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e cooperative atomic motion and
shape change of ultrasmall Au nanoparticles below
the premelting temperature†

Ying Yang*a and Ning Yan *b

Surface melting is widely observed in crystalline materials, which has a significant influence on their

interfacial properties. In this computational study using molecular dynamics simulations, we observed

that at 50 K below the onset temperature of surface melting, the “out-shell” atoms of ultrasmall Au

nanoparticles (NPs) have already undergone remarkable rearrangements. Unlike the observations in Ni

ultrasmall NPs, the resulting shape change was often isotropic. Further investigations reveal that such

interfacial motions are cooperative and string-like. The gold “atom strings” do not migrate through the

center of the particle, behaving similarly as those in much larger particles. Therefore, the “spherical”

shape was sustained during the atomic motions. This result reveals the dynamic nature of the atomic

motions of Au before the commencement of premelting and sheds light on the understanding of the

origin of surface melting.
Thanks to a high surface-to-volume ratio and quantum size
effects, nanomaterials are playing increasingly pivotal roles in
various catalytic reactions.1 Gold is a very good example: this
shiny yellow metal does not tarnish at ambient conditions, and
for a long time it was considered catalytically “less-active”, if not
inert, compared to other metals. This empiricism completely
changed when Bond discovered the superior performances of
nanometric gold catalysts in olen hydrogenation reactions in
the 1970s.2 Since then, gold nanoparticles (NPs) have been
showing fascinating catalytic performances in the elds of
chemical industry, environmental protection and in vitro/in vivo
applications.3–5 To trigger the high activity of gold, the NPs are
oen sufficiently small, ranging from 1–5 nm, the size- and
shape-dependent performances therefore become much more
prominent.6–9 In particular, Au NPs with a diameter of 1–2 nm
have been reported with signicantly improved catalytically
activity than the larger counterparts.10–12 A classic example is the
55-atom gold cluster (�1.4 nm) which showed superior selective
oxidation activity using molecular oxygen.10

However, these ultrasmall NPs are inherently more sensitive
to the surrounding environmental conditions.13–15 They oen
meet the energetic requirement,16 suffering shape trans-
formation, sintering and/or surface melting below the bulk
melting temperature.15,17–19 In particular, premelting
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phenomenon has much interested chemists and condensed
matter physicists alike, and been widely documented previously
in many metals and experimentally veried for Pt and Pb.19,20

Nonetheless, understanding the interfacial dynamics and the
structural evolution of NPs at those states are challenging when
using the conventional experimental approaches.17 In contrast,
computational investigations offer a viable alternative. For
example, molecular dynamics (MD) simulation has been
applied to determine the surface melting temperature,
revealing various interfacial effects, e.g., relaxation, recon-
struction, roughening and wetting, when T approaches the
melting point.18,21–23 Marzari et al. concluded that two distinct
“channels” on the surface facilitated the initiation of premelt-
ing;24 Farson et al. suggested that liquid-like atoms rst
appeared at the vertices and edges of NPs.18 The interfacial
dynamics of Ni nanoparticles was systematically investigated by
Zhang et al., further elucidating the presence of string-like
atomic motion in the “premelted” surface.25–27 We also
observed that the collective motion led to substantial shape
uctuations of ultrasmall Ni NPs, driving Ni atom to move from
the center to the surface and vice versa.28 In this work, we
focused on the interfacial dynamics of an Au NP comprising of
55 atoms at 50 K below the onset temperature of surface melting
and showed the nature of the remarkable atomic
rearrangements.

Our MD simulations were performed using the soware of
LAMMPS developed at Sandia National Laboratories and the
classical Sutton–Chen potential.29,30 This many-body potential
provides more accurate simulation of metallic materials than
the previously used two-body interaction potentials such as the
RSC Adv., 2017, 7, 55807–55811 | 55807
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Lennard-Jones interaction.22,31 It also specically favors the FCC
crystal structure and ts empirically to the properties regarding
the surface, defects and grain boundaries of Au.29 The free-stand
Au NP, containing 55 atoms, was constructed in the vacuum
surrounding environment. Prior to all the studies, the NPs were
rst relaxed at room temperature (300 K) for 1.5 ns with zero
angular and linear momentum values. Subsequently, the N55
NP quickly transformed into the more stable icosahedral
structure. Then, the NPs were heated up at a rate of 100 K ns�1

from room temperature (T ¼ 300 K) till 1400 K, allowing us to
examine the solid–liquid phase transition of the material. To
probe the interfacial dynamics as well as the atomic motions,
we also performed the ‘isothermal’ studies at the xed
temperature. This isothermal simulation was performed at the
designed temperatures for 3 ns aer each T-jump. The melting
temperature (Tm), radius of gyration (Rg) that quantify the shape
characteristics of NPs, 3D distribution and dynamic positions of
atoms were determined using the mathematical model reported
in our previous work.28 The details were also shown in the ESI.†

Because of the increased surface energy, the melting
temperature of ultrasmall Au NP is substantially lower than that
of the bulk and varied as a function of its size. We therefore
determined Tm rst for better dynamic study. The potential
energy plot in Fig. 1a was obtained in the heating cycle. Clearly,
there are three stages in the energy ramp. The middle stage with
a steeper slope corresponded to the melting process, suggesting
the coexistence of the liquid and solid phase. In contrast to the
melting of bulk materials which occurred at a xed temperature
with an abrupt potential increase, the melting of N55 NP
happened between ca. 650 K and 720 K. This was the typical
observation during the surface melting of NPs.21 Tm was deter-
mined when the NP became fully liquid, i.e., 720 K. Tw (650 K)
was the onset temperature of premelting, the subscript “w”
denotes “wetting” which is the early stage of surface melting.
This temperature was higher than the NPs consisting of >100
atoms, such abnormal size-effect was also observed when
studying N55 Ni NPs.28

Based on this plot, we selected four representative study
temperatures as indicated by the red arrows in the gure:
0.69Tm (500 K) and 1.11Tm (800 K) suggested the full solid and
liquid state, respectively; 0.97Tm (700 K) fell into the surface
melting region; 0.83Tm (600 K) ensured no premelting (50 K
below Tw), yet the NP is about to melt at the surface. Fig. 1b
Fig. 1 (a) Potential energy plot in the heating cycle of Au NPs; (b, c)
temperatures.

55808 | RSC Adv., 2017, 7, 55807–55811
shows the spectra of Rg
2 as a function of time at these temper-

atures. At relatively low temperatures, e.g., 0.69Tm, Rg
2 seldom

uctuated, suggesting the NP was rather spherical. Because of
the presence of liquid phase at sufficiently high temperature,
e.g., 0.97Tm and 1.11Tm, the particle underwent signicant
anisotropic shape changes. 0.83Tm was however unique as
heterogeneous Rg

2
uctuations were observed, possibly infer-

ring the presence of different type of “change” of the NP. This
trend well agreed with the plot of the potential energy (see
Fig. S1†). To examine this “premelting incubation” state, we
also had a detailed investigation from 0.83Tm to 0.97Tm (600 K
to 700 K). Notwithstanding the fact that peaks were observed in
all the E and Rg

2 spectra below Tw, their intensities were much
weaker till �ca. 650 K (see Fig. 1c and S2†) when wetting
occurred. Therefore, 0.83Tm (600 K) was indeed suitable for
studying the dynamic motions of Au NP below Tw.

In order to explore the aforementioned NPs “change”, we
used various shape factors to characterize the associated shape
transformations (see the ESI† for details). In brief, li (i ¼ 1, 2, 3)
is the displacement at each axis in the transformed Cartesian
coordinates, the sum of which equals to the squared radius of
gyration. b, c, and k2 are asphericity, acylindricity and relative
shape anisotropy, respectively. They all describe the symme-
tricity of the atoms in the NPs. The plot in Fig. 2a shows that, at
some particular moments, each li became unequal in value,
implying that the shape change has taken place. The peaks in
b and c suggested that the NP no longer held the symmetric
structure, but turned into the aspherical or acylindrical shape.
The spikes in the overall shape factor k2 plot further indicated
that the structural evolution have led to shape anisotropy below
Tw. Interestingly, such shape anisotropic variation was trivial
compared to that at T > Tw and (see Fig. S3†). Further studies of
the NPs' “change” are thus important.

We then determined the dynamic positions (r, see the ESI†
for the denition) of all the atoms at the radial direction. The
value of 0 means that the atom occupies the central position
whereas the value of 1 indicates that the atom sits on the
boundary of the “sphere” (see Scheme S1†). The atom escapes
from the initial “sphere” when r > 1. Fig. 2b plots r of all atoms
numbered from 1 to 55 as a function of time using distinct
colors. In general, the positions of “inner-core” atoms did not
change signicantly at the radial direction as shown by the
nearly “all-blue/green” stripes. For example, atom 28, the center
the variation of Rg
2 as a function of time for N55 Au NP at different

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a and b) The change of various shape factors as a function of time for N55 Au NP at 0.83Tm. The number at the corner of (c)–(f) indicates
the atom number in (b).
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atom, basically remained at the center position despite two
minor displacements (see Fig. 2c); atom 18's r stayed at �0.6
(Fig. 2d). Conversely, the atoms at the “outer-shell” behaved
quite differently. On one hand, they could frequently move
outward and inward, showing a signicantly uctuated r plot
(see the mixed yellow-red stripes and atom 5 in Fig. 2e). On the
other hand, such movements, either outward or inward, could
be permanent (see Fig. 2f and S4†). Because these interfacial
atoms were less-coordinated, their motions were inherently
more intense. Therefore, we understood that these atoms
Fig. 3 (a) The plot of the numbers of string and mobile atoms, average st
total mobile atoms as a function of time; (c) the string atom configuratio

This journal is © The Royal Society of Chemistry 2017
contributed the most to the rearrangement of the NP before
premelting. These gold atoms do not migrate through the
center of the particle, behaving similarly as those inmuch larger
particles. The shape change was therefore oen isotropic and
the “spherical” shape was sustained during the atomic rear-
rangement. This conclusion correlated with the previous
models summarized in ref. 20.

Intuitively, one would imagine how the atoms move that
triggers the surface melting, causing the interfacial atomic
rearrangement. Such motions might be either “diffusion-like”
ring length and k2 and (b) the percentage of string atoms relative to the
n of N55 NP at 0.83Tm.

RSC Adv., 2017, 7, 55807–55811 | 55809
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or cooperative and orderly. The former is the most common way
of random atomic movement whereas the latter phenomenon
has been observed in both liquid and solid including the glass-
forming liquid and the grain boundary of metals.32 To charac-
terize the overall dynamic motions of the atom, both radially
and tangentially, we used the same mathematical models and
evaluation criteria reported previously to study the stringlike
motions of atom in the NP, which involves the determinations
of the non-Gaussian parameter a2 and van Hove correlation
function Gs (r, t).25–28 Details are also shown in the ESI†.

These two functions at 0.83Tm for N55 Au NP are plotted in
Fig. S5.† The nal results are shown in Fig. 3a. Remarkably, the
mobile atom number is relatively small (<30) compared with
that of a premelted NP.28 However, at many time points, the
majority of the mobile atoms moved cooperatively (see Fig. 3b).
Besides, long-chain stringlike motions dominated in this
interfacial dynamics (length > 5 atoms) as shown in Fig. S6.† To
have a clear view of the collective atomic motion, we depicted
the atomic conguration of the NP at the time when stringlike
motion prevailed in Fig. 3c. At two representative time points
when the string atom ratios were 28% and 100%, we observed
the sequential movement of colored atoms toward the direc-
tions shown by the arrows. Interestingly, the center atoms do
not participate in the string motions and nearly all the atom
strings hardly move though the center position of the particle.
Because of this, the shape change of the NP was largely isotropic
(see above). Besides, a short movie of the atomic motion (1950–
2250 ps, see the ESI†) also shows that the center and inner
atoms were essentially stable, yet the outer atoms could move
aggressively. We therefore concluded that before the onset of
surface melting, the interfacial atoms have already undergone
substantial and cooperative rearrangement. These stringlike
atomic movements might induce the local energy uctuations
and create more defects such as dislocations/grain bound-
aries,17 seeding the sequential nucleation of the “quasi-liquid”
surface.
Conclusions

In summary, our molecular dynamics simulation indicated that
ultrasmall Au NP underwent remarkable rearrangements at 50
K before the onset of surface melting temperature. The inter-
facial atomic motions were cooperative and string-like, yet the
atom strings did not move through the center position of the
nanoparticle, a phenomenon oen observed in much larger
particles. Thus, the resulting shape variation was largely
isotropic. Our work reveals the dynamic nature of the atomic
rearrangement before the commencement of premelting. It
might provide a new dimension of understanding the move-
ment of atoms at the interface and shed light on researching
various physico-chemical properties of nanoparticles (e.g., sin-
tering, reconstruction and catalytic activity).
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