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Abstract

Gold-silver nanoshells (GS-NSs) are hollow spherical nanoparticles with an alloyed Ag-Au
shell. GS-NSs exhibit a tunable localized surface plasmon resonance (LSPR) in the visible
to near-IR wavelengths as a function of composition and shell thickness and offer greater
stability across pH ranges compared to other metal nanoparticles. These properties make
GS-NSs promising materials for diagnostics, photothermal therapy, and photocatalysis.
However, current research has explored GS-NSs only in aqueous systems, since they
immediately aggregate in other solvents, limiting their utility. This paper provides an in-
depth study of the choice and effect of non-thiol ligands on the stability and phase-transfer
of G5-NSs from aqueous to non-aqueous solvents, such as ethylene glycol, tetrahydrofuran,
dichloromethane, and toluene. Ligand exchange for functionalization of GS-NSs was
performed with Triton X-100 (TX100), sodium stearate (NaSt), polyvinylpyrrolidone (PVP),
and hydroxypropyl cellulose (HPC), prior to phase-transfer. The nanoparticles were phase-
transferred to the non-aqueous solvents, and the stability of the colloids in the various
solvents before and after functionalization was recorded with UV-visible spectroscopy,
dynamic light scattering (DLS), zeta potential (), scanning electron microscopy (SEM),
and transmission electron microscopy (TEM). The study was also extended to include
silver nanoparticles (AgNPs) and gold nanoparticles (AuNPs) to evaluate broad-range
applicability. Among the ligands studied, HPC functionalization demonstrated the widest
range of phase-transfer stability across 21 days for all three particle systems studied. UV-
vis spectroscopy demonstrated sustained LSPR integrity after HPC functionalization in
EG, THF, and DCM. SEM, TEM, and hydrodynamic size measurements by DLS further
confirmed no aggregation in EG, THF, and DCM but suggested possible twinning or
clustering in the solution. Overall, this work successfully identified non-toxic alternatives
to expand the LSPR stability of citrate-synthesized metal nanoparticles in organic solvents.

Keywords: localized surface plasmon resonance; silver nanoparticles; gold nanoparticles;
gold-silver nanoshells; phase-transfer; colloidal stability

1. Introduction

Nanoparticles have been studied for over a century, with the first paper published in
1857 by Michael Faraday [1]. Scientists are intrigued by nanoparticles, as the properties
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exhibited differ from the bulk material by way of localized surface plasmon resonance
(LSPR), an oscillation of the electron cloud on the surface of nanoparticles in resonance with
incident light [2,3]. This phenomenon can often be observed in colloidal plasmonic metallic
nanoparticles, such as silver nanoparticles (AgNPs) and gold nanoparticles (AuNPs), which
can absorb wavelengths between 400 and 1000 nm, depending on their type, size, and
shape [2,4]. Localized surface plasmon resonance in a metal particle has been used for op-
tics [5-7], sensing [8,9], catalysis [10-15], biomedical diagnostics and therapeutics [3,16-21],
semiconductors [22,23], solar cells [4], and hydrogen production [24,25]. Nanoparticles are
formed from various methods, such as citrate stabilization, often in aqueous solution, which
forms 1-100 nm-sized colloidal nanoparticles held together by metallic bonding and col-
loidally separated via electrostatic or steric repulsions [12,22,26-33]. While researchers have
made significant progress in recent times with the synthesis of colloidal metal nanoparticles
in various shapes, sizes, and compositions, a challenge for these colloidal nanoparticles
is the phase-transfer of these nanoparticles from typically aqueous systems to less polar
solvents and vice versa [34] in order to expand the scope of these plasmonic nanoparticles.
Phase-transfer is the method by which a substance dissolved or dispersed in one solvent
is successfully transferred to another solvent while retaining comparable solubility or
stability. Successful phase-transfer to a broader range of solvents expands the chemical
possibilities for further synthetic modifications and catalysis [35,36]. For example, success-
ful phase-transfer to organic solvents would allow us to leverage established non-aqueous
methods like controlled hydrolysis and oleic acid/oleylamine-mediated synthesis of metal
oxide nanocrystals and quantum dots for core—shell/core—seed nanocomposites or con-
trolled radical polymerization methods for the synthesis of polymer-grafted nanoparticles
(PGNs) [36—40].

Particle stabilization can be achieved through various interactions, including electro-
static, dipole—dipole, steric, and hydrogen bond interactions between ligands and solvents.
Colloidal plasmonic nanoparticles synthesized via the widely used citrate method are
stabilized in aqueous solution primarily by electrostatic interactions between surface citrate
ions, which are disrupted in nonpolar solvents, leading to immediate and irreversible aggre-
gation. Aggregation of colloidal plasmonic nanoparticles results in a complete loss of their
optical LSPR properties, which has limited their exploration in non-aqueous systems [41].
This study aims to modify the surface interactions of these nanoparticles via ligand ex-
change [29,30] and potentially discover alternate agents to enable successful phase-transfer
to non-aqueous solvents. An example of these methods, the transfer of gold nanoparticles
from an aqueous phase to an organic phase, was reported by Soliwoda et al. [22] using
steric interactions of an alkyl chain length of secondary amines from water to toluene for
use in semiconductors and used the Brust-Schiffrin method of capping to transfer [31]. The
findings showed that long alkyl thiol chains imparted hydrophobicity to gold nanoparticles,
driving their transfer to the organic phase.

Recently, N-heterocyclic carbenes (NHCs) have shown great promise in phase-transfer
to biological media, including buffers, cell culture media, and human serum, without
thiols [18,42]. Similarly, some other articles have also been published that focus on ligands
that do not include thiols, amines, or non-ionic liquids for green chemistry [15]. Thiols
and amines have adverse effects on the planet, so finding stable ligands that are inert
to the ecosystem is important [43]. This can be true for using nanoparticles in humans
as well, as thiols and amines can have negative effects on the body [11,42]. In this re-
search, we examine ligands commonly used in industry and pharmaceuticals that are not
known to have adverse effects on the body or the planet. We recognize that this green
methodology in functionalization and phase-transfers of nanoparticles is important for
long-term sustainability.
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The colloidal particles studied in this paper are G5-NSs, which are hollow nanoshells
made from Au/Ag alloy, synthesized from citrate-stabilized AgNPs. Citrate-stabilized
nanoparticles are widely used in industry and research, so phase-transfer strategies for
citrate-stabilized nanoparticles can be directly applied by scientists who synthesize their
plasmonic nanoparticles using the citrate method [44]. Also, while some reports have
been published on the phase-transfer of metal nanoparticles such as gold, silver, platinum,
and copper, researchers have yet to investigate phase-transfers for nanoshells such as
gold-silver nanoshells (GS-NSs) presented here [12,15,20,22,29,30,32,35,45-54]. Nanoshells
have unique LSPR that can be modified depending on the inner and outer shell thickness,
composition, shape, and diameter [55]. This phenomenon of plasmon resonance leads to
countless opportunities in regard to nanophotonics, with the ability to design nanoshells
with a specific wavelength of extinction as desired [5,56,57]. G5-NSs are, therefore, promis-
ing materials for diagnostics, photothermal therapy, and photocatalysis [25,57,58]. While
GS-NSs have shown greater stability than AgNPs and AuNPs in aqueous solutions across
different pH ranges, attempts to transfer GS-NSs to non-aqueous systems still encounter
the same challenges as particles synthesized using the standard citrate method, severely
limiting their exploration in non-aqueous systems.

Specifically, this study investigates the ligand exchange of citrate-stabilized aque-
ous gold-silver nanoshells (GS-NSs) with four ligands: hydroxypropyl cellulose (HPC),
polyvinylpyrrolidone (PVP), sodium stearate (NaSt), and Triton-X 100 (TX100) and their
subsequent phase-transfer into the solvents ethylene glycol (EG), dichloromethane (DCM),
tetrahydrofuran (THF), and toluene (see Figure 1). These ligands were chosen as alterna-
tives to traditional amine- and thiol-based agents for improved sustainability. The GS-NSs
underwent a thorough study on the ligand exchange, phase-transfer, and LSPR stability
using dynamic light scattering (DLS), scanning and transmission electron microscopy
(SEM/TEM), zeta potential (), and UV-visible spectroscopy to understand the fundamen-
tal interactions of these functionalization and phase-transfer processes. The main goal of
this work is to investigate the phase-transfer of nanoshells synthesized through the citrate
method as they undergo ligand exchange in order to find the most versatile ligand, so that
other researchers can utilize nanoshells in non-aqueous chemistry without diverging from
their established citrate-based synthetic methods that are already used.

Ligands Solvents
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Figure 1. Ligands used in phase-transfer: Triton X-100 (TX100, violet), sodium stearate (NaSt, green),
polyvinylpyrrolidone (PVP, blue), and hydroxypropyl cellulose (HPC, red). Solvents tested for phase-
transfer: ethylene glycol (EG, blue), tetrahydrofuran (THE, orange), dichloromethane (DCM, purple),
and toluene (brown). These colors match up to later graphs.
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2. Experimental Methods

Materials and characterization methods, as well as the synthetic procedures and param-
eters used to synthesize the silver nanoparticles (AgNPs), gold—silver nanoshells (GS-NSs),
and gold nanoparticles (AuNPs), are detailed in the Supplementary Materials Section S1.

2.1. Functionalization

To ensure consistency and reproducibility, we synthesized a master batch of AgNPs,
AuNPs, and GS-NSs that were used for the entire study. For ligand functionalization of
GS-NSs and AgNPs, 0.0200 g of ligand was added to a 10 mL portion of GS-NSs or AgNPs
and sonicated for 90 min, followed by centrifugation to remove water and redispersed in
10 mL of absolute ethanol. Subsequently, an additional 0.0200 g of the ligand was added
to the vial. The vial was then mixed and sonicated for 90 min. The ligands added were
HPC, PVP, sodium stearate (NaSt), and Triton-X 100 (TX100). For ligand functionalization
of AuNPs, 0.0400 g of ligand was added to a 20 mL portion of AuNPs and sonicated for
15 min. Nanoparticles remained dispersed in the water. Ligands added were HPC, PVP,
and TX100. We did not use NaSt for the AuNP study, since the GS-NS and AgNP results
showed aggregation with NaSt in most of the solvents.

2.2. Phase-Transfer

The phase-transfers of GS-NSs and AgNPs were performed by centrifugation to
remove ethanol, add the solvent to the G5-NS-ligand, and sonication for 15 min. This
step is where aggregation tends to begin, so observations and swift characterizations are
vital. These phase-transferred particles were stored in the dark at room temperature. An
overview of the entire process can be seen in Scheme 1. For any anomalous observations,
samples were reprepared and measurements repeated to ensure reproducibility.

TX100

GS-NS@TX100
(N
Nast™) \

GS-NS@Ligand GS-NS@Ligand

In EG In THF

PVP
@ GS-NS@Lligand
GS-NS@PVP InErOH
=

HPC GS-NS@Ligand GS-NS@Ligand
In DCM In Toluene

s
GS-NS@HPC

Scheme 1. Synthesis, functionalization, and phase-transfer of GS-NSs.

Phase-transfer of AuNPs was performed by the addition of solvent to the AuNP@Ligand
(where Ligand = TX100/NaSt/PVP/HPC) aqueous solution and thoroughly shaking the
vial directly (no centrifugation and redispersion were employed for AuNPs). The vials
were then stored in the dark at room temperature. For the miscible solvents, the UV-vis
spectra were recorded for the whole solution, while, for the phase-separated solvents (DCM
and toluene), only the organic layer was extracted for the UV-vis spectra.
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3. Results and Discussion
3.1. Synthesis and Morphology

The AgNPs synthesized followed the reported procedure [4] originally adopted from
Li et al. [59]. The UV-vis spectra showed a localized surface plasmon resonance peak
with a Amax between 405 and 410 nm (see Figure S1). The AgNPs were combined into a
master batch for this study to eliminate any differences from batch synthesis. The UV-vis
of the combined batch in Figure S2 showed a Apmax at 405 nm, which is consistent with the
synthetic techniques.

The GS-NSs were synthesized from the combined AgNP master batch via a galvanic
replacement method reported previously [4]. The dielectric core of the AgNPs is etched
out as a thin layer of gold added to the silver in a galvanic replacement process, yielding a
hollow alloyed shell [41]. To change the LSPR Apax, the K-gold amount (K,CO3 + HAuCly)
and time can be controlled as reported previously [4]. GS-NSs in this study were syn-
thesized from the master AgNPs in batches and later combined, and the UV-vis spectra
(diluted 5x) of the individual batches and the combined batch for GS-NSs are shown in
Figures S3 and S4. Table 1 below lists the key properties of the G5-NSs before and after
functionalization and phase-transfer, such as the wavelength of maximum extinction (Amax),
the zeta potential (C), which is a measure of the surface charge on the particles, the hydro-
dynamic diameter obtained from DLS measurements, and the particle size measured from
SEM images. The combined batch of G5-NSs has a hydrodynamic diameter of 74.11 nm
and a Amax at 750 nm.

Table 1. GS-NSs tabulated data of Amax, zeta potentials (), hydrodynamic diameter (H.D.), and SEM
particle size.

Solvent

ERER Property Water  EtOH  DCM THF EG  Toluene
Amax d =21 (nm) 727 Agg Agg Agg Agg Agg
GS-NS ¢ (mV) —42 N/A N/A N/A N/A -
: H.D. (nm) 74.1 N/A N/A N/A N/A N/A
Particle Size (nm) 46.5 N/A N/A N/A N/A N/A
Amax d =21 (nm) 663 666 790 753 749 Agg
¢ (mV) —285 —21.7 - - - -
GS-NS@HPC H.D. (nm) 96.2 125.9 2217 154.9 129.4 N/A
Particle Size (nm) 42.9 50.7 50.7 51.2 43.5 N/A
Amax d =21 (nm) 728 752 788 Agg 750 Agg
¢ (mV) —428 —1.21 - N/A - -
CSNSCEVE H.D. (nm) 76.1 144.9 306.1 N/A 29.6 N/A
Particle Size (nm) 44.1 42.1 50.6 N/A 49.1 N/A
Amax d =21 (nm) 728 Agg Agg Agg 803 Agg
¢ (mV) —514 N/A N/A N/A - -
(CEANEIINERL H.D. (nm) 87.1 N/A N/A N/A Agg N/A
Particle Size (nm) 48.7 N/A N/A N/A N/A N/A
Amax d =21 (nm) 742 Agg Agg 663 761 782
¢ (mV) —313 N/A N/A - - -
AN RETY H.D. (nm) 769 N/A N/A Agg 97.7 684.8
Particle Size (nm) 47.9 N/A N/A Agg 59.9 73.2

where: Agg = UV-vis spectra collected, but Ayax cannot be determined since aggregation caused signal flatlining;
N/A = measurement not applicable due to aggregation; “-” = measurement not conducted due to instrument-
solvent incompatibility.
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3.2. Functionalization and Time-Resolved Phase-Transfer of GS-NSs
3.2.1. Ligand Exchange and Phase-Transfer Protocol for GS-NSs

Our primary study was centered around the ligand exchange and phase-transfer of
GS-NSs, and the ligands explored in this study are illustrated in Figure 1. The ligands
were chosen based on initial stability in water for functionalization, and the subsequent
possibility of polar/nonpolar interactions, hydrogen bonding, and steric repulsion within
the various organic solvents. TX100 and NaSt are common surfactants used for stabilizing
nanoparticles of varying shapes, and TX100 has been seen to be particularly effective in
stabilizing notoriously unstable structures like nanostars [60]. There is a considerable
hydrocarbon component in NaSt and TX100, which could help disperse nanoparticles in
certain organic solvents. NaSt specifically was thought to bind to the outer surface of the
GS-NSs through the carboxyl, while the long alkyl chain imparts stability in the organic
solvents. TX100 is a versatile surfactant because of the hydrophilic polyethylene oxide chain
and has a hydrophobic aromatic hydrocarbon lipophilic group. PVP and HPC were both
chosen for their established solubility in water for functionalization, given by the presence
of polar carbonyl groups and hydroxyl groups present in the molecules, respectively, and
a hypothesis that a phase-transfer into other less polar solvents was possible due to the
overall hydrophobic backbone and H-bonding groups present.

The hydrodynamic diameter, SEM images, and the zeta potential of the nanoshells
were studied before and after functionalization in water (Figures S5 and S6). After func-
tionalization, the SEM images did not indicate any changes on a particulate level; however,
the changes in DLS diameter (see Table 1) can be an indicator that the nanoparticles have
undergone some changes in stability, and a slightly larger hydrodynamic diameter may be
a resultant of either aggregation in nanoparticles in groups of twos or threes.

After the addition of the HPC ligand, the zeta potential changed to —28.5 mV. As HPC
is not a charged molecule, a neutralized zeta potential was expected with complete ligand
exchange and surface coverage; however, only a partial neutralization of the negative zeta
potential suggests some citrate ions potentially still occupying part of the surface. DLS
data also increased from 74.11 nm to 96.17 nm. PVP zeta potential only slightly changed
when in water from —42.0 mV to —42.8 mV, and the hydrodynamic diameter increased
from 74.11 nm to 76.09 nm. These changes are not significant enough to show that a ligand
exchange occurred. However, when the GS-NS@PVP was phase-transferred from water to
ethanol, a significant shift in results followed. The zeta potential changed from —42.8 mV
to —1.21 mV, which was originally expected due to the uncharged nature of PVP. The DLS
data also had an increase from 76.09 nm to 144.9 nm. A couple of possibilities are theorized.
PVP can take an extended amount of time to exchange ligands with the citrate ions due to
steric hindrance naturally found with large polymer chains, resulting in a possibility that
a complete ligand exchange never occurred initially in water, and when the GS-NS@PVP
was phase-transferred from the water to ethanol, only the PVP-stabilized GS-NSs would
have survived, while the citrate-functionalized particles crashed out, thus more accurately
reflecting the expected zeta potential for PVP-coated particles, given that a concentration
decrease was also observed after dispersing in ethanol.

For the GS-NS@NaSt, the zeta potential changed to —51.4 mV after ligand exchange
with NaSt. NaSt is a charged system, so a large negative zeta potential was expected.
The hydrodynamic diameter increased from 74.11 nm to 87.06 nm. From these data, a
successful ligand exchange with NaSt can be concluded. GS-NS@TX100 was interesting,
showing a zeta potential change from —42.0 mV to —31.3 mV, with a marginal increase in
DLS diameter from 74.11 nm to 76.87 nm. A change in zeta potential confirmed a ligand
exchange occurred and the hydrodynamic diameter remained stagnant, which could mean
that either GS-NS@TX100 and GS-NS with citrate form a similar colloidal size in water
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or the possibility of an incomplete ligand exchange. Figure S6 shows the SEM images
of the nanoshell with the ligands in water. All the particles remain discrete in water
after functionalization.

In most prior works with phase-transfer studies [35], the organic solvent is only added
to the nanoparticles in ethanol or water and shaken, leaving remnant water or ethanol,
resulting in a miscible or immiscible solvent system, thus making it difficult to determine
whether the organic solvent is interacting directly with the nanoparticles or via a solvation
medium. The method utilized here eliminated water and ethanol via centrifugation prior
to dispersion in the organic solvent, so the interactions observed are strictly between
the functionalized particles and the target organic solvent. The target solvents shown in
Figure 1 were chosen for their wide range of applications and differences in polarity to
each other. DCM is a widely used organic solvent that has some polarity. The polar ligands,
HPC and PVP, are expected to interact favorably, enabling a phase-transfer. While DCM is
a tetrahedral molecule, THF is a heterocyclic molecule but also possesses an overall dipole.
Ethylene glycol is a more viscous solvent with O-H dipoles, similar to ethanol. Toluene is
largely nonpolar but has been known to transfer AuNPs in the past [12,22], and GS-NSs
exhibit more Au character on the surface.

3.2.2. Phase-Transfer of GS-NS@TritonX-100

GS-NS@TX100 was stable when phase-transferred to EG over the entire 21-day period.
There was a decrease in nanoparticle concentration, resulting from centrifugal processes
for removing water and ethanol from samples. TX100 has been previously researched
on nanoparticles to form a reverse micelle. This reverse micelle GS-NS@TX100 has a
polar ether backbone available for interactions at the ligand-solvent interface [61]. The
intermolecular hydrogen bonding within EG leads to the high viscosity of EG, which can
also help suspend particles and restrict the nanoshells from aggregation. The time-resolved
UV-vis extinction spectra in Figure S7 show little change compared to the initial GS-NSs
in water. The inset graphs in Figure S7 show no significant change in the Apax Over time.
GS-NS@TX100 phase-transferred to THF successfully but with more aggregation present.
A significant Apax shift did not occur until day 21, when a blue shift occurred, but it was
not significant, as the original peak remained. The polar ether chain formed dipole-dipole
interactions with THF, and the steric hindrance was sufficient to form stable colloids.

GS-NS@TX100 initially phase-transferred to DCM with the Apax increasing from
717 nm to 794 nm (see Figure S7). The UV-vis spectra started showing aggregation from
d = 0, which was a sign that GS-NS@TX100 was not going to survive over time in DCM.
The existing zeta potential of —31.3 mV after ligand exchange, although TX100 is a nonionic
ligand, indicates TX100 is probably also not large enough to form a thorough coating of the
entire nanoshell. Additionally, the steric size of the backbone is too small to overcome the
weak attraction, and the nanoshells aggregate over time.

A phase-transfer of GS-NS@TX100 into toluene had anomalous results. Complete
aggregation started at d = 0 and stayed until d = 21 when the GS-NS@TX100 unexpectedly
re-exhibited an LSPR signal in toluene, as shown in Figure S7. The colloids were also
confirmed to be much larger by DLS, as the hydrodynamic diameter was 648.4 nm. This
phenomenon has never been documented, as of our findings where nanoparticles were
aggregated and became colloidal in a solvent after a period of time since aggregation
of metallic colloids were generally irreversible. The colloids were confirmed by SEM
imaging as nanoshells with small particles and larger aggregates of differing morphology
in Figure S8, and the results were replicated in additional trials.

The UV-vis spectrum of GS-NS@TX100 was plotted in all solvents in Figure 2 to
complete a parallel comparison after d = 21. GS-NS@TX100 does not survive in ethanol or



Materials 2025, 18, 5246 8 of 25

DCM. Both solvents have polar groups, showing hydrogen bonds are not enough for phase-
transfer. An ethanol-like molecule (1-butonal) has previously been shown to exchange
ligands with nanoparticles when TX100 is attached [62]. TX100 does not completely envelop
a nanoparticle, but instead, the hydrophilic polyethylene oxide chain is linear and pointed
away from the nanoparticle with a small steric size. Over time, nanoshells aggregate, as
the steric hindrance is not enough to keep the nanoshells apart. A similar conclusion is
possible for GS-NS@TX100 in DCM.

GS-NS@TX100 in Solvents Day 21
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Figure 2. UV-vis spectra for GS-NS@TritonX-100 and GS-NS@NaSt after day 21 in water, EtOH, EG,

THE, DCM, and toluene. GS-NS@TX100 were stable in EG, THF, and toluene; GS-NS@NaSt were only
stable in EG.
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GS-NS@TX100 phase-transferred into THF and EG and survived for the 21-day period
of the experiment. Good stability was found in EG, as the spectrum retained the same
shape as water, showing little change in particle morphology. GS-NS@TX100 into toluene
is a unique case where an unknown interaction is observed between the ligand and solvent
on d = 21, only redispersing the particles, but this is most likely an anomaly and cannot be
taken as an indication of long-term stability.

3.2.3. Phase-Transfer of GS-NS@NaSt

NaSt has a carbon chain available for the surface-solvent interface, while the carboxyl
is bonded with the nanoshells. GS-NS@NaSt partially aggregated when phase-transferred
to EG. A peak remains at 750 nm with a redshift, which signifies small aggregates of
nanoshells that are seen in Figure 2, which overall remain colloidal due to a slight hy-
drophobicity of the NaSt and viscosity of EG preventing nanoshells from aggregation.
GS-NS@NaSt in THF and DCM only phase-transferred for d = 0 before aggregation, as
shown in the UV-vis spectrum of Figure S9. This phase-transfer was not stable, as the
NaSt attaches to GS-NSs at the carboxyl group and has an alkyl chain that has no polar
groups to stabilize phase-transfer in THF or DCM long-term or to sterically hinder the
nanoshells from aggregating [63]. GS-NS@NaSt did not phase-transfer into toluene at all.
The comparison of NaSt in all solvents at d = 21 shows that it only was stable long-term in
EG, perhaps pertaining to EG’s viscosity when stabilizing the NP colloids by suspension in
the solvent. NaSt was not able to develop a hydrogen bond due to the lack of polar groups
available and was too small to sterically stabilize in EtOH, DCM, THE, and toluene.

3.2.4. Phase-Transfer of GS-NS@PVP

GS-NS@PVP was shown to have an almost full ligand exchange with citrate, with a
zeta potential of —1.21 mV after ligand exchange. The structure of PVP has both carbonyl
and nitrogen that can bond to the nanoshells [64]. As PVP is a polymer, a complete micelle-
like coating surrounds the particle, as determined from the zeta potential data. GS-NS@PVP
phase-transferred into EG with high colloidal stability, evident by a small change in the
UV-vis spectrum in Figure 3. EG can greatly form a hydrogen bond with the oxygen from
the ketone found in PVP, which leads to this great stability coupled with EG’s internal
viscosity. SEM images taken of G5-NS@PVP in EG at day 21, presented in Figure S10,
confirmed that the nanoshells maintained their morphology.

GS-NS@PVP was colloidal in THF until day 21, but after d = 14, the colloid aggregated.
The time spectrum of the phase-transfer showed aggregation slowly occurring over 14 days,
indicating that the interactions were not strong enough to sustain colloidal stability long-
term in THF. The exact reason for this slow aggregation needs further investigation, but
limited hydrogen bonding could be a plausible reason, suggesting the interactions were
not strong enough to sustain a colloidal solution long-term.

When transferred to DCM, GS-NS@PVP had an increase in larger particles but main-
tained colloidal stability throughout the 21 days. A large red shift occurred from 727 to
812 immediately on the UV-vis of Figure 3, which remained around that range. The larger
particles were confirmed by the SEM image of the nanoshells in Figure S10. DCM contains
chlorines, which are electron-withdrawing, pulling the electrons towards the chlorine,
leaving the hydrogens with a polar partial positive charge that the polar oxygen on PVP
can establish a weak interaction with. PVP is also a polymer with a large steric size to
stabilize nanoshell colloids for a long period of time. GS-NS@PVP did not phase-transfer
into toluene, as evident in the UV-vis spectra of Figure 3. Similar to the previous GS-
NS@NaSt, toluene is nonpolar and does not have any polar interactions with the PVP
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Figure 3. UV-vis spectra for GS-NS@PVP after days 0, 3, 7, 14, and 21 in different solvents.

The following spectra in Figure 4 are GS-NS@PVP in each of the solvents graphed
at day 21 to show which solvent was most effective at phase-transfer long-term. For GS-
NS@PVP into EG, a greater stability was found than in ethanol and DCM. This stability
makes sense, as EG has greater polarity and viscosity, which stabilizes the nanoshells in
solution. When phase-transferred to DCM, an increase in larger particles was present, as
a Amax shift of 61 nm was found, but the colloid was stable for 21 days. GS-NS@PVP did
not survive 21 days when phase-transferred to THF, while they immediately aggregated

in toluene.
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Figure 4. UV-vis spectra for G5-NS@PVP and GS-NS@HPC after day 21 in water, EtOH, EG, THF,
DCM, and toluene. GS-NS@PVP was stable in EtOH, EG, and DCM; GS-NS@HPC was stable in all

solvents except toluene.

3.2.5. Phase-Transfer of GS-NS@HPC

HPC is a polymer with many polar groups available for hydrogen bonding and a
cyclic structure based on cellulose with hydroxyl side groups. HPC was hypothesized
to be our best ligand at phase-transfer due to the polar groups and large steric size. GS-
NS@HPC underwent a partial ligand exchange, according to the zeta potentials dropping
to —21.7 mV after ligand exchange. G5-NS@HPC in EG was stable due to the viscosity of
EG and the number of polar groups available in HPC and EG to form hydrogen bonds.
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A slight red shift of under 40 nm from 727 nm to 760 nm occurred in the UV—vis spectra
of Figure 5. A TEM image was taken of the particles after phase-transfer and is shown in
Figure S11. In the TEM, a corona of the ligand can be seen, and the morphology remained
unchanged after phase-transfer. G5-NS@HPC in THF showed stability based on the UV-vis
and TEM (see Figures 5, S11 and 512), with a very small red shift of the Apax. TEM imaging
showed the particles with a corona of ligand visible, and they were monodispersed and
spherical. The reasoning is similar to GS-NS@HPC in EG, as the polar THF can have dipole-
dipole interactions with HPC’s polar hydroxyl groups. Previous studies of water contact
angles on surfaces coated with HPC (WCA = 57°) and PVP (WCA = 48°) have shown
the greater hydrophility of HPC stemming from its polar hydroxyl groups, supporting
this hypothesis [65]. The steric size of HPC is also large, further enhancing the long-term
stability of the colloids.
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Figure 5. UV-vis spectra for GS-NS@HPC after days 0, 3, 7, 14, and 21 in different solvents.

GS-NS@HPC phase-transferred to DCM and remained colloidal, but more small
aggregates were present. The UV-vis spectrum in Figure 5 shows that the Amax red-shifted
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61 nm after 21 days, but the LSPR broadening was significant in the 750-800 nm region,
indicating some aggregation had occurred. This was confirmed by the DLS data as the
hydrodynamic size increased to 221.7 nm. The interactions present are partial hydrogen
bonds between HPC and DCM, given that the hydrogens on DCM are partially positive
from the electron-withdrawing chlorines nearby. These partial hydrogen bonds would be
weaker than the hydrogen bonds between GS-NS@HPC with EG or THEF. The steric size
of the HPC is an additional factor that kept the colloids from aggregating. Morphology
remained unchanged, as seen in the SEM image of Figure S13. Meanwhile, GS-NS@HPC
did not phase-transfer to toluene at all, as can be seen in the UV-vis of Figure 5. Toluene is
nonpolar, while HPC has polar groups and is amphiphilic at best. The nonpolar component
is not strong enough to sustain the colloids, and steric repulsions between the functionalized
particles are not sufficient to make up for it.

The UV-vis spectra in Figure 4 and the SEM and TEM images in Figure 6, offer a
comparative analysis for GS-NS@HPC in each of the target solvents on day 21. When phase-
transferred to EG and THF, a red shift is observed, and the spectra largely remain similar.
DCM showed LSPR broadening in the 750-800 region brought on by the partial aggregation
of particles, while complete aggregation was observed with toluene. The results can be
rationalized by the more polar interactions present for GS-NS@HPC with THF and EG,
while less polar interactions are present with DCM, and no polar interactions or hydrogen
bonding are present with toluene. While Figure 6a—e show that the particles are mostly
discrete in the deposited SEM and TEM samples from these solvents, the hydrodynamic
diameters in Figure 6f clearly show a correlation with the LSPR shift and broadening in
EG, THF, and DCM. This indicates, as described before, that, while the particles do not
completely aggregate out, there is likely some partial aggregation in twos or threes in the
dispersed colloidal state, especially in DCM.

(a) SEM of GS-NS@HPC in EG Day 21 TEM of GS-NS@HPC in EG Day 21

=5 B A
(e) SEM of GS-NS@HPC in DCM Day 21 (f) GS-NS@HPC in Solvents Day 21

50 100 150 200 250
Hydrodynamic Diameter (nm)

Figure 6. (a—e) SEM and TEM images of GS-NS@HPC after day 21 in EG, THE, and DCM. (f) Scatter
plot (and trendline) for the hydrodynamic diameter vs. Amax for GS-NS@HPC after day 21 in
different solvents.
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3.3. Comparative Analysis of the Final Ligand Stability for GS-NSs

The previous section detailed how stable a ligand is in a solvent and provided a
summary of the ligand in all the solvents at 21 days. The following section will compare
GS-NS@HPC, GS-NS@PVP, GS-NS@NaSt, and GS-NS@TX100 in a solvent to determine
which ligand is the best for long-term phase-transfer.

3.3.1. Final Stability of GS-NS@Ligand in EG

When GS-NS@HPC, GS-NS@PVP, GS-NS@NaSt, and GS-NS@TX100 were phase-
transferred to EG, all functionalized nanoshells survived. The results also show that ligand
exchange is necessary for a stable colloid in EG, as the GS-NSs stabilized by citrate do not
phase-transfer to EG. GS-NS@HPC and GS-NS@PVP were able to phase-transfer well to EG,
with no significant changes in the morphology or UV-vis spectra in Figures 7 and S12. EG
(1 =6.7 x 10%° cm) is more polar than EtOH (n = 5.7 x 10°° cm) and has a higher hydrogen
bond capacity with two O-H groups. Both HPC and PVP are largely stabilized by polar
interactions in these colloids. GS-NS@TX100 phase-transferred and maintained a similar
morphology to GS-NS@HPC and GS-NS@PVP but at a lower concentration. This can help
confirm that a partial ligand exchange took place between TX100 and citrate, as the citrate-
stabilized nanoshells aggregate out of the colloid, leading to a lower concentration overall.
GS-NS@NaSt did phase-transfer from ethanol to EG but with a morphological change in
particles shown by the UV-vis spectra, LSPR broadening of Figure 7, and SEM image of
Figure S12. This is explained by the nonpolar, small steric size of the alkyl chain, leading to
limited steric hindrance to nanoshell aggregation. Figure S12 shows SEM and TEM images
in EG for GS-NS@HPC, GS-NS@PVP, and GS-NS@TX100, showing that the morphology is
best maintained by GS-NS@HPC; GS-NS@NaSt did not survive the SEM prep. GS-NS@HPC
and GS-NS@TX100 had hydrodynamic diameters of 129.4 and 97.73 nm, respectively, while
the G5-NS@PVP diameter was 29.64 nm, and the DLS data further concluded the presence
of stable colloids. While the refractive index (R.I.) of the surrounding medium has been
known to influence the LSPR signal of metal nanoparticles [4], and different solvents
have different R.I., we believe this factor is largely outweighed by the inherent stability
and aggregation of the colloids in this study. As seen from the vials in the insets of
Figures 2, 4 and 7, the LSPR signals in this study are clearly a function of the aggregation
factor (and size) of the particles in this case, also confirmed by all the SEM and TEM images,
and any effect on the R.I. would be negligible here.

3.3.2. Final Stability of GS-NS@Ligand in THF

GS-NS@HPC phase-transferred to THF (u = 5.7 x 103 ¢cm) with a hydrodynamic
diameter of 154.9 nm, and the morphology did not change. The hydrogen bonding and
electrostatic attractions between the HPC polar hydroxyls and the oxygen in THF stabilized
the ligand in the solvent, and the steric size of the HPC showed stabilization of the colloids,
as steric hindrance kept the nanoshells apart. The UV-vis spectra shown in Figure 7
supported that only GS-NS@HPC phase-transferred to THF with minimal change and
survived the prep for SEM, while GS-NS@TX100 did not; the SEM image of GS-NS@HPC
in THF is shown in Figure S13 and has spherical nanoshells. GS-NS@TX100 showed a
weaker LSPR signal in THF for day 21, indicating that the incomplete ligand-exchanged
particles aggregated out of solution, while the more complete GS-NS@TX100 remained
colloidal until day 21 but aggregated soon afterward. GS-NS@PVP and GS-NS@NaSt both
aggregated in THF by day 21. PVP is a polymeric system and could be expected to be
similar for most phase-transfers with HPC. However, PVP does not phase-transfer into
THE, which would suggest that a separate interaction coming from the O-H bonds in HPC,
which are not present in PVP, is important in THF.
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Figure 7. UV-vis spectra for G5-NS, GS-NS@TX100, GS-NS@NaSt, GS-NS@PVP, and GS-NS@HPC
after day 21 in EG, THF, DCM, and toluene.

3.3.3. Final Stability of GS-NS@Ligand in DCM

In the phase-transfers that were successful for DCM (p = 6.0 X 10%0 cm), a red shift
occurred, indicating some aggregation was present. GS-NS@HPC and GS5-NS@PVP both
successfully phase-transferred into DCM. Both ligands were able to phase-transfer due
to the large steric size and high number of polar groups for dipole-dipole interactions
with DCM. GS-NS@HPC was slightly more efficient due to more polar groups present
and a larger steric size, as shown by the UV-vis spectra in Figure 7, with slightly less red
shift than GS-NS@PV. SEM images have little aggregates of the phase-transferred particles,
which can be seen in Figure S14. GS-NS@NaSt and GS-NS@TX100 did not phase-transfer.
This is likely due to the lack of polar groups in the backbone and a smaller steric size.

3.3.4. Final Stability of GS-NS@Ligand in Toluene

Toluene is the most nonpolar solvent in our study (n =1.3 X 10%0 cm). GS-NS@TX100
was the only ligand to show an LSPR signal in toluene on day 21. However, the colloids
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were completely aggregated until day 21, when a colloid dispersed back into the solution,
so this was perhaps an anomaly rather than a reliable trend. There was also an apparent
increase in large particles, as shown by the increase in LSPR broadening in the UV-vis
spectra of Figure 7. In Figure S15, the SEM image of the particles and the DLS diameter of
648.4 nm confirmed the aggregation. None of the other ligands survived in toluene. This
can be attributed to the fact that all ligands have polar components, and toluene is severely
nonpolar. There are no polar interactions or hydrogen bonding possibilities in toluene, and
as the results suggest, steric repulsions in HPC/PVP alone are not sufficient to overcome
this complete lack of ligand—solvent interactions.

3.4. Functionalization and Time-Resolved Phase-Transfers of AgNPs
3.4.1. Ligand Exchange and Phase-Transfer Protocol for AgNPs

To observe if the ligand stability trends apply to other plasmonic metallic nanoparticle
systems as well, we expanded the study to AgNPs. The ligand functionalization and
phase-transfer protocols for the AgNPs were the same as that for G5-NSs. As seen in
Figure 8, among the functionalized AgNPs, only Ag@PVP and Ag@HPC survived in EtOH
after 21 days. Therefore, only the Ag@PVP and Ag@HPC systems were carried over for
study in the four solvents.
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Figure 8. UV-vis spectra for Ag@Ligand in EtOH after day 21.

3.4.2. Phase-Transfer of Ag@PVP

Figure 9 shows that Ag@PVP survived in EtOH, EG, and DCM throughout the 21-day
period; however, the concentration in EG decreased throughout the 21-day period. Ag@PVP
showed phase-transfer to THF on day 0 but aggregated between day 0 and day 3, while
aggregation occurred nearly immediately in toluene. Comparing the state of Ag@PVP
in each solvent on day 21, the nanoparticles survived phase-transfer into EtOH, EG, and
DCM, with the highest concentration in DCM (Figure S16). However, the nanoparticles
aggregated in THF and toluene, as mentioned before. This is relatively similar to the
behavior of GS-NS@PVP in the same solvents, as both Ag@PVP and GS-NS@PVP survived
phase-transfer to EtOH, EG, and DCM (see Figures 3, 4, 8 and 516). Both Ag@PVP and
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GS-NS@PVP aggregated in toluene and THF. However, Ag@PVP in THF aggregated on
day 3, while GS-NS@PVP in THF survived until day 21.
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Figure 9. UV-vis spectra for Ag@PVP in EG, THF, DCM, and toluene after days 0, 3, 7, 14, and 21.

3.4.3. Phase-Transfer of Ag@HPC

Ag@HPC survived in EtOH, EG, and THF from day 0 to day 21, as well as in DCM at
low concentrations (Figure 10). However, Ag@HPC aggregated in toluene immediately
following phase-transfer on day 0. When comparing these results on day 21 for each
solvent, Ag@HPC in THF had the highest concentration, followed by EG, EtOH, and
DCM (Figure 516). This trend also closely followed the one seen by GS-NS@HPC, which
survived the 21-day period in EG and THF (see Figures 4, 5, 9 and 516). Both Ag@HPC
and GS-NS@HPC survived in DCM, but the GS-NS@HPC in DCM concentration decreased
on day 21 only, whereas the Ag@HPC concentration in DCM remained low throughout
the 21-day period. Additionally, both Ag@HPC and GS-NS@HPC aggregated immediately

following phase-transfer into toluene.
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Figure 10. UV-vis spectra for Ag@HPC in EG, THF, DCM, and toluene after days 0, 3, 7, 14, and 21.

3.5. Comparative Analysis of the Final Ligand Stability for AQNPs
Final Stability of Ag@Ligand in EG, THE, DCM, and Toluene
Final day 21 comparisons in the solvents in Figure 11 show that both Ag@HPC and
Ag@PVP aggregated in toluene by day 21. While Ag@PVP survived phase-transfer into
THE, the concentration of nanoparticles was very low. This also occurred with Ag@HPC in
DCM. Due to the survival and high concentration of Ag@HPC in both EG and THF, and the
partial survival of Ag@HPC in DCM, HPC was determined to have the highest effectiveness
of phase-transfer among the ligands tested. This is similar to GS-NS@HPC, which effectively
survived phase-transfer into all solvents except toluene (see Figures 7 and 11). Overall,
although, in the GS-NS structure formed by galvanic replacement, the Ag is known to be
concentrated more on the inside of the nanoshell structure [66], stability of the AgNPs
appears to track the GS-NSs closely in our studies with phase-transfer, likely confirming that
the ligand effects are much more dominant in phase-transfer than nanoparticle composition.
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Figure 11. UV-vis spectra for Ag@Ligand in EG, THF, DCM, and toluene after day 21.

3.6. Functionalization and Phase-Transfers of AuNPs
Ligand Exchange and Phase-Transfer Protocol for AuNPs

AuNPs with dimensions around 10-15 nm were prepared using chloroauric acid as
the gold source and sodium citrate as the reducing agent, as reported previously [4]. The
ligand functionalization for AuNPs was similar to G5-NSs and AgNPs; however, due to
the smaller size of the AuNPs (~15 nm), the centrifugation and redispersion method was
avoided, and direct shaking with the organic solvent was employed. Also, since the GS-NS
and AuNP results showed aggregation with NaSt in most of the solvents, for the AuNPs
study, only TX100, PVP, and HPC were used.

3.7. Comparative Analysis of the Final Ligand Stability for AuNPs
Phase-Transfer and Final Stability of Au@Ligand in EG, THF, DCM, and Toluene

The UV-vis spectra of the functionalized AuNPs after day 21 are shown in Figure 12,
while Figures S17-519 show the time-resolved data. As seen in Figure 12, after day 21,
AuNPs treated with all tested ligands survived phase-transfer in EG. Nanoparticles treated
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with TX100 performed the best in EG. In THF, nanoparticles without ligands and treated
with HPC and TX100 phase-transferred similarly, while the sample treated with PVP mostly
aggregated. The only sample that achieved minimal phase-transfer in DCM was Au@PVP,
while the rest did not show an LSPR signal in the DCM phase. This is slightly different
from our observations with G5-NSs and AgNPs, where HPC-functionalized particles were
stable in DCM. This difference arises due to the difference in methodology in the AuNPs
study, where we did not centrifuge the particles before phase-transfer but simply shook
them with the new solvent. Furthermore, without the ethanol-mediated method, the ligand
stabilizers can only take effect at the interface between the two immiscible solvents, limited
by poor interfacial contact, leading to a failure to transfer. This has been documented in
previous studies as well [35]. Therefore, this spectrum is not an indication of aggregation in

DCM but simply a lack of preference to move into the DCM layer when an aqueous phase
is also present.
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Figure 12. UV-vis spectra for Au@Ligand in EG, THF, DCM, and toluene after day 21.

As seen in the time-resolved spectra in Figure 517, Au@TX100 survived phase-transfer
in EtOH, EG, and THF throughout all 21 days. A red shift is observed in THF, which
indicates some aggregation-induced size increase, although the colloids remain stable
for all the days. In both the immiscible solvents DCM and toluene, the nanoparticles
immediately aggregated or did not transfer. As seen in Figure 518, Au@PVP completely
survived phase-transfer in EtOH and EG throughout the 21 days but mostly aggregated
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in THF after day 0 and maintained a very low concentration until day 21. In DCM,
Au@PVP completely aggregated after day 3. Toluene had no observable phase-transfer
regardless of the ligand on any of the days. Thus, similar to GS-NS@HPC and Ag@HPC,
Au@HPC (Figure S19) survived phase-transfer into EG and THF throughout all 21 days
and maintained a very low colloidal concentration in DCM.

4. Conclusions

A detailed investigation into the phase-transfer of citrate-stabilized GS-NSs into or-
ganic solvents with environmentally safe ligands was conducted. By studying these inter-
actions, a couple of conclusions can be made. To phase-transfer a nanoshell into organic
solvents, a combination of interactions was typically needed to stabilize the colloids with-
out change to morphology. The three major factors responsible for forming stable colloids
were solvent viscosity, dipole-dipole interactions, hydrogen bonding, and steric size, which
helped improve ligand—solvent interactions and /or particle—particle repulsive forces.

HPC was found to be the best ligand for phase-transfer due to HPC’s steric size
and high number and concentration of polar hydroxyl groups capable of dipole-dipole
interactions and hydrogen bonds. EG was the best solvent for forming stable colloids with
all the ligands, since EG can not only form hydrogen bonds with ligands but also with
itself, adding viscosity to the solution of nanoparticles for further stability to the colloids.
DCM was able to form dipole attractions with ligands with polar groups such as HPC and
PVP. THF showed reliable stability only with G5-NS@HPC due to the additional hydrogen-
bonding possibilities. None of the GS-NSs were able to phase-transfer into toluene with
stability, confirming that steric repulsions, while adding stability with HPC in THF and
DCM, are ultimately not sufficient alone in the absence of ligand—solvent interactions.

On extending the study to AgNPs and AulNPs, the trends remained consistent, with
EG able to disperse all the functionalized particles and HPC showing the broadest long-
term stability across EG, THE, and DCM. This broad consistency in our trends across three
different particles suggests that these results are expected to be reproducible in other citrate-
based systems as well. Overall, this research significantly expands the understanding and
utility of the industry standard citrate-stabilized metallic nanoparticles using non-toxic
agents and opens the door for plasmonic applications in organic solvents such as EG,
THEF, and DCM. These findings may provide a foundational platform for future studies in
plasmonic organic nanosensing, the integration of plasmonic nanoparticles with organic
functional materials, and inkjet printing of metallic nanopatterns with tunable surface
plasmon resonance signals.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ma18225246/s1. Figure S1: UV-vis spectra for AgNPs individual
batches. The LSPRs range from 405 to 410 nm in wavelength. Figure S2: UV-vis spectra for AgNPs
master batch. The large AgNPs batch plotted with a peak localized surface plasmon resonance at
405 nm. Figure S3: UV-vis spectra for G5-NSs individual batches. The nanoparticles are within the
expected 700-800 nm LSPR range. Figure S4: UV-vis spectra for GS-NSs master, giving an LSPR peak
at 750 nm. Figure S5: SEM image of GS-NS at d = 21 in water after synthesis. The monodispersed
nanoshells retained the spherical shape from the AgNP core. Figure S6: SEM images of (a) GS-
NS@HPC (b) GS-NS@PVP (c) GS-NS@NaSt (d) GS-NS@TX100 all in water. Spherical nanoparticles
are seen. Figure S7: UV-vis spectra for GS-NS@TX100 after days 0, 3, 7, 14, 21 in different solvents.
Figure S8: SEM image of G5-NS@TX100 in toluene after day 21. Large aggregates and smaller
colloids can be seen. The morphology of the nanoshells has changed from the original spherical
shape. Figure S9: UV-vis spectra for GS-NS@NaSt after days 0, 3, 7, 14, 21 in different solvents.
Figure S10: SEM images of GS-NS@PVP in EG and DCM on day 21. The nanoshells are still dispersed,
and the shape of the particles has been maintained. Figure S11: TEM images of GS-NS@HPC on
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day 21 in EG and THE. No change in morphology is noticeable and a slight ligand corona can be
seen in some nanoshells. Figure S12: (a) SEM of GS-NS@HPC, (b) TEM of GS-NS@HPC, (c) SEM
of GS-NS@PVP and (d) SEM of GS-NS@TX100 after day 21 in EG. Particles maintained spherical
shape and agglomerates are seen in GS-NS@HPC and GS-NS@TX100 after drying the nanoshells.
Figure S13: (a) SEM of GS-NS@HPC phase-transferred to THF. Small spherical nanoshells are visible.
(b) TEM of GS-NS@HPC phase-transferred to THF. Figure S14: SEM image of (a) GS-NS@HPC and
(b) GS-NS@PVP phase-transferred to DCM after 21 days. Figure S15: SEM image of GS-NS@TX100
phase transferred to toluene after 21 days. Large aggregates are visible. Figure S16: UV-vis spectra for
Ag@PVP and Ag@HPC after day 21 in Water, EtOH, EG, THF, DCM, and Toluene. Figure S17: UV-vis
spectra for Au@TX100 in EG, THE, DCM, and toluene after days 0, 3, 7, 14, 21. Figure S18: UV-vis
spectra for Au@PVP in EG, THF, DCM, and toluene after days 0, 3, 7, 14, 21. Figure S19: UV-vis
spectra for Au@HPC in EG, THF, DCM, and toluene after days 0, 3, 7, 14, 21.

Author Contributions: J.P.M.: Conceptualization, Methodology, Formal Analysis, Investigation,
Writing—Original Draft, and Visualization. M.].].: Conceptualization, Methodology, Formal Analysis,
Investigation, Writing—Original Draft, and Visualization. M.R.W.: Formal Analysis, Investiga-
tion, Writing—Original Draft, and Visualization. G.A.G.: Methodology and Investigation. C.C.:
Methodology and Investigation. A.M.S.: Methodology and Investigation. M.D.N.: Formal Analysis,
Investigation, Writing—Review and Editing, and Visualization. ].M.L.: Formal Analysis, Investiga-
tion, and Visualization. ].C.D.: Methodology, Formal Analysis, Investigation, and Writing—Review
and Editing. T.R.L.: Writing—Review and Editing, Supervision, and Funding acquisition. R.M.:
Conceptualization, Methodology, Validation, Formal Analysis, Investigation, Resources, Writing—
Original Draft, Writing—Review and Editing, Visualization, Supervision, Project Administration, and
Funding Acquisition. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Air Force Office of Scientific Research (FA9550-23-1-0581;
23RT0567) and the Robert A. Welch Foundation (Grant Nos. V-E-0001 and E-1320) for generously
supporting this research. The APC was funded by the University of Scranton (Grant No. 850408).

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplemental Materials. Further inquiries can be directed to the corresponding author.

Acknowledgments: Details of experimental procedures, materials used, and characterization meth-
ods; additional SEM/TEM images of nanoparticles; and additional UV-vis data are included in the
Supplementary Materials.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Faraday, M.X. The Bakerian Lecture—Experimental relations of gold (and other metals) to light. Philos. Trans. R. Soc. Lond. 1857,
147,145-181.

2. Medhi, R.; Marquez, M.D.; Lee, T.R. Visible-Light-Active Doped Metal Oxide Nanoparticles: Review of their Synthesis, Properties,
and Applications. ACS Appl. Nano Mater. 2020, 3, 6156-6185. [CrossRef]

3. Tran, H.-V.,; Ngo, N.; Medhi, R.; Srinoi, P; Liu, T; Rittikulsittichai, S.; Lee, T. Multifunctional Iron Oxide Magnetic Nanoparticles
for Biomedical Applications: A Review. Materials 2022, 15, 503. [CrossRef]

4. Medhi, R,; Li, C.-H.; Lee, S.H.; Srinoi, P.; Marquez, M.D.; Robles-Hernandez, F; Jacobson, A.].; Lee, T.-C.; Lee, T.R. Antimony- and
Zinc-Doped Tin Oxide Shells Coated on Gold Nanoparticles and Gold-Silver Nanoshells Having Tunable Extinctions for Sensing
and Photonic Applications. ACS Appl. Nano Mater. 2020, 3, 8958-8971. [CrossRef]

5. Jackson, J.B.; Halas, N.J. Silver Nanoshells: Variations in Morphologies and Optical Properties. J. Phys. Chem. B 2001, 105,
2743-2746. [CrossRef]

6.  Gellner, M.; Kiistner, B.; Schliicker, S. Optical properties and SERS efficiency of tunable gold /silver nanoshells. Vib. Spectrosc.
2009, 50, 43-47. [CrossRef]

7. Salorinne, K.; Man, RW.Y;; Li, C.-H.; Taki, M.; Nambo, M.; Crudden, C.M. Water-Soluble N-Heterocyclic Carbene-Protected Gold

Nanoparticles: Size-Controlled Synthesis, Stability, and Optical Properties. Angew. Chem. Int. Ed. 2017, 56, 6198-6202. [CrossRef]
[PubMed]


https://doi.org/10.1021/acsanm.0c01035
https://doi.org/10.3390/ma15020503
https://doi.org/10.1021/acsanm.0c01702
https://doi.org/10.1021/jp003868k
https://doi.org/10.1016/j.vibspec.2008.07.011
https://doi.org/10.1002/anie.201701605
https://www.ncbi.nlm.nih.gov/pubmed/28407403

Materials 2025, 18, 5246 23 of 25

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Ghodrati, M.; Mir, A.; Farmani, A. Numerical analysis of a surface plasmon resonance based biosensor using molybdenum
disulfide, molybdenum trioxide, and MXene for the diagnosis of diabetes. Diam. Relat. Mater. 2023, 132, 109633. [CrossRef]
Kravets, V.G.; Strudwick, A.; Grigorenko, A.N. Ultrathin Gold for Robust Multi-Element Surface Plasmon Resonance Biosensing.
Adv. Mater. Interfaces 2025, 12, 2400925. [CrossRef]

Aiken, ].D.; Finke, R.G. A review of modern transition-metal nanoclusters: Their synthesis, characterization, and applications in
catalysis. J. Mol. Catal. A Chem. 1999, 145, 1-44. [CrossRef]

Brust, M.; Fink, J.; Bethell, D.; Schiffrin, D.J.; Kiely, C. Synthesis and reactions of functionalised gold nanoparticles. J. Chem. Soc.
Chem. Commun. 1995, 1655-1656. [CrossRef]

Cheng, W.; Wang, E. Size-Dependent Phase Transfer of Gold Nanoparticles from Water into Toluene by Tetraoctylammonium
Cations: A Wholly Electrostatic Interaction. J. Phys. Chem. B 2004, 108, 24-26. [CrossRef]

Ferry, A.; Schaepe, K.; Tegeder, P.; Richter, C.; Chepiga, K.M.; Ravoo, B.J.; Glorius, F. Negatively Charged N-Heterocyclic
Carbene-Stabilized Pd and Au Nanoparticles and Efficient Catalysis in Water. ACS Catal. 2015, 5, 5414-5420. [CrossRef]
Kumar, A.; Mandal, S.; Mathew, S.P.; Selvakannan, P.R.; Mandale, A.B.; Chaudhari, R.V,; Sastry, M. Benzene- and Anthracene-
Mediated Assembly of Gold Nanoparticles at the Liquid —Liquid Interface. Langmuir 2002, 18, 6478-6483. [CrossRef]

Wei, G.-T.; Yang, Z.; Lee, C.-Y.; Yang, H.-Y.; Wang, C.R.C. Aqueous—Organic Phase Transfer of Gold Nanoparticles and Gold
Nanorods Using an Ionic Liquid. J. Am. Chem. Soc. 2004, 126, 5036-5037. [CrossRef]

Dreaden, E.C.; Alkilany, A.M.; Huang, X.; Murphy, C.J.; El-Sayed, M.A. The golden age: Gold nanoparticles for biomedicine.
Chem. Soc. Rev. 2012, 41, 2740-2779. [CrossRef]

MacLeod, M.].; Johnson, J.A. PEGylated N-Heterocyclic Carbene Anchors Designed To Stabilize Gold Nanoparticles in Biologically
Relevant Media. J. Am. Chem. Soc. 2015, 137, 7974-7977. [CrossRef]

Sherman, L.M.; Finley, M.D.; Borsari, R.K.; Schuster-Little, N.; Strausser, S.L.; Whelan, R.J.; Jenkins, D.M.; Camden, ]J.P. N-
Heterocyclic Carbene Ligand Stability on Gold Nanoparticles in Biological Media. ACS Omega 2022, 7, 1444-1451. [CrossRef]
[PubMed]

Wang, G.; Yan, C.; Gao, S.; Liu, Y. Surface chemistry of gold nanoparticles determines interactions with bovine serum albumin.
Mater. Sci. Eng. C 2019, 103, 109856. [CrossRef] [PubMed]

Soliman, M.G.; Pelaz, B.; Parak, W.J.; del Pino, P. Phase Transfer and Polymer Coating Methods toward Improving the Stability of
Metallic Nanoparticles for Biological Applications. Chem. Mater. 2015, 27, 990-997. [CrossRef]

Bryan, W.W.; Medhi, R.; Marquez, M.D.; Rittikulsittichai, S.; Tran, M.; Lee, T.R. Porous silver-coated pNIPAM-co-AAc hydrogel
nanocapsules. Beilstein J. Nanotechnol. 2019, 10, 1973-1982. [CrossRef] [PubMed]

Soliwoda, K.; Tomaszewska, E.; Tkacz-Szczesna, B.; Mackiewicz, E.; Rosowski, M.; Bald, A.; Blanck, C.; Schmutz, M.; Novék, J.;
Schreiber, E; et al. Effect of the Alkyl Chain Length of Secondary Amines on the Phase Transfer of Gold Nanoparticles from Water
to Toluene. Langmuir 2014, 30, 6684-6693. [CrossRef]

Medhi, R.; Plengjaroensirichai, S.; Ngo, N.; Marquez, M.D.; Srinoi, P.; Tran, H.-V.; Jacobson, A.].; Lee, T.-C.; Lee, T.R. TiO,
core—shell and core-dual-shell nanoparticles with tunable heterojunctions and visible to near-infrared extinctions. Mater. Adv.
2024, 5, 1648-1666. [CrossRef]

Attia, Y.; Samer, M. Metal clusters: New era of hydrogen production. Renew. Sustain. Energy Rev. 2017, 79, 878-892. [CrossRef]
Li, C.-H.; Li, M.-C,; Liu, S.-P,; Jamison, A.C.; Lee, D.; Lee, T.R.; Lee, T.-C. Plasmonically Enhanced Photocatalytic Hydrogen
Production from Water: The Critical Role of Tunable Surface Plasmon Resonance from Gold-Silver Nanoshells. ACS Appl. Mater.
Interfaces 2016, 8, 9152-9161. [CrossRef] [PubMed]

Agunloye, E.; Panariello, L.; Gavriilidis, A.; Mazzei, L. A Model for the Formation of Gold Nanoparticles in the Citrate Synthesis
Method. Chem. Eng. Sci. 2018, 191, 318-331. [CrossRef]

Feng, X.; Ma, H.,; Huang, S.; Pan, W.; Zhang, X.; Tian, E; Gao, C.; Cheng, Y.; Luo, ]. Aqueous—Organic Phase-Transfer of Highly
Stable Gold, Silver, and Platinum Nanoparticles and New Route for Fabrication of Gold Nanofilms at the Oil/Water Interface and
on Solid Supports. J. Phys. Chem. B 2006, 110, 12311-12317. [CrossRef]

Henglein, A. Physicochemical properties of small metal particles in solution: “microelectrode” reactions, chemisorption, composite
metal particles, and the atom-to-metal transition. J. Phys. Chem. 1993, 97, 5457-5471. [CrossRef]

Liu, J.; Alvarez, J.; Ong, W.; Roman, E.; Kaifer, A.E. Phase Transfer of Hydrophilic, Cyclodextrin-Modified Gold Nanoparticles to
Chloroform Solutions. J. Am. Chem. Soc. 2001, 123, 11148-11154. [CrossRef] [PubMed]

Mayya, K.S.; Caruso, F. Phase Transfer of Surface-Modified Gold Nanoparticles by Hydrophobization with Alkylamines. Langmuir
2003, 19, 6987-6993. [CrossRef]

Perala, S.R.K.; Kumar, S. On the Mechanism of Metal Nanoparticle Synthesis in the Brust-Schiffrin Method. Langmuir 2013, 29,
9863-9873. [CrossRef] [PubMed]

Yuan, X.; Luo, Z.; Zhang, Q.; Zhang, X.; Zheng, Y.; Lee, ].Y.; Xie, ]. Synthesis of Highly Fluorescent Metal (Ag, Au, Pt, and Cu)
Nanoclusters by Electrostatically Induced Reversible Phase Transfer. ACS Nano 2011, 5, 8800-8808. [CrossRef] [PubMed]


https://doi.org/10.1016/j.diamond.2022.109633
https://doi.org/10.1002/admi.202400925
https://doi.org/10.1016/S1381-1169(99)00098-9
https://doi.org/10.1039/c39950001655
https://doi.org/10.1021/jp036522t
https://doi.org/10.1021/acscatal.5b01160
https://doi.org/10.1021/la025827g
https://doi.org/10.1021/ja039874m
https://doi.org/10.1039/C1CS15237H
https://doi.org/10.1021/jacs.5b02452
https://doi.org/10.1021/acsomega.1c06168
https://www.ncbi.nlm.nih.gov/pubmed/35036806
https://doi.org/10.1016/j.msec.2019.109856
https://www.ncbi.nlm.nih.gov/pubmed/31349396
https://doi.org/10.1021/cm5043167
https://doi.org/10.3762/bjnano.10.194
https://www.ncbi.nlm.nih.gov/pubmed/31667045
https://doi.org/10.1021/la501135q
https://doi.org/10.1039/D3MA00756A
https://doi.org/10.1016/j.rser.2017.05.113
https://doi.org/10.1021/acsami.6b01197
https://www.ncbi.nlm.nih.gov/pubmed/26973998
https://doi.org/10.1016/j.ces.2018.06.046
https://doi.org/10.1021/jp0609885
https://doi.org/10.1021/j100123a004
https://doi.org/10.1021/ja003957a
https://www.ncbi.nlm.nih.gov/pubmed/11697957
https://doi.org/10.1021/la034018+
https://doi.org/10.1021/la401604q
https://www.ncbi.nlm.nih.gov/pubmed/23848382
https://doi.org/10.1021/nn202860s
https://www.ncbi.nlm.nih.gov/pubmed/22010797

Materials 2025, 18, 5246 24 of 25

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Lassiter, ].B.; Aizpurua, J.; Hernandez, L.I; Brandl, D.W.; Romero, I; Lal, S.; Hafner, ].H.; Nordlander, P.; Halas, N.J. Close
Encounters between Two Nanoshells. Nano Lett. 2008, 8, 1212-1218. [CrossRef] [PubMed]

Leff, D.V.; Brandt, L.; Heath, J.R. Synthesis and Characterization of Hydrophobic, Organically-Soluble Gold Nanocrystals
Functionalized with Primary Amines. Langmuir 1996, 12, 4723-4730. [CrossRef]

Yang, ].; Lee, J.Y,; Ying, ].Y. Phase transfer and its applications in nanotechnology. Chem. Soc. Rev. 2011, 40, 1672-1696. [CrossRef]
Li, C.; Han, J.; Ryu, C.Y.; Benicewicz, B.C. A Versatile Method To Prepare RAFT Agent Anchored Substrates and the Preparation
of PMMA Grafted Nanoparticles. Macromolecules 2006, 39, 3175-3183. [CrossRef]

Mourdikoudis, S.; Menelaou, M.; Fiuza-Maneiro, N.; Zheng, G.; Wei, S.; Pérez-Juste, ]J.; Polavarapu, L.; Sofer, Z. Oleic
acid/oleylamine ligand pair: A versatile combination in the synthesis of colloidal nanoparticles. Nanoscale Horiz. 2022, 7,
941-1015. [CrossRef]

Kershaw, S.V.; Susha, A.S.; Rogach, A.L. Narrow bandgap colloidal metal chalcogenide quantum dots: Synthetic methods,
heterostructures, assemblies, electronic and infrared optical properties. Chem. Soc. Rev. 2013, 42, 3033-3087. [CrossRef]

Kumar, S.K.; Jouault, N.; Benicewicz, B.; Neely, T. Nanocomposites with Polymer Grafted Nanoparticles. Macromolecules 2013, 46,
3199-3214. [CrossRef]

Ngo, N.M.; Nguyen, M.D.; Tran, H.-V,; Medhi, R.; Lee, ]. M.; Lee, T.R. Photocatalytic Hydrogen Generation by Monodisperse TiO,
Nanoparticles Singly and Dually Doped with Niobium and Tantalum. ACS Appl. Nano Mater. 2025, 8, 4841-4851. [CrossRef]
Wang, Y.C.; Rhéaume, E,; Lesage, F.; Kakkar, A. Synthetic Methodologies to Gold Nanoshells: An Overview. Molecules 2018,
23, 2851. [CrossRef]

Sun, N.; Zhang, S.-T.; Simon, F.; Steiner, A.M.; Schubert, J.; Du, Y.; Qiao, Z.; Fery, A.; Lissel, F. Poly(3-hexylthiophene)s
Functionalized with N-Heterocyclic Carbenes as Robust and Conductive Ligands for the Stabilization of Gold Nanoparticles.
Angew. Chem. Int. Ed. 2021, 60, 3912-3917. [CrossRef]

Schilter, D. Thiol oxidation: A slippery slope. Nat. Rev. Chem. 2017, 1, 0013. [CrossRef]

Sardar, R.; Funston, A.M.; Mulvaney, P.; Murray, R.W. Gold Nanoparticles: Past, Present, and Future. Langmuir 2009, 25,
13840-13851. [CrossRef] [PubMed]

Gittins, D.I; Caruso, F. Spontaneous phase transfer of nanoparticulate metals from organic to aqueous media. Angew. Chem. Int.
Ed. Engl. 2001, 40, 3001-3004. [CrossRef] [PubMed]

Honold, T.; Skrybeck, D.; Wagner, K.G.; Karg, M. Fully Reversible Quantitative Phase Transfer of Gold Nanoparticles Using
Bifunctional PNIPAM Ligands. Langmuir 2017, 33, 253-261. [CrossRef]

Imura, Y.; Morita, C.; Endo, H.; Kondo, T.; Kawai, T. Reversible phase transfer and fractionation of Au nanoparticles by pH
change. Chem. Commun. 2010, 46, 9206-9208. [CrossRef]

Karaagac, Z.; Yusufbeyoglu, S.; Ildiz, N.; Sellami, H.; Ocsoy, I. A facile and one-pot aqueous phase transfer of oleylamine capped
Au NP with aminophenylboronic acid used as transfer and targeting ligand. Enzyme Microb. Technol. 2021, 148, 109810. [CrossRef]
Lala, N.; Lalbegi, S.P.; Adyanthaya, S.D.; Sastry, M. Phase Transfer of Aqueous Gold Colloidal Particles Capped with Inclusion
Complexes of Cyclodextrin and Alkanethiol Molecules into Chloroform. Langmuir 2001, 17, 3766-3768. [CrossRef]

McMahon, ].M.; Emory, S.R. Phase Transfer of Large Gold Nanoparticles to Organic Solvents with Increased Stability. Langmuir
2007, 23, 1414-1418. [CrossRef]

Nosratabad, N.A; Jin, Z.; Du, L.; Thakur, M.; Mattoussi, H. N-Heterocyclic Carbene-Stabilized Gold Nanoparticles: Mono- Versus
Multidentate Ligands. Chem. Mater. 2021, 33, 921-933. [CrossRef]

Peng, Z.; Walther, T.; Kleinermanns, K. Photofragmentation of Phase-Transferred Gold Nanoparticles by Intense Pulsed Laser
Light. J. Phys. Chem. B 2005, 109, 15735-15740. [CrossRef] [PubMed]

Templeton, A.C.; Hostetler, M.].; Warmoth, E.K.; Chen, S.; Hartshorn, C.M.; Krishnamurthy, V.M.; Forbes, M.D.E.; Murray, R.W.
Gateway Reactions to Diverse, Polyfunctional Monolayer-Protected Gold Clusters. J. Am. Chem. Soc. 1998, 120, 4845-4849.
[CrossRef]

Wong-u-ra, O.; Ekgasit, S.; Wongravee, K. Phase transferring of silver nanoparticles to organic solvents using modified graphene
oxide as carrier. Mater. Chem. Phys. 2017, 199, 348-355. [CrossRef]

Schwartzberg, A.M.; Olson, T.Y; Talley, C.E.; Zhang, ].Z. Synthesis, Characterization, and Tunable Optical Properties of Hollow
Gold Nanospheres. J. Phys. Chem. B 2006, 110, 19935-19944. [CrossRef]

Hirsch, L.R.; Gobin, A.; Lowery, A.R.; Tam, F; Drezek, R.A.; Halas, N.J.; West, ].L. Metal Nanoshells. Ann. Biomed. Eng. 2005, 34,
15-22. [CrossRef]

Borah, R.; Verbruggen, S.W. Silver-Gold Bimetallic Alloy versus Core-Shell Nanoparticles: Implications for Plasmonic Enhance-
ment and Photothermal Applications. J. Phys. Chem. C 2020, 124, 12081-12094. [CrossRef]

Gheorghe, D.E.; Cui, L.; Karmonik, C.; Brazdeikis, A.; Penaloza, ] M.; Young, ] K; Drezek, R.A.; Bikram, M. Gold-silver alloy
nanoshells: A new candidate for nanotherapeutics and diagnostics. Nanoscale Res. Lett. 2011, 6, 554. [CrossRef] [PubMed]

Li, H,; Xia, H.; Wang, D.; Tao, X. Simple Synthesis of Monodisperse, Quasi-spherical, Citrate-Stabilized Silver Nanocrystals in
Water. Langmuir 2013, 29, 5074-5079. [CrossRef]


https://doi.org/10.1021/nl080271o
https://www.ncbi.nlm.nih.gov/pubmed/18345644
https://doi.org/10.1021/la960445u
https://doi.org/10.1039/B916790K
https://doi.org/10.1021/ma051983t
https://doi.org/10.1039/D2NH00111J
https://doi.org/10.1039/c2cs35331h
https://doi.org/10.1021/ma4001385
https://doi.org/10.1021/acsanm.5c00391
https://doi.org/10.3390/molecules23112851
https://doi.org/10.1002/anie.202012216
https://doi.org/10.1038/s41570-016-0013
https://doi.org/10.1021/la9019475
https://www.ncbi.nlm.nih.gov/pubmed/19572538
https://doi.org/10.1002/1521-3773(20010817)40:16%3C3001::AID-ANIE3001%3E3.0.CO;2-5
https://www.ncbi.nlm.nih.gov/pubmed/12203629
https://doi.org/10.1021/acs.langmuir.6b03874
https://doi.org/10.1039/c0cc03194a
https://doi.org/10.1016/j.enzmictec.2021.109810
https://doi.org/10.1021/la0015765
https://doi.org/10.1021/la0617560
https://doi.org/10.1021/acs.chemmater.0c03918
https://doi.org/10.1021/jp051849a
https://www.ncbi.nlm.nih.gov/pubmed/16852996
https://doi.org/10.1021/ja980177h
https://doi.org/10.1016/j.matchemphys.2017.07.014
https://doi.org/10.1021/jp062136a
https://doi.org/10.1007/s10439-005-9001-8
https://doi.org/10.1021/acs.jpcc.0c02630
https://doi.org/10.1186/1556-276X-6-554
https://www.ncbi.nlm.nih.gov/pubmed/21995302
https://doi.org/10.1021/la400214x

Materials 2025, 18, 5246 25 of 25

60.

61.

62.

63.

64.

65.

66.

Smoliarova, T.E. Synthesis, properties and functionalization of gold nanostars for medical diagnostics. Sib. Med. Rev. 2021, 2,
97-99. [CrossRef]

Spirin, M.G.; Brichkin, S.B.; Razumov, V.F. Studies on absorption spectra of uniform gold nanoparticles prepared in Triton X-100
reverse micelles. . Photochem. 2008, 196, 174-179. [CrossRef]

Baig, M.M.; Yousuf, M.A,; Zulfiqar, S.; Safeer, A.; Agboola, P.O.; Shakir, I.; Warsi, M.F. Structural and electrical properties of La3*
ions substituted MnFe,Oy ferrite nanoparticles synthesized via cost-effective reverse micelles strategy. Mater. Res. Express 2021,
8, 035002. [CrossRef]

Bartokova, B.; Laredo, T.; Marangoni, A.G.; Pensini, E. Mechanism of tetrahydrofuran separation from water by stearic acid. J.
Mol. Lig. 2023, 391, 123262. [CrossRef]

Mireles, L.K.; Wu, M.-R.; Saadeh, N.; Yahia, L.H.; Sacher, E. Physicochemical Characterization of Polyvinyl Pyrrolidone: A Tale of
Two Polyvinyl Pyrrolidones. ACS Omega 2020, 5, 30461-30467. [CrossRef] [PubMed]

Grzymski, G.A.; Medhi, R. Surface Wettability Characteristics of Polymer Blend Coatings. Int. ]. Math. Phys. Sci. Res. 2025, 12,
65-76.

Choi, Y,; Hong, S.; Liu, L.; Kim, S.K.; Park, S. Galvanically Replaced Hollow Au-Ag Nanospheres: Study of Their Surface Plasmon
Resonance. Langmuir 2012, 28, 6670-6676. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.20333/25000136-2021-2-97-99
https://doi.org/10.1016/j.jphotochem.2007.12.014
https://doi.org/10.1088/2053-1591/abd73b
https://doi.org/10.1016/j.molliq.2023.123262
https://doi.org/10.1021/acsomega.0c04010
https://www.ncbi.nlm.nih.gov/pubmed/33283094
https://doi.org/10.1021/la202569q

	Introduction 
	Experimental Methods 
	Functionalization 
	Phase-Transfer 

	Results and Discussion 
	Synthesis and Morphology 
	Functionalization and Time-Resolved Phase-Transfer of GS-NSs 
	Ligand Exchange and Phase-Transfer Protocol for GS-NSs 
	Phase-Transfer of GS-NS@TritonX-100 
	Phase-Transfer of GS-NS@NaSt 
	Phase-Transfer of GS-NS@PVP 
	Phase-Transfer of GS-NS@HPC 

	Comparative Analysis of the Final Ligand Stability for GS-NSs 
	Final Stability of GS-NS@Ligand in EG 
	Final Stability of GS-NS@Ligand in THF 
	Final Stability of GS-NS@Ligand in DCM 
	Final Stability of GS-NS@Ligand in Toluene 

	Functionalization and Time-Resolved Phase-Transfers of AgNPs 
	Ligand Exchange and Phase-Transfer Protocol for AgNPs 
	Phase-Transfer of Ag@PVP 
	Phase-Transfer of Ag@HPC 

	Comparative Analysis of the Final Ligand Stability for AgNPs 
	Functionalization and Phase-Transfers of AuNPs 
	Comparative Analysis of the Final Ligand Stability for AuNPs 

	Conclusions 
	References

