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in sodium chloride nanocrystals
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Calorimetry measurements, performed by multicollision induced dissociation, have been used to
probe the melting of a number of (NaGNa" clusters withn=22—37. The clusters anneal at
225-325 K and melt at 750-850 K. (Nagila® and (NaCly,Na“, which can adopt geometries

that are perfect fragments of the bulk lattice melt at around 850 K. The other clusters,(exXaeipt

for n=31) must have defects, melt at temperatures which are up to 100 K lower than the perfect
nanocrystals. The internal energy distributions become bimodal near the melting temperature. This
is the signature of slow dynamic phase coexistence where clusters spontaneously jump back and
forth between the solid and liquid states with an average period that is longer than required for
thermal equilibration. The jump frequency must be betweeh ditd 13 s ! for the bimodal
distribution to be observable in our experiments. The (NG clusters can dissociate by an
unusual thermally activated process where melting and freezing raise the internal energy to generate
hot solid clusters that can sublime before they cool to the ambient temperaturZ00©&American
Institute of Physics.[DOI: 10.1063/1.1786921

I. INTRODUCTION semble is bimodalwith one component for each phase

Haberland and collaborators recently reported indirect evi-

In the mesoscopic size regingparticles with thousands . o :
of atomg melting points are depressed relative to the pulkdence that Na has a bimodal energy distribution at its

value because of the increase in the surface to volumB'€lting transitior’* The bimodal energy distribution occurs
ratio}=3 In the cluster size regimé<500 atoms the simple for finite systgms bepagse there is a free. energy barrier be-
thermodynamic scaling responsible for the melting point delween the solid and I|qU|d_states. The barrl_er result_s from the
pression breaks down and clusters have melting temperaturg§€rgetic _cost of the interface associated with phase
that fluctuate with the number of atoris} in some cases by separatiort®
hundreds of degre€sThese fluctuations are not strongly cor-  Alkali halide clusters adopt bulklike structures at small
related with geometric or electronic shells closings and theifizes,®?° and hence they are interesting model systems to
origin remains poor|y understood. examine melting in the cluster size regime. They can be
Melting in the cluster size regime differs from the melt- modeled using simple potentials and several groups have
ing of a macroscopic object in a number of ways. The melt{erformed simulations of their melting transitioHs™?2Al-
ing transition for a cluster is broadenétiere is no longer a kali halide clusters show magic numbers due to cubic pack-
melting poin} and the liquid and solid phases coexist over aing. (NaCl);;Na*, for example, adopts a>3&Xx5 cuboid
range of temperatures. In the coexistence region, simulatiorgtructure(the j X kX1 labels give the number of atoms along
suggest that clusters can repetitively switch back and forteach edge This structure is a true nanocrystal.
between being entirely solid and entirely liqdfid?® There is  (NaCl)zNa", with one fewer NaCl unit, must posses at least
no analog for this behavior with bulk materials. When a mac-one defect. We have examined the melting of th¢3%5
roscopic object melts, the liquid and solid phases coexist imnd 3<5x5 nanocrystals, (NaCl)Na* and (NaCly,Na",
contact. It is possible to distinguish between the dynamias well as a number of clusters withbetween 22 and 37
phase coexistence of a cluster and the static phase coexighat have defects. We find that clusters with defects melt at
ence of a macroscopic object from their internal energy distemperatures that are up to 100 K lower than the perfect
tributions. For a macroscopic object the internal energy disnanocrystals.
tribution at the melting point has a single narrow component, The melting transitions are probed using a new approach
and the average internal energy changes smoothly from thg doing calorimetry on unsupported clusters based on
of the solid to that of the liquid. The same is true for anmylticollision-induced dissociatioft. The amount of energy
ensemble of clusters, if they rapidly switch back and forthrequired to dissociate an ensemble of size-selected clusters
between the liquid and solid states so that their internal engecreases as the temperature increases due to the clusters’
ergies are not equilibrated in either phase. However, if ranthermal energy. At the melting transition, the latent heat
sitions between the solid and liquid phases occur sufficientlyayses a sharp drop in the energy required to cause dissocia-
infrequently that the clusters can become equilibrated afon, and this provides a thermodynamic signature of melt-
solid and liquid, the internal energy distribution of the N-ing. For this approach to work properly, dissociation must
occur from the liquid state. In our previous studies of gallium
3Electronic mail: mfi@indiana.edu clusters this criteria was satisfiéthe liquid clusters remain
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Dissociation — Dissociation tion cannot occur for the separate phases, and both phases
15 — Threshold of Threshoid of i , .

Solid Cluster 10 / Liquid Cluster will share a common internal energy distribution. In Fig. 1,
/ """"" the internal energies of the nascent frozen clusters are close
Z 10} to the dissociation threshold for the solid clusters. Thus the
s | T > w_ !teral Energy nascent frozen clusters will require much less energy to dis-
5 . > -. Do Clonter sociate than the equilibrated solid and liquid clustéfe

= \ 05 0'5 1'0 ‘ nascent frozen clusters may even spontaneously sublime
Internal Energy ' Ihae‘:{“ The sudden emergence of a component that requires much

T R o : less additional energy to dissociate is the signature for these
Probability nascent frozen clusters. We have observed this behavior for

the sodium chloride clusters studied here. We will show be-
FIG. 1. Schematic diagram showing the relationship between the interndlow that for the nascent frozen clusters to be observable in
energy distributions and the dissociation thresholds of solid and liquid CIUS’[hiS way. the jumps between the quuid and solid phases must
ters. The plot is based on (NagJNa'. ! 1

occur with a frequency between“and 1ds 1.

intact to temperatures substantially above the meltind!- EXPERIMENTAL METHODS
transition).** However, the (NaCJNa" clusters studied here The main features of the experimental apparatus used for

sublime (see below. If the (NaCI),Na" clusters were t0 inege studies have been described in detail previdkdlye
simply remain solid and sublime when heated we would 0bsqdjym chloride clusters were produced in a gas aggregation
viously not be able to measure a melting temperature. Busrce and ionized using a discharge located up-stream from
our results indicate the (NaGlNa" clusters can melt and he oven region. The temperature of the clusters is set before
freeze before subliming. _In fact, we W|II_ show that thesethey exit the source in an 8.9 cm long temperature-variable
melt-freeze cycles can drive the sublimation. _ (80-1000 K extension. The cluster ions spend at least a
To better illustrate the relationship between melting, pjjlisecond in the extension where the helium buffer gas
freezing, and sublimation, Fig. 1 shows a schematic diagra'Bressure is~10 Torr. Under the conditions employed, ther-
of the internal energy distributions and dissociation thresh, equilibration is expected to occur on a 1610 s
olds for solid and liquid (NaCBNa" clusters. We take the {ime scalé® In our recent studies of gallium clusters, we
latent heat from the Monte Carlo simulations of Doye andyerformed a series of tests to confirm that the clusters had
Waleg? for (NaCl)ssCl™. The internal energy distributions ,chieved thermal equilibrium with the walls of the
were calculated at 800 Kwhich is the melting temperature extensior?* We adjusted the size of entrance and exit aper-
according to our results presented belaising a Debye-like s 5o that the pressure in the extension varied by more
vibrational frequency distributioff. We assume that the den- than an order of magnitude. There was no effect on the mea-
sity of states for the liquid clusters is increased by a factor of;red thresholds. In the present work, we employed a con-
AQ=exp@H/RTy), whereTy, is the melting temperature  seryative configuration with no restriction at the entrance to
andAHy, is the latent heat{ Sy =AH /T =R/MAQ). The  {he extension. After exiting the extension, a specific cluster
dissociation thresholds shown in Fig. 1 represent the amounf;¢ js selected with a quadrupole mass spectrometer, and the
of energy required to cause fragmentation on the microsecsj;e_selected clusters are focused into a high pressure colli-
ond time scale of the multicollision-induced dissociationgjon cell which contains 1.00 Torr of helium. As the ions
method employed hef8.The threshold is not sharp as sug- enter the collision cell, they are rapidly heated by many col-
gested by the line in the figure, the probability for dissocia-jjsjons with the helium gas. If the initial translational energy

tion increases smoothly from zero to one over a range ofs high enough, the cluster ions dissociate. Some fraction of
internal energies. The dissociation thresholds for the liquigpe parent and product ions are extracted from the collision

and solid clusters are expected to be sirﬁ?le(t.he vapor  cell and focused into a second quadrupole mass spectrometer
pressure of the bulk material does not show a discontinuity gfnere they are analyzed, and then detected.

the melting point’). The dissociation threshold for the solid
cluster shown in Fig. 1 was estimated from our experlm.enta,”_ RESULTS AND DISCUSSION
results, we assume the threshold for the liquid cluster is the
same. Product ion mass spectra resulting from multicollision-
It is evident from Fig. 1 that the freezing of liquid clus- induced dissociation of (NaGNa" and (NaClyNa" are
ters will initially generate hot solid clusters and the meltingshown in Fig. 2. The main dissociation pathways for
of solid clusters will initially generate cold liquid ones. The (NaCl),;,Na" are formation of (NaChNa" and loss of
internal energies of the nascent melted or frozen cluster mugiNacCl),. The latter is an important dissociation pathway for
be equilibrated after a transition. If the time scale for equili-all the clusters studied, while formation of (Nagia’ is
bration is less than the average interval between melting anidnportant for clusters witm<31. (NaCly,Na' (3x3x5) is
freezing events then the solid and liquid clusters will havea strong magic number in the cluster distribution from the
separate internal energy distributions, identical to those calource. For clusters with>31, (NaClj;Na" is an impor-
culated from statistical thermodynami@s in Fig. 3. If, on  tant product ion. (NaCkNa" (3x3X7) is a weak magic
the other hand, the time scale for equilibration is greater thanumber in the cluster distribution from the source. The pref-
the average time spent in each of the phases, then equilibrarential loss of (NaC}) rather than individual NaCl units
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FIG. 2. Mass spectra recorded for multicollision-induced dissociation of g 04 \ _
(NaCl),;Na" and (NaClysNa*. The conditions employed are shown on the 5 7Bk
plots. E 0.2 673K .
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(which is observed for almost all clusteénsrobably reflects Translational Energy, eV
the stability of the (NaCl fragment [dissociation to
. . 0, i
(NaCI)n_zNa++(NaCI)2 is lower in energy than FIG. 3. (8 Shows a plot of TE50%D against temperature of the source

) . : .
(NaCl),;Na" +NaCl. The preference for magic nUMber ycuci e paints &  spline . The histogram shows the cister’s heat
fragments such as (NaGjNa* and (NaCly;Na" is signifi-  capacity derived from the TE50%D valuésee text The heat capacities
cant because this observation is not consistent with dissocigeale on the right-hand side of the plot@33Nk, where N=3(2n+1)
fion from the liguid state. This was noted n previous studies, 5115 ¢ rber Ve, i Inisted e e o e
of the fragmentatlon of sodium fluoride clusters, where Itcircles and thick-dashed line shows the fraction dissociated at a TE of 50 eV.
was taken to indicate that the clusters must dissociate frorm) shows the fraction dissociated as a function of the TE for source exten-
the solid staté?” sion temperatures-800 K.

Multicollision-induced dissociation can be used to per-
form calorimetry measurements by tracking the median in-
ternal energy of the clusters as a function of their temperaTE50%D values and the thin-dashed line shows the heat ca-
ture. To accomplish this, the fraction of the parent clustempacities calculated using statistical mecharttbg rotational
ions that dissociate is determined from product ion massontribution is assumed to be classical and the vibrational
spectra. This quantity is then monitored as a function of theeomponent is determined from a modified Debye model that
ions’ translational energyTE). Measurements performed at incorporates a low frequency cutoff to account for the finite
different TEs show a threshold behavior, and the TE requiredize of the clustér).
for 50% of the ions to dissociatd8 E50%D) is obtained from There is an inflectioffor jump) in the TE50%D values at
the results using a linear regression. The TE50%D values are225-325 K in Fig. 8), and a corresponding minimum in
then determined as a function of the temperature of théhe heat capacity. This is attributed to the presence of high
source extension. energy isomers. As the temperature is raised, the isomers

Figure 3a) shows a plot of TE50%D against tempera- anneal into lower energy structures, and larger TEs are then
ture for (NaClysNa'". The TE50%D values decrease as theneeded to cause dissociation. The average change in the po-
temperature is raised because of the increase in the clustetsntial energy that occurs when the isomers anneal can be
internal energy. The derivative of TE50%D with temperatureestimated from the jump in the TE50%D values using the
(—JTE50%D#T) is approximately proportional to the clus- fraction of the TE that is converted into internal energy
ter's heat capacity. The proportionality constant is the frac{~0.05 from above For (NaClNa* the potential energy
tion of the ion’s translational energy that is converted intodecrease on annealing was estimated te<lie0 eV. Struc-
internal energy as the ions enter the collision cell. This cariural transitions have previously been observed for
be estimated using a simple impulsive collision mdddtor ~ (NaCl);<Cl~ at ~273-323 K using high-resolution ion mo-
the (NaClyNa" clusters studied here, the fraction is esti- bility measurement®) However, these were assigned to tran-
mated to be~0.05. Because this fraction is so small, changessitions between low energy isome(s:0.2 eV above the
in the internal energy of the cluster are amplified and lead t@round stateon the basis of calculatiorf8. The higher en-
large changes in the TE required for dissociation. The histoergy isomers responsible for the changes observed here are
gram in Fig. 1a) shows the heat capacities derived from theprobably partially amorphous structures that are generated by
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a) 55 occur on a 0.1-1(@s time scale in the extensiGhwhile the
' ' b, flight time from the source extension to the collision cell is
300 |- (NaCl);;Na ~100 us. Thus the frequency of the jumps between the
phases must be-10*s 1. The hot solid clusters generated
S Pr 2.0 by the freezing of liquid clusters may spontaneously sublime
® 200 L as they travel from the heated extension to the collision cell.
e% 15 If fragmentation occurs before or in the quadrupole mass
R 150 |- a spectrometer, the majority of the products will be lost. How-
= 10 é ever, products that form after the quadrup&e very near
100 |- ol © the end of the quadrupolevill contribute to the low energy
sol —05 tails in Fig. 3b).
The presence of the tail in Fig(l3 and the threshold at
¢ L L L 90 higher energies, which is due to the dissociation of equili-
Temperature of Extension, K brated solid clustersand perhaps unfrozen liquid clustgrs
b) 12 indicates that there is a bimodal energy distribution for
- ' ' ' (NaCl)z;sNa' at its melting transition. For a bimodal energy
§ 1o 7] distribution to be established the average period between the
§ 08 - : . melting and freezing transitions must be greater than the time
-é‘ 06 L f J g3k scale for equilibration of the_phases. I_Equilibration .is ex-
S oub 8731}& )& 773K i pected to occur on a 0.1—_1_&; time scale in the extensién,
g so the frequency of transitions between the phases must be
g o2 73K - <10’ s™ 1. Combining this with the limit from above, we can
0.0 bracket the transition frequency as being betweeh drtd
0 100 200 300 400

10’s 1. A slow dynamic phase coexistence has been ob-
served in molecular dynamics simulations for (K&GRvhere
FIG. 4. Same as Fig. 3 but for (NaGiNa". it appears that the transition frequency is arountisz®. 12
Near the melting transition, the clusters must undergo a
series of melting and freezing cycles as they travel through
further cluster growth in the extension when it is cooled.the heated extension, and each freezing transition should
Low temperature inflections in the TE50%D values weregenerate hot solid clusters of which some fraction may spon-
also found for (NaC)Na® with n=27, 36, and 37. The taneously dissociate before their internal energy is thermali-
estimated potential energy changes for these annealing préed. Thus a sharp decrease in the (NagBlx" parent ion
cesses were comparahl@.66, 0.89, and 0.78 eV, respec- intensity is predicted. Such a decrease is observed, the
tively). (NaCl)gsNa* signal starts to decline=800 K, and almost
There is a sharp decrease in the TE50%D values foeompletely disappears above 900 K.
(NaCl);sNa™ at ~800 K and a corresponding spike in the ~ Figure 4a) shows a plot of TE50%D against tempera-
heat capacity(see Fig. 3 The inflection and spike are ture for (NaCly/,Na". At temperatures above 800 K the
smaller than expected for the latent heat of fugiassuming TE50%D values level off instead of decreasing as observed
the latent heat of (NaCjjNa" is the same as the value for for (NaCl)gsNa". At the same time the (NaGhNa" signal
(NaCl);Cl~ obtained from Monte Carlo simulatioff$ ~ intensity decreases sharply. In the plots of the fraction disso-
However, the presence of magic fragments suggests thatated against TE, Fig.(8), a tail grows in at low TEs for
these clusters dissociate from the solid state, in which casi@mperatures above 800 K, but it is significantly smaller than
an inflection and spike are not expected at all. We will showfor (NaCl);sNa*. All these observations are consistent with
below that the inflection observed at800 K probably re- the idea that a larger fraction of the hot solid cluste@yen-
sults from changes in the internal energy distributions due terated by freezing liquid clustgrspontaneously fragment
melting and freezing transitions that occur prior to dissociafor (NaCl);/,Na" than for (NaClysNa“. This may be due to
tion from the solid state. Figure(® shows the fraction of (NaCl);;Na" having a larger heat of fusion and a higher
(NaCl)gsNa' that dissociates plotted against the TE for sev-melting temperature than (NaGiNa“. The TE50%D val-
eral extension temperatures800 K (the spike in the heat ues for (NaCl};Na" level off because most of the liquid
capacity. For temperatures above 723 K a tail develops atlusters do not survive, so the TE50%D values reflect the
low TEs. This tail indicates that some of the clusters haveaverage internal energy of the remaining solid clusters.
substantially increased internal energies. The only plausible The fraction of (NaCljsNa* and (NaCly,Na" dissoci-
explanation for the sudden appearance of these “hot” clusated at a TE of 50 eV provides a metric for the fraction of
ters is that they result from liquid clusters that have frozeriquid clusters present. This quantity shows a threshold be-
either in the source extension or on the way from the extenhavior when plotted against temperatyaircles and thick
sion to the collision cell. If freezing occurred in the sourcedashed lines in Figs. 3 and.4Ne expect these thresholds to
extension, it must have occurred sufficiently close to the exibe correlated with the melting temperatures. From the spike
that the internal energy distribution of the nascent solid clusin the heat capacity we assign a melting temperature of
ters is not fully equilibrated. Thermalization is expected to~800 K to (NaClysNa* and from the fraction dissociated at

Translational Energy, eV
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(NaCl),,Na" (NaCl); Na" (NaCl);;Na' (NaCl);;Na* is not elevated like that of (NaGhNa* and
(3x3x5) (3x3x7) (3x5x5) ( NaCI)37N at.
v v v
s 60— , —
S s |- s IV. CONCLUSIONS
=
E 80} P . We have used multicollision-induced dissociation based
£ lorimetry to probe the melting of NagNg" clus-
£ 800 | A _ calorimetry to probe the melting of some (Na@g" clus
E el oo ° i ters withn=22-37. The clusters melt at 750—850 K, which
2 o ° is well below the bulk melting point of 1074 K. Annealing
§76° K N ] transitions (probably from high energy amorphous struc-
740, = - = 20 tures were observed at 225-325 K. Thus there is a clear
Cluster Size, n in (NaCl),Na” separation between isomerization and melting. This distinc-

_ _ tion is often not clear for smaller clusters. The melting tem-
FIG. 5. Plot of the melting temperatures determined for (Ng)™ clus- peratures are correlated with the geometric structure, the

ters withn=22-37. The triangles show values determined from the heat + + .
capacity plots and the circles show values obtained from the fraction disso(NaC|)22Na and (NaCl};Na" clusters with perfect nano-

ciated at a TE of 50 eVsee text The estimated uncertainty 525 K. crystal geometries have the highest melting temperatures.
The presence of a defect lowers the melting temperature by

up to 100 K. The internal energy distributions become bimo-
dal near the melting temperature. This is the signature of
slow dynamic phase coexistence where clusters spontane-
ously jump back and forth between being entirely solid and
entirely liquid on a time scale that is longer than required for
‘thermal equilibration. The jump frequency must be between
10* and 10 s~ for the bimodal distribution to be observable
in our experiments. (NaG|Na' clusters can dissociate via
an unusual thermally activated process where a melting and
freezing cycle pumps up the internal energy to generate hot
solid clusters that sublime before cooling to the ambient tem-
perature.

a TE of 50 eV we determine a melting temperature=gf0
K. For (NaCly,Na" we estimate a melting temperature of
850 K from the heat capacity plot and from the fraction
dissociated at a TE of 50 eV we obtain a value of 840 K
Thus the melting temperature of (NagiNa“ is ~50 K
higher than for (NaClsNa*. Measurements were also per-
formed for (NaClI)Na" clusters withn=22, 27, and 3622
is a magic number, 27 and 36 are ndthe TE50%D plots
for (NaCl),,Na" and (NaClygNa* show a maximum in the
heat capacity like that for (NaGiNa". The TE50%D plot
for (NaCl),,Na" is similar to that for (NaCQ,Na" (i.e., the
TE50%D values level off

Measuring the fraction dissociated at a TE of 50 eV pro-ACKNOWLEDGMENT
vides a more convenient way to determine the melting tem-  We gratefully acknowledge the support of the National
peratures than measuring the full TE50%D plots. These me&cience Foundation.
surements were performed for a number of (NaS§*
clusters withn between 22 and 37. Figure 5 shows the melt- 1p payiow, . Phys. Chengs, 1 (1909.
ing temperatures determined by both methods plotted againstvi. J. Takagi, J. Phys. Soc. Jp@,. 359 (1954).
cluster size. The estimated uncertainty+25 K. The two j;h-sil:\fﬁtd?ng kaéc?]%fe\ljvppyshhﬁg\rﬂlg 3§§7|(£;26rﬁ o H Hab
magic number cuboid cluste_rs hav_e the highest meltmg tem-er'land’ Phys. Rev. Letz9, 99 (1997, : :
peratureg~850 K). The melting point of bulk sodium chlo- sy schmidt, R. Kusche, B. von Issendorff, and H. Haberland, Nature
ride is 1074 K, so the clusters have depressed melting tem-(London 393 238(1998.
peratures. While depressed melting points are expected in thgé\/'- Schmidt and H. Haberland, C. R. Phy.327 (2002.

. . . . G. A. Breaux, D. A. Hillman, C. M. Neal, R. C. Benirschke, and M. F.
mesoscopic size regimghousands of atomsn the cluster Jarrold, J. Am. Chem. Sod26 8628(2004.

size regime, some metalsin and gallium have elevated s8R p. Etters and J. B. Kaelberer, J. Chem. PI§6.5112(1977).
melting point$?*3which probably result from the clusters °J. Jellinek, T. L. Beck, and R. S. Berry, J. Chem. Phgd, 2783
having different structures than the bulk. Thus theloglf’@ﬁose and R. . Bery, 3. Chem. PI9gs.517 (1992
(NaCl),Na* cIu.sters have erressed meltlng points becausg; p roce and R. S. Berg: J. Chem. szs:3246(1993.

they have bulklike geometries. According to the Monte Carloi2p, 3. wales and R. S. Berry, Phys. Rev. L&8, 2875(1994.
simulations of Doye and Walé§, (NaCl);sCl~ melts at  **B. Vekhter and R. S. Berry, J. Chem. Phg86, 6456(1997.

~700 K, which is in reasonable agreement with our value of ‘M- Schmidt, R. Kusche, T. Hippler, J. Donges, W. Krcilten B. von

. Issendorff, and H. Haberland, Phys. Rev. L8&8&, 1191(2002.
+
800 K for (NaClgsNa". The magic number clusters have 5”5 \waes and J. P. K. Doye, J. Chem. PH3 3061 (1995.

the highest melting temperaturés850 K). The other clus- 163, E. campana, T. M. Barlak, R. J. Colton, J. J. DeCorpo, J. R. Wyatt, and
ters[except (NaCl};Na*] have geometries which must pos- 178- I. Dunlap, Phys. Rev. Letd7, 1046(1981).
ses defects. (NaCj)Na* may have a 3X7 geometry; Z.gg)laum, K. Sattler, and E. Recknagel, Chem. Phys. LE38 8
thoth It appears as a magic number in the fragmentatlon OﬁY. J. Twu, C. W. S. Conover, Y. A. Yang, and L. A. Bloomfield, Phys. Rev.
clusters withn>31, (NaClj,Na" is a weak magic number B 42, 5306(1990.
in the distribution of clusters from the source. The®<7  “R. D(- Bejc)k, P. St. John, M. L. Homer, and R. L. Whetten, Scie2&s&

: : p ‘o 879 (1991).
geometry is eV|d_entIy less magic” than the><33_ X5 and the 20ph. Dugourd, R. R. Hudgins, and M. F. Jarrold, Chem. Phys. B,
3X5X5 geometries, presumably because its elongated shapege (1997

leads to a higher surface energy. The melting temperature éfJ. Luo, U. Landman, and J. Jortner, Rnysics and Chemistry of Small

Downloaded 18 Nov 2005 to 156.56.72.142. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 121, No. 13, 1 October 2004 Sodium chloride nanocrystals 6507

Clusters edited by P. Jena, B. K. Rao, and S. N. K. Khanna, NATO ASI ?°A simple thermodynamic cycle indicates that the dissociation energy of
Series B Physics, Vol. 15@lenum, New York, 1987 p. 201. the liquid cluster should be larger than that of the solid by the difference

223 p K. Doye and D. J. Wales, J. Chem. PHykL 11070(1999. between the latent heats of the intact cluster and its products.

27 ;
2G. A. Breaux, R. C. Benirschke, T. Sugai, B. S. Kinnear, and M. F. Jarrold 28C' T. Ewing and K. H. Stern, J. Phys. Chefig, 1998(1974.
' ’ ' ' “M. F. J Idand E. C. H , J. Phys. Ché&®.9181(1991).
Phys. Rev. Lett91, 215508(2003. arroid an onea ys. Chag (199Y)

o 293, Bohr, Int. J. Quantum Cheri4, 249 (2001).
U. Ray, M. F. Jarrold, J. E. Bower, and J. S. Krauss, J. Chem. Bllys. 3R R Hudgins, Ph. Dugourd, J. M. Tenenbaum, and M. F. Jarrold, Phys.
2912(1989. Rev. Lett.78, 4213(1997).

25M. F. Jarrold and E. C. Honea, J. Am. Chem. Stb4, 459 (1992. 3A. A. Shvartsburg and M. F. Jarrold, Phys. Rev. L&8, 2530(2000.

Downloaded 18 Nov 2005 to 156.56.72.142. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



