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MOLECULAR DYNAMICS SIMULATIONS OF SILVER
NANOPARTICLES OF CUBIC AND BIPYRAMIDAL SHAPE

M.M. Blazhynska, A.V. Kyrychenko, O.N. Kalugin

The crystalline structure, the perfect face-centered cubic (fcc) atom packing and macroscopic morphologi-
cal stability of sharp-edged silver nanoparticles of cubic and bipyramidal shapes were compared against
quasi-spherical nanoparticles by using classical molecular dynamics (MD) simulations. A series of silver
nanocubes (AgNCs) and nanobipyramides (AgNBs) of different sizes varying from 44 up to 1156 atoms
were considered. Our MD simulations revealed that starting from the preformed perfect crystalline structures
the initial shape was preserved for cubic and bipyramidal nanoparticles composed of more than 256 atoms.
Surprisingly, the rapid loss of the cubic-shape morphology and transformation into the
non-fcc-structure were found for the smaller AQNCs composed of less than 172 atoms. No such loss of the
preformed crystalline structure was noticed for bipyramidal and quasi-spherical nanoparticles. The analysis
of the binding energy of the outermost Ag surface atoms suggests that the loss of the perfect cubic shape,
rounding and smoothing of sharp edges and corners were driven by the tendency towards the increase in
their coordination number.

Keywords: silver, nanoparticle, nanocube, nanobipyramide, fcc, sharp-edged, molecular dynamics simu-
lation.

Introduction

Silver nanoparticles (AgNPs) have gained the growing attention due to their great performance in a
broad range of applications, ranging from spectroscopic techniques based on surface-enhanced Raman
scattering and metal-enhanced fluorescence up to numerous life-science applications, such as in vivo
cellular imaging and sensing [1-3]. In recent years, particular attention has been paid to synthesis and
characterization of sharp-edged AgNPs [4], because their optical, electronic and catalytic properties
are strongly dependent on the number of constituent atoms and morphology [1,5-7]. The simple chem-
istry enables the tuning of these properties by varying the shape, ratio and number of the corners and
edges that holds promise for their applications in many industrially and technologically important
phenomena, ranging from chemical engineering to nano-science [8-11]. However, the complex inter-
play among the physico-chemical properties, such as size, morphology, charge, and ligand coating,
often makes the interpretation of the experimental results difficult [6,7].

Despite the substantial progress made in the chemical fabrication of sharp-edged silver nanostruc-
tures, there is less understanding of their morphological stability where high resolution methods are
still difficult to apply [12]. Therefore, the atomic-scale information, which is not directly accessible by
experimental studies, is often tested out by various types of computational chemistry methods. Among
these methods, molecular dynamics (MD) simulation has become a powerful tool, which can effec-
tively complement experiments to design well-defined nanostructures [6,13] and may facilitate the
investigation of structure of metal nanoparticles at the atomic level [14]. MD simulation studies have
already provided the important insight into solution-phase synthesis of silver nanostructures that in-
volves the seeded growth [15,16], aggregation of silver clusters, as well as adsorption of stabilizing
agents and solvent molecules onto the exposed facets of inorganic metal nanocrystals [17,18]. Numer-
ous MD simulation studies of isolated quasi-spherical metal nanoparticles, as well as nanoparticles
protected by organic ligands [19-21] and polymers [22-26], have been conducted. However, the reli-
ability of classical MD simulations of non-spherical nanoparticles with sharp edges and corners, such
as cubes, pyramids, octahedrons, rods, etc., is still poorly understood [15,27,28].

The main goal of our work was to benchmark a scope and limitations of classical MD simulations
for studying of the structure of sharp-edged silver nanoparticles with cubic (AgNCs) and bipyramidal
(AgNBs) shapes (Figure 1). A series of silver nanocubes and nanobipyramides of different sizes, vary-
ing from 44 up to 1156 atoms, were considered. The relative stability of silver nanoparticles of the
different shapes was found to be correlated with the binding energy and the coordination numbers of
the outermost low-coordinated Ag surface atoms.
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Molecular dynamics simulations of silver nanoparticles of cubic and bipyramidal shape

Molecular dynamics simulation setup

The initial configuration of the silver nanocubes (AgNCs) and nanobipyramides (AgNB) were ap-
proximated by the preformed perfect face-centered cubic (fcc) crystalline structure (Fig. 1). All silver
nanoparticles consisted of neutral, non-polarizable silver atoms with the zero charge. The repulsion
and dispersion terms of the nonbonded interactions between silver atoms were computed by using the
Lennard-Jones 12—6 potential energy function (Fig. 1, Eq. 1), which describes the dependence of the
potential interaction energy Vi(r;) of two silver atoms as a function of the interatomic distance. The
nonbonded interaction parameters Ag-Ag 6=0.264 nm and &=19.0587 kJ/mol were taken from our
recent works [22, 29]. No 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.

Each Ag nanostructure was simulated in vacuum according to the following procedure: (/) Steepest
descent energy minimization was performed for 500 steps. (2) Initial atomic velocities were generated
with the Maxwellian distribution at T=250 K. Then, productive MD sampling was carried out at the
reference temperature of T=303 K, which was kept constant using the Berendsen weak coupling
scheme with the temperature coupling constant of t;=0.1 ps [30]. To test the reproducibility of our
MD simulations, 3-5 independent MD runs were carried out for each studied system, starting from
different initial distributions of Maxwellian atomic velocities. 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
[31]. Molecular graphics and visualization were performed using VMD 1.9.2 [32].
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Figure 1. Silver nanostructures: (a) — truncated polyhedron (AgNPig45), (b) cube (AgNCig9), (¢) bipyramide

(AgNB 56). (d-e) The Lennard-Jones (LJ) 12-6 potential energy function and the example of the LJ potential for
Ag-Ag.
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Results and Discussion

MD Simulations of Morphological Stability. The morphological stability, crystalline structure
and the perfect face-centered cubic (fcc) atom packing were considered for series of preformed silver
polyhedrons, nanocubes and bipyramides of varying sizes from N=44 up to 1156 atoms (Fig. 1). Our
MD simulations revealed that the morphological stability of the preformed silver cubic-shape
fee-nanocrystals was size-dependent. MD simulations of each system AgNC was repeated from 3 to 5
times, starting from different initial distributions of Maxwellian atomic velocities. In the most cases,
the perfect cubic shape and the fcc crystalline structure were reproduced for AgNCs composed of
N=256-1099 atoms. In some single MD runs, fcc lattice defects due to displacement of a single Ag
atom could be observed. However, for the smaller AgNC with N=172, all independent MD runs re-
vealed the appearance of multiple crystalline lattice defects and the significant loss of the sharp cor-
ners and edges. Upon a further decrease in N to 63-108, the complete loss of the cubic shape occurred
(Fig. 2). In contrast, in all the cases of AgNBs and quasi-spherical AgNPs of different sizes with
N=38-1156 MD simulations reproduced the initial morphology and the perfect fcc crystalline struc-
ture.

Root Mean Square Displacements. To characterize the stability of Ag nanostructures, their struc-
tures were analyzed by calculating the root mean square displacement (RMSD) of Ag atoms as a func-
tion of time (Fig. 2). The RMSD of all Ag atoms was calculated with the respect to their positions in a
perfect fcc structure by using the GROMACS utility g _rms, which carries out least-square fitting the
current Ag nanostructure (z,) to its initial perfect structure (r; = 0) (Eq. 2).
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where M is given by (Eq. 3) and 7i(t) is the position of silver atom 7 at time t [33].
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Figure 2. Time-traces of MD simulations of root mean square displacements (RMSD) for the position of silver

atoms in AgNCq; and AgNBy,. Each RMSD plot is normalized by the number of silver atoms in the system.

For comparison of the morphological stability of AgNB4s and AgNCs;, their structures were ana-
lyzed by calculating the root mean square displacements (RMSD) of Ag atoms as a function of time.
The RMSD of all Ag atoms was calculated with respect to their position in a perfect fcc structure by
least-square fitting of the nanoparticle structure (z,) to its initial perfect structure (7,=0) (Fig. 2). MD
simulations demonstrated that the smallest AgNB4, was capable to keep its initially preformed
bipyramidal shape during 10 ns sampling period. In contrast, the complete loss of the cubic shape was
evident for AgNCg; already after 2-3 ns (Fig. 2).
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Coordination Numbers of Ag atoms. In a fcc unit cell the lattice atoms were located at each of
the corners and the centers of all the cubic faces; therefore, each bulk Ag atom occupied the closed-
facets site with the coordination number (CN) of 12. The coordination number decreased up to 9, 7, 4
and 3 for the Ag atom that located at the side, edge, and corner of the cubic and bipyramidal shaped
nanoparticles [34] (Fig. 3).

The analysis of the morphological stability of the studied systems showed that the loss of the per-
fect structure in the sharp-edged Ag nanoparticles was driven by the tendency of the outermost low-
coordinated Ag atoms located at the corners and edges to increase in their coordination number (CN)
by acquiring more neighboring surrounding atoms [34, 35]. Upon going from AgNCs to AgNBs the
CNs of the corner atoms were increased from 3 up to 4 (Fig. 3). Therefore, AgNBs were characterized
by the more stable morphology as compared with AgNCs of the same sizes. These findings explain the
high morphological stability of quasi-spherical nanoparticles, in which corner and edge atoms are
characterized by CN=7 (Fig. 3).

AgNP AgNC ;g
Figure 3. Coordination number distribution of surface atoms in silver nanoparticles of different shape: In
AgNP 43, AgNC99 and AgNBy 156, Ag atoms are color-coded according to their coordination number: corner
atoms in AgNC (blue) — CN=3, corner atoms in AgNB (red) — CN=4, edge atoms (orange) — CN=7, side atoms
(white) — CN>9. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Binding Energy of Outermost Ag atoms. The Van der Waals binding energy of the certain atoms
located at the corners and edges of the studied silver nanoparticles were considered by estimating their
average LJ interaction energy calculated with the rest of the Ag atoms within the interaction cutoff
distance 0.8 nm. As mentioned above, for AgNCs composed of N>256, the perfect cubic shape was
reproduced. However, some single Ag-atom lattice defects could still be observed. Fig. 4 shows the
example of the formation of such single-atom defect and the time trace of the binding energy of a sin-
gle corner Ag atom in AgNCsg calculated from the MD trajectory. The binding energy of the single
corner Ag atom demonstrated the high-amplitude fluctuations around the initial plateau at -76 kJ/mol
during the first 0.8 ns. After that, the rapid hopping of the Ag atom toward the side position occurred
leading to the binding energy decreased up to -104 kJ/mol. The corner-to-side hopping of the selected
Ag atom required the activation energy AE, of ~12 kJ/mol (Fig. 4). AE, was calculated as the differ-
ence between the average binding energy of the selected Ag atom (energy trajectory from 0 to 0.8 ns)
and the highest energy value observed before the hopping (dotted lines in Fig. 4). In AgNBg7, no such
corner atom hopping occurred, so that its binding energy was fluctuated around -90 kJ/mol. In agree-
ment with the increase in the coordination number (Fig. 3), the much larger binding energies of
-149 and -174 kJ/mol were observed for the corner and edge atoms in AgNPq; (Fig. 4). This fact
explains the high structural stability of quasi-spherical silver nanostructures.

Thus, we suggest that the loss of the perfect cubic-shape, accompanied by rounding of the sharp
edges and corners, is driven by the tendency of the outermost Ag atoms to acquire more neighboring
surrounding atoms. The migration of the certain Ag atom from an edge or a corner should lead to the
increase in their coordination number, so that their binding stabilization energy should also increase. It
is also well recognized that physical and chemical properties of metal nanoparticles are strongly size-
dependent because of their large surface-to-volume ratio [34, 36, 37]. In the studied AgNCs, the frac-
tion of the outermost surface atoms (F,r) was increased from 39.5 % up to 85.7 % when going from

26



M.M. Blazhynska, A.V. Kyrychenko, O.N. Kalugin

AgNC99 to AgNCgs, respectively. In AgNCg, the majority of the Ag atoms (54) were the weakest
bound surface atoms. Therefore, these arguments explain the low stability of the cubic-shape mor-
phology of small AgNCs and their rapid rearrangement to the nearly spherical shape that is more
thermodynamically stable.
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Figure 4. MD simulations of time traces of the Van der Waals binding energy of a single Ag atom located in
different positions (color-coded) in the silver nanoparticles of the different shape.

Summary

Our MD simulations revealed that, starting from the preformed perfect crystalline structures, the
morphological stability of a series of AgNCs and AgNBs depended on their shapes and sizes varying
from 44 up to 1156 atoms. The rapid loss of the cubic-shape morphology and transformation into the
non-fce-structure were found for the smaller AgNCs composed of less than 172 atoms, which were not
observed for bipyramidal and quasi-spherical nanoparticles of the same sizes. The analysis of the bind-
ing energy of the outermost Ag surface atoms suggests that the loss of the perfect cubic shape, round-
ing and smoothing of sharp edges and corners are driven by the tendency towards the increase in their
coordination number. Therefore, the structure of AgNBs, in which its low-coordinated corner atoms
have CN=4, is characterized by the more stable morphology as compared to AgNCs, in which its cor-
ner atoms have the smallest CN=3. Taken together, these results provide the new important physical
insights onto the relative stabilities of various sharp-edged silver nanoparticles in the gas phase, which
have further promising perspective in solution phase synthesis of polymer-protected silver nanoparti-
cles.
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cepebpa kybuyeckon n GunupammaansHo opMbl.

B paHHOM cTaTbe pacCMOTPEHbl KpUCTannmMyeckme CTPYKTYpbl OCTPOYrofbHbIX HaHo4acTuy, cepebpa ¢ cosep-
LUEHHON rpaHeueHTpupoBaHHon Kybudeckon (LK) ynakoBkon aToMOB M KX CNOCOBHOCTb K MaKpOCKOMUYECKON
Mopdponoruyeckon crabunbHoctTn. OCTpoyronbHble HaHoYacTUubl cepebpa npeacrasneHbl B hopMe KyboB K
6unupamng, U CpaBHMBAKOTCH C KBa3W-CEPUHECKUMM HAHOYACTMLL @MU TON Xe Mpupodbl, C MOMOLLBIO MeToada
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KIlaccmnyeckoro MornekynspHo-anHamumdeckoro (M) mopoenupoBaHus. Beina uccnegosaHa cepusi pasHopasmep-
HblXx HaHoky6oB (AgNC) n HaHobunupamug (AgNB) cepebpa, koTopble cogepxaT oT 44 no 1156 atomos. lNMpose-
AeHHoe M mogenupoBaHue CBUAETENbCTBYET O TOM, YTO UCXOAHbIE COBEPLUEHHbIE KpUCTanmnnyeckue CTpyKTy-
pbl, KOTOpble COCTOSIT U3 Gosblue Yem 256 aToOMOB, COXPaHSOT CBOK MepBUYHyt0 dopmy. McknoumTenbHbIM
sBnsieTcs ToT dpakT, uto anst AGQNC, koTopble cocTosiT U3 MeHee Yem 172 atomoB, Obina 3acdukcpoBaHa MrHo-
BeHHasi noTepsi Kybuyeckor opMbl U NOMHOE MpeBpaLleHne B amopdHyto cTpykTypy. OgHako, Ans HaHobunu-
pamug 1 KBasn-chepmyecknx HaHOUaCTUL Tako MOpPdONOrMyeckon NoTepu He MPOUCXOAMNO. AHanNn3 aHepruun
cBs3n Hanbornee oTAaneHHbLIX aToMOB cepebpa OT LeHTpa ykasbiBaeT Ha TO, YTO NpeBpalleHne COBEpLUEHHOMN
Kybryeckon hopMbl B OKPYTIYH U CrMaXEHHYI0 NPOUCXOAMUT 3a CHET U3MEHEHUST BENMUYUHBI OCTPOro Yria u Koop-
AvHauuM aTOMOB BEPLUMHBI, YTO CBA3AHO CO CKIMOHHOCTLIO YrIOBbIX aTOMOB K YBEMNUYEHUIO CBOMX KOOpAUHALM-
OHHbIX Yuncen.

KnioueBble cnoBa: cepebpo, HaHo4acTuua, HaHoKy6, HaHobunupamuaa, MUK, ocTpoyronbHbIA, MonekynsipHo-
OVHaMmn4yeckoe MOLEenMpoBaHue.

M.M. BnaxuHceka, O.B. Kupunyenko, O.M. KanyriH. MonekynspHo-AMHaMiyHe MOAentoBaHHA HaHOYaCTUHOK
cpibna kybiyHoi Ta GinipamigansHoi dopmu.

Y [aHin cTaTTi po3rnsHyTi KpUCTanivyHi CTPYKTYPW roCTPOKYTHUX HAHOYACTMHOK cpibna i3 JOCKOHarnoto rpaHeLe-
HTpoBaHot KyGiuHot (LK) ynakoBkoto aToMiB Ta ixX 3a4aTHICTb 4O MaKpOCKOMiYHOT MOpdonoriYHoi cTaGinbHOCTI.
oCTpoKyTHI HaHo4acTWHKM cpibna npeacrtaBneHi y dopmi Ky6iB Ta Oinipamia, Ta NOPiBHIOKOTLCS i3 KBa3i-
chepuyHMMM HaHOYaCTUHKAMM Ti€l XK NPUPoOAMX, 3a AOMNOMOrOK METOAY KAaCUYHOrO MOSEKYNsipHO-AMHAMIYHOIO
(ML) mopentoBaHHsa. Byna gocnigxkeHa cepist pisHopoamipHux HaHokybiB (AgNC) Ta HaHobinipamig (AgNB) cpi6-
na, wo mictatb Big 44 0o 1156 atomis. MNposeaeHe M mogentoBaHHA CBIAYNTL NPO Te, WO NOYATKOBI AOCKOHAsI
KpUCTaniyHi CTPYKTYpW, siKi cKnagatoTbes i3 Ginblu Hixk 256 aTtomis, 36epiratoTb CBOIO NepBUHHY opMy. BuHATKO-
BUM € Ton dpakT, wo ans AgNC, ski cknagatoTbes i3 MeHL Hixk 172 aTomiB, 6yna 3acdikcoBaHa MUTTEBa BTpaTa
Kybi4HOi chopmm i NoBHE NepeTBOpeHHst y amopdbHy CTpykTypy. lNMpoTe, ansa HaHobinipaMia Ta KBasicdepuyHmx
HaHOYaCTMHOK Taka MopdbororiyHa BTpaTa He BigbyBanacs. AHani3 eHeprii 38’s13ky HanbiNbL BigAaneHWx aTtomis
cpibna Bia LIEeHTPY BKa3ye Ha Te, Lo NepeTBOPEHHS OCKOHANOi KyBiuHOI (hbopMmn B OKpyrny Ta 3rnamkeHy Biady-
Ba€ETbCHA 3a paxyHOK 3MiHN BEMWYMHN FOCTPOro KyTa Ta KOOpAMHaUIiT BEPLUMHHMX aTOMIB, LLO MOB’A3aHO i3 CXUIbHi-
CTIO KyTOBMX aTOMIB 0 36iNbLUEHHS1 CBOIX KOOpAMHALIMHNX YnCern.

Knro4oBi cnoBa: cpibno, HaHo4YacTuMHKa, HaHOKYO, HaHoGinipamiga, LK, rocTpokyTHWiA, MonekynsipHo-

OWHaMiYHe MOAEeNtoBaHHS.
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