number of AuNPs also increasing in size.

This indicates that synthesis time is now decoupled from
NPs localization in the gel: this now avoids any limitation due to

5266 | Nanoscale Adv, 2020, 2, 5263-5270
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Fig. 4 Effect of AuNPs synthesis time (from 4 h to 48 h at 60 °C) on
AuNPs distribution (cross sections of alginate hydrogel cylinders with
AuNPs), for (a) pure acetonitrile, (b) 70/30 toluene/acetonitrile (vol%)
and (c) pure toluene solvents.

diffusion. To the best of our knowledge, this is the first study
demonstrating such a level of control, without requiring to stop
the reaction in order to limit diffusion in the hydrogel. As
a result, it is now possible to control the size and concentration
of the synthesized particles via reaction time and reactants
concentrations, while at the same time controlling precisely
their localization in the hydrogel.

Versatility of the dual-solvent interfacial reaction method

We next assessed whether other organometallic precursors
could be used. Pd(PPh;),Cl, possesses the same phosphine
ligands as the gold precursor. Using a 70/30 vol% toluene/
acetonitrile organic phase, and a synthesis time of 48 h, we
again observe a similar localized concentration of PANPs near
the surface (Fig. S31). However, the alginate also displays a light
yellow-brownish coloration, as opposed to no coloration for Au.
We believe this is due to the faster diffusion of the Pd(PPh;),Cl,
precursor in the hydrogel as compared to Au(PPh;)Cl, for
a given solvent mixture composition. Reducing the content in
acetonitrile could then better confine PANPs to the surface of
the gel.

Enhancing the catalytic properties via control over AuNPs
distribution

We next assessed if the synthesis conditions, ie. solvent
composition and, ultimately, AuNPs localization within the
hydrogel, had an effect on the catalytic activity. AuNPs were

This journal is © The Royal Society of Chemistry 2020
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synthesized during 10 h within small hydrogel beads (dpeaas =
2.5 mm), in both pure acetonitrile (Fig. 5a) and the acetonitrile/
toluene (70/30 vol%) mixture (Fig. 5b) (beads were used because
of the glass cuvettes small dimensions). Like gel cylinders (Fig. 3
and 4), synthesis in pure acetonitrile results in the distribution
of AuNPs into the whole hydrogel beads volume, whereas
synthesis in the solvent mixture yields gel beads with AuNPs
localized at the gel surface - as the darker region at the beads
periphery confirms.

The catalytic activity of these gel beads loaded with AuNPs
was studied with the model reduction reaction of p-nitrophenol
to p-aminophenol.***” The conversion was followed by moni-
toring the absorption spectra at 400 nm of p-nitrophenol. As
Fig. 5c illustrates, the catalytic activity is highly dependent on
the AuNPs synthesis conditions: for gel beads with AuNPs at the
surface, the p-nitrophenol reduction reaction is completed in
about 3 min. In comparison, for beads with AuNPs distributed
in their whole volume, the full conversion of p-nitrophenol
takes more than 40 min. Clearly, selectively locating AuNPs at
the surface significantly increases the reaction kinetics.

When AuNPs are embedded into micro-carriers and the
reducing agent (herein NaBH,) is in excess compared to p-
nitrophenol, the reduction reaction kinetics can be modeled as
a pseudo-first-order reaction.>****® In our case, a linear corre-
lation between time ¢ and In(C,/C,) is found (C, corresponds to
the p-nitrophenol concentration at time ¢ and C, at ¢ = 0). The
apparent reaction rate constant k,p;, (calculated from the linear
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Fig. 5 AuNPs/hydrogel beads synthesized during 10 h at 60 °C in: (a)
pure acetonitrile (AuNPs dispersed in whole gel volume); (b) in
acetonitrile/toluene 70/30 vol%. (c) p-Nitrophenol relative concen-
tration as a function of time t, using gel beads displayed in (a) and (b).
Each data point corresponds to the average of 3 samples. The dashed-
dot lines are guides for the eye.
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fittings) is strongly dependent on the NPs synthesis conditions:
when the solvent mixture is used, kapp = 0.95 min~*
only acetonitrile is employed, k,p, = 0.065 min ™"

superior to one order of magnitude.

, while when
- a difference

Analysis of AuNPs distributed in hydrogel spheres

Transmission electron microscopy (TEM) was employed to
characterize AuNPs size and morphology inside the hydrogel
spheres. Fig. 6a-d-(i) displays representative samples of AuNPs
grown in hydrogel beads. Many particles show irregular shapes
with facets, and they are clearly larger after 48 h of synthesis
time, compared to 10 h. High-resolution TEM micrographs
(Fig. 6a—d-(ii)) reveal that the particles are polycrystalline, and
the [111] planes in the cubic Au crystalline structure are visible,
with an interplanar distance of =2.36 A. The average diameters
are obtained from the size distribution histograms (Fig. 6a-d-
(iii)). For AuNPs synthesized in acetonitrile, the average diam-
eter d clearly depends on the reaction time: d = 15 (+5) nm for
10 h of reaction time, versus d = 31 (+7) nm for 48 h. Reaction
time has a less pronounced impact when using the acetonitrile-
toluene mixture for AuNPs synthesis. In this case, NPs synthe-
sized during 10 h have average diameter d = 10 (+4) nm, while
those synthesized during 48 h have an average value of d = 13
(£9) nm. Moreover, low-magnification TEM micrographs
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Fig. 6 TEM micrographs and analysis of particles synthesized in: (a)
acetonitrile during 10 h; (b) acetonitrile/toluene (70/30 vol%) during
10 h; (c) acetonitrile during 48 h; (d) acetonitrile/toluene (70/30 vol%)
during 48 h. In (i), micrographs showing representative AuNPs
samples, with average diameter d; (ii) high resolution micrographs
displaying AuNPs polycrystallinity; (iii) AuNPs size distribution histo-
grams (obtained by measuring between 180 and 200 AuNPs).
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Table 1 AuNPs contents in gel beads synthesized for 10 h
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Beads type

Remaining mass” (%)

AuNPs content” (%)

No AuNPs (reference)
AuNPs - 100 vol% acetonitrile
AuNPs - 70/30 vol% acetonitrile/toluene

33+ 1(N=23) —
3841 (N=3) 542
38+ 2 (N=6) 543

“ Based on initial weight of dried beads.  AuNPs content (%) = remaining mass with NPs minus remaining mass without NPs.

display randomly and uniformly distributed AuNPs, with no
significant aggregates (Fig. S41).

Finally, thermogravimetric analysis (TGA) was employed to
quantify the AuNPs content in gel beads (Table 1). The results
show that both types of beads - synthesized using pure aceto-
nitrile, and with the acetonitrile/toluene mixture - contain
comparable amounts of AuNPs (about 5 wt%, based on the dry
mass of SA beads).

Discussion

This work demonstrates that it is possible to precisely control the
localization of NPs at hydrogel surfaces by adapting the interfacial
synthesis technique developed by Rao et al for liquid-liquid
interfaces.” The addition of a co-solvent to the organic phase
allows for both the control of NPs distribution in the hydrogel as
well as a strong anchoring of NPs near the gel surface. In doing so,
it is possible to independently control NPs size, distribution, and
concentration, as Fig. 3 and 4 illustrate - a unique feature of our
approach. In comparison, NPs growth in gels by periodic precipi-
tation (Liesegang rings formation), for example, occurs at a certain
depth in the material, and independent control over NPs
concentration, size and localization is quite difficult.">'>*
However, tuning parameters such as reactants concentrations and/
or gel composition allows some additional control over NPs
localization with this approach.”>**¢ As a result, the Liesegang
rings can be further apart or thicker by controlling gel composi-
tion, but their formation will not be restricted to a precise locali-
zation in the gels."”

The results also demonstrate that anchoring the NPs near
the surface significantly enhances the catalytic properties of
hydrogel monoliths. At comparable NPs contents (Table 1) and
NPs average diameters (Fig. 6), the catalytic activity of gel beads
with NPs concentrated at the surface (prepared with the
toluene/acetonitrile solvent mixture) is more than an order of
magnitude superior to beads with NPs distributed in the whole
gel volume. This is explained by the much shorter diffusion
path to the NPs surface when they are distributed near the gel
surface, all other parameters being equal.

The interfacial synthesis method modified with a co-solvent is
a straightforward approach compatible with a variety of solvents
and gel chemistries. Rao et al. also demonstrated previously that
a wide array of precursors and reducing agents can be used to
synthesize NPs at liquid-liquid interfaces, including metals, metal
oxides and chalcogenides.* This methodology is simple and rela-
tively inexpensive to prepare high performance catalytic mono-
lithic materials, and more generally hydrogels comprising thin
films of NPs at their surface.

5268 | Nanoscale Adv, 2020, 2, 5263-5270

From a broader point of view, the possibility of controlling
the distribution of NPs in hydrogels could significantly enhance
their functional properties. For example, concentrating silver
nanoparticles near the surface of hydrogels could improve their
bactericidal properties as wound dressing materials.> Shape-
memory hydrogels (for actuators and self-folding materials)
containing NPs are typically based on the photothermal effect
and require precise control of NPs distribution.* Finally,
synthesis of anisotropic nanoparticles should be explored since
particle nucleation and growth occurs at the interface of two
immiscible fluids.*

Conclusions

This work presents a methodology to control the localization
and distribution of NPs near hydrogel surfaces, with strong NPs
anchoring. The interfacial synthesis of NPs is realized by
plunging a hydrogel containing a water soluble reducing agent
(herein THPC), in an immiscible organic solvent containing an
organometallic precursor (herein Au(PPh;)Cl in toluene). In
that case, a thin and easily peelable film of AuNPs film is
formed. The addition of a co-solvent (herein acetonitrile) to the
organic phase allows for both the precise control of NPs
distribution near the gel surface and strong NPs anchoring. By
varying the solvent phase composition, it is possible to control
the NPs distribution, from a thin film located at the gel surface,
to NPs distributed in the whole gel volume.

The resulting NPs distribution has a strong impact on cata-
Iytic properties. At comparable NPs average sizes and amounts,
gels with NPs concentrated near the surface display a signifi-
cantly higher catalytic activity, with a reaction rate constant k
more than 10 times superior to the gel with NPs distributed in
the whole gel volume - a consequence of the shorter diffusion
path to NPs surface. Future work will aim at modelling the
diffusion properties inside hydrogels as a function of NPs
localization.

Overall, this methodology is simple, compatible with wide
libraries of gel and NPs chemistries, allows precise control over
NPs distribution, and the possibility of forming NPs films over
complex gel shapes.

Experimental
Materials

Food grade sodium alginate (SA) was purchased from La Guilde
Culinaire. Tetrakis(hydroxymethyl)phosphonium chloride (THPC;
80% in water), chloro(triphenylphosphine)gold(r) (Au(PPh;)Cl),

This journal is © The Royal Society of Chemistry 2020
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glucono delta-lactone (GDL), sodium borohydride (NaBH,) and p-
nitrophenol (4-NP) were all purchased from Sigma-Aldrich (refer-
ence numbers 404 861, 254 037, G4750, 452 874 and 241 326
respectively). Calcium carbonate (CaCO;), sodium hydroxide
(NaOH) and calcium chloride dihydrate (CaCl,-2H,0) were
purchased from Fischer Scientific and are ACS certified (reference
numbers C64-500, MSX05901 and C79-500). Toluene, acetone,
acetonitrile, benzene and N,N-dimethylformamide (DMF) were also
purchased from Fischer Scientific and are ACS graded solvents. All
chemicals were used as received without further purification.

Preparation of the SA hydrogels

Sodium alginate hydrogel cylinders (0.55 cm radius x 1.6 cm
height) or cubes were prepared with a 2% w/v SA aqueous
solution by the internal setting method as described by Draget
et al. with 30 mM CaCO; and 60 mM GDL.*" Briefly, the (SA/
CaCO;) suspension was obtained by dissolving SA in deionized
water while stirring during 30 min at 75 °C, followed by the
addition of the required amount of CaCO;. The GDL solution
was freshly prepared and added to the solution, quickly fol-
lowed by molding of the hydrogel using either a commercial
silicon mold or polylactide 3D printed molds (for cubes and
cylinders, respectively). The gels were subsequently removed
from the molds and were plunged in a 2% w/v CaCl, solution.

For the preparation of SA beads (dpeaqs = 2.5 mm), gelling
was realized with the external setting method by using a 2% w/v
CacCl, solution. Briefly, SA droplets were deposited in a CaCl,
solution, instantly forming hydrogel spheres.

Synthesis of AuNPs in the hydrogels

Synthesis of AuNPs at the surface or in the hydrogels was real-
ized by adapting the technique developed by Rao et al to
synthesize NPs at the interface between two immiscible
liquids.*® For the hydrogel cylinders and cubes, each SA
hydrogel was first plunged in 8 mL of a THPC basic solution for
two days (2 mM, pH = 11.8 adjusted with 1 M NaOH). After-
wards, each gel was plunged in 5 mL of an organic solution of
Au(PPh;)CI (1.5 mM) at 60 °C, using a Thermo Scientific circu-
lating thermostated bath (model 2864), for a period ranging
from 4 h to 48 h. The same methodology was employed for the
synthesis of AuNPs in the gel beads.

Transmission electron microscopy (TEM) characterization

The observations were carried out using a JEOL JEM-2100F field
emission electron microscope operated at 200 kV. For the
observation of AuNPs films prepared with SA cubes in toluene,
TEM grids were slightly pressed onto the NPs film, dried and
analyzed. For AuNPs synthesized in acetonitrile/toluene 70/
30 vol% solutions, once the catalytic reduction tests were
completed (see next section), the beads were kept in the reac-
tion medium solution for =72 h to let the beads dissociate, in
order to recover the AuNPs with TEM grids. For AuNPs synthe-
sized in pure acetonitrile, between 15 and 20 beads were placed
into a vial containing 10 mL of Milli-Q water. The beads were
manually squashed to free NPs in solution. Subsequently, one
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drop of the solution was deposited onto a carbon grid, which
was dried at room temperature before analysis.

Catalytic properties of AuNPs/hydrogel beads

Prior to the catalysis tests, beads with AuNPs synthesized during
10 h in either pure acetonitrile or in the acetonitrile/toluene 70/
30 vol% mixture were cleaned following four steps: (1) approx.
20-25 beads were placed into a vial containing 30 mL of distilled
water; (2) then, 3 mL of a 1 M hydrochloric acid (HCI) solution
were added to the vial; (3) the vial was next placed into an
ultrasonic bath during 15 min; (4) finally, the beads were rinsed
with distilled water and were placed in a thermostated bath at
60 °C for 1 h. The procedure was repeated three times for a given
set of beads.

The catalytic properties of the synthesized AuNPs/hydrogel
beads were characterized by monitoring the catalytic reduc-
tion of 4-NP to 4-aminophenol (4-AP), as described by Pal et al.*>
The reaction was monitored using UV-visible spectroscopy (UV-
Vis, SFM-400 spectrometer from BioLogic, spectra recorded over
250-550 nm) by following the relative absorption of 4-NP at
400 nm. The p-nitrophenol reduction reaction was conducted
under the following conditions: (1) first, 1.5 mL of a 0.3 mM p-
nitrophenol aqueous solution and 1.5 mL of a 50 mM NaBH,
aqueous solution (freshly prepared prior to the experiments)
were mixed in a 1 cm path-length quartz cuvette for UV-Vis
spectroscopy analyzes, at room temperature. Then, 20 AuNPs/
hydrogel beads (cleaned following the procedure described
above) were added into the quartz cuvette (the beads sink to the
bottom of the cuvette, out of the light path). The catalytic
conversion was monitored every 2 min. The reaction medium in
the cuvette was manually mixed between each measurement. At
least three experiments were realized for each type of tested
beads.

Thermogravimetric analysis (TGA) of AuNPs/hydrogel beads

The AuNPs content in hydrogel beads was measured by ther-
mogravimetric analysis (TGA) using a Q-500 instrument from
TA Instruments. Beads without AuNPs (reference material), and
with AuNPs synthesized in either pure acetonitrile or in the
acetonitrile/toluene 70/30 vol% mixture during 10 h, were dried
in an oven for 3 days at 100 °C. Then, =15 mg of each type of
beads were heated up to 800 °C under a nitrogen flow (60.0
mL min~") at a heating rate of 10 °C min '. At least three
samples were analyzed for each type of beads.
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