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Abstract—Mass spectrometry with matrix/surface-assisted laser desorption/ionization has been employed to
confirm the formation of nanoparticles as a result of the synthesis in water/AOT/isooctane reverse micellar
solutions. Mass spectra have been obtained for Ag,, as well as Ag,-Na" and Ag,-Na-H" adducts, where n =
1-20. Size-exclusion chromatography has been used to perform a year-long study of the size characteristics
of silver nanoparticles. It has been found that silver nanoparticles synthesized in reverse micellar solutions are
mainly represented by two fractions. The particles of one fraction have sizes of 1—6 nm, which can remain
almost unchanged when being stored for a long time. The formation of the coarse fraction with particle sizes
of 15—32 nm is a reversible process, during which particle sizes vary within a range of =10 nm. The obtained
data have led to an assumption that reverse micellar solutions with degrees of hydration up to 20 are stable
systems, other synthesis conditions being equal, while the particles of the coarse fraction are aggregates of the
fine-fraction particles, which retain their stabilizing shells of AOT molecules upon aggregation.

DOI: 10.1134/51061933X22700119

INTRODUCTION

At present, nanoparticles (NPs) of different natures
provoke scientific and practical interest due to their
unique properties. The main reason for a change in the
physical and chemical properties of nanoparticles is an
increase in the fraction of “surface” atoms, while,
from the energetic point of view, a decrease in the par-
ticle size leads to an increase in the role of surface
energy [1, 2].

Silver NPs are of substantial interest, because they
are widely used for the preparation of antimicrobial
and catalytically active composites [3, 4], electro-
chemical sensors [5], and polyethylene nanofibers [6].
Owing to their antimicrobial properties, silver NPs are
applied for producing medical equipment and tools
[7]. Moreover, they are intensively studied with the
aim of their use in metallurgy for the production of
Ag-containing stainless steel with a unique micro-
structure [8].

One of important problems encountered when syn-
thesizing NPs in solutions is the prevention of their
coagulation. NPs are stabilized by adding various sur-
factants and their mixtures, soluble polymers, and
other stabilizers to the media used for their synthesis.
Variations in the synthesis conditions enable one to
regulate the sizes and, in some cases, the shapes of
obtained NPs [9, 10].
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One of the most popular methods used to obtain
stable NPs of different compositions is their synthesis
in reverse micelles, which are nanosized water droplets
stabilized with surfactant molecules in a liquid hydro-
phobic phase [11, 12]. This method of the synthesis
yields NPs that are time-stable and have a narrow size
distribution, with these properties predetermining and
widening the fields of their practical application [13,
14]. Therefore, the question as to the duration of the
stability of diverse nanoparticles synthesized in reverse
micelles is very urgent.

The methods of liquid chromatography and mass
spectrometry give broad possibilities of studying the
chemical composition and size characteristics of NPs
formed in micelles, because these methods enable one
to study nanoparticles in reverse micellar solutions
(RMSs) with no laborious sample preparation. This
markedly reduces analysis duration and excludes pos-
sible changes in the structure and properties of the
obtained NPs [15]. Mass spectrometry is a method
that makes it possible to detect the existence of
nanoparticles, water pools, and stabilizing shells
formed by surfactant molecules. When using this
method, mild ionization methods are employed to
maximally overcome the main problem concerning
the fragmentation of NPs and the loss of protective
ligands upon ionization [16—19].
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Size-exclusion chromatography (SEC) enables one
to determine the sizes of synthesized NPs and perform
their preparative fractionation over sizes [13]. More-
over, the average particle diameters measured by the
SEC method are in good agreement with the data of
atomic force and transmission electron microscopy,
thereby making this method promising and reliable for
determining the sizes of NPs of various metals and
their variations with time [13, 20]. The goal of
this work is to study silver nanoparticle sizes and their
time variations by the mass spectrometry and size-
exclusion chromatography methods to optimize their
synthesis and control their stability in the course of
storage.

EXPERIMENTAL

As objects for the study, we selected six samples of
silver NPs, which had been obtained by radiochemical
synthesis in reverse micelles [21—23]. As initial
reagents, we used an aqueous 0.3 M solution of
Ag[NH;],NO; complex salt and a 0.15 M solution of a
surfactant, sodium bis(2-ethylhexyl) sulfosuccinate
(AOT) (Sigma-Aldrich USP, 99%), in isooctane with
hydration degrees ® corresponding to ratios
[H,0]/[AOT] =2, 4, 8, 16, and 20. The prepared solu-
tions were stored at room temperature in the dark for a
year.

The formation of NPs in reverse micellar solutions
was confirmed using the analysis performed by the
method of laser desorption/ionization (LDI). A
reverse micellar solution of a silver salt, Ag
[NH;],NO;, which is a precursor for NP synthesis,
and Ag NPs in an RMS were applied onto an inert
substrate in the initial form and dried in air. Previously
[15, 24], it was shown that the drying followed by dis-
solution of nanoparticles does not change their com-
position and structure. The study was carried out
using a Bruker Daltonics Ultraflex II mass spectrom-
eter equipped with a nitrogen laser operating at a
wavelength of 337 nm. Pulse frequency was varied
within a range of 5—20 Hz, the number of pulses was
25—100, and the laser pulse energy was 110 uJ. Ions
were detected in the reflectron mode with the registra-
tion of positive and negative ions.

Nanoparticle sizes, as well as their variations and
stability in time, were determined by SEC for a year
[13]. The frequency of the measurements was
decreased with an increase in the duration of RMS
storage, because it was assumed that the solutions were
equilibrated with time.

The SEC experiments were performed using a lig-
uid chromatograph equipped with a Knauer Well-
Chrom K-12 pump. Tetrahydrofuran (Panreac) was
used as a mobile phase; its flow rate through a Waters
UltraStyragel 103 A column (pore size of 100 nm) was
0.65 cm?®/min. The detection was performed with a
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Kratos spectrophotometric detector operating at A =
420 nm.

The NP sizes were recalculated by the following
empirical equation [25] through the sizes of polysty-
rene references (PSRs), which were used for calibra-
tion:

d(A)=0.274M,"",

where M, is the weight-average mass of PSR (Da)
determined from a calibration plot and d is the diame-
ter (A) of a conventionally spherical particle of PSR
with a corresponding molecular mass.

RESULTS AND DISCUSSION

Figures 1 and 2 show the mass spectra recorded for
Ag NPsinan RMS (®w = 8) within an m/z range of 60—
3600. Ag, adducts of silver and Ag,Na™ and Ag,NaH"*
adducts, where n = 1-21, were found, and mass m/z =
553 (peak 12) was recorded that corresponded to an
AOT molecule cationated with an Ag* ion.

For comparison, Fig. 3 presents the mass spectrum
of a silver salt, Ag[NH;],NO;, which was used as an
initial reagent for the synthesis of NPs.

Peaks 1, 5, and 6 in the mass spectrum correspond
to silver clusters with the numbers of atoms up to
three; peaks 3 and 4 are attributed to Na,SO; mole-

cules cationated with Na* and K* ions, respectively;
and peak 10 is assigned to a molecule of the surfactant
(AOT) cationated with Na* ions. It should be noted
that the formation of larger silver clusters with num-
bers of atoms larger than three was not recorded in this
mass spectrum.

The composition of the products found in the mass
spectra of the silver salt and the RMS of Ag NPs (o =
8) is described in detail in Table 1.

It follows from Figs. 1 and 2 and Table 1 that the
ionization of the components of the sample of Ag NPs
in the RMS yields a wide spectrum of silver cluster
ions and adducts with AOT components. For exam-
ple, peak 19 with m/z 1356 corresponds to a trimer of
AOT molecules cationated with a Na® ion. The
appearance of silver clusters with a number of atoms as
large as 21 is, most probably, an intermediate state of
the formation of nanosized Ag particles in the course
of their synthesis. In [26, 27], silver nanoclusters were
identified by mass spectroscopy as nuclei of nanopar-
ticles during their synthesis and the mechanisms of
their formation were determined. The data obtained
have led to the conclusion that mass spectrometry may
be used to study the processes of clustering that
accompany the ionization of Ag NPs synthesized in
RMS:s.

The works devoted to studying the physicochemi-
cal properties of silver nanoparticles [9, 13] in RMSs
have shown that they exhibit absorption bands pre-
dominantly in the UV (~250 nm) and visible
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Fig. 1. Fragment of mass spectrum recorded for Ag

NP RMS (® = 8) within an m/z range of 60—600.
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Fig. 2. Fragment of mass spectrum recorded for Ag NP RMS (@ = 8) within an m/z range of 500—3600.

(~420 nm) regions. At the same time, it is known that
the surfactant (AOT) also absorbs light at a wavelength
of 250 nm [13]. Therefore, silver nanoparticles were
detected at a wavelength of 420 nm to avoid a complex
chromatographic profile when performing the SEC
studies.

Figure 4 shows chromatograms obtained for silver
NPs in RMS with o = 8 in different time periods after
their synthesis. The corresponding values of the parti-

No.6 2022
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cle sizes in the studied solutions are presented in
Table 2.

Asisseen from the chromatogram measured for sil-
ver NPs in the RMS a week after the synthesis
(Fig. 4a), the solution with @ = 8 contains only the
fraction of fine particles. On the 92nd day after the
synthesis (Fig. 4b), a fraction of coarse particles with
retention time #; = 8.34 min and particle size d,,,, =
19.5 nm arises. On the 364th day (Fig. 4c) the particle
sizes of the coarse fraction are markedly decreased;
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Fig. 3. Fragment of mass spectrum recorded for Ag[NH3],NO3; RMS (o = 8) within an m/z range of 60—3600.

hence, the formation of this fraction in an RMS with
o = 8 is a reversible process.

The obtained SEC data were used to plot the size
distribution curves of the detected particles for all
samples (the graphical dependences of the percentage
of particles on their sizes). The particle size distribu-
tions obtained for RMSs are exemplified in Fig. 5 (sil-
ver NPs in an RMS containing a single fraction) and
Figs. 6 and 7 (silver NPs in RMSs containing two frac-
tions of the particles). Table 3 presents some general-
ized data and the ranges of particle sizes in both frac-
tions of all studied samples.

As follows from the data in Table 3, the particle
sizes rather synchronously vary with time in all studied
solutions except for the solution with @ = 20. The
smallest sizes are observed for the first several months
after the synthesis; then, they somewhat grow. In the
case of the solution with the degree of hydration ® =
20, an increase in the particle sizes is observed only on
the 245th day. At the same time, no increase in the
particle sizes of the fine fraction is seen in all studied
samples, thereby confirming that they are rather stable
for a long time. The formation of the coarse particle
fraction with time was not observed in all studied solu-
tions. The largest particle sizes of this fraction were
inherent in the solution with ® = 20. However, as for
the particles of the fine fraction, no substantial
increase in their sizes with time was recorded in this
case. On the contrary, as is seen from Table 3, they are
sometimes dissolved, and it may be concluded that the
particles of the coarse fraction are aggregates of the
particles of the fine fraction, and these particles retain

the stabilizing shells formed by molecules of the sur-
factant (AOT). It should be noted that the reversible
formation of the particles of the coarse fraction is, to a
higher extent, characteristic of NPs in RMSs with
higher values of m = 8, 16, and 20. The range of the
initial concentrations of silver ions (before the radio-
chemical reduction) in these RMSs was 6.5—
16.2 mM. For NPs in RMSs with ® = 2 and 4, the ini-
tial silver salt concentration was 1.6—3.2 mM, and
almost no coarse particles were formed in them.
Accordingly, as the initial concentration of the silver
salt, which is the precursor of the NPs, in an RMS
increases, the final nanoparticle concentration in the
RMS also increases, thus leading to a rise in the
amount of stabilized NP aggregates in the solution.

Thus, RMSs with the degrees of hydration w =
[H,0]/[AOT] below 20 may contain one or two frac-
tions of silver NPs. These particles are represented by
reverse micelles containing Ag NPs in an aqueous
pool. The particle sizes of the first fraction are in a
range of 1—6 nm. They are stable systems that remain
to be stable for a long time of storage. The particle sizes
of the second fraction are in a range of 15—32 nm and
reversibly vary within a range of 5—10 nm. These par-
ticles are aggregates of the fine-fraction particles.

For comparison with the data obtained in the LDI
mode on the size distribution of clusters of silver
nanoparticles, the number of silver atoms in one
micelle was calculated from the micelle size deter-
mined by SEC. The calculation has shown that one Ag
NP must contain up to 100 Ag atoms; i.e., the ioniza-
tion either is accompanied by a substantial fragmenta-
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Table 1. Ions and adducts presumably present in the mass spectra measured for Ag[NH;],NO; and Ag NPsin RMSs in the

mode of positive ion registration

Peak no. m/z, Da Empirical formula Assumed ion (adduct)
1 106.6 Ag, Ag®
2 129.7 Ag Na, Ag-Na*
3 148.7 O;NasS, Na,S0;Na*
4 164.8 O3;Na,S,K; Na,SO;K*
5 215.7 Ag, Ag-Ag*
6 322.7 Ag; Ag, Ag"
7 346.7 HNajAg; Agy;Na;-H*
8 369.6 — Unidentified
9 431.7 Agy AgyAg”
10 467.3 CyH3,07Na,S, Sodium bis(2-thylhexyl) sulfosuccinate-Na*
1 538.7 Ags Ag,Agt
12 553.3 CyH3;,07Na; S Ag, Sodium bis(2-ethylhexyl) sulfosuccinate-Ag*
13 562.7 H;Na,Ag;s AgsNa;-H*
14 754.6 Agy AggAg"
15 778.6 H Na,;Ag; Ag;Na-H*
16 863.5 Agg Ag;Agt
17 970.4 Agy AggAg®
18 1186.3 Agyy AgiAg”
19 1356.0 CeoH 11102 NagS; (Sodium bis(2-ethylhexyl) sulfosuccinate); Na™
20 1402.2 Ag; AgyAg”
21 1618.1 Agis AgiyAg”
2 1833.9 Agyy AgieAg”
23 2051.7 Agjo AgigAg”
24 2265.7 Agy AgyyAgt

tion of NPs or it may be assumed that the synthesis of
nanoparticles is uncompleted, and the aqueous pool
contains finer particles. Another variant for the
appearance of the low-molecular-mass silver clusters
with the number of atoms below 21 revealed by the
mass spectrometry method may be their formation as
intermediate products from which Ag NPs are
obtained in the course of the synthesis. For example,
the formation of such nanoclusters with numbers of
atoms smaller than 25 as an intermediate stage of the
synthesis was established by the LDI mass spectrome-
try during the synthesis of gold NPs [28].
No. 6
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CONCLUSIONS

Size-exclusion = chromatography has  been
employed to determine the sizes of silver nanoparticles
in reverse micelles for a year after their synthesis. It has
been found that these particles compose actually two
fractions. The sizes of the first fraction are in a range
of 1—6 nm and remain almost unchanged with time,
thereby indicating their high stability. The coarse frac-
tion has particle sizes of 15—32 nm, which reversibly
vary in the course of long-term storage within a range
of £10 nm. The formation of the coarse-fraction par-
ticles is more characteristic for NPs in RMSs with high
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Fig. 4. Examples of size-exclusion chromatograms measured for silver NP RMS (@ = 8) on (a) 8th, (b) 92nd, and (c) 364th day

after the synthesis.

values of ® = 8, 16, and 20. In RMSs with ® = 2 and
4, almost no coarse particles are formed. On the basis
of the obtained sizes and their variations with time, it
has been assumed that Ag NPs in RMSs with ® values
lower than 20 are stable systems, other synthesis con-
ditions being equal. The particles of the coarse fraction

are represented by aggregates of fine-fraction parti-
cles, which retain their stabilizing shells formed by
molecules of the surfactant (AOT).

The comparison between the number of silver
atoms introduced into a reverse micellar system before
the synthesis and the number of silver atoms observed

COLLOID JOURNAL  Vol. 84
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Table 2. Size ranges of studied Ag NPs in RMSs according to the SEC data
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Duration of silver
NP RMS storage, days

0w=3_8

d of fine particles, nm

d of coarse particles, nm

Total size range 1.9-3.7 —
8 Maximum 3.5 —
Total size range 1.9-28.6
92 Size range of particles with content of >2% 2.0-3.3 9.8—24.5
Maximum 3.1 19.5
Total size range 1.9-24.9
364 Size range of particles with content of >1% 1.9-9.7
Maximum 2.9
Table 3. Sizes of silver particles detected in RMSs according to SEC data
Duration of RMS storage, days 0w=2 0w=4 0w=2_ 0w=16 ®=20
6 d of fine particles, nm 1.6—3.6 1.6—3.6 1.6—3.6 1.4-3.3 1.4-3.3
8 d of fine particles, nm 1.6—3.6 1.6-3.6 1.9-3.7 1.6—3.6 1.5-3.6
14 d of fine particles, nm 1.6-3.6 1.6-3.5 1.8-3.6 1.8-3.6 1.6-3.5
d of coarse particles, nm | 14.3—15.4 — — 13.3—15.4 —
64 d of fine particles, nm 1.7-3.5 1.8—3.8 29297 1.6—3.5 1.8-3.6
d of coarse particles, nm — — 19.5-30.8 22.7-26.5
92 d of fine particles, nm 1.8-3.6 1.8-3.6 92986 1.6—3.5 1.9-3.9
d of coarse particles, nm — — 18.1-26.5 22.7-26.5
161 d of fine particles, nm 2.0-7.8 1.9—4.8 23297 1.6—3.5 2.0-4.4
d of coarse particles, nm — — 16.1-29.7 23.6—32.0
364 d of fine particles, nm 1.7-3.6 1.8-3.8 1.9-9.7 2.0-4.1 2.0-3.8
d of coarse particles, nm — — — 20.2—-21.8 —
Average range d of fine particles, nm 1.7-3.8 1.7-3.7 2.0—-4.7 1.7-3.6 1.8—3.7
d of coarse particles, nm| 14.3—15.4 21.0-26.4 4.8-28.1 18.2—25.3 22.5-28.9

—_
N (@) oo (e}
1

Fraction of particles, %

N

4
Particle diameter, nm

Fig. 5. Size distribution of Ag NPs detected in RMS (® = 2) on the 37th day after the synthesis (A = 420 nm).
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Fig. 6. Size distribution of Ag NPs detected in RMS (® = 16) on the 64th day after the synthesis (A = 420 nm).
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Fig. 7. Size distribution of Ag NPs detected in RMS (® = 20) on the 245th day after the synthesis (A = 420 nm).

by mass spectroscopy gives grounds to assume that
either the synthesis is not completed or the ionization
of coarse nanoparticles may be accompanied by their
disruption into smaller fragments.
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