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Tin clusters adopt prolate geometries
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We have characterized the structures of Sations up ton=68 using ion mobility measurements. Up to
n~ 35, tin clusters track the prolate growth pattern previously found fpra8d Gg. However, the detailed
size-dependent variations start deviating from those observed, fab8ven= 14 and Gg aboven=21. Over
the n~35-65 size range, tin clusters gradually rearrange towards near-spherical geometries, passing through
several intermediate structural families. Two or three isomers are resolved for some sizesinliBe 49
range. The observed geometries are independent of the He buffer gas temperature between 78 and 378 K and
are not affected by collisional annealif&1050-294{@9)02608-4

PACS numbe(s): 36.40.Mr, 36.40.Ei, 36.40.Wa

Over the last decade, the structural elucidation of freéhas a semiconductor forfyray or a-Sn) that is thermody-
atomic clusters has been an area of intense research efforamically preferred below 286 K25]. Crystallinea-Sn has
Most elements evolve from just a few atoms to nanoparticlethe same tetrahedral “diamond” lattice as Si and Ge. No
simply by sequentially accruing new layers of atoms. Thes®ther element has stable solid metallic and semiconducting
layers may form atomi¢geometri¢ shells, such as in clus- Phases, unless under ultrahigh pressure. This renders the in-
ters of noble gas atomid], alkaline earthd2], and some vestigation of tin clusters to be of great interest.
transition metals, including Ni, Fe, and ¢8-8]. In clusters Very little is known about tin clusters with more than just
with atomic shells, these layers arrange to produce an o@ few atoms from either experiment or calculations. Thermo-
dered packing of hard spheres, most often icosahedral. THéhemical quantities for the smallest<7) Sr, neutrals have
clusters of free electron metals with weakly directional bond-been determined by third-law measuremd@6]. The mass
ing normally adopt an electronic shell structure, where thespectrum of Spcations produced by the ionization of con-
geometry adapts to minimize the total electronic energy. Thislensed elemental vapor was found to resemble that of Pb
is characteristic of the alkalil,9] and coinageg 1] metals, but not that of Gg* [27]. This was thought to indicate the
and group 13 elementsluminum[10,11], gallium[12], in-  metallic rather than semiconductor nature of tin clusters
dium [13], and thallium[14]). Species of group 12 metals [27,28. Specifically, the abundance minimumrat 14 was
(zinc, cadmium, and mercuryundergo a transition to the interpreted as evidence for compact structuieish a com-
electronic shell structure once tiseand p electrons are hy- plete geometric shell of atoms closing at=13 making a
bridized [15]. Obviously, the clusters of all elements must perfect icosahedrgnOn the other hand, the mass spectra of
eventually assume the bulklike structuig6]. The domi-  Sn,* coming out of a liquid metal ion sourd®9,30 were
nance of geometric or electronic shell structure for a particualmost identical to those of Si and Gg™ obtained under
lar cluster may also depend on the temperafd@. In any  the same conditions but different from those of,Pb For
case, most elementscluding all previously studied metals examplen=4, 6, and 10 were particularly abundant for sili-
form densely packed clusters that grow without gross deviaeon, germanium, and tin clusters, while lead ones exhibited
tions from near-spherical shape. no “magic sizes.” This has been the basis for conclusion

The only species found to assume noncompact geometri¢kat tin clusters are covalently bound and not met4@.
and thus experience major structural transitions are those dvidently, the abundance distributions are strongly depen-
covalently bound nonmetals, in particular the group 14 eledent on precise source conditions and, in general, reveal little
ments: carbor{18], silicon [19,20, and germaniun{21].  about cluster structure. Duncan and co-workd$| have
Carbon clusters undergo an especially colorful progressiosurveyed the abundance distribution of,Srproduced by
of rearrangements: from linear chains to monocyclic rings tdaser vaporization ofg-Sn under various conditions and
polycyclic rings to graphite sheets to fullereh&8]. Clusters  bracketed the ionization potentials for selected neutrals.
of Si and Ge first grow in one dimension forming prolate They concluded that Sn clusters have properties intermediate
structures, but then abruptly rearrange to more spherical gdsetween those of Ge and Pb, although closer to Pb. In con-
ometries once the clusters contain several dozen afbfrs  trast, photoelectron spectra of Sanions obtained by Gante-
21]. It has recently been shown that the prolate sequence fdor et al. for n<22 are similar to those of Ge but not to
Si, is built by stacking exceptionally stable jSiricapped those for PR~ [32]. This led to a hypothesis that tin clusters
trigonal prism unit§22—24. Some similarities exist between in this size range are not metallic. The chemical reactivity of
the growth patterns of Si and Ge clusters. There are alssmall S, (n<9) anions towards oxygen, nitrous oxide, hy-
major differences, in particular in the size range where thelrogen sulfide, methane, and several simple alcohols has
transition to more compact geometries occurs. Tin is immebeen determinef33,34], but this has not yielded any struc-
diately below germanium in the periodic table. Its normaltural inferences.
allotrope under ambient conditiohite or 5-Sn) is a typi- Several author$34—-37 have optimized the geometries
cal metal with a body-centered tetragonal lattice, but it alsdor small Sn, neutrals and anions using the molecular orbital
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theory [35], multiconfiguration complete active space self-
consistent-field method followed by multireference singles 'Triaﬁgles'- Si
and doubles configuration interactig@ASSCF/MRSDC) 1.00 Circles - Ge
[36], and density functional theory in the local density ap- 0.95 | 2%

proximation(LDA) and with several gradient-corrected func-

1.05

tionals[34,37). The consensus now is that the global minima 0901 o
for neutrals withn<7 are identical to those previously es- é‘ 0.85 ) 7
tablished for the Si[38—4Q and Gg [41-43 species by E 0.0 I i ]
photoelectron spectroscopy and IR/Raman spectroscopy in =}
matrix: a triangle forn=3, a rhombus fom=4, and bi- = 0B ]
capped trigonal, tetragonal, and pentagonal bipyramids for g 0.70
n=5, 6, and 7, respectively. The species in tive8—10 = i

- < 1.00
range have recently been optimized by Stott and collabora- <
tors using LDA[37]. They found an edge-capped pentagonal e 095T

bipyramid for Sg and a G, horizontally bicapped distorted 0.90 | “H
pentagonal bipyramid for gnThese geometries differ from

those for Sj [22,44,43 and Gg [43,44], a distorted bi- 0851

capped octahedron fon=8, and the G, capped Bernal 0.80

structure forn=9. However, Sg, [37] is the tetracapped 0.75 F

trigonal prism like Sjy and Ge,,. 0.70 o
Here we report on the structural characterization of singly 70 10 20 30 40 50 60 70 8

charged tin cluster cations with up to 68 atoms using ion
mobility measurements. The tandem quadrupole drift tube
apparatus used in this work has been described in ddg]il FIG. 1. Relative mobilities of Group 4 cluster cations measured
Briefly, the cluster ions are generated by pulsed 308 nm laseit room temperature. The upper and lower lines fof *Soorre-
vaporization of ag-tin rod and entrained in a continuous spond respectively to the bulk densities@fand -tin. Open and
helium flow. They are mass selected and injected in a 20—56losed symbols for Si and Ge clusters stand for the families before
us wide pulse at a controlled energy into a 7.6 cm long driftand after the structural transition, respectively.
tube containing He buffer gas. The clusters exiting the drift
tube are mass selected one more time and detected by &apped trigonal prisms to cagelike near-spherical geometries
off-axis collision dynode and dual microchannel plates. Than then=24-34 range. This transition can clearly be seen in
drift tube can be cooled down to 78 K using liquid nitrogen Fig. 1. A similar transition occurs for Gecations[21,49
or heated up to 380 K by electric heaters. The temperature isgetweem=64 and 76. Importantly, the relative mobilities of
monitored by five thermocouples installed along the driftthe more spherical $iand Gg isomers fall on one line. This
tube, and the gradient is below 2 K. The drift field was 15.5means that the larger Ge clusters are similar in shape to the
V/cm and the buffer gas pressure was varied in the range déarger Sj, which have compact near-spherical geometries
5-10 Torr. The cluster source can also be cooled down to 780]. The change in relative mobilities of Si and Ge clusters
K by liquid nitrogen. It has been established that the clusterbeyond the structural transition is not primarily structurally
leaving the source are close to its temperafdfg. related, but caused by multiple scatteri@g] and van der
The mobilities of tin cluster cations measured at 305 KWaals interactions of the He atoms with the clugtet,52.
are plotted in Fig. 1, along with the data for,$19,20 and  Both these effects decrease the mobility of any polyatomic
Ge, [21] cations at room temperature. Only one feature wason, but their magnitude uniformly increases with increasing
resolved for each size, although some peaks are substantiafijuster size. Hence the relative mobilities of near-spherical
broadened and thus presumably encompass several isomdanilies of Si and Ge cluster@ig. 1) approximately delin-
For selected sizes, measurements were performed as a fureste the position of most compact structures for tin clusters,
tion of source temperatur@8—300 K and injection energy assuming that the clusters of any element have the same
(50-600 eV. Neither of these factors significantly affected density as the bulk.
the mobilities, even though many clusters were nearly com- It is apparent from Fig. 1 that the mobilities for tin clus-
pletely dissociated at the highest injection energies. All reters up ton~35 closely follow the global trend of germa-
sults are expressed in terms of relative mobiliti€g,  nium and the prolate silicon species. All size-to-size varia-
= Kexpt/Ksph- Here Ky is the mobility measured for an tions are also reproduced for<12. In then=12-20 range,
n-atom cluster and s, is that computed47] for a fictitious  there are prominent local minima in the relative mobilities at
sphere of a volumaV,,, whereV,, is the atomic volume of n= 14 and 20 that are strikingly similar to those for Géut
the bulk element under ambient conditions. This normalizaabsent for §j" . For n>20, the mobilities of Sp" exhibit
tion largely removes the systematic variation of mobility larger fluctuations than those for both, Siand Gg™ and are
with cluster size, allowing one to highlight the evolution of not correlated with either of them qualitatively. This may be
cluster shape as a function of number of atoms. Compactaused by the presence of multiple isomers for many"Sn
near-spherical isomers have larger relative mobilitiesclusters in this size range, as discussed below. Around
whereas smaller values indicate geometries that substantialky 35, the overall trend reverses and the relative mobilities of
deviate from spherical. As reported previoushy9,20, Si,  tin clusters start increasing with increasing size. 1By 68,
cations undergo a structural transition from stacks of tri-they almost reach the level characteristic of the most com-

Number of Atoms



PRA 60 TIN CLUSTERS ADOPT PROLATE GEOMETRIES 1237

pact near-spherical objects, assuming the bulk density of 0.95 — T —

B-tin. The atomic volume of crystalline-tin is larger than F ()]
that for theg-allotrope by 27%. So, if the measured mobili- 0.90F
ties of clusters are normalized with respect to the bulk den- I
sity of a-tin, the K, values for almost all sizes are substan- 0.85F

tially above the values expected for near-spherical
geometries and exceed unity for small clusters. This is
clearly unphysical, thus the typical density of tin clusters
throughout the size range studied must be significantly
higher than that of bulka-tin. So at room temperature tin
clusters up ton~35 are structurally similar to both Si and

0.80}F

0.75F ¢ most abundant
| O 2nd most abundant
A 3rd most abundant

Mobility

Ge species. The behavior observed foe35 may either o 070
signify the conversion of clusters into the compact balls nor- =
mally expected for metal nanoparticles or constitute an un- & 0.90
related structural transition to near-spherical geometries, ™5
such as that taking place forSor Ge, in the similar size ' 0.85
ranges. However, the measured densities of tin clusters for '
n=60 match the bulk density g8- and nota-tin assuming
that they are close to compact and nearly spherical. Other- 0.80
wise, the density would be even greater than that of bulk
B-tin. 0.75
We emphasize that the behavior of tin clusters in the
=35 size range is not analogous to the extensively studied 07— . R SR T
nonmetal-to-metal transition in group 12 elements species 0 1020 30 40 50 60

[15,53-58. The small clusters of those elements have weak

van der Waals bonding because of the closed-stedllec- Number of Atoms

tronic configuration that renders the atoms similar to those of £ 2. Relative mobilities of Sfi isomers measured as a func-

noble gases. A nonmetal-to-metal transition refers to the dejon of buffer gas temperatut@ssuming the bulk density @tin).

velopment of metallic bonding through the hybridizatiorsof = straight lines in(a) mark possible structural families. Ifp), the

andp orbitals. In contrast, even the smallest tin clusters areurve shows the weighted average of values for all isomers of a

strongly bound26]. particular size observed at 78 K, and the symbols are the data for
As mentioned above, bulk tin prefers theform below 305 K (circles and 378 K(triangles.

286 K. So we have repeated all measuremenhfob8 with

the buffer gas at 78 K searching for any structural rearrangéy,re proadened peaks at 305 K. Considering that the largest
ments[see Fig. 28)] [57]. At room temperature, we resolved gitterence in mobility between two neighboring peaks at 78
only one isomer for each size. At 78 K, about a quarter of the¢ i nder 6%(for Sn,-*), none of them would be separated
clusters in then=18 range (=18,21,24,27,37,44,46-49) 4 room temperature. This suggests that the appearance of
have two isomers, and §1 has three(see Fig. 3 The  hay isomers at low temperatures is not an intrinsic effect of
broad peaks for some other sizes in this range indicate thgeezing out the local minima, but merely an artifact of en-
presence of unresolved isomers. So multiple geometries ajgynced instrumental resolution. To confirm this, we compare
separated for every third size in tire=16-32 range, but e size-dependent variations in average mobilitiesighted
there is no obvious rule for larger species. It is, howeverby the isomer abundandesneasured at 78 K with those

clear from Fig. 2a) that the isomer distribution is not ran- aasured at 305 Ksee Fig. 2b)]. All features are perfectly
dom. All clusters fall into a number of distinct families with

a new one starting roughly every ten atoadthough our
grouping is perhaps somewhat arbitparyhis is intriguing -‘ — 2406V
since the tricapped trigonal prism containing nine atoms is
the building block of medium-sized silicd22—-24 and ger-
manium[60] clusters.

Multiple isomers may appear at low drift tube tempera-
tures for three reason§) there exist relatively unstable ge-
ometries that anneal or dissociate at higher temperat(irgs;
there are isomers with the barriers to interconversion that at
higher temperatures are surmountable on the experimental ;
time scale, although the geometries themselves are stable; or g . . . AR
(iii) the geometries with a small difference in mobility that 2200 2300 2400 2500 2600 2700 2800
are not resolved at higher temperatures are now separated Drift time (ms)
due to the better resolutidithe resolution is proportional to
the square root of temperatuj46]). The comparison of ar- FIG. 3. Drift time distributions measured for i with the drift
rival time distributions at two temperatures reveals that multube at 78 K reveal three isomers independent of the injection
tiple isomers appear at 78 K mostly for those sizes that feaenergy. Results are shown for injection energies of 240 and 600 eV.

Signal (arb. units)
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reproduced, moreover the relative mobilities at two temperato about 35 atoms, they track the prolate growth pattern of
tures are equal at least through-45[61]. Also, the isomer  silicon and espe_cially germanium species rathgr than adding
distributions measured at 78 K are not strongly affected hygoncentric atomic shells, although the exact size-dependent
either injection energy or source temperature. This would b¥arations in mobility differ aboven~20. Starting fromn
implausible if any structures unstable at room temperaturé 3> tin clusters rearrange towards near-spherical geom-
were present. Therefore we conclude that the geometries @Ines similar to those of Si and Ge. However, the structural
. " : - fransition is not abrupt like that for Si and Ge, but occurs in
tin cluster cations do not noticeably change over a WIdeS

includi h . h teps over a much wider size range, through a series of in-
range of temperatures including the region/®&a phase  reasingly more compact structural families. Some of the

transition in bulk tin. clusters forn=18 have two or more isomers. For all sizes

While the bulk 8 form is more stable than the form  studied, the observed geometries are stable, resistant to col-
above 286 K, thex= g transformation is quite slow until lisional excitation and to cooling or heating over a wide
~310 K[25]. This makes it important to study tin clusters at range of temperatures overlapping the regiomef 8 trans-
higher temperatures, in order to determine if a rearrangemeiiermation in bulk tin. This is a report of a metal producing
analogous to the bulk transition takes place. So we havélusters with highly elongated shape.

measured the mobilities for $h 9<n<32 at 378 K. We We thank Dr. P. Jackson, Dr. L. Molina, Professor M. J.

have found that every single size-dependent feature is quarsyt B Wang, and Professor G. D. Willett for providing us
titatively reproducedFig. 2b)]. Thus the cluster geometries ity their optimized geometries of small tin clusters, and
are not affected by heating to 378 K, and no isomerizatiorprofessor K. M. Ho, Dr. Z. Y. Lu, and Dr. C. Z. Wang for
occurs. useful discussions. This research was supported by the Na-

In summary, we have used ion mobility measurements tdional Science Foundation and the U.S. Army Research Of-
characterize the structure of gas-phase tin cluster cations. Uijze.
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