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High-resolution ion mobility measurements have been performed for silicon cluster anions and
cations, §j and S} , n=6-55. New isomers have been resolved for every cluster size larger than
Siyo. The results for the anions and the cations have the same global features. However, changing
the charge often causes a shift in the isomer distribution, or causes new isomers to emerge. For
example, the transition from prolate geometries to more-spherical ones is shifted to larger cluster
sizes for the anions than for the cations. The mobilities of the anions are systematically smaller than
those of the cations, presumably because of differences in the exterior electron densitE399 ©
American Institute of Physic§S0021-960609)01914-5

INTRODUCTION less than 20 atoms. Drift time distributions for the anions and
the cations show the same general features. However, in
An enormous effort has been devoted to elucidating thenany cases the isomer distribution shifts, or new isomers
structures and electronic properties of isolated silicon clusemerge on changing the charge. We also find that the mo-
ters. The geometries of the small clustarsyp to 7, have bilities of the anions are systematically smaller than those of
been determined by comparison of high-resolutionthe cations, presumably because of differences in the exterior
photoelectrort, Ramar?, and infrared spectra to the predic- electron densities.
tions of ab initio calculations. Polarizability measurements,
ionization potential measurements, and photoelectron spec-
troscopy have been used to measure properties of the
intermediate-sized clustets® However, most of the spectra EXPERIMENT
recorded in this size regime are featureless and they have not ) o N .
yielded much structural information. lon mobility measure- ~ OUr high-resolution ion mobility apparatus has previ-
ments have revealed much of what is known about th@usly been described in detali A schematic of the appara-
growth of intermediate-sized silicon clusté&The mobility ~ tuS is shown in Fig. 1. The apparatus consists of a source
of an ion depends on its average collision cross section witf€9ion coupled directly to a 63 cm long drift tube. Silicon
a buffer gas, which in turn depends on the ion’s geometry?'“SterS are produced by pulsed laser vaporlzatlon of a ro-
Comparison of measured mobilities to mobilities calculatedf@t®d and translated silicon rod. For some experiments, a
for geometries derived fromab initio calculations suggests Seécond pulsed laser beam was directed into the source region
that silicon clusters with 10—20 atoms are built by stackingShortly after the vaporization laser, in order to anneal the
tricapped trigonal prism unifSA structural transformation ClUSters. lons pass from the source region into the drift tube
occurs at around 25 atoms and this was attributed to a chand@ough an ion gate. The ion gate consists of a cylindrical
from elongated geometries to more spherical ones. Severgh@nnel 0.5 cmin diameter and 2.5 cm long. A He buffer gas
different structures have been proposed for silicon cluster§ounterflow of about 900 sccm prevents neutral clusters from
with n>25, including “stuffed-fullerene” structures with a entering the drift tube. A uniform electric field of 180 V/cm
core of tetrahedral silicof. Here we present the first high- Carries the ions through the ion gate against the buffer gas
resolution ion mobility measurements for silicon cluster an-flow. The drift tube, ion gate and source region contain he-
ions and cations. The previous mobility measurements werm buffer gas at a pressure of around 500 Torr. A uniform
only performed for silicon cluster cations and with lower €l€ctric field is provided in the drift tube by 46 guard rings
resolution”8 With the order of magnitude improvement in coupled to a voltage divider. A drift voltage of 10 000 V was
the resolving power, new isomers have been resolved for afmPloyed, which generates a drift field of 158.7 V/em. The

clusters with more than 20 atoms, and for some clusters witRigh drift voltage is primarily responsible for the order of
magnitude improvement in the resolution achieved here. Af-

) . o _ ter traveling through the drift tube, ions exit through a 0.125
Zg%%eggigldrgﬁ;‘ﬁ;ﬁgtr“m der Univetsitasel, Klingelbergstr. 70, CH- - ym anerture. The ions are then focused into a quadrupole
PPresent address: National Research Institute for Metals, 1-2-1 Sengel1aSS SpECtromEtera and after mass analysis, the_y are detected

Tsukuba, Ibaraki 305-0047, Japan. with an off-axis collision dynode and dual microchannel
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o quadrupole DTDs for Siyto Sk;. A single dominant peak is observed in
" Mass Spectrometer the distributions for the cations with=6—21. This agrees
ovnaan with the results of previous low-resolution ion mobility mea-
J \1 surements for the catiori$. However, the distributions for
some cluster sizes (5i Sijg Sij,, and Sj;) have additional,

nnPUnnuHu\:l¢ less-intense peaks at either longer or shorter drift times than
Iﬂ HI]DI]D

e 1 the dominant peak. This indicates the presence of small
T amounts of other structural isomers for some of the clusters.
i ] - For Si there is a small peak on both sides of the main peak.

g— T Tt

Diffusion

Pump Figure 2b) shows high-resolution DTDs for Sito Si;.

L cumrd Diffusion Microchanmel These sizes are in the transition region where previously two

Inlet Rings Fumps Lon, Plates isomers were resolved. The previously-recorded low-
resolution DTDs for S}, and Sig are compared to the high-

resolution results in Fig. 3. It is apparent from this figure that

the isomer distributions are similar in the two experiments,

plates. Drift time distributions were recorded with a multi- 2though several new isomers are clearly resolved in the

channel analyzer that was synchronized with the laser vapoPréSent work. The isomers on the right in both scans were
ization pulse. previously assigned to prolate geometries, while the isomers

on the left were assigned to more-spherical geometries. The

transition from prolate to more-spherical geometries was pre-

viously observed to start at Sifor the cations:® In Fig.
Figure 2 shows drift time distribution®TDs) recorded  2(b), intensity dramatically shifts from the prolate geom-

for Siyo to Siys anions and cations. The cations are shown oretries to the more-spherical ones betweep, 8nd Shg.

the left and the anions are on the right. Figuf@) Zhows  Thus, the transition occurs for the same cluster sizes despite
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FIG. 1. Schematic diagram of the high-resolution ion mobility apparatus.
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FIG. 2. Drift time distributiongDTDs) of Si and Sj; , (&) for n=10-21,(b) for n=22-33, andc) for n=34-45. The DTDs for the cations are on the left
and the anions are on the right.
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sit resolved in the low resolution ion mobility measurements.
in n=34

Here, multiple isomers are seen for several sizes in this re-
gime. For the larger clusters, in particular, the peaks in the
DTDs become very broad. This indicates the presence of
several different isomers which are not resolved even with
the enhanced resolution.

Drift time distributions for the anions are shown on the
right-hand side of Figs.(2), 2(b), and Zc). For the anions a
similar structural transformation, from prolate geometries to
more spherical ones, occurs in approximately the same size
regime as for the cations. The drift times of the anions are
systematically shifted to slightly longer times than those for
the cations. We will discuss this behavior in more detail
below. For anions with 10-21 atoms, Figag there is a
single dominant peak in the DTDs. However, there are fewer
of the smaller peaks present for the anions than for the cat-
ions. For example, only a single dominant peak is present for
Si7.

For the larger anions, Figs(l® and Zc), more than two
isomers are resolved for each cluster size. The appearance of
the DTDs, the number of peaks and their relative intensities,
is often very different for the anions and cations. In particu-
lar, the structural transformation from prolate to more-
spherical that occurs between,Sand Sjg for cations, oc-
curs between $i and Sk, for the anions. Although traces of
the more-spherical isomer are observed starting frop. Si
The prolate isomer survives with a significant abundance up
to around Sj;, compared to S for cations. Starting at
around §j,, a broad feature is observed to the right of the
dominant peak in the DTDs. This peak is resolved in the
DTDs for anions with up to at least 55 atoms. The analog of
this peak is identifiable in the DTDs of only a few of the
larger cations.

The reduced mobilityK,, of an isomer is obtained from
the fact that the clusters were prepared under very differerits drift time usind?
conditions. The enhanced resolving power permits the reso-
lution of new isomers throughout the transition region. More
than two isomers are clearly resolved for all the cations with

26-33 atoms. For example, for 291 four sharp, intense \ynere T is the drift tube temperatura is the buffer gas
peaks are clearly resolved; two in the more-spherical regio ressureL is the length of the drift tubey is the drift volt-

and two in the prolate region. There are also a number o ge, andtp is the drift time. Inverse reduced mobilities

smaller, less-well-resolved peaks between the two sets %vhich are proportional to the collision cross sectioase

IaILrger pea_krs],. Figureh(é) shows DTDs 1;or 53‘4 t°|5i615' For %)Iotted in Figs. 4a) and 4b) for cations and anions, respec-
clusters with more than 34 atoms, only a single isomer wa vely. Only clearly resolved peaks are reported in these

plots. The filled points correspond to the inverse mobility of
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the dominant isomer for each cluster size. The prolate to
more-spherical transition can be clearly seen in these plots.
As already mentioned, the prolate isomer survives over a
broader size range for anions than for cations. The transition
from prolate to more-spherical is not a clean, sharp transfor-
mation from one shape to another; a series of intermediate
geometries are also present.

The inverse mobilities of the most abundant more-
spherical isomers do not increase smoothly. For negatively
charged clusters, steps are present in the inverse mobilities of
the most abundant isomers after clusters with 30, 33, 35, 38,
40, 43, 46, 49, 51, and 54 atorfsee Fig. 4. For positively

charged clusters, the steps are not so well defined. However
steps can be identified after clusters with 27, 30, 33, 35, 38,

FIG. 3. Drift time distributions for S, and Sjg recorded with the low
resolution apparatus and the high-resolution ion mobility apparatus.



7868 J. Chem. Phys., Vol. 111, No. 17, 1 November 1999 Hudgins et al.

4500 T T T T T Ei T T T T
— (a) it a ;-
g 4000 Sin o (a) Si,,
4
=3 &ttt
P 3500 |- " it -
§ 3000 |- e -
kS A‘g@? B
g 2500 |- Y - 2
2 - 5
i 2000 |- A " z | | .
<4 a s
£ 1500 |- W - = | () L
£ ’a > SI47
a ‘B
1000 ke | | | | L 4 S annealed
0 10 20 30 40 50 60 k=
Number of Atoms
4500 7 T | T | | i
— (b) Si” o
“c 4000 (- n - , | |
B o
2 g 90 100 110 120
< 3500 — 70 80
% Drift Time (ms)
£ 3000 -
3 FIG. 5. DTD measured for gj without and with laser annealing.
S 2500 -
°
)]
% 2000 - _
] results could be influenced by other processes such as selec-
[ . B . . .
Z 1500 — tive photodetachment or selective photodissociation and so
S | | | | . they are not definitive.
1000 . . . . .
0 10 20 30 40 50 60 It is apparent from Fig. 2 that there is a systematic shift

of around 3—4 ms between the main features in the DTDs of

the anions and the cations. The anions have systematically
FIG. 4. Plot of inverse reduced mobilities versus number of atoms for Si longer drift times and hence smaller mobilities than the cat-
and S}, . The filled points correspond to the most abundant peak observefons, This indicates that the anions are effectively larger than
for each cluster size while additional isomers are shown as open points. the cations. The differences between the inverse mobilities of

the most intense peak in the DTDs of the anions and cations

are plotted in Fig. 6. The average difference is around 100 V
41, 44, 47, 49, 52, and 55 atoms. A step typically occurss m 2. There are large local fluctuations, which probably
every third atom. The steps often overlap. For example, théesult from the change in the charge causing a change in
isomer on the left of the DTD for $j has a mobility aimost geometry. However, note that we have shown the difference
equal to the mobilities of the main peak for,Sand Sj,,
while the other major Sk isomer has a mobility almost equal
to those for the main peak of i Si;5, and Sjs;. The same
type of overlap is also clearly present fogSand Sig. The
steps do not always appear at the same sizes for anions an
cations; for the larger clusters, the steps for cations appear tc
be shifted up by one atom from those of the anions.

A second family of isomers is resolved as a broad fea-
ture at longer drift times than the dominant peak for every
cluster anion larger than~42. The increase in inverse mo-
bility for this family of isomers, measured from the center of
the broad distribution, is monotonisee Fig. 4. The peaks
for this family of isomers are broader than expected for a
single isomer, suggesting that there may be several closely
related isomers present for each cluster size. We attempted t
anneal the cluster anions with a second XeCl excimer laser &

. . . o1 1 | ] { =
directed into the source region soor { m9 after the va- 10 20 30 40 50
porization pulse. DTDs measured for,swith and without Number of Atoms
annealing are shown in Fig. 5. The intensity of the small _ _
peak at longer drift time decreases when the clusters ar@G 6. Plot of the dlfferencg between the inverse reduced moblllt!es of

. . . .silicon cluster anions and cations. Results are shown for the most intense
annealed with the laser. This suggests that the isomers wi

s ak in the DTDs. The circles are for the prolate isomer and the diamonds
the shorter drift times are the most stable. However, thesere for the more-spherical one.
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in inverse mobility for the most intense peaks. For somehat this explanation can also account for the systematic dif-
cases, for example the prolate isomers gf &hd Sis, the  ference in the mobilities of the silicon cluster anions and
local fluctuation seems to be due to this choice; if a lesseations. For indium clusters the difference between the mo-
intense adjacent peak is used, the local fluctuation disapsilities of the anions and cations decreases with increasing
pears. This observation is consistent with the change in theluster size(from around 100 to 200 Vs nf for dimers,
charge causing a reordering of the low energy isomers ofrimers, and tetramers to around 50 V § fifor Inyg). The
some of the clusters. Giprovides perhaps the most striking differences in the mobilities of the indium cluster anions and
example of this behavior. cations are in agreement with the predictions of a simple
model based on the spill-out of the electron density from
jellium spheres. We have also examined the difference be-
DISCUSSION tween the mobilities of fullerene anions and cations with

Many new features have been observed with the engo.—.loo carbon qtoms. Here Fhe d_lfference between the mo-
ilities of the anions and cations is much smaller, ranging

hanced resolution available in these experiments. First, wi
P Tom around 17 V s/iifor Cgq to around 0 V s/ifor Cjoo

have observed isomers for some of the smaller silicon clust 4 I diff b h bilit f the full
cations (S5, Sijs Sije and Sj;). Two new isomers were e small difference between the mobilities of the fullerene
anions and cations suggests that the extra electrons go into

resolved for . Second, in the transition region from,$i : ) e ;
$7 9 25 orbitals which do not lead to a substantial increase in the

up to Sky—Si,e, we have resolved numerous new isomers. ) . " .
b 10 ko= Sko exterior electron density. For the silicon clusters, the differ-

This observation is consistent with the results of previous . i .
chemical reactivity experimerdfs®® and simultaneous mo- €"¢€ between the mobilities of the anions and cations is com-

bility and chemical reactivity measuremeftsyhich indi- pgrable to that found for. the indigm clugters, except_that the

cated the existence of more isomers than revealed in th(gm‘erenc:e does not decline with increasing cluster_ size. This

low-resolution ion mobility measurements. For some clustePU99ests that the extra electrons. are mainly localized on the

sizes, more than six isomers are resolved in the highg:luster surface, where they effectively add a constant volume

resolution DTDs. The wide variety of different structural iso- to the cluster.

mers that apparently coexist may provide an explanation for

why it has been difficult to obtain well-defined experimentalCO'\'CLUS|O'\IS

results, and agreement in the theoretical community about High-resolution ion mobility measurements have been

silicon clusters in this size regime. The steps in the mobilitieperformed for §j cluster anions and cations with=6—55.

of the larger silicon cluster anions and cations were not obNew isomers have been resolved for almost every cluster

served in the previous low resolution measurements. Theize larger than $i. Changing the charge often induces a

steps presumably reflect the growth pattern of silicon clusterstructural change by changing the relative energies of the

in this size regime, and they should emerge from theoreticadiifferent isomers. In particular, the addition of two electrons

predictions of the structures of these species. increases the relative stability of the prolate isomers relative
The results in Figs. @), 2(b), and Zc) clearly show that to the more-spherical ones, so that the structural transition

the charge state affects the relative stability of the differenfrom prolate to more spherical occurs later for anions that for

isomers, even for quite large clusters. The transition betweegations. The inverse mobilities of the anions are systemati-

prolate and more-spherical geometries occurs earlier for catally larger than those of the cations. This shift results from

ions than for anions. The prolate geometries persist for largedifferences in the exterior electron density caused by the ad-

cluster sizes for the anions than for the cations. Apparentlydition of the extra electrons.

the two extra electrons in the anions stabilize the prolate

isomers relative to the more-spherical ones. Changing thaCKNOWLEDGMENTS

charge also causes a shift in some of the mobility steps ob- ) . . .

served for larger cluster sizes. Structural changes caused by This work was partially supported by the National Sci-

charging neutral silicon clusters have previously been examzc€ Foundation (CHE-9618643 and NATO (CRG-

ined in theoretical studie€:’ Réthlisberger and 971066._M. Imai thanks The_Science and Tech_nology
collaborator®’ have reported that there are a wealth ofAgency in Japan and The National Research Institute for

slightly different Sjs isomers within 0.1 eV/atom of one Metals for their financial support.
another. So it is not surprising that changing the charge can

. . . . 1
cause changes in the relative stabilities of some of the iso-C: S: Xu. T. R. Taylor, G. R. Burton, and D. M. Neumark, J. Chem. Phys.
ot 108 1395-14061998.

. . . . 2E. C. Honea, A. Ogura, C. A. Murray, K. Raghavachari, W. O. Sprenger,
As noted above there is a systematic shift in the mobili- m. F. Jarrold, and W. L. Brown, Naturé.ondon 366, 42—44(1993.

ties of the silicon cluster anions and cations. It is unreason-S. Li, R. J. Van Zee, W. Weltner, and K. Raghavachari, Chem. Phys. Lett.

: ; : ; 243 275-280(1995.

a_ble to assign this shifthat is observed for every cIu;t_e_r 4J. Woenckhaus, R. Sctea, and J. A. Becker, Surf. Rev. Le&, 371-375

size to a structural change. We recently reported mobilities (199q,

measured for indium cluster anions and catifha.system- 5K Fuke, K. Tsukamoto, F. Misaizu, and M. Sanekata, J. Chem. Bigys.

atic difference between the mobilities of the anions and cat- 7807-78121993. . .

ions was also observed for these clusters, and was attributecg' Cheshnovsky, S. H. Yang, C. L. Pettiette, M. J. Craycraft, Y. Liu, and

. . . E. Smalley, Chem. Phys. Left38 119-124(1987).
to the extra charge causing the surface electron density of they; £ jarrold and V. A. Constant, Phys. Rev. L6, 2994—29971991).

anions to spill-out further than for the cations. It seems likely ®M. F. Jarrold and J. E. Bower, J. Chem. Ph98, 9180-91901992.



7870 J. Chem. Phys., Vol. 111, No. 17, 1 November 1999 Hudgins et al.

9K.-M. Ho, A. A. Shvartsburg, B. C. Pan, Z. Y. Lu, C. Z. Wang, J. G. S. Maruyama, L. R. Anderson, and R. E. Smalley, J. Chem. P38;s.
Wacker, J. L. Fye, and M. F. Jarrold, Natufleondon 392 582-585 5349-5351(1990.

(1998. _ _ 153, M. Alford, R. T. Laaksonen, and R. E. Smalley, J. Chem. PBys.
10y. Rathlisberger, W. Andreoni, and M. Parrinello, Phys. Rev. L&f, 2618-2630(1997).

665—-668(1994. . . . )

p, Dugou(rd R?.R. Hudgins, D. E. Clemmer, and M. F. Jarrold, Rev. Sci.leJ' R. Chelikowsky and N. Binggeli, Mater. Sci. Forua82, 87-102
Instrum. 68, 1122—11291997). ;1996

12E A, Mason and E. W. McDanielransport Properties of lons in Gases ~ B- LU, A- A. Shvartsburg, Z.-Y. Lu, B. Pan, C.-Z. Wang, K.-M. Ho, and
(Wiley, New York, 1988. M. F. Jarrold, J. Chem. Phy409 9401-94091998.

13K, M. Creegan and M. F. Jarrold, J. Am. Chem. Sat2, 3768-3773  *°J. Lermie P. Dugourd, R. R. Hudgins, and M. F. Jarrold, Chem. Phys. Lett.
(1990. 304, 19-22(1999.



