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Structural Transitions in Sodium Chloride Nanocrystals
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(Received 30 January 1997)

High resolution ion mobility measurements have been used to examine structural transitio
sNaCldnCl2 nanocrystals with between 30 and 40 NaCl units. Transformations between bulk frag
geometries with differentj 3 k 3 l dimensions are observed at ambient temperatures. In som
these transformations, close to half the atoms are relocated, yet the Arrhenius activation energ
less than 0.6 eV. A surface diffusion mechanism is proposed to explain the remarkably low activ
energies. [S0031-9007(97)03225-0]

PACS numbers: 61.46.+w, 36.40.Sx
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Structural rearrangements in atomic and molecu
clusters have been studied both theoretically [1–4]
experimentally [5–8], particularly in relation to pha
transitions in bulk materials. However, despite numer
studies there is little quantitative information availab
Here, we describe direct measurements of the Arrhe
activation energies for structural transitions in Na
nanocrystals. sNaCldnCl2 clusters with more than 3
NaCl units undergo transitions between bulk fragm
geometries with differentj 3 k 3 l dimensions. Some
of these transitions involve the relocation of close
half the atoms in the cluster, yet they occur at ambi
temperatures. Arrhenius activation energies have b
determined for the structural transitions by measuring
isomerization rates as a function of temperature. The
activation energies for these processes are attributed
surface diffusion mechanism, which may be an import
mechanism for low temperature structural transitions i
wide range of clusters and nanocrystals.

Alkali halide clusters are interesting model systems
cause the bulk structural motif emerges at small clu
sizes [9–11]. They can be modeled with a relativ
simple potential [10], and there have been many th
retical investigations of alkali halide structural transitio
[2,12–18]. For example, Fatemiet al. [19] have recently
employed photoelectron spectroscopy to probe the isom
zation between a hexagonal ring structure and an inc
plete2 3 2 3 2 cube forsCsXd3Cs2 clusters. Evidence
for the isomerization of larger sodium chloride clusters
been inferred from photodetachment and mass spectro
try experiments [20,21]. In our studies, the isomerizat
processes are probed by ion mobility measurements w
the different isomers are separated on the basis of their
ferent mobilities [22]. Our experiments are performed
500 Torr helium buffer gas and have a time scale of h
dreds of milliseconds, so the temperature is well define

The high resolution ion mobility apparatus employ
for these studies has recently been described in d
[23]. The apparatus consists of a source region attac
directly to a 63 cm long drift tube, followed by a ma
spectrometer, and an ion detector.sNaCldnCl2 clusters
0031-9007y97y78(22)y4213(4)$10.00
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were produced by laser vaporization of a sodium chlor
rod in a helium buffer gas. The source region and t
drift tube are connected by a cylindrical ion gate, 2.5 c
long and 0.5 cm in diameter. A flow of helium buffe
gas prevents neutral clusters from entering the drift tu
while an electric field pulls the ions through the ion ga
against the flow. The voltage across the drift tube is
14 kV; the drift tube and source region contain heliu
buffer gas at a pressure of around 500 Torr. At t
end of the drift tube, some of the ions exit through
0.125 mm hole. They are focused into a quadrupole m
spectrometer, mass analyzed, and then detected. D
time distributions are recorded with a multichannel sca
using the source laser pulse as the start trigger.

Figure 1 shows drift time distributions measured f
sNaCld36Cl2 at room temperature. The three peaks
the distributions correspond to different structural isome
that have been separated by their different mobilitie
Structural assignments for the isomers observed for th
clusters have been reported in a recent publication [24].
brief, structures are optimized using an ionic potential w
polarization effects [25,26] with parameters taken fro
Welchet al. [27]. Mobilities are then calculated for thes
structures and compared with the experimental values.
Fig. 1, the peak on the left has been assigned to a5 3

4 3 4 fcc cuboid with an incomplete face, the middle pea
has been assigned to an incomplete5 3 5 3 3 cuboid,
and the peak on the right to an incomplete6 3 5 3 3
cuboid. By varying the drift voltage, one can vary the tim
that the ions spend in the drift tube. Drift voltages of (
10.5 kV, (b) 4.0 kV, and (c) 1.95 kV were employed fo
the distributions shown in Fig. 1. The average drift tim
increase from 120 to 640 ms as the drift voltage is lower
The abundance of the incomplete6 3 5 3 3 geometry,
the peak on the right in the figure, decreases as
residence time is increased, indicating that this struct
is converting into another structure as it travels throu
the drift tube. The intensity between the peak on t
right and the peaks on the left results fromsNaCld36Cl2

isomers that interconvert at different positions along t
length of the drift tube. If an isomerB converts into
© 1997 The American Physical Society 4213



VOLUME 78, NUMBER 22 P H Y S I C A L R E V I E W L E T T E R S 2 JUNE 1997

,
re

s
a

t

9
th
n

ra

or

g
o
s.
e

.

f

r

ee
tor

r
ve

se

ed

2
ture

re

n-

ed
FIG. 1. Drift time distributions recorded forsNaCld36Cl2 at
room temperature with drift voltages of (a) 10.5 kV, (b) 4 kV
and (c) 1.95 kV. The geometries shown in the figure a
described in the text. The peak assigned to the6 3 5 3 3
geometry is shown multiplied by a factor of 5. The simulation
used to extract the rate constant are superimposed on e
distribution as black dots.

isomerA as it travels through the drift tube, it will occur
between the peaks due toA andB because it spends par
of its time asA and part asB. Note that the depletion
of the peak assigned to the6 3 5 3 3 geometry cannot
be due to electron detachment [28] or dissociation [2
The activation energies for these processes are greater
2 eV, and so the probability of them occurring at ambie
temperatures is vanishingly small.

Rate constants for the thermally activated structu
transformations can be obtained from the results shown
Fig. 1 by simulating the drift time distributions. For two
isomersA andB, the drift time distribution is given by

Fstd ­
Z

rstdgst, t0d dt0

with rstd andgst, t0d given by
4214
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rstd ­ A0dst 2 LynAd 1 B0dst 2 LynBde2kt

1
Z t

0
B0d

µ
t 2 t 2

L 2 nBt

nA

∂
e2ktk dt ,

gst, t0d ­
nAp
Dt

e2st2t0d2n
2
Ay4Dt .

The functionrstd has three terms that describe the peak f
isomerA, the peak for isomerB, and the region between
the two peaks due toB converting intoA along the length
of the drift tube. The functiongst, t0d accounts for the
diffusional broadening of the ion packet [30]. Broadenin
due to the initial spatial distribution of the ion packet is als
accounted for, though this is not shown in the equation
The drift time distribution is thus described in terms of th
drift tube lengthL, the drift velocitiesyA andyB of isomers
A andB, the initial intensitiesA0 andB0, D, the diffusion
constant for the ions, andk, the isomerization rate constant
D, yA, and yB are extracted directly from the drift time
distributions. Thus onlyA0, B0, and k are variables in
the equations, for a given distribution. By fixing the
ratio A0yB0, one can describe the distribution in terms o
only k.

The black dots overlaid on the distributions fo
sNaCld36Cl2 in Fig. 1 show the fit to the data with
k ­ 7.1 s21. A value of 7.1 s21 corresponds to a half-
life of 100 ms, and from Figs. 1(a) and 1(b), one can s
that the peak on the right is reduced by around a fac
of 4 over the course of,2 half-lives. A similar analysis
has been performed forsNaCld30Cl2, sNaCld35Cl2,
sNaCld36Cl2, andsNaCld37Cl2 at various temperatures
between 7±C and 77±C. Figure 2 shows the fits to
the drift time distributions forsNaCld35Cl2 at three
temperatures, with a fixed drift voltage of 7 kV. Fo
sNaCld35Cl2 there are three isomers present, which ha
been assigned to an incomplete5 3 5 3 3, an incomplete
5 3 4 3 4, and an8 3 3 3 3 geometry with a single
defect, on the basis of the calculated mobilities for the
geometries. The8 3 3 3 3 and 5 3 5 3 3 geometries
convert into the5 3 4 3 4 geometry. The simulations
for this cluster were performed using the format describ
above, but with additional terms inrstd for the additional
isomer. It is clear from the results shown in Fig.
that the isomerization rate increases as the tempera
is raised. For the8 3 3 3 3 to 5 3 4 3 4 transition
the rate constants obtained from the simulations a
0.9 6 0.3, 8.0 6 0.5, and60 6 3 s21 at 7±C, 33±C, and
67±C, and for the5 3 5 3 3 to 5 3 4 3 4 transition the
rate constants are1.4 6 0.2, 8.0 6 1.0, and25 6 3 s21.

For a thermally activated process, the rate co
stants should follow the Arrhenius equationk ­
A exps2EAykBTd, whereA is the frequency factor,kB is
the Boltzmann constant,T is the temperature, andEA is the
activation energy. The activation energy can be obtain
from a plot of lnk vs skBTd21. Such a plot is shown in
Fig. 3 for transformation of thesNaCld35Cl2 8 3 3 3 3
geometry into the5 3 4 3 4 geometry. An activation
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FIG. 2. Drift time distributions for sNaCld35Cl2 at 7±C,
33±C, and 67±C, with a drift voltage of 7 kV. The geometrie
shown in the figure are described in the text. The simulatio
used to extract the rate constants are superimposed on
distribution as black dots.

energy of0.57 6 0.05 eV is obtained. Activation ener
gies for the other transitions we have studied are giv
in Table I. The activation energies are between 0.3 a
0.6 eV. The values determined for the frequency fac
A are all on the order of 106 to 1010 s21. The frequency
factor for a simple molecular process is expected to be
the order of a vibrational frequency 1012 to 1014 s21 [31].

The isomerization of NaCl and other alkali halide clu
ters has been examined theoretically by several gro
[2,12–18]. Activation energies have been reported o
for clusters with less than 10 atoms. For NaCl clust
the values range from 0.25 to 0.60 eV [12,13,18]. The
are similar to the values we have obtained for the 60–
atom clusters studied here. However, it is probably n
appropriate to compare them to our results because
structural transformations for the larger clusters stud
here are much more complicated than the isomeriza
processes of the small clusters, where only a limited nu
ber of conformations exist.
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FIG. 3. Arrhenius plot for the conversion of thesNaCld35Cl2

8 3 3 3 3sfd structure to a5 3 4 3 4sid structure.

For bulk NaCl, the measured activation energies for th
migration of an ion vacancy through the solid is 0.85 eV
[32]. The activation energies in Table I are all less tha
0.6 eV, so the mechanism by which thesNaCldnCl2

clusters transform their shapes is less energetically h
dered than this process. Diffusion along a surface
intuitively less hindered than through a volume, but ex
perimental studies on surface diffusion have mostly be
limited to metals [33]. However, theoretical studies pre
dict activation energies of surface diffusion on bulk NaC
to be less than 0.5 eV along the least-hindered rou
[34]. Thus, a likely mechanism for the observed struc
tural transformations is a sequence of surface diffusio
steps.

The low values for the frequency factorA are consistent
with a single highly concerted step, as well as mechanis
involving a sequence of steps. It is unlikely under thes
conditions that such a large geometry change could
accomplished in a single concerted step, with such a sm
activation energy. However, a structural transformatio
effected through a series of surface diffusion steps cou
result in a frequency factor comparable to the measur

TABLE I. Activation energies for transitions between some
NaCl cluster geometries. The geometries are identified b
their j 3 k 3 l dimensions. The letters c, f, and i following
the j 3 k 3 l dimensions indicate a complete cuboid, an
cuboid with one vacancy (orF center), and a cuboid with an
incomplete face, respectively.

Converting Product
isomer isomer Activation

Cluster geometry geometry energy (eV)

sNaCld30Cl2 7 3 3 3 3 i 4 3 4 3 4 i 0.57 6 0.05
sNaCld35Cl2 8 3 3 3 3 f 5 3 4 3 4 i 0.57 6 0.05
sNaCld35Cl2 5 3 5 3 3 i 5 3 4 3 4 i 0.53 6 0.05
sNaCld36Cl2 6 3 5 3 3 i 5 3 4 3 4 i 0.44 6 0.05
sNaCld37Cl2 6 3 5 3 3 i 5 3 5 3 3 c 0.36 6 0.05
4215
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ones. Although, studies of self-diffusion on tungst
show that the frequency factors can vary by nine ord
of magnitude, depending on the details of the mechan
[35].

In summary, we have determined Arrhenius activati
energies for structural transitions in a number of Na
nanocrystals. Unlike the isomerization processes t
have been studied for smaller clusters, the structu
transitions studied here are between geometries with
same structural motif but differentj 3 k 3 l dimensions.
These are the cluster analog of a spontaneous chang
the shape of a crystal. The activation energies determi
for the structural transitions are remarkably low, 0.3
0.6 eV. Such low activation energies are consistent w
the transitions occurring through a sequence of surf
diffusion steps. It is likely that surface diffusion i
an important mechanism for low temperature structu
transitions in a wide range of clusters and nanocrystals
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