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Engineered nanoparticles are increasingly being used in various areas of human activity. However, the
degradation mechanism of nanobodies in harsh environments is still a puzzle for theory and experiment. We
report here the results of optical spectroscopy and nanoparticle tracking analysis, quantifying agglomeration
and sizing of 50 nm citrate stabilized gold nanoparticles (GNPs) in HCl solutions containing H,O,. The
mechanism of a consecutive corrosion reaction of GNPs is discussed within the framework of the near-field
approach. We found that the disappearance of single nanoparticles from a suspension does not occur due
to their dissolution per se, but is a consequence of the formation of aggregates. The neutralization of
electrostatic shielding at high ionic strength allows gold nanoparticles to approach the subnanometer
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1. Introduction

The nanoscale manipulation of matter is expanding the variety
of natural chemical compositions with characteristics not
always easily predicted from current knowledge. Moreover,
quite often nanomaterials are involved in reactions which are
not typical for bulk materials."”® Nevertheless, engineered metal
nanoparticles (EMP) are being developed and incorporated in
a number of commercial products, raising the potential of
human exposure during manufacture, use, and disposal.
Within the nearly limitless diversity of these materials, some
happen to be toxic to biological systems (e.g. antimicrobial
properties) and environment (i.e. toxic pollution); others are
relatively benign, while others confer health benefits (drug
carriers etc.). A deep understanding of the nanoscale specific
properties of such structures is needed to minimize possible
harm caused by these materials, while supporting continued
study and appropriate industrial development. The widespread
and well-characterized citrate stabilized gold nanoparticles
(GNP) with potent health and environmental risks are one of the
best models for studying the behaviour of classical EMP in
a reactive environment.**
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Transformation of GNPs is a universal stage of EMP's life and
important property that influences their mode of action. An
EMP integration with a formation of “weakly” (association) or
more “strongly” (soft agglomeration or aggregation) — bound
irregular clusters as well as a release of ionic species (“leaching”
of metal due to oxidative dissolution) are considered as two
independent fates of metallic nanoparticles during their life
cycle.’™ However, an elucidation of the EMP degradation
mechanism in liquids is often hampered by the ambiguity in
separating the contributions of complex and poorly controllable
processes. Thermodynamic and kinetic stability of GNP
ensembles in acidic media is as well a hot topic, since in most
practical applications GNPs are often surrounded by chloride
containing environment. Indeed, HCl is one of the most
abundant environmental pollutants."»** Chloride ion is an
indispensable component of biological fluids, while hydro-
chloric acid in the stomach of mammals can decrease pH below
2.** Hydrochloric acid is widely used in industry, for example, in
chemical technologies, pharmaceutical industry, food produc-
tion, microelectronics, etc., often in the presence of nano-
structured components.” In some technological approaches
HCI is applied in combination with hydrogen peroxide, this
leads to more reactive environment owing to oxidation-chlori-
nation process.'® That is why in this work we study the behav-
iour of GNPs in aqueous solutions containing HCI also in the
presence of hydrogen peroxide as an oxidizing booster.

The evolution of gold nanoparticles in chloride-containing
media is not well covered in the literature, probably due to
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the mutually conflicting daily practice. An opinion on high
chemical inertness of macroscopic gold samples is wide-
spread.” At the same time, everyday practice indicates a high
efficiency of dissolving gold nanostructures (island films,
nanoparticles, etc.) in aqueous solutions of HCI or HCI-H,0,
with a formation of Au®".'®* Despite the degradation of gold
nanoparticles in acidic chloride-containing media was repeat-
edly confirmed experimentally in ref. 20-26, a relationship
between various stages and general mechanism of the process
remains unclear. In, particular the relationship between the
agglomeration (collecting in a mass of nanoparticles which
does not change the phase composition of the system, i.e. soft
agglomerates) and release of material from the metal core to the
aqueous phase in the form of ions is still a puzzle for theory and
experiment. To identify this relationship and establish the main
route of disappearance of single nanoparticles freely moving in
highly dilute suspension, we used in this work a combination of
in situ optical spectroscopy (UV-VIS) with Nanoparticle Tracking
Analysis (NTA).

The hyphenation of size-dependent NTA and nanoscale
specific local plasmon resonance spectroscopy (LSPR) opens the
way to direct sizing of nanobodies in liquids; this allows the
characterization of both individual nanoparticles and their
aggregates in undistorted form, typical for isotropic solutions.
For the optimal NTA imaging of freely diffusing nanobodies,
GNPs with a diameter of 50 nm were selected.””*® For GNPs of
a given size, there is the best agreement between the equivalent
spherical hydrodynamic diameter Dy, of nanoparticles deter-
mined by the NTA method and the size of the metal core
according to TEM data (see ESI, Fig. S1t). The choice of the
concentration of hydrochloric acid and hydrogen peroxide was
based on our previously obtained results.> Under such condi-
tions and at a low concentration of metal nanoparticles, the
reaction medium can be considered isotropic and homoge-
neous for optical measurements, since fluctuations in the
solution density caused by gaseous reaction products can be
neglected.

2. Results

2.1. Single gold nanoparticles in solution

The extinction spectrum A(v) normalized to the quantum of
light v of very diluted (ca. 3 x 10° single particles of dominated
size per ml according to the NTA data) GNP suspension in water
is shown in Fig. la. Approximation of A(v)/v using various
profiles shows that the localized surface plasmon resonance
(LSPR) band at 536 nm (18 657 cm ™) is well fitted by the Lor-
entzian function. It differs from solutions of organic
compounds, for which the Gaussian shape of the absorption
band is typical. The Gaussian profile indicates that the external
environment directly influences the electron transition in
chromophore; in this case, averaging performs over an
ensemble of chromophores that have slightly different transi-
tion energy owing to variation in their immediate
environment.****

The Lorentzian profile of the extinction band means that the
broadening is due to fluctuations in the characteristics of the
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Fig. 1 Extinction spectrum normalized to the unit photon energy
A()/v of citrate stabilized GNPs 50 nm in diameter in water (concen-
tration of single GNPs with Dy, ca. 55 nm ~3 x 108 particles per ml) (a).
The histogram of the number of particles normalized to the value at
the maximum against the equivalent spherical hydrodynamic diameter
of the particles Dy, obtained from NTA for suspensions of nano-
particles in water (1), 3% HCL (2) and 3% HAHP (3), respectively (b). The
green fill area and the red dotted line (a) show the best approximation
of the local plasmon resonance band of single nanoparticles by the
Lorentzian (R-square = 0.998) and Gaussian (R-square = 0.992) profile
curves. The inset in panel (b) shows the distribution for curve (1) from
the panel (b) in logarithmic size scale in order to illustrate the absolute
values of particle concentrations and the presence of submicron
bodies within the samples. The NTA response outside the central peak
is shown that the number of unidentified objects in the solution does
not exceed a few percent.

transition itself (i.e., dispersion of the dimensions of the metal
core, presence of structural defects on the metal surface or
inside the organic stabilizer layer, etc.), and not due to local
variations in density, composition or environment temperature.
The reasons for neglecting the influence of local variations of
the medium on the conditions of LSPR excitation are related to
the collective oscillations of electron density in plasmons and
presence of an organic stabilizer that forms a uniform dielectric
layer on the surface. The citrate capping is capable of damping
local fluctuations in the dynamics of the solvent molecules and
contributes to the constancy of the composition of the electro-
static double layer in the immediate vicinity of the nanoparticle.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The integrity of the surface layer is maintained by the process of
dynamic “healing” of the arising defects by the citrate mole-
cules present in the solution (nanoparticles are supplied as
a stabilized suspension in a citrate buffer).

The position of the dominant peak in the NTA size distri-
bution confirms that particles with a core size of ~50 nm
predominate in aqueous suspension of GNP. According to the
product specification, this suspension has mean hydrody-
namic diameter Dy, of nanoparticles in the range of 58-65 nm
(Fig. 1b). No substantial shift in the position of the NTA peak of
freshly prepared suspensions in different solvents (D, = 56.0;
54.5 and 53.0 nm for distilled water, 3% HCI (aq, v/v) and 3%
HAHP ((3)HCI: (3)H,0,: (94)H,O (v/v/v)) correspondingly) is
observed.

2.2. GNP agglomerates in acidic suspensions

The time dependence of the extinction spectrum A(v) of
nanoparticles in 3% HCI is shown in Fig. 2a. A qualitative
analysis of the spectrum shows that a decrease in the intensity
of the LSPR band is accompanied by an increase in the
extinction in the longer wavelength region of the spectrum.
Typical deconvolution of the extinction spectra into elemen-
tary bands of the Lorentzian profile are shown in the insets of
Fig. 2 (see Fig. S2, ESIt for more results). In addition to the
LSPR band of single particles at 18 657 cm™ ' (536 nm), a broad
band is observed in the region of 11 000-17 000 cm ™" (900-600
nm). The position of the band is in good agreement with the
results of other authors, who also attribute this band to
irregular  agglomerates/clusters/“oligomers” of  gold
nanoparticles.?>*° Most likely, soft clusters consist of a few
particles, since their mean hydrodynamic diameter will typi-
cally not exceed 200 nm. At ¢ > 20 min also an absorption band
at 10500 cm ™' (ca. 950 nm) appears, which, by analogy with
other researchers, can be attributed to the impact of nano-
particle aggregation in elongated geometry.*'~*

At times above ~80 min, absorption bands in UV-VIS spectrum
essentially overlap. The uncertainty of the process of deconvolu-
tion of the A(v)/v spectra into elementary bands and the large
residuals of the approximating functional do not allow to apply
this procedure in such case. This is evidenced by the broadening
of the highly constructed (complex) long-wavelength band in the
region of 13 000~15 000 cm ™" over time (see Fig. S2, ESIT).

The NTA results (Fig. 4 and inset in Fig. 1b) confirm the
presence of particles with Dy > 50 nm both in the initial
suspension and over time; the presence of these particles can be
associated both with soft agglomerates (100 = D;, = 300 nm)
and very loosely connected associates (700 =< Dy, = 1000 nm) of
GNPs, as well as with some foreign particles which may be
present in the stock suspension of nanoparticles and in purified
distilled water used to prepare the working solutions. Since the
method does not allow one to establish the nature of these
particles and unambiguously interpret individual peaks, below
we will use only the total number of particles in the size ranges
of interest which characterize the relative changes in the
number of submicron particles within the indicated boundaries
Dh.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Time dependence of the extinction spectra for citrate stabilized
gold nanoparticles 50 nm in diameter (concentration of single GNPs
with Dy, ca. 55 nm ~3 x 108 particles per ml) in 3% HCl (aq) (a) and 3%
HAHP (b) solutions. The insets show a typical deconvolution of the
spectra into individual components with a Lorentzian profile for time t
= 30 min after the addition of nanoparticles to the working solutions.
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2.3. Nanoparticle dissolution kinetics in HCl and HAHP

Similar phenomena of the appearance of long-wavelength
bands are observed in the time dependence of the extinction
spectrum A(v) of nanoparticles in both a 3% HAHP (Fig. 2b) and
a 3% HCIl solutions (Fig. 2a). The kinetics of spectral changes,
however, are different. The dependences of the extinction value
at the maximum of the single particle’s LSPR band (536 nm) on
time in HCI (at pH ~0.5 (3% HCI) and ~1.9) and 3% HAHP are
shown in Fig. 3a. These dependences are well approximated by
an exponential decay function, which describes the irreversible
reduction in the number of suspended single nanoparticles in
a one-step process with unique outcome (a first-order reaction
whose product is clusters of nanoparticles). Within this model,
the addition of hydrogen peroxide to the reaction volume
(HAHP) increases the rate of this process as compared to a 3%
HCI (Fig. 3a).

The NTA results confirm an increase in the number of
objects in the range 100 = D, = 300 nm, especially for the
clusters with Dy, from 90 to 130 nm, typical for soft agglomerates

Nanoscale Adv., 2024, 6, 3865-3877 | 3867
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Fig. 3 Normalized value of GNP extinction at the maximum (536 nm)
of the local surface plasmon resonance band of single particles versus
time in HCl (aq) at pH 0.5 ("3%"), pH 1.9 and 3% HAHP, respectively (a).
Note, that at pH less than 2 almost all ionic groups of citric acid are
protonated. Ratio of agglomerates and single particles versus time in
3% HCl (aq) and 3% HAHP obtained from the area’s ratio of the cor-
responding elementary Lorentz bands (see illustration in insert) (b).

of two or three particles are held together by weak physical
forces. However, the particles with Dy, < 50 nm are not detected
for several hours while the peak corresponding to single parti-
cles of the initial size decreases monotonically over time
(Fig. 4a). Note, that for suspensions of gold nanoparticles, NTA
size detection limit is ca. 20 nm. So, NPs with 30-40 nm in
diameter would be detected by NTA.

This observation is fundamentally important for the current
work since it allows us to conclude that the agglomeration of
single particles is the dominant process of reducing the number of
single nanoparticles in the suspension. At the same time, no
decrease in the single particle size is observed in this time interval.
Similar results for silver nanoparticles were obtained in ref. 44.
Broadening of the NTA peak into a region of smaller sizes than
that of single particles is observed only after few hours; it is
likely that these are the original dimers or trimers of particles
that have already undergone significant corrosion during this
time.

Also noteworthy is the growth of the submicron-sized
structures (700 =< Dy, =< 1000 nm, see Fig. 4b) immediately
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Fig. 4 Typical histograms of equivalent spherical hydrodynamic
diameter of nanoparticles Dy, for citrate stabilized gold nanoparticles in
3% HAHP solution for incubation time t indicated as labels on the graph
(a). Dependence of the total number of particles in the ranges 100 =
Dy, = 300 and 700 = Dy, = 1000 in water, 3% HCl (aq) and 3% HAHP at
different incubation times (b). Green circles and red squares denote
particles in medium (100-300 nm) and large (700-1000 nm) submi-
cron size range.

after injection of GNP into aqueous solution with pH < 2. It is
not accompanied by significant changes in the UV-VIS extinc-
tion. Formation of large associates can be caused by suppres-
sion of electrostatic repulsion at low pH. Indeed, the pK values
of carboxy group of citric acid are 3.13, 4.76 and 6.39; therefore,
less than 0.3% of the total amount of these groups exposed into
aqueous phase will be deprotonated at pH ~1. Notably, the
number of such associates at ¢ > 100 minutes decreases (Fig. 4b)
while the structures with Dy ~70 and 110 nm (with concentra-
tion ca. (4-8) x 10° particles per ml, approximately 100 times
less than the initial one) remain until the final stage (ca. 48 h) of
the degradation process. Probably, in addition to single nano-
particles coated with an intact layer of organic stabilizer, some
elongated aggregates are also retained. Similar architectures
were observed at the final stage of degradation of gold* and
silver nanoparticles.”> A wide peak on the NTA distribution for
a sample with an exposure time of ca. 2800 min (Fig. 4) indicates
that only at this time the “small” objects with Dy, ~30 nm (this is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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close to the size detection limit of the NTA) dominate in the
suspension.

2.4. Changes in populations of single particles and their
aggregates over time

Deconvolution of the A(»)/v spectra makes it possible to elimi-
nate the overlap of extinction bands and directly identify
changes in populations of single particles and their aggregates.
The ratio of the areas of correspondent elementary bands over
time is shown on Fig. 3b. It is necessary to highlight, that the
addition of hydrogen peroxide leads to a faster increase in the
number of aggregates. This fact indicates that some chemical
transformations on the surface of nanoparticles reinforced by
hydrogen peroxide booster can contribute to the process of their
aggregation.

The agglomeration process is characterized by the presence
of an isosbestic point, which provides evidence in favour of our
assumption about a single dominate channel for the “disap-
pearance” of GNPs (Fig. 2).* Indeed, the observation of iso-
sbestic point indicates that the stoichiometry of the reaction
remains unchanged over time and there is no competition
between parallel reactions (such as, the dissolution of nano-
particles etc.) occur within the considered time range (for more
details see ESIT)."”*® Moreover, this indicates that the agglom-
eration products are clusters of similar composition.

Analysis of the dependence between the intensity of the
LSPR band of single particles (Fig. 3a) and the ratio of
agglomerates/single particles (Fig. 3b) indicates a linear corre-
lation (Pearson coefficients > 0.98) of these values for ¢ < 60 min
(Fig. S3, ESIt). In this time interval, the intensity of the LSPR
band makes it possible to quantitatively characterize the
aggregation process, since its value is directly proportional to
the ratio of the number of aggregated and single gold
nanoparticles.

Deconvolution of the A(v)/v spectra into elementary bands
confirms the broadening of the extinction bands over time
(Fig. 5a and b, see Fig. S2 for more details, ESIt). The strong
broadening of the long-wavelength band of aggregates (Fig. 5b)
is due to the growth of their configuration/composition diver-
sity over time leads, in particular, to the formation of increas-
ingly dense clusters.*” Indeed, a “plasmon ruler” allows us to
estimate changes in the average distance, s (Fig. 5¢c), between
constituent nanoparticles in gold agglomerates using the shift
of their resonance wavelength 2 (for sub - 10 nm interparticle
distances,***?). Using the results of the spectra’'s deconvolution
(Fig. S2, ESIt), the estimated average distance s monotonically
decreases over time from an initial value of about 1.2 nm (5
min) to ca. 0.8 nm (>60 min) at a rate of about 5 pm per min for
3% HCI and ca. 10 pm per min for 3% HAHP at the beginning
(Fig. 5¢).

In the case of single particles, the weak broadening of the
LSPR band (Fig. 5a) is not accompanied by a change in its
position (535 + 2 in HCl and 536 + 2 nm in HAHP). This
broadening can be caused by inevitable background level in the
extinction spectra and the decomposition fitting. An overlap
with another broad band or unpredictable scattering can, of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Time dependence of the half-width of extinction bands of
50 nm GNPs as single particles (a) and their agglomerates (b) in 3% HCl
(ag) and 3% HAHP. The average distance between nanoparticles within
gold agglomerates, s, over time (c). The formula for calculation of
distance between nanoparticles according to “plasmonic rulers"°
shown in the inset (all values in nm). The presented results used the
decomposition of extinction spectrum normalized to the unit photon
energy A(v)/v into elementary Lorentzian bands. The insets in (a) and (b)
show the corresponding extinction bands in 3% HCl normalized to the
maximum value to demonstrate the broadening effect.

course, as well change a background level. In these cases, such
broadening can be neglected as a specular. However, given the
low concentration of gold nanoparticles (and, accordingly,
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corrosion products), and the fact that these products do not
absorb/scatter in the energy range characteristic of LSPR,
deconvolution was carried out for a fixed (zero optical density)
baseline value.

Broadening can as well hint on some physical-chemical
processes. Indeed, a slight broadening of the LSPR band is
observed immediately after sample preparation: 2554, 2648
(+94) or 2738 (+184) cm ™" for water, HCl or HAHP respectively.
The half-width of the LSPR band continued to increase further,
again stronger for a more aggressive medium containing
hydrogen peroxide (Fig. 5a).

In general, the LSPR resonant conditions depend on (1) the
size of metal core, (2) the optical constants of the environment
(Lorenz profile allow us to neglect fluctuations of this factor) and
(3) the capping layer.***** If we assume that the broadening is
associated with a “symmetrical” change in the size of the metal
core, then this means that the processes of gold oxidation and
reduction have close efficiency under strongly acidic conditions.
This seems to be an unlikely scenario owing to the high
concentrations of chloride ions prevent the spontaneous
formation of a metal phase, since the AuCl*~ anion is a stable
gold compound at [H] and [C]~] values of more than 10> M.*

Variations in the density/integrity of the surface coating due
to its partial removal, local stacking faults, or as the result of
chemical transformation as well affect the conditions of reso-
nant excitation under near-field coupling of light. Indeed, all
these defects cause local changes in the refractive index in the
immediate vicinity of the surface where the electron density
flows beyond the geometric boundaries of the metal nano-
particle (“spill-out effect”).””-*® The occurrence of such defects in
a chlorine-containing medium is due to the adsorption of
chlorine on the gold surface, which leads to a change in coor-
dination from mono- to bidentate conformation of citric acid on
the gold surface,* the unique capabilities of the H,0,-HCl (aq)
system for the one-pot oxidation-chlorination of various
organics'® or is a consequence of the presence of steps at the
intersections of the crystal lattice faces on the surface. This
allows us to suggest that the broadening of the LSPR band of
single nanoparticles is caused by an increase in the inhomo-
geneity of the organic capping layer, which causes an increase
in the dispersion of the LSPR excitation conditions over time.
The results in more aggressive solutions containing hydrogen
peroxide confirm this suggestion - broadening is more inten-
sively under exposure in HAHP (Fig. 5).

3. Discussion

It is generally accepted that the fate of metal nanoparticles of
very different nature in reactive environment are subjected to
a variety of processes: (i) redistribution of material between the
cores of nanoparticles (e.g. Ostwald ripening in which the
average particle size increases); (ii) oxidation of the metal and
subsequent dissolution of the cores, while the average particle
size monotonically decreases; (iii) aggregation of nanoparticles
with follow-up (iv) precipitation/sedimentation. Both redistri-
bution of the material (from smaller to larger nanoparticles)
and association/aggregation are thermodynamically-controlled
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enthalpy-driven process tending to reduce the surface
energy.**** Charge and integrity of organic shell also influence
on the surface energy (solvation etc.) as well as on the kinetics of
the system evolution towards the state with a lower energy (e.g.,
by electrostatic repulsion or Coulomb blockade of core oxida-
tion etc.).*® Therefore, the dominance of one or another process
depends on the environment, pH value (i.e. surface potential of
GNPs, etc.), presence of active chemical compounds (complex-
ing or/and oxidizing agents etc.) capable of reacting either with
stabilizer molecules or with the metal core.

3.1. A critical analysis of processes in colloidal suspensions
of gold nanoparticles containing hydrochloric acid

According to the NTA and UV-VIS results, the efficiency of spon-
taneous dissolution of single 50 nm citrate stabilized gold nano-
particles, even in the presence of chloride ions at low pH values,
is rather low: particles/corroded units whose size is smaller than
the initial ones of single nanoparticles are observed only at the
final stage of degradation of all nano-objects in suspension.
This is not surprising, given the very high value of the redox
potential of gold and the obstacles to the formation of oxidized
gold on the surface of a citrate-stabilized nanoparticle. Indeed,
even for fast electrochemically driven dissolution of much easily
oxidizable silver nanoparticles, a complexation of the formed
ions is required to shift reaction balance towards dissolution.*®

Although the Ostwald's ripening is energetically favourable,
we also consider it to be unlikely for gold nanoparticles. The
reason is that it requires a consequence of few processes, at
least, an oxidation of gold with a formation of soluble products
diffusing in the solution up to final reduction on the larger
particles. From electrochemical point of view, this process is
driven by the difference in the redox potentials of small and
large particles. However, the value of this potential difference
between the particles of 50 nm and of infinity curvature (flat) is
rather low. Moreover, a final product under similar conditions
is oxidized Au** compound;**?*%7° therefore, the conditions
for the final reduction of the formed metallic ions into the
larger NPs can hardly be achieved.

Another typical pathway of nanoparticle fate involves
aggregation to form larger bodies, which often cause nano-
particle precipitation/sedimentation.”* However, in the case
under consideration, single particles disappear within several
hours. This happens much faster than gravitational sedimenta-
tion which occurs for similar suspensions in the time scale of
hundreds of hours.”»”® Intensive mixing of the suspension
confirms this conclusion - no changes in the spectral charac-
teristics of suspensions were observed after mixing.

The inability to interpret experimental results within the
framework of typical degradation models necessitates a more
thorough analysis of the agglomeration process. Taking into
account all available experimental results, it is reasonable to
assume that the process of GNP dissolution goes over aggre-
gation stage. Thus, (i) approaching of nanoparticles in aggre-
gates follows by (ii) formation of a unique reaction space within
nanoparticle clusters and, finally, (iii) activation of nanoscale
specific chemical processes of gold dissolution.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.2. Forces driving an aggregation of citrate stabilized gold
nanoparticles in acidic chloride-containing media

Interaction between large dry elastic particles can be described
by the repulsive Hertz-Mindlin stress model with negligible
attractive forces. For capped metallic nanoparticles with a large
surface area to volume ratio in suspension, a number of addi-
tional enforcements is needed. This includes (i) hydrodynamic/
cohesive forces arise from particle velocity/acceleration or
liquid shape; (ii) solvation/hydration/structuring forces driving
interface pack around a constraining boundary; (iii) double
layer forces occurring across liquids as osmotic pressure and
generated by the differences in the ionic concentrations within
the gap between charged objects with respect to the bulk solu-
tion;” (iv) short-range Casimir and van der Waals forces as well
as (v) contact force, which is only present when the particle is
sintered to another one.” The question is which of the known
interactions between colloidal particles in solution can initiate
the process of their corrosion.

A classic tool for solving issues related to the aggregation and
kinetic stability of aqueous dispersions is the DLVO theory.”>””
It takes into account the combined effect of van der Waals (at
very close distances) and double layer force (at larger distances).
Thus, it allows one to describe the force between charged
surfaces interacting through a liqguid medium. In kinetically
stable suspensions, it is the diffuse part of electric double layer
that separates particles and actually does not allow them to get
close enough to engage in chemical reactions. The double layer
force decays exponentially as a function of distance and is
mainly dependent on the surface charge of the particles and
ionic strength of the solution. The effective interaction distance
is controlled by the Debye screening length which is in sub-
nanometre range (ca. 0.5 nm, see for details in ESI{) for the
solutions under consideration (ca. 0.36 M HCl); thus, diffusive
part of double layer force in this particular case can be neglected.
This allows us to conclude that the aggregation is a kinetically
controlled process and the formation/growth of clusters is only
due to the stochastic collisions of particles in solution; high
ionic strength of the solution eliminates any long-range elec-
trostatic interactions between nanoparticles occurring across
liquid.

Within the concept of double layer, the first layer corre-
sponds to the charged surface. As for most organic covered
metallic nanoparticles, these charges originate from dissociated
surface groups. At pH > 4, citric acid possessing first pK, 3.13 is
deprotonated. Thus, the citrate capping gives the gold nano-
particles a negative surface charge and GNP suspension is
kinetically stable. Deprotonated citric acid has an excellent
binding to the gold surface and forms strongly charged layer on
the metal surface. However, when pH approached 2, almost all
ionic groups are protonated and the citrate molecules are
uncharged; their adsorption to the gold layer is expected to be
much lower because of disappearance of mirror forces.

If electrostatic repulsion does not prevent approaching of
particles and the citrate capping does not have structural
defects (i.e., it completely covers the surface of the metal core),
a formation of low-density particle's associates possible. Weakly

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

bound associates up to submicron size are stabilized by
reducing the total surface tension and expelling excess water
molecules (i.e., solvation) (Fig. 4b).

If the contact of the nanoparticles is in the area of the
exposed metal surface (organic coating defect), Brownian
motion will push the particles closer together, allowing the short-
range attractive Casimir and then van der Waals forces to become
dominant; nanoparticles approach so close to each other that
the distance between them becomes in the (sub)nanometer
range (Fig. 5c¢).

3.3. Near-field effects in the nanogaps of metallic
nanoparticles

Despite the fact that the overwhelming majority of publications
are devoted to light induced interactions between plasmonic
nanoparticles, an association and agglomeration of nanoparticles
proceed also in the dark. Therefore, the discussed here interac-
tions do not imply external stimulation, in particular, by light.

When metal particles approach to a distance of tens of
nanometers, a Casimir (at larger nanoscale distances) and then
van der Waals forces (at very close distances) arises between
them. The Casimir force is the strongest force acting on two
uncharged conducting objects separated by confined space
gaps in nanometer range due to the restructuring of the
quantum vacuum fluctuations of a field.”**® Moreover, it was
shown that the Casimir interaction between two objects of the
same material results in passive Casimir trapping so that two
objects can remain without contact at a specific distance (Casimir
equilibrium).®* With further approach of uncharged metal
particles without own dipole moments, dispersion interactions
caused by van der Waals forces begin to dominate at sub-
nanometer distances.®>*

It was found that for the system of two spherical shelled
nanoparticles interaction potential is similar to the well-known
Lennard-Jones potential where the overall two-body contribu-
tion yields an attractive interaction.®*** These forces are caused
by fluctuations of electrons and quantum fluctuations whose
spectrum is altered by the presence of boundaries.**®® It is
reasonable to stress that according to theoretical calculations,
the light-induced interaction for strongly focused laser beams
becomes comparable in strength to the action of Casimir
force.*” When the nonlinear polarizability of nanoparticles is
also taken into account, an additional interaction appears,
leading to the attractive ponderomotive forces in the system of
two nanoparticles.”® Thereby, an interaction of metal nano-
particles does not require a presence of light for sure, but is limited
by the possibility to approach to the distance at which near-field
effects can manifest. In our case due to the small Debye length
and defects in the organic coating layer, nanoparticles can
approach each other to the sub-nanometer distance (Fig. 5).

Since the stochastically oscillated local fields play an impor-
tant role in the near-field, their spatial distribution leads to the
formation of local electrostatic gradients. In the nanogaps the
electric field distribution depends on the number, size and
mutual arrangement of constituent nanoparticle aggregate;
configurations can arise in which nanoparticles can both
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compensate or even suppress each other's action, and, conversely,
significantly enhance the local fields in the nanogaps.?>%7%891-93

To summarize, we can conclude that the aggregation of
nanoparticles in solutions with sub-nanometer Debye length is
caused by fluctuations-based near-field electrostatic interactions.
In this case the “unusual” chemical reactions can occur within the
confined space between closely approached nanoparticles. This
conclusion is in good agreement with the results of other authors,
who showed that the gold nanoparticles exhibited different
dissolution behaviors as ensembles compared to the single
particles.”* Similar results were obtained for polycrystalline films,
which showed that surface corrugations induce fluctuating near-
field variation and modulate corrosion reaction.>>**

The corrosion resistance of gold under normal conditions is
caused by the high standard potential of this material.’”*
However, the high energy required for the oxidation can be
lowered by decreasing of the energy of gold ions in the aqueous
phase. This can be achieved by complexation (decrease of the
chemical component of electrochemical potential), addition of
oxidizers such as hydrogen peroxide (to reduce the electrode
potential of gold) and by application of electric field (decrease of
the electrical component of electrochemical potential). The
second well known effect of the electric field is the influence on
the activation energy of this process. The formation of
a complex also reduces the energy consumption for detachment
of surface gold atoms due to the redistribution of the electron
density of the complexing agent, which weakens the bonds that
fix the atom in the crystal lattice. Therefore, we can suggest that
the high concentration of chloride ions and the presence of
high electric field within the nanogap can promote local
corrosion of metal in nanoparticles in the area of their contacts.
The anticipated corrosion mechanism is similar to oxidative
intergranular or crevice dissolution of metals in polar solutions
of halogens occurring at high fluctuations of local electric field
in confined space.*®

3.4. The irreversible consecutive mechanism for the
degradation of gold nanoparticles in acidic aqueous
suspensions

The analysis of obtained experimental results and their inter-
pretation within the framework of the near-field approach
indicates that the corrosion of gold nanoparticles in chlorine-
containing medium is a multistage process. It includes the
partial destruction of the stabilizer layer in acidic conditions,
which in turn leads to the closest agglomeration of GNPs, which
are consecutively dissolved in the area of interparticle contacts
(Fig. 6). This process is more intensive in the presence of
hydrogen peroxide, which provides strong oxidation conditions
for capping agents and reduce electrode potential of gold at
acidic pH. As the metal phase dissolves within the strongly
confined space of the nanogaps, a part of the agglomerates can
transform into stable capped “clusters” through oriented
attachment in a common crystallographic alignment. Similar
elongated structures are observed at the initial stages of
synthesis of nanostructures (nuclei line up in chains due to the
features of the crystal structure of gold®” or silver*); potentially
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Fig. 6 Proposed mechanism of multistep degradation of gold nano-
particles in acidic chloride — containing aqueous suspensions. The
process (1) illustrates a weak association of GNPs in acidic conditions
when their surface charge is decreasing. It is followed by stochastic
agglomeration, where contact occurs in places of defects in organic
coatings (2). Driven by Casimir and van der Waals forces, stronger soft
aggregates are gradually formed (4). Through complexation under
high fluctuations of local electric fields in confined space and Au ions
transfer to the aqueous phase, a gold within nanogap is dissolved from
metal core (5). The process (6) represents a potential formation of
elongated aggregates through oriented attachment in a common
crystallographic alignment. The process (3) is an oxidative dissolution
of metal on the surface of single nanobodies (slow process).

the same architectures are ones of the most “long-lived” in the
process of GNP degradation (Fig. 4).

4. Experimental

4.1. Chemicals and reagents

Chemicals (hydrochloric acid) (HCl, 37%, Roth 9277-1, 1.19 g
ml~"), hydrogen peroxide (H,O,, 30%, Roth) and gold nano-
particles (the stock solution Aldrich 741957 (10 nm); Aldrich
741965 (20 nm); Aldrich 741 973 (30 nm); Aldrich 741 981 (40
nm); Aldrich 742 007 (50 nm); Aldrich 742 015 (60 nm); Aldrich
742 023 (80 nm); Aldrich 742 031 (100 nm); Aldrich 742 866 (200
nm)) were purchased from the above commercial suppliers and
were used without further purification. All solutions were
prepared according to the standard procedures using Milli-Q-
purified water.

HCI working solution, was prepared by dissolving of 3 ml of
hydrochloric acid (HCI, 37%) in 97 ml of distilled water leading
to referred to below as “3% HCI” solution with pH ~ 0.5 (0.36
M). Water solutions of hydrochloric acid and hydrogen peroxide
(HAHP) were prepared by mixing of 3 ml of hydrochloric acid
(HCl, 37%), 3 ml aliquots of hydrogen peroxide (H,0,, 30%) and
94 ml of distilled water; in this case the volumetric ratio was (x)
HCI: (x)H,0, : (100 — 2x)H,0 (v/v/v) for x = 3 (referred to below
as “3% HAHP” solution). Notable, if x > 3, the bubbles of
gaseous reaction products were generated both in the bulk of
the solution and on the glass surface of the cuvette during the
dissolution of gold; the bubbles can create local variations in
the concentration of active components and may lead to a non-
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uniform condition for chemical conversions as well disturb
measurement owing to additional light scattering at the
solution/bubble/glass interfaces.

Working samples of GNPs were prepared from the stock
suspension (Aldrich 742 007) immediately before measure-
ments by 1:15 dilution by water or above-described aqueous
solutions of HCl or HAHP in glass vials. The concentrations of
the single GNP of dominant size (maximum of NTA distribu-
tions at Dy, = 56 nm) after preparation were ~3 x 10° particles
per ml, the mean hydrodynamic diameter of nanoparticle Dy,
according to NTA measurements was 56 nm. The samples in
glass vials were stored in the dark using aluminium foil to
prevent a possible light exposure. Thus, irradiation (low inten-
sity, capturing about 2% of the suspension volume) occurred
only during spectrum measurement (scanning range 200-
1100 nm, scanning time 5 min). The experiments were per-
formed at 21 £ 1 °C.

4.2. Characterization methods: optical measurements

The UV-VIS spectra of samples were recorded using Evolution
220 spectrometer (Thermo Scientific, Germany). The spectra
were recorded using a glass cuvette (10 mm, QG Precision Cells,
6030-10-10, Hellma Analytics) with the same solvent as a refer-
ence; an interval of 10 minutes was used for kinetic analysis.
Totally up to 20 scans were collected for each measurement with

a resolution of 2 cm™ ™.

4.3. Characterization methods: nanoparticle tracking
analysis (NTA)

Direct visualization, sizing and counting of suspended GNPs
was performed using a NanoSight™ NS300 Nanoparticle Anal-
ysis System (Malvern Panalytical Ltd, Malvern, Worcs, UK
https://www.malvernpanalytical.com) equipped with
a homemade injection system based on automatic
autosampler (for details see Fig. S3, ESIT).

Before measurements the water carrier for suspensions of
GNP were filtered through 0.2 pm filter (Millipore). Between
experiments, the system was flushed with a large volume of
filtered water at a high flow rate (up to 2 ml min~'). Scattered
light from the suspended nanoparticles interrupting the green
(532 nm) laser beam passing through the sample chamber was
recorded as a video file of the particles undergoing Brownian
motion. Camera focus, gain and shutter settings were adjusted
in unison to generate optimally exposed blur-free images of
particles and a capture duration of 60 s was employed. Image
processing was done in standard mode for 5 repetitions with all
other analysis parameters set to recommended default values.

Data analysis was performed using the software provided by
the manufacturer (NanoSight NTA software version 3.4, Build
3.4.4), no additional initial data conversions or calculations
were performed. The results of the analysis are presented as
a histogram of the number of particles of a given size against
the equivalent spherical hydrodynamic diameter of the particles
Dy, calculated on the basis of the measured change in the
position of the particle using the Stokes-Einstein equation.
Estimations of viscosity of HCI and H,O, solutions based on
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linear approximation of data®*® indicate that the difference of
used solutions of HCl and HAHP from pure water is ~2%;
therefore, viscosity of pure water was used in the calculation
of Dy,

In order to minimize the systematic errors caused by the
peculiarities of the implementation of the NTA method,*® the Dy,
value of commercially available gold nanoparticles was
measured in the range of 20-200 nm. The results are presented
in Fig. S1, ESIt. Considering that in this work we are interested
in changes in the initial size of GNPs, particles with a diameter
of ~50 nm were selected. According to the results of inter-
laboratory testing presented in ref. 28, the hydrodynamic
diameter Dy, of these nanoparticles best corresponds to the size
of nanoparticles obtained using transmission electron spec-
troscopy (determining the size of the metal core d), taking into
account the thickness of the organic stabilizer layer (less than 1
nm).**'* Notably, nanoparticles with a diameter of 50 nm are
located in the center of the linear part of the dependence of Dy,
versus d (Fig. S2, ESI}), ensuring the correct registration of
changes in the size of individual nanoparticles. For a qualitative
assessment of the number of submicron particles in a certain
range of Dy, integral values were calculated, ie. the total
number of particles whose hydrodynamic diameter was in the
ranges 100 < Dy, =< 300 and 700 < D;, = 1000 nm.

4.4. Data processing of GNP extinction spectra

The extinction of individual spherical gold particles is caused by
the processes of absorption and coherent scattering (changing
the angular distribution) of light. In the basic Mie theory, the
expected contour of the extinction band under the local surface
plasmon resonance conditions is described by Lorentzian
function including both equilibrium (plasma oscillations) and
nonequilibrium (inter-band transitions) free charge carriers.*>**

The shape of a suspension extinction spectrum is the result
of the summation of a large number of spectra of individual
nanoparticles. In order to match the statistical theoretical
models (formulated in terms of the number of particles of
a given property) and the measured spectra, it is necessary to
represent the extinction band as a result of cumulative behav-
iour of nanoparticles sets with a given energy. In order to move
into a probabilistic representation of optical spectra, the
concept of Einstein coefficients is usually used: the Einstein
coefficients are quantities describing the probability of electron
transition per unit frequency (light quantum).?*?"1°-1% To
obtain a value directly proportional to the corresponding Ein-
stein coefficient, it is necessary to divide the extinction spec-
trum A(v) to the value of the quantum energy v (e.g
wavenumber); in this case, the random variable A(v)/v does not
more depend on the transition energy and its quantity is
proportional to the number of particles having electron transition
with a given quantum energy v. This procedure is widely used in
molecular spectroscopy and photovoltaics.'****

Deconvolution of the A(v)/v spectrum by individual
symmetrical components makes it possible to improve resolu-
tion and identify a particular band shape specific for the cor-
responding electronic processes.***"'**1% The shape of the

Nanoscale Adv, 2024, 6, 3865-3877 | 3873


https://www.malvernpanalytical.com
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00109e

Open Access Article. Published on 10 June 2024. Downloaded on 8/1/2025 8:29:57 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

band indicates the dominant broadening mechanism.***'%® If
the broadening is due to fluctuations of the transition moment
itself (intrinsic properties), the band profile is described by the
Lorentzian curve. If the influence of the external environment
dominates, i.e. due to a presence of other objects close to the
absorber, an inhomogeneous thermal (or proximity) broad-
ening is observed which results in a Gaussian absorption band
profile.

The procedures of Origin (OriginLab Corporation) were used
for spectra deconvolution and analysis.

5. Conclusion

Near-field engineering utilizing local fields can drive chemical
reactions along otherwise not accessible reaction pathways.
Many approaches based on manipulation of photon energy flow
in plasmonic chemistry have been proposed and practically
implemented, including near-field etching,'® photooxidative
dissolution of gold,"® near-field assisted chemical reac-
tions,*>**'*> and the generation of localized magnetic field."*
Here we would like to draw attention to the fact that atypical
reaction pathways can be activated also without optical excitation.
We demonstrate that near-field assisted chemical trans-
formation proceeds as well in darkness, given that GNPs able to
come very close to each other.

In the search for nanoscale specific effects of transformation
of metallic nanoparticles it usually assumed that particle
agglomeration can result in reduced near-field effects."** This is
explained by a decrease of the free surface/volume ratio. In this
study, we argue that closest agglomeration paves also the way
for unique nanogap-based reactors with otherwise hidden near-
field effects. In such strongly confined space between con-
ducting boundaries chemical processes are activated and
enhanced by fluctuating local electrostatic field in Casimir or
van der Waals bound nanostructures.

One of the most important practical takeaways of this report
is that the integrity of the capping coating of gold nanoparticles
is the key factor determining their behaviour in chloride-
containing media. Despite the fact that a number of authors
emphasize the problem,"*"” the implications of coating
breakdown are often vainly overlooked. It can be of a great
importance, for instance, when examining GNP applicability in
biological liquids where the thickness of the diffuse part of
double layer is often less than 1 nm under physiological
conditions."™® As shown in this work, chemically induced
defects in the coating of nanoparticles can promote the disso-
lution of the metal in nanogaps and ultimately lead to the
disappearance of the nanocarrier. Having ways to maintain the
kinetic stability of gold nanoparticle suspensions in different
environments is a prerequisite, for example, for the develop-
ment of pharmaceuticals using GNP based formulations
intended for oral administration, or the successful application
of a new type of plasmonic nanoparticle etching-based optical
sensors.'*?

It is also important to emphasize that the degradation of
nanostructured metals is a multiscale consecutive reaction in
which structural transformations and chemical reactions are
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mutually coordinated through stochastic processes of transport
of objects whose mass differs by 7-8 orders of magnitude
(aggregates, particles and ions). In this case, some new functional
architectures built from the initially inert elements acts as a nano-
reactors (temporal intermediate), those newly acquired properties
open the way for the implementation of the “unusual” chemical
transformations. Thus, in contrast to homogeneous processes in
isotropic solutions an evolution of colloidal nanosystems is
influenced by their spatial (self)organization and exhibit typical
features of complex systems.'>*">?

The results obtained in this work focus the reader's attention
on near-field processes specific for Casimir or van der Waals
bound nanostructures,’*** in particular, transformation in
agglomerates of metal nanoparticles in chloride-containing
media. This knowledge is important for risk assessment and
product development in industry and pharmacology assuming
their potential threats to environmental health and safety risks.
Clearly understood mechanisms, integrity limits and condi-
tions under which a GNP's protective capping fails, opens the
ways for conscious and purposeful development of task-
oriented stable nanomaterials to derive the benefits of
nanoscale-based technologies while limiting adverse health
impacts or industrial mismatch.
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