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Structural Transitions in Sodium Chloride Nanocrystals
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High resolution ion mobility measurements have been used to examine structural transitions in
(NaCl),C1~ nanocrystals with between 30 and 40 NacCl units. Transformations between bulk fragment
geometries with differenf X k X [ dimensions are observed at ambient temperatures. In some of
these transformations, close to half the atoms are relocated, yet the Arrhenius activation energies are
less than 0.6 eV. A surface diffusion mechanism is proposed to explain the remarkably low activation
energies. [S0031-9007(97)03225-0]

PACS numbers: 61.46.+w, 36.40.Sx

Structural rearrangements in atomic and moleculawere produced by laser vaporization of a sodium chloride
clusters have been studied both theoretically [1—4] andod in a helium buffer gas. The source region and the
experimentally [5-8], particularly in relation to phase drift tube are connected by a cylindrical ion gate, 2.5 cm
transitions in bulk materials. However, despite numerousong and 0.5 cm in diameter. A flow of helium buffer
studies there is little quantitative information available.gas prevents neutral clusters from entering the drift tube,
Here, we describe direct measurements of the Arrheniughile an electric field pulls the ions through the ion gate
activation energies for structural transitions in NaClagainst the flow. The voltage across the drift tube is 2—
nanocrystals. (NaCl),C1~ clusters with more than 30 14 kV; the drift tube and source region contain helium
NaCl units undergo transitions between bulk fragmenbuffer gas at a pressure of around 500 Torr. At the
geometries with differenf X k X [ dimensions. Some end of the drift tube, some of the ions exit through a
of these transitions involve the relocation of close t00.125 mm hole. They are focused into a quadrupole mass
half the atoms in the cluster, yet they occur at ambienspectrometer, mass analyzed, and then detected. Drift
temperatures. Arrhenius activation energies have beeime distributions are recorded with a multichannel scaler
determined for the structural transitions by measuring theising the source laser pulse as the start trigger.
isomerization rates as a function of temperature. The low Figure 1 shows drift time distributions measured for
activation energies for these processes are attributed to(WaCl);cC1~ at room temperature. The three peaks in
surface diffusion mechanism, which may be an importanthe distributions correspond to different structural isomers
mechanism for low temperature structural transitions in dhat have been separated by their different mobilities.
wide range of clusters and nanocrystals. Structural assignments for the isomers observed for these

Alkali halide clusters are interesting model systems beelusters have been reported in a recent publication [24]. In
cause the bulk structural motif emerges at small clustebrief, structures are optimized using an ionic potential with
sizes [9—-11]. They can be modeled with a relativelypolarization effects [25,26] with parameters taken from
simple potential [10], and there have been many theoWelchet al.[27]. Mobilities are then calculated for these
retical investigations of alkali halide structural transitionsstructures and compared with the experimental values. In
[2,12-18]. For example, Faterat al. [19] have recently Fig. 1, the peak on the left has been assigned fo>a
employed photoelectron spectroscopy to probe the isomeri X 4 fcc cuboid with an incomplete face, the middle peak
zation between a hexagonal ring structure and an inconhas been assigned to an incomplét 5 X 3 cuboid,
plete2 X 2 X 2 cube for(CsX);Cs™ clusters. Evidence and the peak on the right to an incomplete< 5 X 3
for the isomerization of larger sodium chloride clusters haguboid. By varying the drift voltage, one can vary the time
been inferred from photodetachment and mass spectromgiat the ions spend in the drift tube. Drift voltages of (a)
try experiments [20,21]. In our studies, the isomerizationl0.5 kV, (b) 4.0 kV, and (c) 1.95 kV were employed for
processes are probed by ion mobility measurements whetbe distributions shown in Fig. 1. The average drift times
the different isomers are separated on the basis of their difacrease from 120 to 640 ms as the drift voltage is lowered.
ferent mobilities [22]. Our experiments are performed inThe abundance of the incompletex 5 X 3 geometry,
500 Torr helium buffer gas and have a time scale of hunthe peak on the right in the figure, decreases as the
dreds of milliseconds, so the temperature is well defined.residence time is increased, indicating that this structure

The high resolution ion mobility apparatus employedis converting into another structure as it travels through
for these studies has recently been described in detdihe drift tube. The intensity between the peak on the
[23]. The apparatus consists of a source region attacheight and the peaks on the left results frghaCl);6C1~
directly to a 63 cm long drift tube, followed by a massisomers that interconvert at different positions along the
spectrometer, and an ion detectaiNaCl),C1~ clusters length of the drift tube. If an isomeB converts into
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The black dots overlaid on the distributions for
f (NaCl)3,C1™ in Fig. 1 show the fit to the data with
k=71s"'. Avalue of7.1 s™! corresponds to a half-
life of 100 ms, and from Figs. 1(a) and 1(b), one can see
p that the peak on the right is reduced by around a factor

J of 4 over the course of-2 half-lives. A similar analysis
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has been performed fo(NaCl);oCl~, (NaCl);5Cl1™,
(NaCl)36C1~, and(NaCl)3;C1~ at various temperatures
550 600 650 700 750 between ?C and 77C. Figure 2 shows the fits to
: HIH the drift time distributions for(NaCl);5C1~ at three
Time (m”llseconds) temperatures, with a fixed drift voltage of 7 kV. For
FIG. 1. Drift time distributions recorded fdiNaCl);sC1~ at  (NaCl)3sC1~ there are three isomers present, which have
room temperature with drift voltages of (a) 10.5 kV, (b) 4 kV, been assigned to an incompléte< 5 X 3, an incomplete
and (c) 1.95kV. The geometries shown in the figure ares v 4 4, and an8 X 3 X 3 geometry with a single

described in the text. The peak assigned to éh& 5 X 3 : e
geometry is shown multiplied by a factor of 5. The simulationsdefeCt’ on the basis of the calculated mobilities for these

used to extract the rate constant are superimposed on ea@i¢ometries. Th& X 3 X 3 and5 X 5 X 3 geometries
distribution as black dots. convert into the5 X 4 X 4 geometry. The simulations

for this cluster were performed using the format described

isomerA as it travels through the drift tube, it will occur above, but with additional terms in(z) for the additional
between the peaks due foand B because it spends part ISOmer. It is clear from the results shown in Fig. 2
of the peak assigned to thex 5 x 3 geometry cannot IS raised. For the8 X 3 X3 to 5 X 4 X 4 transition
be due to electron detachment [28] or dissociation [29]the rate constants obtained frcirln the simulations are
The activation energies for these processes are greater th&f_* 0.3, 8.0 = 0.5, and60 + 3 s at 7°C, 33°C, and
2 eV, and so the probability of them occurring at ambient? °C. and for thes X' 5 X 3 t0 5 X 4 X 4 transition the
temperatures is vanishingly small. rate constants are4 + 0.2, 8.0 = 1.0, and25 + 3 s !,

Rate constants for the thermally activated structural FOr @ thermally activated process, the rate con-
transformations can be obtained from the results shown iftants should follow the Arrhenius equatioh =
Fig. 1 by simulating the drift time distributions. For two A €XP(—Ea/ksT), whereA s the frequency factork is

isomersA andB, the drift time distribution is given by the Boltzmann constarit,is the temperature, and, is the.
activation energy. The activation energy can be obtained
d(r) = / p(egt, ') dr' from a plot of Irk vs (kgT)~!. Such a plot is shown in
Fig. 3 for transformation of théNaCl);5C1~ 8 X 3 X 3
with p(z) andg(z, ¢') given by geometry into thes X 4 X 4 geometry. An activation
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FIG. 2. Drift time distributions for(NaCl);5C1~ at 7°C,
33°C, and 67C, with a drift voltage of 7 kV. The geometries
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FIG. 3. Arrhenius plot for the conversion of tiiNaC1);5C1~
8 X 3 X 3(f) structure to & X 4 X 4(i) structure.

For bulk NaCl, the measured activation energies for the
migration of an ion vacancy through the solid is 0.85 eV
[32]. The activation energies in Table | are all less than
0.6 eV, so the mechanism by which ti&aCl),C1~
clusters transform their shapes is less energetically hin-
dered than this process. Diffusion along a surface is
intuitively less hindered than through a volume, but ex-
perimental studies on surface diffusion have mostly been
limited to metals [33]. However, theoretical studies pre-
dict activation energies of surface diffusion on bulk NaCl
to be less than 0.5 eV along the least-hindered route
[34]. Thus, a likely mechanism for the observed struc-
tural transformations is a sequence of surface diffusion

shown in the figure are described in the text. The simulationsteps.

used to extract the rate constants are superimposed on each

distribution as black dots.

energy of0.57 = 0.05 eV is obtained. Activation ener-
gies for the other transitions we have studied are give
in Table I. The activation energies are between 0.3 an

0.6 eV. The values determined for the frequency factor

A are all on the order of 10to 10'° s~!'. The frequency

factor for a simple molecular process is expected to be o

the order of a vibrational frequency ¥o 10! s~! [31].

The isomerization of NaCl and other alkali halide clus-

The low values for the frequency factarare consistent

with a single highly concerted step, as well as mechanism
involving a sequence of steps. It is unlikely under these
conditions that such a large geometry change could be
accomplished in a single concerted step, with such a small
activation energy. However, a structural transformation
ffected through a series of surface diffusion steps could
esult in a frequency factor comparable to the measured

ﬁABLE I. Activation energies for transitions between some
aCl cluster geometries. The geometries are identified by
their j X k X [ dimensions. The letters c, f, and i following

the j X k X [ dimensions indicate a complete cuboid, and

ters has been examined theoretically by several groupsuboid with one vacancy (dF center), and a cuboid with an
[2,12-18]. Activation energies have been reported onlyncomplete face, respectively.

for clusters with less than 10 atoms. For NaCl clusters
the values range from 0.25 to 0.60 eV [12,13,18]. These

are similar to the values we have obtained for the 60—-80 ¢juster
atom clusters studied here. However, it is probably not

appropriate to compare them to our results because tH&aCl:Cl1™

structural transformations for the larger clusters studie

here are much more complicated than the isomerizatio
processes of the small clusters, where only a limited num

ber of conformations exist.

Converting Product

isomer isomer Activation

geometry geometry energy (eV)
7X3X3i 4X4X%X4i 057 =*0.05
NaCl);sC1- 8 X3 X3f 5X4X4i 057 *0.05
aCl);sClm 5 X5X3i 5X4X4i 053 =*005
(NaCl)36C1- 6 X5X3i 5X4X4i 044 =*0.05
(NaCl);;C1= 6 X5X3i 5X5X3c 036=*005
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