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Abstract

For the large size nanoclusters (equivalent diameter of 1.0 nm to 4.0 nm),
finding the global minimum (GM) is a major challenge in chemistry,
physics and biosciences due to high computational cost required to explore
their potential energy surface (PES). The structure, reactivity, properties
and spectra of the chemical system can be easily studied with the help of
PES. Herein, we have done the PES fitting using two body function i.e.
spherical harmonics based descriptor integrated with artificial neural
network (ANN). We have performed the molecular dynamics (MD)
simulations and GM optimization for Auss by using ANN and found that
the GM is an amorphous molecular structure rather than icosahedron
geometry (ICO). Using DFT, we have confirmed that the predicted GM is
2.22 eV lower in energy than ICO. The predicted GM consists of 8 atoms
in the core and 47 atoms on the surface. A brief study on fluxional nature
and probability of low-lying isomers of Auss is performed and it is
concluded that Auss has a dynamic surface which can be helpful in the study
of reaction dynamics. Also, GM structure is stable up to a high temperature
of 750 K.
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Introduction

1.1. General Introduction:

Gold is, indeed, a unique element and shows characteristically different
structural and electronic properties due to very large relativistic effects [1,
2] among other elements with atomic number less than 100. Some of the
observed outcomes [3] of relativistic effects are (a) Reduction in the gap
between 6s and 5d orbitals, (b) Expansion of 5d orbitals and contraction of
6s orbitals, and (c) A significant s-d hybridization. Also, gold nanoclusters
(NCs) have different promising applications in bio labeling [4], catalysis
[5], nanoscale devices [6], molecular imaging [7], DNA melting [8]. So,
to investigate the dynamical, structural, electronic, and other physical and
chemical properties of gold NCs, the knowledge of NCs geometry is the
preliminary requirement. Exploration of PES gives the information of the
geometries which are trapped in a local minima, as well as the geometry of
the global minimum [9]. For a periodic system, the GM provides the
crystalline ground state configuration of a solid. With the help of the GM
geometry, various physical and chemical properties like charge state, type
of interactions between atoms, surface energy contribution, catalytic
behavior, size, shape, kinetics effect, energetic effects, optical properties,

magnetic properties, can be easily explained.

As experimental determination of the geometric ground state of complex
system is very difficult, theoretical study using simulation methods is a
promising candidate for the determination of the structure of such complex
systems [9]. For example, a number of unknown alloy [10, 11] structures
were recently identified by simulation methods. For the large size NCs, the
GM search becomes computationally expensive because the number of
local minima increases exponentially with respect to the number of atoms

in the system. In order to reach the GM, the system has to overcome the



barriers separating the local minima. The crossover of the barriers is
achieved mostly by using the algorithms which are based on the

thermodynamic principles [12-14].

In this work, we have done the fitting of PES for a range of Au clusters
(Au1z- Aueo) using the technique of ANN potential [15]. We have used the
spherical harmonics descriptors [16] as inputs to the ANN. We have
explored the PES for Auss system and have found its probable GM structure.
Auss is a magic cluster, and initially, it was assumed to be relatively stable
due to the formation of the closed shell Mackay 55-atom icosahedron
structure with In symmetry [17]. Recent studies [18- 20] have showed that
the ICO geometry does not make the GM structure. The obtained GM
structure for Auss system is not a symmetric structure like ICO structure. It
adopts an amorphous geometry with a symmetric core and unsymmetrical
surface. We have analyzed the dynamics of Auss and have found that
although being a magic cluster, Auss does not exhibit an ICO geometry. We
compared the geometry of the probable GM structure with the earlier
reported GM by Piotrowski et al. [18] and found it to be completely
different in the atomic arrangements. We have found that according to DFT
calculations, the predicted GM is 2.22 eV lower in energy than the
icosahedron geometry. The predicted GM is composed of 14.5% of core
atom, while 85.5% of the atoms are located on the surface region. We have
also studied the fluxional property and probability distribution for Auss. The
computational details can be found in section 2, followed by results and

discussion in section 3 and conclusion in section 4.

1.2. Organization of thesis:

The aim of this project was to study PES of Auss nanocluster and to find the
GM structure. For this purpose, we ran extensive MD simulations integrated

with ANN to understand thermodynamic properties of Auss.



Chapter 2: This chapter describes the theory behind the work and the

computational details.

Chapter 3: In this chapter, the detailed discussion of the results, is

summarized.

Chapter 4: This chapter is the conclusion of the whole work and also

describes the future scope and applications.






Theory and Computational Detalils

2.1. Structure of ANN:

To construct a direct functional relation between the atomic configuration
and the potential energy, we used ANN [21] with two hidden layers (HL)
(Fig. 1). In the network, we are giving descriptors as input and getting the
energy as the corresponding output. In the present study, to compute the
energy of a cluster (Eq. 2), we have taken ANN comprising of input layer,
HL one, HL two and output layer, and termed the network as a small feed
forward neural network (NN) [22]. Each HL consists of 30 nodes. For a
single atom, the network comprises of 2760 weights (Nw) and 59 input
functions.
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Figure 1: Schematic structure of a small feed-forward NN. The nodes are
arranged in layers.

In the Fig.1, y* and y? represent the nodes of HL one and HL two,
respectively. i, j and k are the number of nodes in input layer, HL one and
HL two, respectively. The energy of x atom of a nanocluster is computed
by ANN using the Eq.1,

30 30 59
- Za§13 2 b2 +Zaj1k2 £ <bj1 +Z gl.Gxi> ......... 1)
k=1 j=1 i



Here, a)' , aji? , af; represents the weights connecting from the input layer
to hidden layer one, hidden layer one to hidden layer two, and hidden layer
two to output layer, respectively. Gy is the input descriptor functions which
are 59 for an atom x. fa and f, represents the sigmoid function for activation
of the network. bj and bk corresponds to the bias layer weights of the first
and the second hidden layer, respectively. The total energy (E) of a

nanoparticle is given by summing all the atomic energies,

To describe the local atomic environment for a cluster, we have to fit 3N
forces along with one energy component. The analytical force can be given
by negative gradient of total energy of the system w.r.t. Cartesian

coordinates i.e.

_ —8E
~ SRyq

Fk,a

2.2. Description of atomic environment:

To describe the local atomic environment of the structure, we have taken
two type of functions — radial [22] and power spectrum coefficients [21,

16]. The radial function is a two body function which is given by the Eq.4,

Gt = Z e_nRiijc(Rij) ......... (4)

i#j

Where, fc (Rjj) is the cut-off function and is defined as,

f.(Ry) = o.s{cos (ﬂi 1)+ 1} ......... )

C

This cut-off function tends to zero when Rj;> Rc and it has a finite value

when Rjj < Rc. Here, Rjjstands for interatomic distance between i and j™



atom and R for the cut-off radius. The power spectrum coefficients are

spherical harmonics based descriptors and are given by,

l
4
6" = ZlcnlmC"’m ......... 6)
m=

Whereas, coefficients cnm are given by the Eq.7,

Chim = z e ™R fc (Rij)Ylm (rij) ......... (7

i#j

Where, 1 stands for the Gaussian width and | for the angular quantum
number. The values of n and k are given in the Table 1 and Table 2
respectively. Yim represents the spherical harmonic function and its detail
can be found in work done by Jindal et al. [16]. In the present work, we
have taken 9 radial functions (Gif%%) and 50 power spectrum coefficients

(with I = 10). So, for an atom, we have 59 input coefficients to ANN.

Table 1: The values of the parameter 1.

n(A) 0.005 0.015 0.023 0.038 0.060 0.090 0.150 0.260 0.480

Table 2: The values of the parameter «.

k(A 0.0028 0.0040 0.0110 0.0280 0.0590

2.3. Scaling of input values:

The inputs (Gxi) obtained using spherical harmonics descriptors, are of high
values. Further, when we multiply Gx with weights and takes its sigmoid
(Eq.1), then again, it gives values of higher magnitude. These high values
will lead to the deactivation of the ANN. So, to avoid saturation of the
network, scaling of the descriptor is accomplished and input values are
scaled in the range of 0 to 1 [22].



2.4. Preparation of training data:

Monte Carlo simulations with the Gupta potential [23, 24] was run using
initial different structures at different temperatures in order to generate a
small dataset for the fitting. After getting 2000 clusters, we did an initial
training using ANN. As DFT based MD simulations are computationally
expensive and time consuming, we further integrated MD simulations with

ANN weights to generate more data.

Using Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm [25],
quenching of the structures was done and included in the dataset. We
processed our data through a superimposing algorithm to eradicate repeated
geometries [15]. Overall, we generated 10,620 clusters containing all the
nanoparticles in the range of Auiz to Aueo. The entire dataset of 10620
clusters is shuffled and separated into small set of files containing 295 data
points each. 9145 data points are used for training and 1475 data points are
utilized for testing purpose. RMS error of energy and forces shows a very
smooth decay with the iterations when fitting of the functions is done with
ANN. Also, fitting done with our ANN method is very fast because only
after two iterations, the error got converged. The converged energy and
force error was 6.8 meV/atom and 99.3 meV/A/atom respectively for the

testing dataset.

Vienna Ab initio Simulation package (VASP) [26-29] was used to perform
all the DFT calculations. The Perdew-Burke-Ernzerhof (PBE) [30, 31]
functional has been used for treating electron-correlation at generalized

gradient approximation (GGA) with plane wave basis set.

For the sampling of Brillouin zone, a gamma k-point (1x1x1) mesh is used.
The cell size for all clusters is taken as 22x22x22 A3with a constant vacuum
dimension of 11 A. The gradient convergence is set as 10~ and threshold

energy as 250 eV.



2.5. Validation of the ANN weights:

The validation of the obtained weights was done on a set of 400 clusters in
the range of Aui3-Aueo. These clusters were not included in the training set.
A plot of energy obtained using DFT and ANN for these clusters is shown
in Fig.2. It can be seen that the DFT and ANN predicted energies are in
agreement with each other and therefore the optimized weights can be

applied to a wide range of clusters.

50 H
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Figure 2: Comparison of energies obtained from DFT and ANN for a set

of clusters in the range Auiz-Auso.

In order to verify the capability of ANN in capturing the dependence of
potential energy on bond length, we plotted a two dimensional PES for Aua»
cluster as shown in Fig.3. In order to do this, we selected an optimized
cluster of Auz.. One of the bond length between two selected atoms was
varied from 1.9 A to 10.0 A. It is thus observed from Fig.3 that ANN is
capable to differentiate between attractive, equilibrium and repulsive region
of PES. This shows that ANN is a robust tool for fitting PES of gold



nanoclusters.
-46

48 — o——o Energy 6 meV Force 99.3 meV/Angstrom —

Energy (meV)
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54— =
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Figure 3: A two dimensional PES for Au,2 obtained from optimized

set of weights.
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Result and discussions

3.1. Search for the GM structure:

We have performed a GM search for Auss using basin hopping (BH) method
[32].Initially, eight different structures was taken and their global
optimization was done using BH method. After BH run, we got 400
structures which were refined and similar isomers were removed. We
selected some clusters from the refined structures and ran MD simulations
for them. We repeated the process until we got some good results. Overall,

with BH method we have generated around 1000 geometries.

Apart from the BH calculations, we ran MD simulations at different
temperatures 300 K, 400 K, 550 K and 700 K using ICO geometry of Auss
as the initial structure for approximately 1 million steps at a time step of 1
fs. From MD simulations, we quenched different structures and further used
them as the initial structures for global optimizations. The obtained GM
structure was disordered and less symmetrical. A reduction in the core size
from 13 to 8 was observed. The surface atoms increased to 47. The structure
of GM and core region is shown in Fig.5 and Fig.4 (a) respectively. In our
study, we have found that the inner core structure of the predicted GM
resembles with the innermost core structure of the GM of Auis7 (Fig.4(c))
[16]; the only difference being that Aui47 has 7 inner core atoms while Auss
has 8 atoms. Also, innermost core structure (Fig.4(c)) of the GM of Auis7is
resembling exactly with the inner core structure of the reported GM (Fig.4
(b)) Auss. The inner core of the predicted GM shows 8 atoms arranged in a

capped square bi-pyramidal shape.

11



Table 3: MD simulations using different core atoms at time step of 1fs.

No. of core atoms | Temp. given (K) MD steps run (in million)
4 300,450,600 0.2
6 300,450,600 0.2
7 300,400,500,600 0.8
8 300,400,550,700 1.0
9 300,400,550,700 0.2

(a)

(c)

Figure 4: The inner core geometry for a) 8 atom inner core of predicted

GM Auss (side view), b) 7 atom inner core of reported GM Auss (side view),

c) 7 atom inner core of reported GM Aua47 (top view).

12



_‘s
Figure 5: Predicted GM of Auss.

3.2. Relative Total Energy:

We have calculated the relative total energy difference (AEgit) for GM and
low-lying structures (Ex) with respect to the ICO structure (Eico), that is,
AEgit = | Ex— Eico|. Recently, a GM structure was reported by Piotrowski
et al. [18] containing 7 atoms in the core region (Fig. 4(b)) and 48 atoms on
the surface. We have performed VASP optimizations with the same
parameters using DFT + PBE for our predicted GM structure (8 core atom)
and the reported GM structure (7 core atom) [18]. It was found that 8 core
atom structure is 0.14 eV lower in energy than the reported structure. With
ANN, we found the energy difference of 0.13 eV between the predicted GM
and the reported GM, so our ANN results are also consistent with the DFT
results. In addition, using DFT, our predicted GM is 2.22 eV (Table 4) lower

in energy than the icosahedral geometry of Auss.

Table 4: The energy difference at DFT and ANN level is calculated w.r.t.
the energy of ICO geometry.

Geometry AEtwtprT (€V) | AEtotann (€V)

Predicted GM 2.22 2.11

Reported GM 2.08 1.98

13



3.3. Exclusion of Spin Orbit Coupling (SOC):

Piotrowski et al. [18] have studied the 7 core atom geometry with three
different combinations of basis sets which are (i) DFT + PBE, (ii) DFT +
PBE + vdW, (iii) DFT + PBE + SOC. The energy difference obtained from
using basis set (i) and (ii) i.e. | AEi-ii| was 4.7 meV and using basis set (i)
and (iii) i.e. | AEi-i | was 0.6 meV. Such difference is negligible for
consideration and also no change was observed in the geometry of the GM.
Therefore, in the present work, SOC was not included due to its negligible

contribution and high computational cost.

3.4. Fluxionality:

We have tried to explore the PES for Auss by performing MD simulations
using different core atoms as the initial structures. After quenching those
structures, we got 80 low-lying structures in the range of 0.5 eV energy
difference from the predicted GM structure. We observed that maximum
core atom obtained was 9 and no 10 core atom structure was obtained in the
low-lying isomers range. To confirm this, we took the structure of the GM
of Ausg [15] which contains 10 core atoms, and removed three surface atom
and used for initial structure to run MD simulations. After MD simulation
and optimization, we got the structure with 9 core atoms (Fig.6). However,
in the 80 low-lying structures, majority of them contains 8 core atoms
structure, few with 7 core atoms and very few with 6 and 9 core atoms

structures. Some of them are shown in Fig.11.

Figure 6: Core structure for Auss after optimization from Ausg.

14



So, we can say that Auss is highly fluxional in nature. Since, there is a
considerable difference in the energy and the core structure arrangement of
atoms, we can conclude that the structure of Auss with 8 core atoms is the

most stable geometry.

o2 I8
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(e) 9 core atom (f) 9 core atom

Figure 7: Some low-lying isomers of Auss in the range of 0.5 eV energy

difference from GM.
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3.5. Probability distribution:

The physical and structural properties of nanoparticles are greatly affected
by various parameters due to the changes which takes place at quantum
level. Temperature is one of the key parameter which greatly effects the
properties of nanoparticles. Probability distribution tells about the stability
of the different isomers at a given temperature. The general equation of the
probability is given by the Eq.8,

o (201

v e (8)

p =

Where, Q(N,V,T) represents the partition function of the system. We have
got the GM along with 80 low-lying isomers at an energy gap of 0.5 eV, so
we have calculated the probability of each isomer at three temperatures -
300 K, 400 K and 700 K using the Li and Truhlar’s method [33]. In this
method, the probability of each isomer Py is calculated by considering
electronic, vibrational and rotational partition function and it can be

summarized with the EQ.9,

ex <_AE) r r o r
p ka QrotdvibYele

P. =
—AE
Z exp <kb_T) ql;otqiibqgle

We have neglected the electronic transition term as these transitions are of
very high energy and excited states have a negligible contribution to the
partition function. Using the Rigid rotor approximations and harmonic

approximations, Pr(EQ.9) can be modified as,

—AE\ . .
€xp ka Qrot9vib

Pm,r = _AE
2. exp (kb_T) drotAvib

Where, Pm, denotes the modified probability expression and "ot and q'vib
are given by Eg.11 and Eq.12,

16
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where ¥ is the wave number of the n™ normal mode of an isomer and 1", Iv",

Ic" are the three principle moments of inertia of the isomer.

So, the probability of all low-lying isomers of Auss is calculated and plotted
(Fig.8). We got family of 8 core atoms isomer and 7 core atoms isomers in
the low-lying isomers range. The family of 8 core atom isomers is most
probable then the 7 core atom family. It can be observed from the graph that
the predicted GM is the most stable structure below 700 K. After 700 K,
isomer no.20 (Fig.10) starts gaining more probability as compared to other
isomers and overcome the GM at 750 K which can be seen from Fig.9. All
the isomers after energy difference of 0.39 eV from the predicted GM, are
approximately equally probable at all three temperatures. The probability of
5 most probable low-lying isomers (isomer no. 9 as P1, 15 as P2, 18 as P3,
20 as P4, 52 as Ps) and the GM is summarized in the Table 8. As inner core
of predicted GM is more symmetrical compared to reported GM, so we can
interpret that the predicted GM has more probability than the reported GM
at all temperatures.

17
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Figure 8: Probability plot of all low-lying isomers of Auss at different

temperatures.
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Figure 9: Probability of the predicted GM lowered down at higher

temperature.
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Figure 10: Geometry of low-lying isomer no. 20.

Table 5: Probability of predicted GM and 5 most probable low-lying
isomers of Auss.

Temperature | Pow (%) | P1(%) | P2(%) | P3(%)  Pa(%) | Ps(%)
(in K)

300 80.24 2.26 0.85 0.85 0.88 0.01
500 28.09 7.60 4.29 4.85 6.21 0.92
800 7.42 7.17 5.09 6.17 8.87 4.65
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(b) 7 core atom

(d) 8 core atom

(f) 8 core atom

(h) 7 core atom

(j) 7 core atom

Figure 11: Geometry of 5 most probable isomers (left side) and their

respective core geometry (right side).
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Conclusions

In this work, the dynamics of Auss NC is studied theoretically using ANN
potential and the fitting of PES is done with this potential for the cluster
ranging from Auizto Aueo with an accuracy of 6.8 meV/atom for energy and
99.3 (meV/A)/atom for the force calculations. For the GM search of Auss,
BH method is used along with MD simulations at different temperatures. In
the energy calculation of GM, SOC is not included. The predicted GM
consists of symmetric core of 8 atoms and surface is disordered as compared
to the 1ICO which is highly symmetric configuration. Fluxional behavior of
Auss is confirmed by 80 low-lying isomers. The unsymmetrical surface of
GM attracts various catalytic applications [34-38]. The predicted GM is
found to be 2.22 eV stable in energy than ICO. On going from Auss to Aui47,
core atoms reduced from 8 to 7, may be due to the repulsion of core atoms

in AU147.
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