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Abstract—In the problem of the production silver nanoparticles, mass spectrometry allows one to identify
nanoclusters as nuclei or intermediates in the synthesis of nanoparticles and to understand the mechanisms
of their formation. Using low-temperature secondary emission mass spectrometry, we determined the cluster
composition of a system formed in the microwave treatment of a solution of AgNOj; in ethylene glycol (M).

Along with silver ion—ethylene glycol associates M,,, - Ag* (m = 1—5) and small silver clusters Ag:,r (n=1-9),

unusual silver clusters with one hydrogen atom [Ag,H]"* (n = 2, 4) were observed. Possible pathways for the
formation of silver nanoparticles taking into account hydrogen-containing cluster intermediates are dis-

cussed.
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INTRODUCTION

The development and improvement of methods for
the synthesis of silver nanoparticles as a material use-
ful for various engineering, pharmacological, biomed-
ical, and environmental applications [1—7] remain to
be one of topical problems of modern nanotechnol-
ogy. Silver nanoparticles are synthesized by different
chemical, physical, and biological methods [1, 4].
Wide literature data suggests that the formation of Ag,

nanoparticles from silver salts in the reduction of Ag*
ions by different organic reductants proceeds both
spontaneously and on exposure to physical factors,
such as ultrasonic, microwave, laser, and y irradiation,
and heat. The selection of reaction conditions is gov-
erned by the search for methods for the control of the
composition and shape of nanoparticles to be synthe-
sized [8].

As a part of the solution of this problem, mass spec-
trometry is applied both to the determination of the
composition of nanosilver [9—11] synthesized outside
of a mass spectrometric instrument and the under-
standing of chemical and physical mechanisms and
pathways to the formation of silver nanoparticles and
nanoclusters [ 12—14]. One of physical methods for the
preparation of silver clusters consists in their laser or

ion-beam sputtering from a metal or a salt in the ion
source of a mass spectrometer [15—18]. In recent
years, unique procedures for the chemical synthesis of
small silver clusters directly in a mass spectrometric
instrument using technical capabilities provided by
electrospray ionization (ESI) have been proposed

[19—21]. For example, silver metal clusters Ag, and

Ag, were obtained in [20] by heating ESI-sprayed
microdroplets of silver organic salt solutions in a long
capillary. In several works [21—25], silver clusters and
their gas-phase reactions were studied under specific
conditions of multistep collision-induced dissociation
(CID) applied to ESI-generated multicomponent
associates of silver ions with different organic ligands.

In our previous studies of the formation of silver
nanoclusters in organic media, the laser desorp-
tion/ionization (LDI) [11] and fast atom bombard-
ment (FAB) [12] mass spectrometric techniques were
used to study the formation of silver nanoparticles in
the medium of polyether, viz., polyethylene glycol
(PEG). To clarify some questions arose in these works,
we decided to study the corresponding processes in a
solution of the PEG monomer, ethylene glycol. Note
that, in contrast to the spontaneous formation of silver
nanoparticles in the polyether medium, the initiation
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of this process in an ethylene glycol medium requires
an external impact.

The syntheses of silver nanoparticles from silver
salts in an ethylene glycol medium [26—30] on expo-
sure to heat, y radiolysis [28], microwave treatment
[29], and catalysts [30] have been described. In the
present work, silver nanoparticles were synthesized by
the microwave treatment of a solution of AgNO; in
ethylene glycol. It is known that, in the synthesis in
liquid samples, a polydisperse set of silver nanoclus-
ters and nanoparticles was produced, as well as reac-
tion intermediates remained in different charge states,
which has been found earlier by spectroscopic and
structural analysis [1, 6]. Using LDI mass spectrome-
try, we showed the presence of Ag, nanoclusters with
nup to 50 in dried samples [31]. To establish the path-
ways for the formation of silver nanoclusters under
such conditions, we analyzed a system including eth-
ylene glycol as a solvent highly volatile under vacuum
conditions, using the low-temperature version of FAB
secondary emission mass spectrometry. In a series of
detected clusters, some peculiar associates [Ag, + 1]+
(n= 2, 4), formally corresponding to hydrogen-con-
taining silver clusters were discovered; the discussion
of these associates is the main subject of this report.

At the time of writing this paper, there were no lit-
erature data on the observation of silver—hydrogen
associates Ag,H" directly in organic media in the syn-
thesis of silver nanoparticles. However, Ag,H" clusters

were detected recently along with Ag, using the
above-mentioned multistep CID procedure for the
gas-phase (vacuum) decomposition of silver ion asso-
ciates with glycine (Gly) and N,N-dimethylglycine
[(Gly + Ag — H),, + Ag]" [21]. The results of our stud-
ies can favor bridging between the chemical physics of
ion-molecular reactions of silver in the gas phase and
physicochemical processes in solutions resulting in the
formation of silver nanoclusters.

EXPERIMENTAL

For the synthesis of silver nanoparticles, a test por-
tion of AgNO; was preliminarily dissolved in a small
amount of deionized water and mixed with ethylene
glycol. The salt concentration in ethylene glycol was
9.4 x 10~2 M and the volume ratio of water to ethylene
glycol was 1 : 50. The resulting solution in an Eppen-
dorf plastic tube was heated in a domestic microwave
oven over 3 min periods at intervals of several minutes
to avoid overheating for a total time of 15 min until the
solution became light-yellow, which, according to the
literature data [1, 32], corresponded to the formation
of nanoparticles with sizes of about 10—30 nm.

The application of the low-temperature method in
FAB mass spectrometric experiments was due to the
need in cooling the ethylene glycol sample to decrease
saturated vapor pressure, whose value at room tem-
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perature under vacuum conditions results in the rapid
evaporation of the substance [33]. Measurements were
performed using an MI 1201E sector-type magnetic
mass spectrometer (Electron, Sumy, Ukraine) with a
secondary ion source modified for low-temperature
studies. The bombarding agent was argon with an
energy of 4 keV. The switch between the ion (second-
ary ion mass spectrometry, SIMS) and neutral atom
bombardment modes resulted in about a two-fold
decrease in the intensities of the sprayed ions, but had
no effect on the qualitative composition of the mass
spectrum.

A droplet of a reaction mixture (5 uL) was applied
to a metal support and frozen in liquid nitrogen
vapors. Then, the sample was inserted into the sec-
ondary ion source of the instrument through the direct
inlet lock until heat contact with a cryo unit through
which the cooling agent was fed externally to maintain
the specified temperature of the sample. Mass spectra
were recorded on warming up the sample.

Earlier, we have shown [31] by LDI that Ag, nano-
clusters with » up to 50 were present in the system
under study. In the present work, the research objects
were small silver nanoclusters containing up to ten
atoms. The table with the calculated isotopic ratios in
the peak packages for Ag, clusters with n = 1—10 is
given in [11]. The FAB mass spectra were interpreted
in terms of the concept of that charged particles pres-
ent in solutions of ionic compounds underwent direct
spraying [34].

RESULTS AND DISCUSSION

The microwave-treated sample of a solution of
AgNO; in ethylene glycol (M) was studied by low-
temperature FAB. The mass spectra were recorded at
a slow increase in the temperature of the frozen sam-
ple. The temperature dependences of the resulting
mass spectra were in agreement with our earlier devel-
oped model for the interpretation of low-temperature
secondary-emission mass spectra [34—37], as well as
with the earlier obtained dependences for solutions of
salts [38] and amino acids [33] in ethylene glycol.
Upon warming up the sample, an information-bearing
mass spectrum (Fig. 1a) containing a high-intensity
series of protonated ethylene glycol clusters M,, - H*
(n= 1-—6) was obtained after a liquid phase has
appeared in the sample, i.e., under the implementa-
tion of conditions corresponding to usual conditions
for the FAB method with a liquid matrix. Such a spec-
trum was recorded in the temperature range from
about —80 to —20°C. For the system with the silver
salt, similar to other metal ion-containing ethylene
glycol solutions, the mass spectrum displayed silver
cation—ethylene glycol clusters M,, - Ag™ (m = 1-5).
However, in contrast to the systems containing alkali
metal salts [38] at the same initial concentration as in
our initial solution of AgNO;, the peak intensity of the
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Fig. 1. Low-temperature FAB mass spectra for the micro-
wave-treated (AgNO; + ethylene glycol) system at
(a) —20°C and (b) —5°C; M is the ethylene glycol mole-
cule.

M,, - Ag" clusters was much lower than that of M,, - H".
The relative intensity of Ag* peaks (m/z 107/109) was
also low, which suggests a slight amount of silver ions
in the solution. Both facts suggest the inclusion of
most of silver into nanoparticles formed in the micro-
wave treatment of the sample.

With a further increase in temperature, the rate of
ethylene glycol evaporation increased, which resulted
in a decrease in the amount of “solvent” and, conse-
quently, in an increase in the concentration of dis-
solved substances. Such a process appeared in the
mass spectra as a gradual redistribution of intensities
of cluster series: while the total intensity of the M,,,- H*
series decreased, the intensity of the M,, - Ag" series
increased; the intensity of Ag* also increased (Fig. 1b).
In addition, on the depletion of the liquid up to a thin
film on the support, particles which, earlier, were in
the bulk of the liquid concentrated in a thin film and

cropped out. This allowed us to detect a series of Ag:,r
silver nanoclusters (n = 1-9) (Fig. 2). The remarkable
fact was that the dependence of cluster intensity on the
n value was governed by a known rule of intensity
alternation for even and odd clusters which, along with
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Fig. 2. Mass spectrum for Ag; (n = 5-9) silver nanoclus-
ters recorded upon FAB of a thin ethylene glycol film with
an increased concentration of therein dissolved compo-
nents obtained during liquid evaporation. 7= —5°C.

the existence of the so called “magic numbers”, has
been established earlier for the mass spectra of silver
clusters [39—42], namely: the intensity of signals for
positively charged clusters with odd numbers of atoms
n=13,5,7,9was higher than that for neighboring clus-
ters with even numbers of atoms.

Along with the above-mentioned expected phe-
nomena, a new experimental fact was detected. In
the verification of isotope distribution in the peak

groups corresponding to Ag: clusters, the typical dis-
tributions in the peak packages for clusters with even
n =2, 4 were found to superimpose on the peak pack-
age with the same distribution, but with mass value
higher by unity [Ag, + 1] (Fig. 3). For all peak pack-
ages for clusters with odd #, no such superimposition
was observed. Thus, the [Ag, + 1]" series was also gov-
erned by the rule of intensity alternation for clusters
with 27 and (2n + 1). The intensities of isotopic peaks
in the groups of [Ag, + 1]* and [Ag, + 1] were about
1.5- and 2-fold higher than those of corresponding

peaks in the Ag; and Ag, series. Formally, in this case
the contribution of clusters with odd numbers of atoms
was higher than that of clusters with even numbers of
atoms.

Because of the above-mentioned features of the
alternation of signal intensities for clusters (see Fig. 2),
we failed to reliably determine the ratio of low-inten-
sity peaks of [Ag, + 1]* being observed in peak groups
for clusters with higher even values of n = 6, 8. We can-
not use the accumulation mode for certain peak
groups in this temperature range because of the fast
depletion of the sample. However, the presence of
[Ag, + 1] species with » = 2, 4 in the system under
study is a reliable and reproducible fact.

An increase in the mass of silver clusters by unity
corresponds to the incorporation of one hydrogen
atom or ion into the cluster composition. One can
assume that the silver—hydrogen clusters are interme-
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Fig. 3. Fragments of low-temperature FAB mass spectra
for the microwave-treated (AgNOj5 + ethylene glycol) sys-
tem containing groups of peaks corresponding to silver
nanoclusters: (a) superposition of the groups of peaks for
Ag;r and Ag2H+; and (b) Agg; (c) superposition of the
groups of peaks for Ag:tr and Ag4H+; and (d) Aggr.
Notation: O is Ag;, Vis Ag2H+; and @ is Ag4H+.

diate products in the synthesis of silver nanoparticles
under our experimental conditions and we succeeded
in their detection by the analysis of the entire reaction
mixture, while most of analytical works studied
nanoparticles that were either already isolated from
the reaction mixture or obtained by physical methods,
such as laser sputtering.

As was noted in Introduction, the [Ag,H]" clusters
(with even n) under the mass spectrometric experi-
mental conditions have been obtained earlier only in
one work [21] as species resulting from the fragmenta-
tion of the initial clusters of glycine associated with sil-
ver ions [(Gly + Ag — H),, + Ag]" by the gas-phase
multistep CID (or MS” with n up to 5). Thus, we
detected the [Ag,H]™" clusters for the first time directly
in the reaction system.

In our previous work dedicated to the preparation
of silver nanoparticles in polyethers [11], no [Ag,H]*
clusters were detected; however, their formation in
these systems remains an open question, since the
quite severe LDI method used earlier could induce the
destruction of such intermediates.

Of interest was the nature of silver—hydrogen clus-
ters, namely, could they be considered as either pro-
tonated neutral associates of silver atoms (Ag,) - H" or
intermediates of silver reduction by a hydrogen atom
as the source of electrons. The correct answer to this
question can be obtained by quantum-chemical calcu-
lations [43—45], which showed that, in the positively
charged [Ag,H]" clusters, one neutral hydrogen atom
replaced the silver atom in the spatial structure equiv-

alent to the structure of the Ag,,, cluster. The elec-
tronic structural features of clusters with even and odd
numbers of silver atoms, determining a higher stability
of clusters with odd n were also responsible for the
possible supplementation of clusters with even # with
one hydrogen atom. Note that we failed to find litera-
ture data on the protonation of neutral metal clusters
under mass spectrometric experimental conditions.

With regard to establishing possible mechanisms
for the formation of silver nanoparticles, in the most of
works dedicated to the discussion of this problem,
emphasis was on the reduction of silver ions under the
action of reductants and organic media were consid-
ered predominantly as a source of electrons generated
under any external action [6, 46]. The next step was
the formation of primary nucleating species, associ-
ates of several silver atoms and ions which then aggre-
gated into larger formations. The role of organic sub-
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stances in the synthesis medium at this step consisted
in providing steric constraints determining the shape
of the growing nanoparticles [8, 32, 47], as well as their
aggregation [48] and stabilization [49]. However, in
the chemistry of organometallic compounds, a suffi-
ciently great number of works [50—58], including
review [50] were published in recent years, in which
the formation of associates of two, three, and more sil-
ver ions surrounded by organic ligands was consid-
ered. A core of silver ions bound to a hydrogen atom
formed in some structures [54—58], which was proved
by structural methods [54, 55]. Just these “ready”
associates, which can act as primary building blocks

for Ag?, Ag; Agg, and Ag,, as well as unusual
Ag,H", being released from the organic environment
on external exposure (UV, laser, thermal, microwave,
and ultrasonic irradiation and CID). That is, in this
case, organic anions or ligands serve to provide con-
tacts between several silver ions, which determines the
following steps in nucleation in the synthesis of silver
nanoclusters. Note that, in our previous work [12]
dedicated to the formation of silver nanoclusters in the
medium of organic polyethers, we proposed a similar

mechanism, involving inorganic NO; ions, whose
excess also favors the closer approximation of several
silver ions to form a primary nucleus. The involvement
of neutral hydrogen atoms in certain reduction steps of
the silver ion has been discussed in recent work [59].

Thus, the detection of hydrogen-containing
[Ag,H]* clusters in the liquid reaction system (eth-
ylene glycol—-AgNO;) points to the necessity of con-
sidering new pathways for the formation of silver
nanoparticles, involving these hydrogen-containing
subunits, but not only Ag* ions or Ag® atoms. Also, the
question arises whether such intermediates occur in
other organic media used for the synthesis of silver
nanoparticles, which will be the subject of the future
studies.

The discovered possibility of the direct preparation
of hydrogen-containing Ag, H* clusters using the FAB
secondary-emission mass spectrometric technique
provides an easier method for the generation of such
clusters for their subsequent study as compared to
multistep CID [21]. This method can be implemented
on any instrument with a source of ions for liquid
SIMS.

Silver compounds with hydrogen are in themselves
interesting because of the problems of the improve-
ment of voltaic cells and hydrogen power engineering;
however, the literature search suggests that silver
hydride as an individual compound, whose isolation
in preparative scales is a disputable problem of classi-
cal inorganic chemistry [60, 61], still remains under-
studied. For example, the NIST database [62] con-
tains very few data for the compound AgH, most of
which were obtained by mass spectrometric tech-
niques [63, 64]. Note that the properties of small clus-
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ters, sometimes referred to as the fifth state of matter,
differ from those of macroscopic volumes of corre-
sponding substances, because of which [Ag,H]* clus-
ters are of interest as an individual subject of research.

CONCLUSIONS

The application of mass spectrometry, namely, a
low-temperature version of FAB mass spectrometry,
to the synthesis of silver nanoparticles by the micro-
wave treatment of a solution of AgNO; in ethylene gly-
col allowed us to determine the composition of the
resulting silver nanocluster products directly in their
formation medium, viz., ethylene glycol.

Along with the expected silver ion—ethylene glycol
associates M,, - Ag" (m = 1-5) and small silver clusters

Ag; (n = 1-9), hydrogen-containing silver clusters
[Ag,H]* (n =2, 4) were detected in the reaction medium.
Since, at the time of writing this paper, we found no data
on the observation of [Ag,H]" clusters directly in organic
media in the synthesis of silver nanoparticles, one can
consider that silver compounds with hydrogen as inter-

mediates in the synthesis of Ag were discovered for the
first time by mass spectrometry.

The mass spectra for the cluster series showed their

intensity to depend on the n value: the Ag, series was
characterized by a known effect of higher intensities
for the clusters with odd #» compared to those with
even n; and the [Ag,H]" series included only clusters
with even » number.

The detection of hydrogen-containing clusters
[Ag,H]" in the reaction system points out the neces-
sity of considering new alternative pathways and
mechanisms for the formation of silver nanoparticles
in organic media involving such hydrogen-containing
subunits.
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