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Electron dynamics in gold (Au,) nanoparticles in the absence and presence of electric field is studied using
molecular dynamics simulations. For this dynamics, motion of electrons is treated classically by considering a force
field including Coulomb and van der Waals interaction potentials for the electron—electron (e”—e™), electron-ionic
core (e —Au™) and ionic core-ionic core (AuT~Au™) pairs of species. These electrons and ionic cores are set initially
at the alternative sites of a set of identical twin fcc lattices. Electric current and conduction are evaluated for the
Au,, gold nanoparticles of different sizes (n = 2048, 2816, 3328, and 3840) in electric field of 0.001 V/A strength.
Results of this study show a non-linear dependence of electric conduction on the size of the gold nanoparticles.
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1. Introduction

Electron transfer (ET) is one of the most important
elementary processes in chemistry. An elementary ET
reaction is characterized by the transfer of at least one
electron from one species to another, or from one part of a
molecule to the other without any change in the bonding
connectivity in the contributing species and molecules.
The ET reaction, thus, appears as a change in the elec-
tron density distribution over the reacting species [1].
ET reactions occurring in the bulk of liquid and at the
solid-liquid interface have wide applications in chemical,
electrochemical, biological and semiconductors processes
and especially in photovoltaic solar cells [2]. It is thus
necessary to study ET at atomic/molecular level in or-
der to understand mechanisms of these processes and
improve performance of the electronic devices and pho-
tovoltaic solar cells. Furthermore, pure physical ET in
which no chemical reaction is involved, play a central
role as precursor of reactive ET processes and in the per-
formances of solid state devices in the form of displace-
ment of electrons in an electrical conductance or across an
electronic junction, as well as in all electrostatic phenom-
ena which have both useful and destructive effects [3, 4]
in many industrial processes. Specifically, production of
electrostatic charges and its consequent physical ET con-
tribute both constructively and destructively in the pro-
duction, processing and applications of powders of dif-
ferent materials, especially nanoparticles (NPs). There-
fore, detailed knowledge of ET is crucial in modifying
and improving processes involved in the production and
manipulation of NPs.
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Nanoparticles have 1-100 nm sizes [5-7]. One signifi-
cant consequence of this length scale is a high surface area
to volume ratio that results in unique properties such
as high catalytic activities and specific quantum effects
including non-ohmic and discrete electric conductance.
Quantum behavior of electrons in discrete pathways on
the surface or in the bulk of nanosize or nanostructure
materials can enhance or inhibit electric conduction of
these materials. Size, geometry and bonding configura-
tion of NPs determine this quantum behavior [8].

Metal nanoparticles are of special importance due to
the ease of production with the desired sizes and shapes,
and with controlled electric, magnetic, optical, chemical
and physical properties including high electrical conduc-
tion [9, 10]. The metallic nanoparticles with high elec-
tric conductance can be applied as a thin layer in solar
cells [11]. Because of chemical stability and resistance to
corrosion, good alloying properties and high electric con-
ductance, gold NPs have found wider applications in the
study and production of nano-electronic devices [12, 13]
working based on the quantum transfer of electrons.

The bulk gold crystals adopt a face-centered cubic (fcc)
crystal structure, while gold NPs may have crystallized
or amorphous structures and appear in different shapes
and sizes [14]. Gold NPs have fascinating characteris-
tics such as low-symmetry structures at some geomet-
ric magic numbers [15] and size-related electronic, mag-
netic [16] and optical properties [17] due to quantum rel-
ativistic and size effects. Some atomic and macroscopic
properties of gold are listed in Table I.

Molecular dynamics simulation (MDS) is carried out to
understand behavior and evaluate properties of assem-
blies of molecules in terms of their composition, struc-
ture and microscopic interactions. Results of MDSs serve
as a complement for the results of conventional experi-
mental measurements, and to establish a connection be-
tween the microscopic length/time scales characteristics
and macroscopic properties and behaviors. The choice
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TABLE I

Some atomic and macroscopic properties of gold (Au)

Property Value Ref.
atomic number 79 [18]
atomic weight 196.967 g/mol [18]
isotope (abundance) 397 Au(100%) [19]
melting point 1064 °C [19]
crystal structure fee [20]
unit cell parameter 4.078 A [20]
density 19.3 g/cm? [15]
electrical conductivity (20°C) 4.1 x 107 S/m [15]
electrical resistivity (20°C) 244 %1078 Qm | [15]

of an accurate and descriptive potential energy function
is crucial to derive reliable and accurate results in MDS
studies [21].

The ultimate aim of this series of studies is to model
electron dynamics including electric conduction (EC) and
electron transfer (ET) processes in metal NPs under ex-
ternal electric field (voltage) within MDS approaches.
Gold nanoparticles are considered as prototype, specif-
ically because of reported well-developed synthetic ap-
proaches and characterization techniques [13, 17, 18§].

Presently, no well-defined force field is available for
the description of the motion of electrons and its con-
sequent properties such as electric conductance. This is
due to the quantum behavior of electrons at atomic and
molecular length scales and significantly smaller mass of
electron compared to the mass of atoms by factors of
~ 1837 A (with A being the mass number of the in-
volved atoms) which requires simulations with reduced
time scales, at least four orders of magnitude smaller
than those used for most MDSs. For MDS of the motion
of electrons, thus, much larger number of steps (by the
same factor) is needed, as compared to those of ordinary
atomistic MDSs.

2. Computation model and details

The electron dynamics/transfer (conduction) process
is modeled by considering the gold nanoparticles (Au,
NPs) to be composed of interacting gold ionic cores
(Aut) and electrons (e”). The ionic cores and elec-
trons are set at the sites of a twin fcc lattice having two
sublattices, one for ionic cores and the other for elec-
trons, both with fcc mutually intercalated structures and
a=0b=c=4.078 A cubic unit cell dimensions, which are
shifted in space by (%a, %b, %c) along the (z,y, z) axes,
with respect to each other. In this model, the ionic cores
and electrons are thus set alternatively in space as shown
in Fig. 1. The supercells of our MDS have identical di-
mensions (I, xI,) = (30.585 x 30.585) A? along the = and
y axes, but with different dimensions [, = 30.585, 42.819,
50.975, and 59.131 A along the z-axis, which are pro-
duced by repeating the twin unit cells along the three or-
thogonal axes. These supercells thus contain 2048, 2816,
3328, and 3840 gold atoms, respectively.

M. Salandari, H. Sabzyan

)
i
i

Fig. 1. An example of the initial geometry of a rectan-
gular gold nanoparticle modeled by a set of two identical
mutually intercalated (twin) fcc lattices of [Au™ (brown
balls) + e~ (white balls)| particles, used in this study
for the simulation of the electron dynamics in gold
nanoparticles.

In these MDSs, canonical ensemble with constant num-
ber of particles, volume and temperature (abbreviated as
NVT) is applied without periodic boundary conditions at
temperature T' = 85 K (corresponding to the normal boil-
ing point of argon) using the Brensden thermostat with
a 7 = 0.0005 ps relaxation time. The step time and total
number of steps are 1 x 107% ps and 1 x 107, respectively.
Complete charges of +e and —e are assigned to the gold
ionic cores and electrons, i.e. Au™ and e~, respectively.
All present MDSs are carried out using LAMMPS soft-
ware [22, 23].

In addition to the Coulomb electrostatic interactions,
non-electrostatic Lennard-Jones potentials are also used
for better description of the gold—gold (Au™Au™), gold—
electron (AuT—e~) and electron—electron (e”—e™) inter-
actions accounting partially for the non-classical behav-
ior of electrons in this system. The Lennard-Jones cutoff
radii are considered to be 30, but the cutoff distances
of the Coulomb interactions are set equal to the largest
dimension of the simulation box. In these MDSs carried
out for the simulation of the electron dynamics in gold
NPs, no periodic boundary condition is applied so that is-
sues related to minimum image convention and saw-dent
potential do not arise.

2.1. Lennard-Jones potential parameters (o and €)

Inclusion of the Lennard-Jones van der Waals po-
tential for the interactions including electrons and gold
ionic cores is based on the fact that the Coulomb in-
teraction cannot describe properly the non-local and ex-
tended nature of electrons, especially at very short and
very long inter-particle distances. The pure electrostatic
interactions result in strong attraction of oppositely
charged particles which should be avoided. Furthermore,
strong Coulomb repulsion of identically charged parti-
cles results in their ejection from the NPs (especially for
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electrons due to their significantly smaller masses), and
thus should be suppressed. Therefore, inclusion of van
der Waals type of interaction is necessary in the model-
ing of the dynamics of electrons, as it partially corrects
unrealistic behavior of pairwise interaction potentials at
the limiting distances. To represent the quantum na-
ture of electrons perfectly, more complex potentials are
needed whose development is not intended in this step of
our studies.

Atomization energy of the bulk solid gold
(368.40 kJ/mol [24]), corresponding to an Au-Au
bond energy of 61.4 kJ/mol in the fcc crystal structure
having coordination number 12, and the work function
of the gold NPs (3.6 €V [25]) are used to estimate the
and o parameters for the Au™Aut and AuT-e~ pair
interactions.

Since electrons are very lighter than the gold ionic
cores, the spatial moves (jumps) predicted and applied
in each step of the molecular dynamics simulation may
be so large to result in superposition with each other and
with the gold ionic cores in some instances of simulation.
Therefore, small values of collision diameter (o.- _.-)
should be considered for the e”—e~ Lennard-Jones in-
teraction potential.

Based on the criteria and estimations described above,
several sets of (g,0) values, listed in Table II, are con-
sidered and NVT MDSs are carried out, and their corre-
sponding lattice binding energies E} and work functions
W are calculated and analyzed. As can be seen in Ta-
ble II, for some sets of (g, o) values, the gold NP system is
not even stable and undergoes decomposition. The best
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results are obtained with the 0.15 eV and 0.08 eV values
for the Lennard-Jones interaction potential well depths
Eaut—Aut+ and €py+_co-, respectively.

To evaluate performance of the force field parameters,
the gold nanoparticle work function W corresponding
to the NP — NPT + e~ ionization reaction and binding
energy (Fp) corresponding to the energy change of the
NP(Au,) — NP’(Au,_,) + Au reaction are considered
as two objective and reference characteristics to be re-
produced by present MDSs. For the calculation of the
work function W, one electron is removed from the lat-
tice, and the whole simulation is carried out under the
same conditions. The energy difference E(NP1)—E(NP)
is then considered to be equal to W. Also, for the cal-
culation of the gold binding energy Ej,, MDS is carried
out for the Au,, and Au,_; NPs, and the energy differ-
ence F(Au,) — E(Au,_1) is considered to be equal to
FEy. A review of these results, reported in Table II shows
that the values of the two characteristics (work function
and binding energy) are very sensitive to the variations
of the force field parameters. Also, the best simultane-
ous agreement between the calculated values obtained
for both binding energy and work function quantities in
the present work and the corresponding experimental val-
ues [24, 25] is obtained only with the force field parameter
set No. 14. With this set of force field parameter val-
ues, the temperature fluctuations are settled down better
within 4 K (at T = 85 K). Therefore, in the rest part
of this study, this set of values is used for the simulation
of electron dynamics/conduction in the gold NPs under
external electric field.

TABLE II

Stability of the molecular dynamics simulations carried out on the Auspss cubic gold nanoparticle using different sets
of values for the AuT™-Aut, Aut—e~ and e e~ van der Waals interaction force field parameters. In these simulations,
NVT ensemble at T' = 85 K (normal boiling point of argon) with the Brensden thermostat (7 = 0.0005 ps relaxation
time) are used. The total number of steps and step time are 1 X 107 and 1 x 1079 ps, respectively. The values of € and o
are given in eV and A7 respectively. The binding energy (Ej in €V) and work function (W in e€V) obtained for this gold
NP are also reported in the last two columns. Experimental values reported for the binding energy and work function
of gold are E, = 0.64 eV [24] and W = 3.6 eV [25], respectively.

No. | eaut—nut | Eautoe— | Eom—o | Taut—aAut | Oaut—o— | Oe——o— | T K] | Ep w System stability
1 0.46° 0.03 0.050 3.64° 1.5 0.05 591 2.64 | 17.35 unstable
2 0.64 0.36 0.001 2.90 1.9 1.0 485 2.84 | 108.3 unstable
3 0.64 0.05 0.001 2.56 2.1 1.1 162 1.50 | 101.6 unstable
4 0.40 0.30 0.001 2.56 2.1 0.9 314 1.44 | 11.65 unstable
5 0.30 0.10 0.005 2.56 2.1 0.9 348 0.78 | 5.63 unstable
6 0.13 0.08 0.001 2.56 1.9 0.9 97 0.72 | 1.02 stable
7 0.12 0.07 0.005 2.56 1.9 1.0 95 0.65 | 0.36 stable
8 0.12 0.06 0.001 2.56 1.9 0.9 94 0.59 1.38 stable
9 0.11 0.06 0.001 2.56 1.9 0.9 86 0.56 | 0.23 stable
10 0.11 0.05 0.005 2.56 2.1 1.0 85 0.52 | 5.01 stable
11 0.10 0.05 0.001 2.56 1.9 0.9 87 0.29 | 0.44 stable
12 0.10 0.06 0.005 2.56 1.8 0.9 88 0.29 | 0.43 stable
13 0.15 0.08 0.001 2.56 1.9 0.4 160 0.72 | 4.86 stable
14 0.15 0.08 0.001 2.56 1.9 0.9 82 0.70 | 3.27 stable

“Ref [26]
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Fig. 2. Electrostatic, van der Waals (Lennard-Jones,
LJ) and total pair potential energy functions for the
Aut-Aut (a), Aut—e™ (b), and e"—e~ (c) interactions
corresponding to the parameter set No. 14 listed in
Table II. Note that the electrostatic component and
the total interaction potential are superimposed over all
e~ —e~ distance ranges shown in this figure.

The total potential energy curves corresponding to the
optimized values of force field parameters (set No. 14 in
Table II) are plotted in Fig. 2. As can be seen in this
figure, for this set of force field parameter values, in the
AuT-Au" and Aut—e™ interactions, the LJ potential is
predominant, while in the e”—e™ interaction, the electro-
static potential is predominant. As is expected naturally,
the e”—e™ interaction potential is repulsive over whole
range of the e”—e~ distances. Also, addition of van der
Waals interaction makes all three total potentials much
harder at short distances.

2.2. Electron transfer in gold nanoparticles
under electric field

In order to study electric conductivity of the gold
NPs, molecular dynamics simulations are carried out
also in the presence of external electric field of differ-
ent strengths in the range of (2-10)x10~* V/A applied
along the +z-direction of the simulation box. Stronger
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TABLE III

Effects of electric fields of different strengths on the bind-
ing energy Fp and work function W of the cubic (Auzo4s)
gold nanoparticle obtained at the end of 1x 107 step NVT
(T = 85 K) MDSs using the force field parameters set No.
14 introduced in Table II. Average equilibrium tempera-
ture Tuve and its fluctuation AT are also reported.

oty | T K| STIS B |1
10 86 3.9 0.63 3.74
8 87 3.9 0.61 2.56
6 81 4.0 0.61 1.61
4 80 3.9 0.60 2.04
9 83 4.0 0.60 3.43
0 82 1.8 0.70 3.27

electric fields are also examined, but they resulted in in-
stabilities and ionization of the NPs. Furthermore, no
significant or observable electric displacement (current)
is produced by electric fields weaker than 2 x 10~* V/A.
Values of binding energies obtained in the MDSs in the
presence of electric field are listed in Table III. For the
study of electron dynamics and the effect of the length of
the super cell, only electric field of 0.001 V/ A strength is
considered in this report. Behavior of electrons in these
simulations is characterized and described in the next
section.

3. Results and discussion

8.1. Radial distribution function

Distributions of the gold core ions Au™ and the elec-
trons e~ over the simulation box are characterized by
calculating and analyzing the radial distribution func-
tion (RDF) for the Aut—Aut, AuT—e~, and e"—e~ pairs.
Typical RDF curves calculated for the geometry of the
Ausgsg gold nanoparticle in the absence of electric field
in the first and last steps of an extra 5 x 10° step MDS,
and in the last step of the 1 x 107" MDS in the pres-
ence of electric field of 0.001 V/A strength are plotted
respectively in parts (a), (b) and (c) of Fig. 3. It can be
seen from Fig. 3a that even in the first step of simula-
tion, electrons are randomly displaced significantly such
that the structure of the e”—e~ RDF disappears imme-
diately at the beginning of the simulation. This is while
the well-structured Aut—e~ RDF shows that the elec-
trons adopt a relatively structured distribution around
the gold ionic cores. On the other hand, low peak height
observed for the e”—e™ RDF indicates that the electrons
are not accumulated but rather distributed over the crys-
tal space among the gold ionic cores. Also, the AuT-Au™
and Aut—e~ RDF peaks in the absence and presence of
electric field of 0.001 V/A show that the gold ionic cores
are also displaced, but with much smaller scales as com-
pared to those of the e”—e™ RDF. The calculated RDF
at t = 0.05 ps in the absence of electric field plotted
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Fig. 3. Radial distribution functions (RDF) calculated
for the Aut—Au’, Aut—e™, and e"—e~ pairs in the
Auzo4s gold NP in the NVT simulations described in
the text with the force field parameter set No. 14 (Ta-
ble IT), in the first (a) and the last (b) steps of simulation
in the absence of electric field, and (c¢) in the last step
of the 1 x 107 step simulation in the presence of electric
field of 0.001 V/X strength.

in Fig. 3b display more or less uniform distribution of
electrons over the space of the NP. When electric field is
applied, electrons are partially concentrated in one side
of the NP and thus the first peak of the e”—e~™ RDF be-
comes more intense (Fig. 3c). The features of the RDF
curves described above mean that the values of force
field parameters are set properly and can be used for
simulation of the electron dynamic/conductance process
of our interest.

3.2. Displacement of the electrons

The root of mean square displacements (RMSD) of the
electrons along the three Cartesian coordinates of the NP
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TABLE IV

The root of mean square displacements (RMSDs) of elec-
trons obtained for the 1 x 107 step NVT MDSs carried
out on the cubic Augoss gold NP with the force field pa-
rameter sets 2, 5 and 14 (Table II) in the absence and
presence of electric field of 0.001 V/A strength along the
+z-axis.

RMSD
No. E=0 E =0.001 V/A
x Yy z T Yy z
2 04 | 04 | 04 | 1.6 1.7 1.7
5 04 | 04 | 03 | 1.6 1.7 2.7
14 02 | 02 | 03 | 1.7 | 1.8 3.0

at the final step of simulations are calculated for the force
field parameter set 14 (Table II) both in the absence and
in the presence of electric field of 0.001 V/A strength.
These calculated RMSDs are reported in Table IV where
results obtained with the parameter sets 2 and 5 (Ta-
ble II) are also given for comparison. As can be seen in
this table, the least electron displacements at zero field
belongs to the force field parameters set No. 14, which is
selected as the best (optimized) set. Also, the RMSD val-
ues along all three directions, especially the direction of
the applied electric field (i.e. +2) increases as compared
to that in the absence of electric field. These increased
RMSDs can be attributed to the enhanced collisions of
electrons as a result of their partial concentration along
the +z-direction due to the applied electric field. Ex-
ceptional increase in the RMSD of the electrons in the z-
direction, as an obvious result of the applied electric field,
denotes also the conduction of electrons in this direction.

3.3. FElectric polarization

Electric polarization, i.e. dipole moment, is induced
in an object when an electric field distorts its uniform
electric charge distribution. In our systems of the Au,
gold NPs, the applied electric field displaces the electrons
inside the relatively fixed lattice of the gold ionic cores,
thus, separating the centers of the negative (electrons)
and positive (gold ionic cores) charges. The electric po-
larization P (with the components p,, p,, and p,) in-
duced by this separation is calculated at a limited num-
ber of points over the course of the NVT simulation on
the Auggss gold NP, and plotted in Fig. 4. As can be seen
in this figure, the polarization in the z- and y-directions
(i.e. p; and p,) are very small, because the electric field
has no component along these two directions. The initial
polarizations along all three directions are due actually
to the unavoidable offset arising from initial setup of the
shifted twin lattices (alternate positions of the electrons
and gold ionic cores) which does not allow superposition
of their centers (origins) to give expected zero polariza-
tion at the initial time.

It can also be seen from Fig. 4 that the induced charge
polarization along the z-axis (p.) increases at the early
and intermediate stages of the simulation, but fluctuates
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Fig. 4. Electric charge polarization induced in the
Ausgss gold nanoparticle during the course of a 1 x 107
step NVT MDS in the presence of the electric field of
0.001 V/A applied along the +z-direction.

without significant change towards an asymptotic value
in the late stage of the simulation. This behavior, which
can be attributed to the accumulation of electrons and
their increased repulsion opposing the effect of the elec-
tric field, is typical of the non-infinite systems such as
nanosized particles in our case.

3.4. FElectric current and electric conductivity

The main purpose of this series of works is to evaluate
electrical conductivity of gold nanoparticles created by
the motion of electrons in response to an applied electric
potential. Electrical conductivity measures the ability
of a medium (its charge carriers) to move under applied
electric field [27, 28]. When electrical field FE is turned
on, motion of electrons along the field direction produces
an electrical current I parallel to the direction of the elec-
tric field E, which is given by

I=N"eA v, (1)
where N* is the number density of the charge carriers
(electrons here), e is the charge of electron, A, is the
surface area of the cross-section perpendicular to the di-
rection of the electric current produced by electrons of
velocity v,. The electric conductance (o) of the medium
under electric field of E, strength is thus evaluated using

J: I
=, L= )
J. is the magnitude of the current density.

The average electron velocity v,, its consequent elec-
tric current I, and electric conductance ¢ are calculated
for the simulated motion of electrons in the gold NPs
of different sizes (fixed I, and l,, but different I, di-
mensions) in an 0.001 V/A electric field applied along
the +z-direction. Results of these calculations are re-
ported in Table V. Variation of the calculated electri-
cal conductivities of these gold NPs are also presented
pictorially in Fig. 5.

g =
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Fig. 5. Dependence of the electron conductivity on the

size 1, of the Au, gold nanoparticle.

TABLE V

Calculated values of velocities v, electric current I, and
conductance o of electrons obtained for the rectangular
Au,, NPs based on the NVT simulations under electric
field of 0.001 V/A strength showing the effect of the NPs
size in the z-direction [,. The experimental value of con-
ductivity for the bulk gold (i.e. of macroscopic sizes) is
reported to be 4.42 x 107 S/m [15].

NP | Size I, [A] | v, [m/s] | I. [10° A] | o [10° S/m]
Au2048 30.6 960 5.14 5.51
Au2316 42.8 946 4.86 5.18
AU3328 51.0 910 4.52 4.83
Ausgao 59.1 1065 5.93 5.91

Analysis of the data reported in Table V shows that
the calculated conductivity first decreases and then in-
creases with increasing the gold NPs size [,. Since, to
our knowledge, no experimental or computational (sim-
ulation) value is so far reported for the gold nanopar-
ticles, evaluation of the present simulation cannot be
accomplished.

4. Conclusion

Molecular dynamic simulations (MDSs) are carried out
to study electron dynamics in gold nanoparticles (Au
NPs) in the absence and presence of electric field. The
motion of electrons in these NPs is modelled by placing
initially the gold ionic cores (Au™) and electrons (e™) on
the sites of a fcc twin crystal lattice corresponding to the
experimental crystal of the gold. The Au NPs consid-
ered in our studies have rectangular shapes with identi-
cal sizes along the x- and y-axes, but different sizes along
the z-axis containing 2048, 2816, 3328, and 3840 atoms.
Molecular dynamic simulations are carried out within
NVT ensemble at 7' = 85 K using the Brendsen ther-
mostat of ¢ = 0.0005 ps relaxation time. A total number
of 1 x 107 steps with the time-step of 1 x 1075 ps are
used in all simulations. Values of the force field param-
eters are optimized towards a stable lattice throughout
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the course of molecular dynamics simulations and repro-
duction of the experimentally reported gold lattice work
function and bonding energy. Radial distribution func-
tions calculated for the simulated nanoparticles approve
the set of values adopted for the force field parameters.
Finally, electric field is applied along the +z-direction,
and the electrical conductivity of gold NPs is calculated
based on the displacement of electrons under electric field
of 0.001 V/A strength. Results of this study show non-
linear dependence of the conductivity of the gold NPs on
its size along the z-axis. The calculated conductances
of the gold NPs are smaller than that experimentally
reported for the bulk macroscopic gold which suggests
development of more accurate interaction potentials, es-
pecially for the electrons.
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