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Contact of silver metal surfaces with water, ions and organic ligands experiences induced charges, lead-
ing to attractive polarization. These forces play an important role at inorganic/organic interfaces and com-
plement other non-bonded surface interactions. Despite the importance of these interactions, it, however,
remains difficult to implement polarization effects to classical molecular dynamics (MD) simulations. In this
contribution, we first present an overview of two popular polarizable models, such as Drude oscillator and
the rigid rod model, which are utilized to mimic the polarizability of bulk metals. Second, we implemented the
rigid rod model to the polarizable force field (FF) for a silver atom, which was further adapted for atomistic
MD simulations of silver nanoparticles (AgNPs) composed of 1397 atoms. In our model, induced charge po-
larization is represented by the displacement of a charge-carrying virtual site attached rigidly to an original
Ag atom. To explore the role of polarization, we compared the performance of the classical nonpolarizable
FF and the new polarizable model in the MD simulations of adsorption of water and ions onto quasi-
spherical AQNP and the flat crystalline silver surface. The analysis of the radial distribution function of Ag-Ag
atoms demonstrated that the introduction of the polarization effect had minor effects on face-centered cubic
(fcc) packing of silver atoms of bare and water-solvated AgNPs. We found that the polarizable FF causes
some increase in attractive interactions between the silver surface and water molecules and Na* ions. As a
crucial test of the developed polarizable model, the structure of adsorbed interfacial water molecules was
analyzed. Our data suggest that the environment-induced polarization of the silver surface contributes sig-
nificantly to the structure of adsorbed interfacial water layers and it also plays an important role in the ad-
sorption of positive ions. However, it was also found out that the polarization effect has a rather short-range
effect, so that a minor contribution of silver polarization was seen for adsorption of water molecules and ions
from distant solvation shells.

Keywords: silver, nanoparticle, face-centered cubic cell, fcc, polarizable model, Drude oscillator, rigid rod
model, molecular dynamics simulations.

Introduction

Applications of metallic nanoparticles in various chemical, engineering, and medical applications
represent one of the most extensively investigated areas of the current materials science [1-4]. Pro-
gress in this field requires the development of novel experimental techniques and theoretical ap-
proaches. Molecular dynamics (MD) simulation, in partnership with an experiment, has become an
essential tool for studying metal nanoparticles at the atomic level [5]. Atomic-scale theoretical meth-
ods can provide important insight to the solution-phase synthesis of silver nanostructures that involves
the seeded growth [6-7] and the morphological stability [8-9], as well as adsorption of stabilizing
agents and solvent molecules onto inorganic metal nanocrystals [10-12]. Numerous MD simulation
studies of silver and gold nanoparticles protected by organic ligand monolayers [13-18], synthetic
polymers [19-26], and peptides [27-30] have been conducted in the last decade.

Silver metal surfaces in contact with the aqueous environment experience attractive polarization
owing to metal-induced charges [31]. This fundamental physical interaction complements Van der
Waals surface interactions; however, despite recent progress in this field, it remains difficult to im-
plement polarization effects to classical MD simulations [32]. A much less considered contribution to
the binding strength is a polarization of the metal surface through the typically polar and often ionic
environment created by solvents, surfactants, peptides or DNA. Therefore, the development of ad-
vanced computational models for complex hybrid organic/inorganic nanomaterials is required [33-36].
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The main goal of our study is the implementation of the polarizable Ag model to the existing non-
polarizable FF, which were recently used for MD simulations of silver nanoparticles and interfaces
[8,19,24,37-38]. Besides, the influence of polarization effects on the adsorption of water molecules
and ions at the silver/water interface is considered.

Review of Polarizable Force Fields

Metal surfaces acquire a charge in aqueous systems and these attracted surface ions form a layer
balancing the oppositely charged counter ions. This structure is known as the electrochemical double
layer (EDL). EDLs profoundly affect the physical and chemical behavior of such heterogeneous sys-
tems [39]. Unless there are a lot of common techniques, which involve the measurement of electroki-
netic phenomena caused by the tangential movement of an electrolyte fluid relative to the charged
surface, the molecular dynamics methods of charged NPs surfaces simulations are only arising. The
investigations, which have already found their use in studying these systems, are summarized below.

Iori and Corni have recently introduced novel polarizable MD models for a bulk gold and gold sur-
face (001) and (111) [40]. Their approach is based on the Drude oscillator model [32] in which a vir-
tual interaction site is added to the real metal atom being connected by a harmonic bond with a force
constant £ and the null rest length /=0 (Fig. 1 lef). To keep the system neutral, the authors offered to
assign negative charge —q on the real metal atom and positive charge +¢ placed on the virtual site. The
electrostatic interaction between these two charges on the same polarizable metal atom is not included
in the energy and force calculations during the simulations. Additionally, a virtual site has no Van der
Waals interactions with other atoms. Thus, the Drude oscillator model for metal requires three parame-
ters: a force constant &, point charge ¢ and a mass m, which help to mimic the behavior of the polariz-
able metal atom. Their combinations define the quantities that determine the behavior of the polariz-
able metal atom: the polarizability a (1) and the harmonic oscillator frequency w (2) [40], respectively.
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However, some disadvantage of this model is that the fictitious moving charge can collapse on other
charges, which can lead to the system’s crash.

Attractive polarization occurs in response to exterior charges in the vicinity of a metal surface and
it scales with the magnitude of atomic charges and with the length of multipoles, such as the distance
between a real metal atom and a virtual site.

Drude Oscillator Model Rigid Rod Model

-q *q -q *q

Me O”“”O Virtual Me O_O Virtual
Site Site

Figure 1. Scheme of the two polarizable FF models for bulk metal (Me). A Me atom is shown as a
cyan ball and the virtual site is represented by an orange sphere. Both of them have their charges: Me
is charged negatively (-¢g) and the virtual site is charged positively (+g). On the left side the Drude
oscillator model is shown. Metal atom and its virtual site are bonded by a harmonic bond (shown as a
staggered line). On the right side the rigid rod model is presented. The Me atoms and its virtual sites
have a fixed bond (shown as an arrow).
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Further improvement of the Drude oscillator model was given by the rigid rod model (Fig. 1 right)
[32,40]. In the rod model, the rod always has a finite dipole moment and there is a fixed distance /,
between the real gold atom and a virtual interaction site. Thus, the virtual site is forced to be at a given
distance /, from the original metal atom, however, its orientation is still free. Similarly to the Drude
oscillator model, the virtual site has no Van der Waals interactions, while it bears a positive charge ¢
(—q 1is assigned to the original metal atom) and it has an atomic mass m. The rod model also requires
three parameters: distance /, partial charge ¢, a mass m. Unlike the Drude oscillator model, the rod
model always has a finite dipole moment u (3). To reproduce the physically meaningful polarizability
of bulk metals, this model requires an orientational averaging (i.e., 7 > 0), so that the relation among
the parameters and the characterizing physical quantities involve the temperature: the polarizability is
also given by a as defined by (1) [32,40]. The typical values of these parameters for gold are 7=300 K,
g=0.3, 1,=0.7 A and m=0.5 a.m.u. [40]. This choice was confirmed by the necessity of making stable
MD simulations and the fact that the dipole moment of every single rod should average to zero. It was
found that q=0.3 gave the sufficient polarizability while not causing the system to freeze [40]. The MD
simulations based on the Lennard-Jones 6-12 potential for gold and performed in an NV'T ensemble,
[40] demonstrated that the rod model is capable to reproduce the interaction energy between a charge
and neutral metal slab.
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The polarizable model for gold, suitable for biomolecular MD simulations, has recently been intro-
duced in the GolP [41] and GolP-CHARMM [42-43] force fields, respectively. Recently, this ap-
proach has further been extended and implemented in new FF, AgP-CHARMM [44-46], suitable for
simulations of the aqueous Ag(111) and Ag(100) interfaces, where abbreviations (111) and (100) refer
to the Miller indices form a notation system in crystallography for planes in crystal lattices. AgP-
CHARMM utilizes the rigid rod model to mimic the polarizability of the Ag atoms, where the total
average dipole moment p, is determined by (4), where 7=300 K, g=0.308, /,=0.7 A. Moreover, to en-
sure atop-site adsorption, both GolP-CHARMM and AgP-CHARMM introduce additional virtual
interaction sites, rigidly placed between real metal atoms in crystal slabs, which allow overcoming
some problems with the artificial orientation of hydrogen atoms of water molecules. Most recent ex-
tension of polarizable FF has been for the aqueous Pd(111) interface, referred to as PAP-CHARMM
[47]. Unfortunately, the applicability of all these force fields is limited to specific (111) and (100)
surfaces. Therefore, the tedious re-parametrization procedure is required before introducing new pa-
rameters for other crystal facets [48]. Therefore, MD simulations of spherical nanoparticles are not
straightforward with this force field.

Molecular dynamics simulation setup

The preformed silver nanoparticles (AgNPs) were approximated by the perfect face-centered cubic
(fcc) crystalline structure (Fig. 2). Two force-field (FF) models for AgNP were considered: (i) a non-
polarizable model for Ag, consisting of neutral atoms with the zero charge, (ii) a polarizable model for
Ag, in which metal polarization was implemented by using the rigid rod approach. In both models, the
repulsion and dispersion terms of nonbonded interactions between silver atoms were computed by
using the Lennard-Jones 12—6 potential energy function (5), which describes the dependence of the
potential interaction energy V. (r;) of two silver atoms as a function of the interatomic distance. The
nonbonded interaction parameters Ag-Ag were based on non-polarizable INTERFACE-FF [31,36,49]
and were validated in our recent works [8,19,24,37]. For MD simulations in vacuum, no of any rigid
bonds and restraints were applied between silver atoms, so that the silver core crystalline structure was
maintained by the Ag-Ag nonbonded LJ interactions.
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Electrostatic interactions between two charged particles were calculated by the Coulomb potential
(6). Therefore, during MD simulations the electrostatic interactions among the polarizable Ag atom
dipoles were treated by Coulomb term allowing collective and cooperative motions of dipoles in re-
sponse to external charges.
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The description of the polarizable model for AgNP is represented as follows: Ag atom has
g=-0.308, whereas the virtual site has g=+0.308 to make the model neutral. An alternative model with
positive and negative charges altered between each other was also considered. In the original rigid rod
model, the mass of the virtual site has been assigned to zero [40]. In our polarizable model, we as-
signed the minimal nonzero mass of 1.0, as required in the GROMACS package. The rigid rod was
approximated with the rigid chemical bond of /;=0.07 nm and k,=1x10"* kJ/mol-nm?, respectively.
The initial values of q and /, were taken from the original study [44]. The nonbonded interaction pa-
rameters Ag-Ag 6=0.2964 nm and £=19.05865 kJ/mol were taken from our recent works [9,24]. How-
ever, both parameters ¢ and € were assigned to zero for the virtual site. For MD simulations of polariz-
able AgNPs in water, the model was adjusted by adding the LJ interactions between Ag atoms and
hydrogen atoms (HW) of SPC waters. The correction LJ interaction parameters Ag-HW were taken
[50] as following: 6=0.30584 nm and &=0.74323 klJ/mol, respectively.

AgNP was simulated according to the following procedure: (i) Steepest descent energy minimiza-
tion was performed for 500 steps. (ii) Initial orientation of dipoles and atomic velocities were gener-
ated with the Maxwellian distribution at 7=250 K. Productive MD sampling was carried out at the
reference temperature of 7=303 K. The water molecules are described by the simple point charge
(SPC) model [51]. The parameters for Na" and CI ions were used as implemented in the GROMOS
45a3 FF [52]. The reference temperature of 7=303 K, which was kept constant using the Berendsen
weak coupling scheme with the temperature coupling constant of t;=0.1 ps [53]. The cutoff distance
of 0.8 nm was used for Lennard-Jones interactions. The MD simulation time step was 2 fs with the
neighbor list updates every 10 fs. The MD simulations were carried out using the GROMACS set of
programs, version 4.6.5 [54]. Molecular graphics and visualization were performed using VMD 1.9.2
[55].

V<V oy 6)

Results and discussion

Isolated Silver Nanoparticles

MD simulations of silver nanoparticles of 1397 atoms were carried out by the using of polarizable
and nonpolarizable FFs in vacuum. To investigate the accuracy of the nanoparticles’ structure
(Fig. 2a) and to compare their behavior, we used the dependences shown below.

Radial Distribution Function. To characterize the structure, atom packing and the long-range or-
der of Ag atoms in AgNPs, the pair radial distribution function (RDF) g(») was calculated between all
silver atoms. As can be seen in Fig. 2b, the RDF plots of Ag-Ag interactions of both models are char-
acterized by narrow and sharp peaks and have the same peak positions. The sharp RDF peaks are in-
dicative of small-amplitude vibrations of Ag atoms about the lattice site position and very low diffu-
sive movements over the local region of the crystal. These results demonstrate that the polarizable
model represents well quasi-spherical AgNPs with face-centred cubic fcc crystalline structure [56-57].

Root Mean Square Displacements. For further characterization of the dynamic stability of
AgNPs, their structures were analyzed by calculating the root mean square displacement (RMSD) of
Ag atoms as a function of time. The RMSD of all Ag atoms was calculated with respect to their posi-
tion in a perfect fcc structure by using the GROMACS utility g _rms, which carries out least-square
fitting the AgNP structure (1) to its initial perfect structure (t; = 0) (7).

1 N :
RMSD@,TZ)=[N2||r,-(ﬁ)—r,-(n)||2} ™
i=1

where N and r,(7) are the number of Ag atoms, and the position Ag atom i and its reference position at
time 7 [54,58].
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Fig. 2c shows the comparison of the RMSD behavior of AgNP,;9; calculated by the using of the
nonpolarizable (/) and polarizable (2) models, respectively. It can be noted that the introduction of the
polarization effect resulted in only the small increase in RMSD values from 0.01824+0.0006 nm up to
0.018940.0007 nm, respectively.
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Figure 2. (a) Comparison of the structure of quasi-spherical AgNP,39; simulated in vacuum at 303 K
by using the nonpolarizable (fop) and polarizable (bottom) MD models. (b) A radial distribution func-
tion g(») calculated over pairs of Ag—Ag atoms in AgNPs. The RDF plots of AgNP,39; simulated with
both nonpolarizable (/, solid) and polarizable (2, dotted) MD models reveal the very similar pattern,
which is characteristic for the fcc ordering of bulk crystalline silver. For clarity, the RDF plot derived
from the polarizable model 2 was shifted up by 0.1 nm. (¢) The time traces of the root mean squares
displacements (RMSD) of the current position of silver atoms with respect to their position in the per-
fect fcc crystalline lattice are shown in AgNPi39; calculated with the nonpolarizable (1)
(0.0182+0.0006 nm) and polarizable (0.0189+0.0007 nm) (2) force fields.

Silver Nanoparticles in Aqueous Solution

On the next step, the performance of the polarizable FF was tested on AgNPs in the aqueous envi-
ronment. For this purpose, AgNP,39; was placed in the cubic box of 6.5 nm size and solvated by
7880 SPC water molecules. Moreover, to study the effect of the polarization on adsorption of positive
and negative ions on AgNP the additional MD simulations were carried out in the presence of 2 M of
NaCl. Fig. 3a shows the MD snapshot of the solvated AgNP39;in the presence of NaCl.

Adsorption of water molecules onto AgNP The adsorption of water molecules on AgNP was ana-
lyzed by calculating of the RDF between Ag and water oxygen atom OW, respectively. The compari-
son of the RDF plots of g(r)ag.ow calculated for AgNP;39; modelled with the nonpolarizable and po-
larizable MD models shows very similar results (Fig. 3b). These findings suggest that the metal po-
larization does not perturb significantly the strength of the water adsorption.

Adsorption of ions onto AgNP. The further comparison of the nonpolarizable and polarizable FFs
was performed by the analyzing of adsorption of ions onto the silver surface. Fig. 3¢ shows the time
evolution of the number of contacts between AgNP and Na" and CI” ions, respectively. As can be seen,
the striking difference was observed for the adsorption of positive Na' ions as compared to that of the
negative CI” ones. The use of the polarizable FF significantly favors the adsorptions of the Na" ions
onto AgNP. Such influence of the salt is consistent with by the formation of the electrochemical dou-
ble layer (EDL) between polarizable surface of silver atoms and counter ions.
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Structure of AgNP in solution. Finally, the performance of the new polarizable FF model for re-
producing of the fcc structure of AgNP,39; was summarized by a series of MD simulations in vacuum
and in the aqueous solution in the absence and in the presence of NaCl as compared in Fig. 3d by the
corresponding RMSD time traces. It is seen that, upon MD simulations of AgNP;39; by the using the
polarizable FF model, the RMSD values of silver atom positions were increased from
0.0189+0.0007 nm in vacuum up to 0.0215+0.0009 (curve 3) nm in bulk water. However, only a small
additional increase of up to 0.0218+0.0009 (curve 4) was observed in the presence of 2 M NaCl.
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Figure 3. (2) A MD snapshot of the polarizable AgNP,39; solvated in the aqueous solution of 2 M
NaCl (red and blue balls). (b) Comparison of the RDF plots of g(r)ag.ow calculated between the silver
atom and water oxygen atoms (OW) in the solvated AgNP;39; modelled with the nonpolarizable (1)
and polarizable (2) MD models. (C) The time traces of the number of contacts Na" and CI ions with
AgNP simulated with the nonpolarizable FF (/ and 2) and the polarizable FFs (3 and 4), respectively.
(d) The RMSD time traces of the position of silver atoms in AgNP,;97 calculated by using various ap-
proaches: (/) the nonpolarizable FF in vacuum, (2) the nonpolarizable FF in aqueous solution, (3) the
polarizable FF in water, (4) the polarizable FF in water with added 2 M NaCl.

Adsorption Configurations of Water Molecules on Silver Surface

The structure and properties of water molecules, adsorbed on well-defined metal surfaces, have
been the subject of numerous experimental and theoretical investigations [59-63]. It these studies, the
most favorable adsorption configurations of the water molecule on the silver surface were identified as
shown in Fig. 4. The most stable structures were found to be atop configurations A and B, in which
water is coordinated through the oxygen atom to the silver atom. The coordination through the hydro-
gen atom in configuration C was found to be unfavorable, so that this structure tends to rearrange to
the above mentioned configurations A and B, respectively.

The adsorption configuration of water molecules on the silver surface can therefore be considered
as a crucial test and validation of the polarizable Ag model for reproducing of the well-known interac-
tion characteristics of water molecules onto the silver surface. For simplicity, the silver surface was
approximated with the three fixed (111) layers, for which the two sets, nonpolarizable and polarizable
Ag models were applied. The adsorption dynamics and preferred structures of water molecules onto
the silver slab were simulated at the NVT ensemble as shown in Fig. 5a.
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Figure 4. Schematic side view of the stable structures found for the water molecule on the silver sur-
face adapted from [61].

Surprisingly, the analysis of the preferred adsorption configurations of water molecules on the sil-
ver surface modelled with the polarizable silver model revealed the large fraction of water molecules
bound to the surface through atop configuration C (Insert in Fig. 5a). In contrast, such binding mode of
water molecules was rarely observed for MD simulation with the nonpolarizable silver model. These
findings were further confirmed by the RDF analysis of g(r)agnw calculated between silver atoms and
hydrogen atoms of water molecules (Fig. 5b), which revealed a small peak at 0.18 nm on the RDF
curve (2) derived from the polarizable FF simulations.
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Figure 5. (a) Side-view snapshots of MD simulations of water molecules adsorbed on the silver sur-
face as estimated with different FFs. Inset shows that the polarizable FF revealed that some fraction of
adsorbed water molecules were found to be misoriented with one of its HW atoms pointing toward the
silver surface. (b-c) Comparison of the RDF plots of g(7)ae.nw (0) and g(r)ag.ow (C) calculated between
the silver atom and either hydrogen atoms (HW) or oxygen atoms (OW) of water molecules calculated
with the nonpolarizable FF (7), polarizable FF (2), and polarizable FF with LJ-corrections on HW
atoms.

Artificial orientation of hydrogen atoms of water molecules adsorbed onto the silver could be
emerged as due to some overestimation of Coulomb attractions. This question was already discussed
in literature and the following solution was suggested [42, 44]. To shift water hydrogens from the sur-
face and make the computational model more physical, there is a necessity to compensate the Cou-
lomb attraction by the Lennard-Jones nonbonded repulsion interaction between HW and silver atoms
[50]. Therefore, the polarizable silver model was further modified by adding the LJ interactions be-
tween Ag atoms and hydrogen atoms (HW) of SPC waters. This modified polarizable model is re-
ferred to as Polarizable Ag+LJ-for-H. The LJ interaction parameters Ag-HW were as following:
6=0.30584 nm and £=0.74323 kJ/mol, respectively. As shown on the Fig. 5a-c the water adsorption
modelled with the modified polarizable silver model becomes very similar to physical expectations.
The RDF curve (3) of g(r)ag-uw shows no artificial peaks at 0.18 nm observed before.
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The comparison of the performance of the three different Ag models (Fig. 5) revealed that the im-
plementation of the Ag polarization resulted in the limited influence on the adsorption behavior of
water molecules near the Ag interface. The small changes in RDF peaks of g(r)aq.ow in Fig. 5¢ dem-
onstrated that the polarization effect of Ag has rather short-range effects, so that a minor contribution
of the silver atom polarization was seen for adsorption of water molecules and ions form distant solva-
tion shells. Recently, Menziani and coauthors [64] used MD simulations to study the adsorption of
cytochrome ¢ on various solvated silver surfaces by using the nonpolarizable and polarizable AgP-
CHARMM model [44] and they have also reported small effects of the implemented Ag polarization
on binding modes of cytochrome c.
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Figure 6. (2) Scheme of the alternative polarizable FF model. A Me atom is shown as a cyan ball and
the virtual site is represented by an orange sphere. Both of them have their charges: Me is charged
positively (+¢) and the virtual site is charged negatively (-g). (b) Side-view snapshots of MD simula-
tions of water molecules adsorbed on the silver surface as estimated with the alternative polarizable
FFs. Inset shows that some fraction of adsorbed water molecules were still found to be misoriented
with one of its HW atoms pointing toward the silver surface. () Comparison of the RDF plots of
g(r)ag-nw calculated between the silver atom and hydrogen atoms (HW) of water molecules calculated
with the nonpolarizable FF (1), polarizable FF (2), and alternative polarizable FF (3), respectively.

Taking into account the importance of the proper characterization of water molecule orientation
and dynamics at the aqueous/metal interfaces, more sophisticated approaches have also been sug-
gested to mimic polarizability of bulk metal and surfaces [50, 65]. Towards the proper treatment of the
polarizability of metallic gold, Li and Agren have developed the capacitance-polarizability force field
for noble metal surfaces and nanoparticles by employing of different interacting potential functions for
the metallic and nonmetallic components [66]. In their force field, the water—gold interaction was di-
vided into three categories, each of which is described by different potential functions: the TIP3P
model for water, the quantum Sutton—Chen potential for inner gold atoms, and the capaci-
tance—polarizability interaction model for outermost gold atoms, represented by a modified Lennard-
Jones potential [66]. While this FF introduces extra complexity and hampers the practical flexibility
and transferability for applications in different biomolecular systems, it provides some evidence that
the surface of the aqueous gold nanoparticle may carry a negative charge, which is balanced by the
positive charge in the second outermost gold layer.

Following the above arguments, we also verified the performance of the rigid rod polarizable
model for AgNP by altering its positive and negative charges. The original rigid rod model was pa-
rameterized with a negative charge —g assigned at metal atom Me, whereas a positive charge +¢ fixed
at a virtual site (Fig. 1). However, physical meaning of atomic polarizability is due to the displacement
of electronic density under the influence of the external field, so that an alternative charging scheme of
the rod model can also be valid, in which negative charge —¢ is placed at a virtual site and positive
charge +q is fixed at metal atom Me, as shown in Fig. 6a. We carried out control MD simulations by
using such alternative polarizable scheme. We found, however, that the charge reversing in the rigid
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rod model has a little effect on water adsorption at the silver surface. In particular, the structure of the
first water layer and artificial water ordering were observed with MD simulations by using the original
and reversed charging scheme of the rigid rod model, as seen in a snapshot and RDF plots of g(r)ag-nw
in Fig. 6b-c. Moreover, we also found that the charge reversing in the rigid rod model did not affect
the adsorption of Na” and CI” ions (not shown), which suggests that due to the short-range polarizabil-
ity effects of the silver surface these ions prefer residing in bulk solution.

Conclusions and Future Perspectives

The polarization forces at inorganic/organic interface play an important role in the adsorption of
water molecules, ions and organic ligands [31]. While the most of structural and thermodynamic prop-
erties of adsorbed species at silver surfaces are well accounted with the existing empirical force field,
however, the accuracy of the simulations still depends on the suitability of the force field utilizing the
pair-wise Lennard-Jones interaction models. Therefore, it has been shown that some certain aspects of
the structure and dynamics of the first adsorbed water layer require the use of the softer Morse and
Buckingham potentials [50]. Alternatively, it has been suggested that the existing force field may be
upgraded by implementing various approaches, mimicking metal polarization effects [32].

In this work, we implemented and validated the polarizable FF parameters for Ag suitable for at-
omistic MD simulations of silver nanoparticles (AgNPs) and bulk-Ag/water interfaces. Our model is
derived from the rigid rod model [40], in which induced charge polarization is represented by the dis-
placement of a charge-carrying virtual site, attached rigidly to a polarizable Ag atom. We compared
the performance of the classical nonpolarizable FF and the new polarizable model of Ag by the model-
ing of adsorption of water molecules and NaCl ions onto quasi-spherical AgNP and the flat crystalline
(111) silver surface. The analysis of the radial distribution function of Ag-Ag atoms demonstrated that
the introduction of the polarization effect had minor effects on the fcc packing of silver atoms in both
isolated and water solvated AgNPs, respectively. The implementation of the polarization effect led to
some increase in attractive interactions between the silver surface and water molecules and Na" ions.
As a crucial test of the developed polarizable model, the structure of adsorbed interfacial water mole-
cules was analyzed. We found that the environment-induced polarization of the silver surface contrib-
utes significantly to the structure of the adsorbed interfacial water layer and plays an important role in
the adsorption of positive ions. However, it was also demonstrated that the polarization effect of Ag is
rather short-range, so that a minor contribution of the silver atom polarization was seen for adsorption
of water molecules and ions from distant solvation shells [64]. Despite the short-range polarization
effects, the proposed polarizable FF model for Ag can, however, have an important contribution for
MD simulations of adsorption of charged organic ligands and polyelectrolytes due to Coulomb attrac-
tions. Moreover, the use of the polarizable Ag model might be promising for accurate estimation of the
electrostatic potential at the silver surface. These studies are currently in progress in our team.
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M.M. BnaxuHckas, A.B. KupuueHnko, O.H. KanyruH. MonspusaumMoHHOe cunoBoe none Ansg MOMeKynsipHo-
AMHaMNYecKoro MogenvpoBaHusa HaHodYacTul, cepebpa.

XapbKOBCKWI HaLMOHanNbHbIN YHUBEpPCUMTET uMeHn B.H. KapasuHa, xumuuyeckun cakyneteT, nn. Ceoboasl, 4,
XapbkoB, 61022, YkpanHa

lMpu KOHTaKTe MeTannMYeckMx NOBEPXHOCTEN cepebpa ¢ BOAOW, MOHAMU U OPraHUYeCKUMUN NUraHaaMn BO3HUKAIOT UH-
OyLMpoBaHHble 3apsiabl, KOTOpblE MPUBOAST K nonsipusaumn. Monsipu3aumnoHHbIe CUMbl UTpatkoT BaXKHYHO ponb B Heopra-
HUYECKMX N OpraHMyecknx MexdasHbIX rpaHuLax v BMUSIIOT Ha OPYre HEKOBANEHTHbIE MOBEPXHOCTHbIE B3aMMOLENCT-
BMSA. HecMOTps Ha BaXKHOCTb 3TUX B3aUMOAENCTBUIA, [0 CUX NMOP ObINO CMOXHO peanun3oBatb Takue MonspusaunoHHbIe
3hheKkTbl B KNACCMYECKOM MOJEKYNSPHO-AMHamMmnYeckoMm MogenvposaHum (ML). B nepsyto ovepenpb, B AaHHOW CTaTbe
npeacTaBneH 063op ABYX NOMNYMAPHbLIX MNOMAPU3aLMOHHBIX MOZENEN, TakuX Kak MoAernb ocumnnaTopa [dpyae u Moaenb
JKECTKOrO CTEPXHS, KOTOPbIE UCTIONbL3YIOTCS AN ONMCaHUsA nonspusaummn obbemMHbIX MeTannos. Bo-BTopbix, HamMu pas-
paboTtaHo nonsipusaumoHHoe curosoe none (Cl) ans atoma cepebpa Ha OCHOBE MOLENM XXECTKOTO CTEPXKHS, KOTOPOe
BMOCNEeACTBUM ObINO aaanTMpOBaHO K aTOMUCTUHECKOMY MOAENMPOBaHMIO HaHo4acTul, cepebpa (AgNP), cocTosilumx 13
1397 atomoB. B npennoxeHHoM Moaenu 3apsiioBO-MHAYLIMPOBaHHas Monsipu3aumns npeacraeneHa CMeLLEHEM BUPTY-
anbHOro camTta C 3apsiAoM, XECTKO MPUKPENNEHHOro K 06biuHOMY aTtomMy Ag. [ns uccnenoBaHns pony nonspusaumm mbl
CPaBHWIMU AaHHbIE, MOIMYyYEHHbIE C MCMOMb30BaHMEM KIMACCUYECKOro HenonsipuaoaHHoro CI1 1 HOBOWM NonsipusaunoHHON
mogenv B MLl mogenvnpoBaHum agcopbuum Boapl M MOHOB Ha KBaaucdepuyeckon HaHodacTuHUe AgNP 1 nnockon Kpu-
CTannM4eckor NoOBEPXHOCTM cepebpa. AHanm3 yHKUMM paauanbHOro pacnpegeneHns atomoB Ag-Ag NPOAEMOHCTPUPO-
Ban, YTO BHEAPEHWE MOMnspU3aLMOHHOrO adhdekTa HE3HAUUTENBHO BIUSIET HA YMAKOBKY aTOMOB cepebpa B rpaHeLeH-
TPUPOBaHHYO Kybudeckyto pewetky AgNP, nsonuposaHHyto B Bakyyme, 1 AgNP, conbBaTupoBaHHyto B Boge. [MokasaHo,
YTO MONSPU3aLIMOHHOE CUMOBOE MOJS1E BbI3bIBAET HEKOTOPOE YCUIEHUE B3aMMOOENCTBUS MEXY NMOBEPXHOCTLIO cepebpa
1 Morekynamu Bogpl, 1 voHamm Na®. B kauecTBe peLuatoLLero TecTa pa3paboTaHHOi Nonspu3aLMoHHOM MO, Hamu
Oblna NnpoaHanMavpoBaHa CTPYKTypa Crosi ancopburpoBaHHbIX MEXdasHbIX MOMeKyrn Boabl. Halwm gaHHble cBuaeTensCT-
BYHOT O TOM, UTO ODYCIOBMEHa OKpYXatoLlen Cpedoi nonsipusaums NoBepXHOCTU cepebpa B 3HAUUTENBbHOW CTEneHU
BMUSIET Ha CTPYKTYPY aAcopOMpPOBaHHbIX MeXdasHbIX CIOEB BOAbl, @ TakKe OHA WUrpaeT BakHyk porb B agcopoumm
NONOXUTENBHO 3apsPKEHHbIX MOHOB. OAHAaKO ObINO Takke YCTAHOBMEHO, YTO 3¢hdheKT Nonspu3aLmm sSBrseTca 4oCTaTou-
HO KOPOTKOAENCTBYHOLLMM, NOSTOMY HabMoJaeTca He3Ha4YUTENbHbLIN BKNag nonspusauum cepebpa B agcopbumio More-
Kyn BOZbl, U MIOHOB 13 OTAANEHHBIX COMNbBAaTHBLIX 060OYEK.

KnioueBble cnoBa: cepebpo, HaHoYacTuLa, rpaHeLeHTpMpoBaHHas kybudeckasi peleTka, LK, nonspusauu-
OHHas Moaens, ocumunnaTop Opyae, MonekynsapHo-AMHaMUYecKoe MOAENUPOBaHNE.

M.M. BnaxuHceka, O.B. Kupuuenko, O.M. KanyriH. [lMongpisauiiHe cunoBe none Ans MOMeKynsipHo-
AVHaMIYHOro MoJentoBaHHS HAHOYACTMHOK cpibna.

XapkiBCbkui HauioHanbHWI yHiBepcuTeT imeHi B.H. KapasiHa, ximiyHni dpakynbteT, mangaH Ceoboawn, 4, Xap-
kiB, 61022, YkpaiHa

Mpw KOHTaKTi MeTaneBnx NOBEPXOHb Cpibnia 3 BOAOH, iOHaMK Ta OpraHiyHMMKM niraHgamMmmM BUHUKAKOTL iHAYKOBaHI
3apsiam, Wo NpusBoAATb A0 nonspusadii. MNonsapusauinHi cunu BigirpaloTb BaXMBy porlb HA HEOPraHivYHWX Ta opra-
HIYHMX MiK(pasHUX rpaHnLSX | BNAMBalOTh Ha iHLWI HeBaneHTHI MOBEpPXHEBI B3aeMogii. He3paxkatoum Ha BaXXMBICTb
uMX B3aeMogin, 4o cux Mip 6yno cknagHo peanisyBaTu Taki Nnonsipusadiivi edeKkT Anst Knacu4yHOro MoneKynsipHo-
AnHamiyHoro mogentoBaHHs (MI). B nepuly 4epry, y AaHi cTaTTi HaBeAeHo ornsg ABOX NOMynspHUX Nonsipuaauin-
HUX Moaenen, Taki Sk mofenb ocuunsaTopa [pyae i Moaenb >KOPCTKOro CTPWDKHS, siKi BUKOPUCTOBYIOTLCA ANs Bif-
TBOPEHHSA nonspu3auii 06’emHux metanis. [No-gpyre, Mn 3actocyBanv Moferb XXOPCTKOrO CTPUXHA A0 nonapusa-
uinHoro cunosoro nong (CI) ana atoma cpibna, sike 6yno 3rogoM aganToBaHO At aTOMICTUYHOTO MOLEMOBaHHA
HaHo4yacTMHoK cpibna (AgNP), wo cknagatTeea 3 1397 atomi. Y Hawi Mogeni iHaQyKoBaHa nonspuaadis 3apsgy
npegcrasneHa 3MilleHHsIM BipTyanbHOro canTy 3 3apsiioM, XXOPCTKO MPUKPINeHoro 4o 3sBuyanHoro atoma Ag. [inga
OOCTiAKEHH poni nonapuaadii MM MOPIBHANW AaHi, OTPMMaHHI 3 BUKOPUCTAHHSIM KIacMYHOro HenonsipusauinHoro
CI1 Ta HoBoi Nonsipu3avinHoi mogeni, B M mogentoBaHHi agcopbuii Boau Ta ioHiB Ha kBasichepuyHii HaHOYaCTUH-
ui AgNP Ta nnockii kpucTanivHin nosepxHi cpibna. AHanis dyHkuii pagiansHoro po3noginy atomis Ag-Ag npogemo-
HCTpYBaB, LLO BMNPOBaXXEHHS MONSpU3auinHoro eekTy He3HayHO BMfMBAE Ha rpaHELLeHTPOBaHy KybidHy rpaTtky
aTomiB cpibna HaHO4YaCTMHKW, L0 i3onboBaHa B Bakyymi, Ta AgNP, conbBaToBaHoi y Bogi. My BusBunu, Wo nonspu-
3auifiHe cunoBe Mose BUKIMKAE OesKe MOCUITEHHS B3AEMOZIN Mixk MOBEPXHELD cpibna i monekynaMmu Boau, Ta ioHa-
mu Na*. B sikocTi BUpiLLianbHOro TecTy po3pobrieHol nonsipuaaLiiiHoi Moaeni, Hamu 6yna npoaHanizoBaHa CTPyKTypa
wapy agcopboBaHux mixxdpasHux mMonekyn soau. Hawi gaHi ceigyatb npo Te, Lo 06ymMOBrneHa HaBKONULLHIM cepe-
[JoBMLLEM Nonsipu3alis cpibHOi MOBEPXHi 3HAYHOK MipOHD BMMMBAE Ha CTPYKTYpy aacopboBaHMX MixkdasHux Liapis
BOAM, @ TAKOX BOHA Bidirpae BaxnvBy ponb B agcopbuii No3uTnBHO 3apsigkeHux ioHiB. OgHak Byno TakoX BCTaHOB-
neHo, Wo edekT nonapusauii € JOCUTb KOPOTKOAII0UYMM, TOMY CrOCTEpIraeTbCA HE3HaYHUA BHECOK nonspusawii
cpibna B agcopbuiio Monekyn Boaw, i ioHIB i3 BigganeHux conbBaTHMX 060MOHOK.

KntouoBi cnoBa: cpibno, HaHOYaCTWHKKM, rpaHeLeHTpoBaHa KybiyHa rpaTtka, UK, nonapusauinia mogens, oc-
umnaTop OpyAae, MoneKynsapHO-AMHaMiYHe MOAENOBaHHS.
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