42 J. Phys. Chem. R007,111,42—49

Electronic and Geometric Stabilities of Clusters with Transition Metal Encapsulated by
Silicon

Kiichirou Koyasu, T Junko Atobe," Minoru Akutsu, ' Masaaki Mitsui,™ and Atsushi Nakajima*-**

Department of Chemistry, Faculty of Science and Technology, Keigetsity, 3-14-1 Hiyoshi, Kohoku-ku,
Yokohama 223-8522, Japan, and CREST, Japan Science and Technology Agency (JST), c/o Department of
Chemistry, Keio Uniersity, Yokohama 223-8522, Japan

Receied: October 14, 2006; In Final Form: October 19, 2006

Silicon clusters mixed with a transition metal atom, I\ Svere generated by a double-laser vaporization
method, and the electronic and geometric stabilities for the resulting clusters with transition metal encapsulated
by silicon were examined experimentally. By means of a systematic doping with transition metal atoms of
groups 3, 4, and 5 (M= Sc, VY, Lu, Ti, Zr, Hf, V, Nb, and Ta), followed by changes of charge states, we
explored the use of an electronic closing of a silicon caged cluster and variations in its cavity size to facilitate
metal-atom encapsulation. Results obtained by mass spectrometry, anion photoelectron spectroscopy, and
adsorption reactivity toward 4D show that the neutral cluster doped with a group 4 atom features an electronic
and a geometric closing at= 16. The MSj; cluster with a group 4 atom undergoes an electronic change

in (i) the number of valence electrons when the metal atom is substituted by the neighboring metals with a
group 3 or 5 atom and in (ii) atomic radii with the substitution of the same group elements of Zr and Hf. The
reactivity of a halogen atom with the Mgiclusters reveals that V@F forms a superatom complex with

ionic bonding.

1. Introduction atoms much prefer $ybridization to sp. In contrast, carbon
) ] ] atoms can appear with sp,%sr sg hybridization in com-
The magic-number behavior of Nalusters and its explana-  pounds.
tion based on the e_Iectron shell mddhfas stimulat(_ed experi- Since the dangling bonds makes Si clusters unstable, espe-
mental gnd theor(_atlcal stud?éss_e_archlng for magic clusters cially when they aggregate themselves, it is very important to
by varying the sizes, compositions, and charges for other gyench that bond to make cluster-assembled maté#idfsOne
chemical species. Recent examples include fullerenes andof the strategies for doing so is the doping of a suitable metal

metallofullerenes;® metallocarbohedrenégjold-related com-  atom into a pure Si cluster; a highly stabilized cluster will open
pounds’® sodium-lead binary compoundand organometallic  yp a new avenue to cluster-assembled materials made from Si
sandwich compound$. atoms. With metal atom doping, closed-shell electronic struc-

Since the discovery of §,* many attempts have been made tures might lead to species that are remarkably stable, such as
to assemble nanostructured materials from these finite-sizeda new class of clusters with transition metal encapsulated by
stable clusters. The fabrication of cluster-assembled materialssilicon. Since Bec¥ described the remarkable formation of
is dependent upon finding a suitable building block for a cluster MSiist and MSig" (M = Cr, Mo, W), many stable MSi(at
that is chemically stable and that interacts weakly with other n = 12, 14, and 16, etc) species have been reported in which
clusters of the same material. To ensure the chemical stability various factors accounting for their formation have been
of a cluster, it is crucial to produce a closed electron configu- examined experimental§*°and theoretically? These factors
ration with a large energy gap between the highest occupiedinclude the electronic stability of the octet (18 electron) Rile
molecular orbital (HOMO) and the lowest unoccupied molecular Or the geometric stability of a metal-encapsulated structére.
orbital (LUMO). Indeed, the large HOMELUMO gap of G Depending on the kind of metal atom, even a single one may
is responsible for its chemical inertness and its ability to Significantly affect the structure of a silicon cluster, bringing

assemble into molecular crystals, as well as its high symnietry. @bout magic-number behavior in the mass spectrometry of. MSi
A “magic” cluster, in which metal is encapsulated in a Si cage,

Silicon is undoubtedly an important material in electronic can be viewed as a superatdfrand it is therefore of much
devices, and silicon clusters have also attracted great attention P

o o . interest to verify experimentally this “superatom” behavior in
as building blocks for silicon-based nanomaterials. However, : b e

I . - . clusters with transition metal encapsulated by silicon. The
pure silicon clusters are unsuitable as building blocks; no pure existence of superatoms sugdests that. with proper assembly. it
Sin clusters form the fullerene-like cage structure by them- b 99 j brop Y.

selved! because their dangling bonds make them chemically should be possible to develop silicon-based devices for various

. ) - optoelectronic applicatiorn's?
reactivel2-17 These results are ascribed to the fact that silicon " G appiicat .
Toward this challenging end, efforts to examine the superatom
- - behavior involved in electronic and geometric shell closings
h* Tok"‘.’hom correspondence should be addressed. E-mail: nakajima@ haye focused on substituting the central atom in a Si cage, and
¢ ?Eéﬁ'i’;ﬁ&{f@ity_ we have presented experimental evidence for a highly stable

*Japan Science and Technology Agency. cluster corresponding to M@gi(M = Sc, Ti, and V)84 In
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the present article, we would like to present a full account of Ti rod vaporization laser |l
our experimental results obtained for the electronic and geo-

metrical structures of Mgiclusters, which have been intensively a)

studied by systematically changing metal atoms among the

atoms of groups 3, 4, and 5 (M Sc, Y, Lu, Ti, Zr, Hf, V, Nb, | ui s =

photoelectron spectroscopy (PES), the latter being especially He carrier gas
useful for a quantitative understanding of the electronic proper-
ties of neutral clusters. An improved ability to produce cold
mixed clusters enabled us to selectively aggregate ddisters
and to obtain more detailed electronic structure information.
The change in total valence electrons upon the substitution of b)
a group 3 or group 5 element for a group 4 element altered the
magic-number behavior and instead produced charged mixed

clusters; surprisingly, anionic Sggi and cationic VSis", [
NbSie™, and TaSjs" were generated, as well as neutral TéSi

The TiSkg cluster exhibited a large HOMELUMO gap of .
around 1.9 eV, and with halogen atom doping permitted Si rod
definitive PES peak assignments. This result suggests theFigure 1. Schematic diagrams of (a) the previous cluster source and
possibility of producing an ionically bound superatom complex (b) the modified “face-to-face” cluster source. The solid cir@¢ gnd

of VSiig"F~. Finally, the paper presents experimental evidence open circle Q) represent a Si and a transition metal rod, respectively.

. oo h . . In (a), the two rods were laser-vaporized with a delay of abous 5
for the geometric criterion which must be fulfilled if a metal synchronized with the He carrier gas speed. In (b), on the other hand,

atom is to be encapsulated inside as$age. the focusing positions were shifted (1.5 mm) and off the front of the
sample rods to be opposite each other, and the two vaporization lasers
were simultaneously irradiated within 36600 ns.

and Ta). The techniques used were mass spectrometry and aniol |'| >

vaporization laser |

2. Experimental Section

Details of the experimental setups for chemical adsorption
and photoelectron spectroscopy have been described extensivelgV. After the ions were mass-selected, a pulsed electric
elsewherég Briefly, cations/neutrals/anions of silicon clusters decelerator considerably reduced their kinetic energy before
doped with one metal atom (MSiM = Sc, Y, Lu, Ti, Zr, Hf, they entered the photodetachment region of a magnetic-bottle-
V, Nb, and Ta) were generated by a combination of the dual- type electron spectrometer. Then, we focused the fifth
laser vaporization method and the molecular beam method. Bothharmonic (213 nm, 5.83 eV) of a pulsed NdvAG laser onto
the Si and the pure metal rods were independently vaporizedthe mass-selected clusters to detach photoelectrons. The elec-
by means of two frequency-doubled NdvAG lasers. Very trons were guided by a strong, inhomogeneous magnetic field,
intense supersonic helium gas pulses were employed to recomand subsequently with a weak guiding magnetic field, and
bine and cool the laser-produced metal vapors. A high-pressuredetected by a microchannel plate (MCP). Their kinetic energy
Even-Lavie pulsed valve (10 Hz) was used at a stagnation was analyzed by their TOF and calibrated by the transition of
pressure of 100 ati?, which was suitable for the effective  Au~ (2Sy, — 1S0).2425 The photoelectron signal was typically
formation of MSj. The optimum laser fluence required to accumulated over 2006@10000 laser shots.
maximize the cluster intensities varied according to the proper- Modification of a Cluster Source. The cluster source was
ties of the metal under investigation. Here, the Si rod was located modified so that the MSQiclusters could be more effectively
upstream, while the metal rod was located downstream. An generated. Figure 1 shows the schematic diagrams of (a) the
exchange of the rod positions resulted in less mixing of the original cluster source and (b) the modified “face-to-face” cluster
two components in the mass distribution of the binary clusters. source. In the previous source, two sample rods were laterally
A mass analysis of the neutral clusters ionized by alager separated by 4 mm from each other, and their front surfaces
(157 nm, 7.90 eV) and of the charged clusters was performedwere vaporized independently by the following steps: (1) One
with time-of-flight mass spectrometry. The laser power depen- sample rod was first laser-vaporized; (2) the generated vapor
dence for the photoionization had been measured to establishwas carried downstream with the He carrier gas; (3) the other
the conditions for one-photon ionization of the M$lusters sample rod was laser-vaporized when the vapor of the first
by changing the flow rate of He gas toward the laser path tubing component arrived; and (4) the two vapors were mixed. Then,
between the laser exit and a Gathamber window. The laser  the two rods were laser-vaporized with a delay of abous
fluence typically used was below 1 mJ#&nwhere a linear synchronization with the He carrier gas speed. While the vapor
dependence of ion intensity against laser power was obtained.of the first element vaporized was carried to the locations of
To obtain information on the geometric structure of the binary the second target, it cooled and formed aggregates of itself.
clusters, the adsorption reactivity of the clusters was measuredHence, both individual clusters, which consisted of one element
by means of a flow-tube reactor (FTR)combined with the and mixed clusters, were generated, and so we deduced that
cluster source. Water vapor diluted with 1.5 atm of He gas was this cooling process significantly lowers the formation efficiency
used as the reactant gas and was injected into the FTR. Theof a binary mixed cluster.
binary clusters were synchronously mixed with the reactant gas At that point, the focusing positions of the vaporization lasers
pulse at FTR and reacted with the reactant molecule. The were modified and were shifted toward each other by 1.5 mm
products of the clusters were mass-analyzed by the TOF massand moved off the front of the sample rods (Figure 1b). This
spectrometer, and the mass spectra of the clusters were measureshift of the focusing positions facilitated the vaporization of
before and after the reaction so that the relative adsorptionthe curved surface of the sample rods and the effective mixing
reactivity might be measured. of the hot sample plasmas. The improvements occurred because
In the photoelectron spectroscopy measurements of thethe atoms and ions in the plasma undergo a highly directional
mixed cluster anions, the clusters were accelerated to 900expansion perpendicular to the target surf&de.fact, the mixed
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Figure 2. Mass spectra of metal atom doped Susters (MSi): (a) ScSi~, (b) TiSi, (c) VSi', (d) YSih~, (e) ZrSi, (f) NbSi*, (g) LuSi, (h)

HfSin, and (i) TaSit. Left three columns are anionic MSi(M = Sc, Y, and Lu), middle three columns are neutral M® = Ti, Zr, and Hf),

and right three columns are cationic MS{(M = V, Nb, and Ta). Bimodal distributions were typically observed. The solid squyarfd open

circle (O) represent the two distributions (I and II). Distribution | was similar to that of pugenSiheir charge state, while distribution 1l had a
prominent peak at Mg, indicating that species with 20 (68) valence electrons in total are particularly stable. Arrows indicate the mass peaks of
the MSis"%~ clusters.

clusters were produced efficiently when the two rods were metal-encapsulated structures. Distributiom = 6—11, was
almost simultaneously vaporized, within a few hundreds nano- similar to that of pure Qj while distribution Il,n = 12—20,
seconds (ns). This modification resulted in the effective forma- exhibited a prominent peak at Mgi/®*. Within the pure Si

tion of binary M—Si clusters. clusters taken as a whole, the abundance of smaller&ters
(n=6—11) is relatively richt-2while larger sized Siclusters
3. Results and Discussion (n = 12) are relatively scarce. The similarity m= 6—11

3.1. Mass Distribution of M—Si Composite Clusters. between Sjand MS} was presumed to be due to the stability

Figure 2 shows typical mass spectra of the metal atom dopedOf the pure §j plu§ter§ and indicated that the M%jlusters "
Siy clusters (MSi™0%): (a) ScSi-, (b) TiSi, (¢) VSi™, (d) (n = 6-—11, distribution 1) take a metal-atom “attached
YSiy, () ZrSh, (f) NbSi*, (g) I_,uSin‘ (h), HfSi, an’d 0 structure, where the metal atom is located on the surface of the
TaSi,t. Here, the neutral clusters of TjSErSi,, and HfSj, were S c.Iusjters.. ]
photoionized by a pulsed,Haser (7.90 eV) for the mass Distribution 1l was, on the other hand, completely different
spectrometry, while the charged metailicon clusters were  from that of pure Si clusters, which exhibit a much lower
directly accelerated with a pulsed electric field. In all of the abundance. In this distribution, as shown in Figures @ahe
mass spectra, bimodal distributions were typically observed Selective formation of (a) Scf, (b) TiSie and (c) VSie" as

for MSi,°*: the solid squarem) for n = 6—11 and the “magic humbers” was found as a result of the different charge
open circle ©) for n = 12—20 represent the two distributions ~ states of the anion, neutral, and cation, respectif®ligh
(1 and 1I). intensities around Mg with various M atoms were similarly

In this modified cluster source, when the two plumes of the observed in the mass spectra of the MBat had been mixed
sample vapors were effectively mixed and reacted, the numberWith one metal atom from the fourth period of Zr (e) and Nb
of pure Sj clusters was small, and the number of M&8usters (f) for the neutrals and from the fifth period of Hf (h) and Ta
of interest was instead increased. When the vaporization laser(i) for the cations. In particular, the doping of the transition
for the metal rod was stopped’ the pure, Biusters were metal atoms of Sc, TI, V, Zr, Nb, Hf, and Ta prOVided the magiC-
enhanced without a significant formation of the binary-Si number behavior of M$§, while the intensities of Y% and
clusters. This result shows that the MSilusters were not ~ LUSie were less prominent than that of the neighbors ef
formed by the laser vaporization of the metal-covered silicon 15 and 17, even for their anions.
rod, but by the mixing of two sample vapors with every shot.  To obtain magic clusters of MSgelectively an = 16, the

As determined by an examination of the clusters’ adsorption substitution of a Ti atom for a neighboring Sc or V requires a
reactivities (described in section 3.2), the bimodal distributions change in the total charge of the cluster. These three magic
correspond to the structural transition from metal-attached to numbers of Sc%i~, TiSiie, and VSigt demonstrate that the



Clusters Stabilities with Metal Encapsulated by Si J. Phys. Chem. A, Vol. 111, No. 1, 20045

-— - )
25F ] ARSI @St @sive
WETE T Xn=13 ) "1*12
20 i i ‘g ...“M\T _____________ '_t_'-_-:.-_.'_-\y______ ..... iy : .-r)..;;’.}.'}q'\-.,:,
[0} - 1 7 8 12 16 20 8 12 16 20 8 12 16 20
o [ i g pr—ry [
o [ 4 =R (b) Si,Sc (e)si,Ti 1[ (h) SipV ]
» 15F . zH\ I\ A
i % n=15 [ \n=13 1 \nl=1o
i ] . B B e, . BN
1.0 £ 78 12 16 20 8 12 16 20 8 12 16 20
' I A W O A R T (c) Si,Sc” @msiTi~it (i) Si,v™
0 4 8 12 16 ¢/ N . /\ .
2 . 3 zn=15 {1, =1 |
Number of Si atoms in clusters \//\i = '1 ]
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F, laser. Although the slope is significantly above 1.0 for smaller cluster Number of Si Atoms in Cluster

sizes, it becomes almost 1.0 within experimental uncertainties for the Figure 4. Relative reactivity of cationic/neutral/anionic MSP!*
cluster sizesi(= 12-18) in the distribution II. Typical experimental  toward HO vapor; (a}-(c) ScSi°, (d)—(f) TiSi, o+, and (g)-(i)
uncertainties are shown. VSi, 0", Vertical arrows show the threshold size where the relative
reactivity is lost. The threshold size for the metal atoms in group 3 is
MSis /% clusters exhibit a closed electron configuration with  minimum of n = 9 for VS,~, whereas it is maximum af = 17 for
the valence electrons of ScTi, and V. The most plausible ScSj*. The change in the threshold size can be reasonably explained
explanation is that the Ti§j assumes a closed electron by metal encapsulation in a Si cage.
configuration with tetravalent Ti and completes the electron shell
to give either (1) 20 electrons with an electron in the @bital highly symmetric structures of the Mgimight be a major
of the sp-hybridized Si atoms or (2) 68 electrons with Pproduct of the dissociative photoionization, especially when the
tetravalent Si atoms. Interestingly, either number of electrons clusters are generated in hot conditions. However, the prominent
satisfies the electronic shell closings predicted by the jellium magic-number behavior of M& (M = Ti, Zr, and Hf) was
model? although this conjecture should be tested by theoretical instead emphasized when a colder condition was used with the
calculations. Very recently, the stability of the MSi%* clusters high-pressure pulsed valve for expansion. This result shows that
has been discussed by theoretical calculatidriReveles and the relatively remarkable character of the photoionized Si
Khann&72 have proposed electron-counting rules based on the can be ascribed to the rich abundance of the neutral form.
bond critical points, showing that the total number of 20 valence  3.2. Adsorption Reactivity of MSi, Clusters. 3.2.1. Metal
electrons contributes to the stability together with geometrical Encapsulation.To investigate the structure of MSelusters,
shapes. the cluster size dependence of the adsorption reactivity toward
It should be emphasized that the improvement consisting of H2O vapor was measurédAs reported previouslj£©dsuch a
face-to-face laser vaporizations of two rods accelerated thechemical probe method is useful in deducing the structure of
mixing of the two elements significantly. This magic-numbers the MS}, clusters. Since the reactivity of 38 generally much
behavior became much less prominent in other charged stateslower than that of a metal atom, the reactivity is sensitive to
in Sc—Si compounds, for example, the magic number MSi  location of the metal atom; high and low reactivities correspond
appears only in the anions. As a neutral species,;d &iuld to an exterior and an interior metal atom, respectively. Namely,
be formed, and as cationic species, ¥SiNbSis", and TaSis" it is expected that metal-encapsulated MSiows no reactivity,
could be produced selectively by fine-tuning the source condi- and the threshold cluster size for the reactivity of M&
tions, laser fluences, and flow rate of the He carrier. These indicative of the structural change to the metal encapsulation.
magic-numbered clusters of Mgappeared to have a different Figure 4 shows plots of the reactivity of MSilusters (M=
geometric structure from that of the MSn distribution I, and Sc, Ti, and V) in cationic, neutral, and anionic states toward
also, an electronic stabilization might have occurred. That is, H2O vapors. Although the scale of the relative reactivity was
one metal atom was seemingly encapsulated by thelSster varied within a factor of 2 by the kind of a metal atom and by
cages to generate both an electronic and a geometric closurethe charge states, the reactivity generally decreases with an
this possibility is clearly indicated by adsorption reactivity and increasing number of Si atoms, and a “threshold size” of the
anion photoelectron spectroscopy results described below.  reactivity is found where the reactivity is lost. The threshold
Note that in the photoionization of the MS3ieutrals, the laser ~ sizes are summarized in Table 1, including those in the fourth
power dependence indicates that, for= 5—18, one-photon and fifth period metal-atom-doped,¥see Figure 5). Note that
ionization occurs not with the ArF laser (6.43 eV), but with the the richly abundant species of SgSi TiSiis, VSiie", ZrSiss,
F, laser (7.90 eV). Figure 3 shows the slopes of laser power NbSig", HfSiis, and TaSis" seen in Figure 2 all exhibit no

dependencies for pure,.Sn = 1-12) and MSj (M = Ti and adsorption reactivity. Such a lack of reactivity can be reasonably
V, n = 6—-18) with the Rk laser. Although the slope is ascribed to the metal-atom encapsulation in these magic-
significantly above 1.0 for smaller cluster sizes of purg Bi numbered clusters; otherwise, the metal atom would work as a

becomes almost 1.0, within experimental uncertainties, for the reactive site. Indeed, the reactivity is recovered with the doping
cluster sizes in distribution I, a result showing that the of the second metal atom, which appears on the surface of the
photoionization with the flaser takes place in a one-photon cluster.

process. In the photoionization mass spectra for the neutral Figure 5 shows plots of the reactivity of cationic/neutral/
species, dissociation might accompany photoionization when anionic M, 5Si,* (M = Sc, Y, Lu, Ti, Zr, Hf, V, Nb, and
quite unstable cations are generated in the vertical photoion-Ta) toward HO vapor. Similarly to the results shown in Figure
ization process. Indeed, the geometric stability attributed to the 4, the reactivity generally decreases with an increasing number
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TABLE 1: Threshold Sizes of Adsorption Reactivity for Cationic/Neutral/Anionic MSi, Clusters: (a) ScSi, (b) TiSin, () VSin,
(d) YSin, (€) ZrSiy, (f) NbSiy, (g) LuSi,, (h) HfSi,, and (i) TaSi,

group 3 group 4 group 5
cation neutral anion cation neutral anion cation neutral anion

3d (a) Sc: 1.63 (b) Ti: 1.45 (c)Vv: 1.31

17 15 15 13 13 11 12 10 9
4ad (dyY: 1.78 (e) Zr: 1.59 (f) Nb: 1.43

21 20 20 15 14 12 13 12 11
5d (g) Lu: 1.72 (h) Hf: 1.56 (i) Ta: 1.43

21 16 18 14 14 12 13 10 11

a A metallic bond radius was also listed, taken from ref 28.

e v,.sir Both of the threshold size dependencies on charge state and
11 %%, element can be rationalized by metal encapsulation. When the
radii of the metals of groups 3, 4, and 5 are compared (see Table
1 [ref 28]), the metallic radius generally decreases with

increasing atomic number in the same period, while it increases

with increasing atomic number in the same group. Since the
Le)zrSi, threshold size decreases with smaller metal atoms, the threshold
EAEY size indicates the number of silicon atoms required for the metal

encapsulation. This result reveals that the enlargement of the
silicon clusters rather takes place in the anions. Namely, the
threshold size shows a minimum at a smaller metal atom in the
MSi,~ anions, whereas it has a maximum at the larger metal

Baatoeat

8 12 16 20

Relative Reactivity (arb. units)

L (D) Hf; Siy atom in the MSj" cations.
ey ifd R o According to the ion mobility experiments on pure silicon
M_ g E clusters?® the anions have systematically longer drift times, and
e B itk DI e hence smaller mobilities, than the cations; the anions are
e A e e B M e s A w4 effectively larger than the cations. This systematic shift was
Number of Si Atoms in Cluster assigned not to a structural change, but to the extra charge
Figure 5. Relative reactivity of cationic/neutral/anionic /M5, '+ causing the surface electron density of the anions to spill out
toward HO vapor (MSi, ™+ (open circle: O) and MSi,®*(solid further than for the cations.
square: M): (a) Sq2Sih~, (b) Y1257, (€) LuysSin~, (d) TiwzSin, (€) When a metal atom is encapsulated inside a Si cage, the
Zr1,Sin, (f) Hf12Sk, (9) V1S, (h) Nb2Sh', and (i) Ta SSiy". Vertical valence orbitals are significantly perturbed by the metal atoms

i —/0H i i . A . .
arrows show the threshold size oi§t, ™" where the relative reactivity 5 the extra electrons go into orbitals which lead to a substantial
is lost. The threshold size for the metal atoms of Y and Lu is above

n = 16, indicating that Y and Lu atoms are too large to be encapsulated change in the framework of a silicon cage, the enlargement of

by 16 Si atoms. The change in the threshold size can be reasonablythe silicon cage seen in the anions. As indicated in Figure 4, in
explained by metal encapsulation in a Si cage. fact, the threshold size for the metal atoms in group 3 is

minimum forn = 9 for VSi,~, whereas it is maximum fan =

of Si atoms, and a “threshold size” of the reactivity is found 17 for ScSi*. As tabulated in Table 1, moreover, the threshold
where the reactivity is lost. Above the threshold size, a metal size shows a maximum at= 21 for YSi* and LuSj*.
atom is likely to be encapsulated within a Si cage because the It should be noted that a charge state dependence of the
reactivity is recovered with the doping of the second metal atom, reaction products was observed. The products of the cationic
which appears on the surface of the cluster. Very recently, MSi,* in most of the reactions with #D were the HO adducts
photodissociation processes have been investigated formetal of MSi,-H,O. However, the products of anionic,$i~ and
silicon cluster cation&f showing that the dissociation of CiSi SinV~ were oxygen-atom adducts of M8D~. In the case of
and CrSjg" is definitely different from those of the smaller neutrals, furthermore, both MSH,O and MSj-O adducts
clusters, with elimination of silicon rather than metal. The coexisted as reaction products. The change in the reaction
photodissociation result implies encapsulated metal structures,products from MSj-H,O*° to MSi,-O% indicates that an
which is consistent with this adsorption reactivity data. electron transfer takes place from M30 H,O because an

Moreover, the following two points concerning the threshold electron occupation of an antibonding orbital ofCHis likely
sizes are apparent from Figure 4 and Table 1: (i) a charge stateo cause G-H bond dissociation. In fact, it seems that an
dependence and (ii) an element dependence within the sameelectron transfer to JD occurs more extensively for the anionic
period. As for the charge state dependence, the threshold sizeslusters than for the cationic clusters, in the cases where the
decrease in the order of cation, neutral, and anion, when theyanionic clusters have two more electrons than the cations.
are compared in Figure 4, parts-e, d—f, and g-i, although 3.2.2. Caity Size of a S Cage.As discussed above in
the charge state dependence of anionic M$M = Lu and section 3.2.1, there exists a suitable cavity size in which the
Ta) was exceptional. Within the same group with the same metal atom can be encapsulated by thec&ge. Here, the cavity
charge state, the threshold sizes of MSusters decrease with  size of a Sjg cage will be discussed. For the size of a metal
increasing atomic number, as in the comparisons seen in Figureatom, a metallic bond radius, rather than an ionic bond radius,
4: parts a, d, g; b, e, h; c, f, i. Furthermore, as tabulated in is used as an index. According to several theoretical calculations
Table 1, the threshold sizes of MSilusters for metals in the ~ on MSi, (M = Ta, Ni, Re, and Zr§° charge transfer takes place
same group decrease in a similar manner with an increasingfrom the silicon atoms to a metal atom at a larger size (above
atomic number, as seen in Table 1:--@ d—f, and g-i. n = 8—10), especially when the metal atom is encapsulated,
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and is generally negatively charged. As indicated by several

. . . : () ScShe™ Namse A | @vsie

theoretical calculations, the interaction between the metal atom
and the Sjis not of an ionic nature. Indeed, the theoretical HhR00e M=ok
result for metal-atom-encapsulated TiSiuggests that the radius
of the Ti atom is 1.47 A%which is very close to the metallic ) DA e
radius of 1.45 A. g[® YSJEE ® lehs

However, the cavity size of a gicage should be discussed g wea e
for each polarity because the size of g 8age apparently = l l
depends.on. thg charge state of the M.Ss showq in Tablg 1, § {c}'l_us".m_' i {f}‘HfSim‘ A |l o :I‘aslim‘ i
for an anionic Sis cage, the threshold sizes of ¥Sand LuSj~ €
were 20 and 18, respectively, and YSi and LuSig still aea=Dly \J\ 2'5°i°'°?3?$ A0
exhibited reactivity. Thysa Y or Lu atom is too large to be l XL@“ l
encapsulated by the anionic;Stage. The threshold size of 0154 A50 T3 342037124453
ScSj, on the other hand, is= 15, and no reactivity is shown Electron Binding Energy (V)

a.t ScSie . These results .}Nere apparently caused by .the Figure 6. Photoelectron spectra of (a) SeSj (b) YSiis, (c) LuSks ™,
difference between the radii of the doped metal atoms. Since (d) TiSiis, () ZrSis, (f) HfSiis, (g) VSis~, (h) NbSie, and (i)

the metallic bond radii of Y and Lu are 1.78 and 1.72 A, values TaSis~ at 213 nm. Among them, the HOMELUMO gap energies
which are much larger than that of Sc (1.63 A), the cavity size for the spectra of (d) Tisi", (€) ZrSis ", and (f) HfSis~ are shown,
can be deduced from these metal atom radii. Based on thosgnhdicating that TiSjs was the most stable among Ti (atomic radii: 1.45
for the metal-encapsulated SgSi (Sc: 1.63 A) and the ﬁ)’ Zr (159 A), and Hf (1.56 A), and implying that the cluster anions

. ) . . ave an excess electron in a singly occupied MO. Vertical arrows show
nonencapsulated Lui (Lu: 1.72 A), the cavity size of the 51" jiapatic detachment energy, of which the values are shown in eV.
anionic Sig cage can be estimated to be between 3.26 and 3.44
A in diameter. In the case of the neutral MSilusters, the
element dependence for the threshold size is almost the same
as that for the anionic clusters. Thus, the cavity size of the
neutral Sjs cage can also be estimated to be between 3.26 and
3.44 A in diameter.

In the case of cationic MSi clusters, all of the MSi*
clusters containing groups 4 and 5 metal M atoms exhibited no
reactivity, implying that the cationic §icage has a sufficiently
large inner cavity to encapsulate those metal atoms. Since a Zr | o
atom has the largest atomic radius (1.59 A) among the groups JJ\_/\’)\»/’\-’\N\' l
4 and 5 metal atoms, the lower limit of the cavity size of the priE et 1 B4 4
cationic Sis cage must be 3.18 A in diameter. For group 3 metal Mass Number (m/z)  Electron Binding Energy / eV
atoms, the threshold sizes are more thas 16, and MSis" : . ! ; :

(a) TiSig™ (c) TiSike A
(o]
(R
ﬁ .'l ll' / l!-ll f
Ia I |
b Mot O A
{b) TiSig™ + F2
Tisi,aF'

B

X

(d) TiSisF~

Intensity (arb. units)
Intensity (arb. units)

3.23+0.32

e
3

exhibited more or less reactivity. Since a Sc atom has the '% (e)VSis © (f) VSitg + F2
smallest radius of 1.63 A, the cavity size for a cationigsSi g )
cage is between 3.18 and 3.26 A in diameter. Hereafter, metal- E :SMF
atom-encapsulated sgiclusters are expressed as M@sSi = l o
2 \ h
It should be noted that for a rare-earth metal atom, the £ &ldw ol '-\,‘;u‘l MU W ‘\J&\‘_‘M
adsorption reactivity shows local minima at= 12 and 16, Sy 500 550 450 500 550

although some reactivity was still apparent unti= 18 or 20. Mass Number (m/z)

Since the.enhanced formation of LaSand LnS.ie was also Figure 7. (a) and (b) show the mass spectra of T§Sanions before
observed in the mass spectra, these clusters might be somewhajnd after reaction toward,Fwhile (c) and (d) show the PES spectra
stable electronically or geometrically, although the results of TiSi;s~ and TiSisF~ and (e) and (f) show the mass spectra of /Si
indicate that the Ln atom might not be encapsulated completely neutral before and after the reaction. Open circgsand solid squares
atn =12 and 16. Some theoretical results actually predict that (M) represent the peaks of Tigi anions or VSis neutrals, and TisiF

; . . anions or VSjgF neutrals. MSi clusters were converted to the ionic
zgigggrﬁlt e‘:)rrsisrtr:]oggddéadopt a symmetrical structure: @ Si product of MSigF in each mass spectrum ((a), (b), (e), and (f)). The

small peak (X) around 2.5 eV in the PES spectrum of (c) {FiSi
3.3. Electronic Structure of MSize. To reveal the electronic disappeared in that of (d) TigF~ after the reaction. These results
stability of MSiyg clusters, the photoelectron spectra (PES) for indicate the formation of an ionically bound superatom complex.
the anionic clusters of Mg~ (M = Sc, Ti, V, Y, Zr, Nb, Lu,
Hf, and Ta) were measured at 213 nm (5.83 eV). The spectral TiSizs~. If peak X in the PES spectrum of Ti@sf truly
features, shown in Figure 6, of M@ doped with group 4 corresponds to a singly occupied MO (SOMO), this spectral
elements of Ti (d), Zr (e), and Hf (f) show a small bump around pattern suggests that Ti@®&neutral is a closed-shell molecule
2.8-3.0 eV (labeled X) in common, followed by a large energy Wwith a large HOMG-LUMO gap. Experimental verification of
gap and more discrete transitions at higher binding energies (A, single occupation was achieved by our established technique
B). Each spectrum yielded a vertical detachment energy (VDE) of halogen atom doping.Briefly, for the nondegenerate SOMO
and an adiabatic detachment energy. The latter is the electronn geometrically rigid clusters, a halogen atom can remove the
affinity (EA) of the cluster. These features are very different single electron from the SOMO without any serious distortions.
from those of the group 3 elements of Sc (a), Y (b), and Lu (c),  Figure 7 shows the mass spectra for the formation of fluorine
and those for group 5 elements of V (g), Nb (h), and Ta (i), in (F) atom adducts of Tigi anions 6 = 15—17), before and
which the detachment peaks start in the higher energy regionafter the adsorption reaction of.FAlthough the TiSjg neutral
above 3 eV without a separate peak like the peak X seen inis nonreactive toward 4 Ti@She is reactive, forming the
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F-atoms adduct Ti@gFi—. Furthermore, in the 213-nm
spectrum of Ti@SkFi~ shown in Figure 7d the peak X

Koyasu et al.

of binary M—Si can be viewed as rare-gas-like superatoms,
while Sc@Sjs and M@Sie (MY = V, Nb, and Ta) can be

disappears, while the other spectral features seen in the unreactediewed as halogen-like and alkali-like superatoms, respectively.
spectrum of Figure 7c are maintained. Since feature A corre- As shown in Figure 7b, Ti@&i, which has an excess electron,
sponds to the lowest triplet state of the neutral compound, the was converted to the product of Ti@g&i~ because the excess
A—X separation, measured to be 1.90 eV, represents theelectron of Ti@Sis~ is quenched by a halogen F atom.
excitation energy of the first triplet states of neutral Ti@Si Moreover, by careful adjustment of the flow of, W@ Sk could
which is also an approximate experimental measure of the be converted into V@&F (Figures 7e,f). It should be noted
HOMO—-LUMO gap. Interestingly, the spectral features of that the V@Sis" cation is nonreactive toward,Fas is the

Ti@SheF~ roughly resemble those of Sc@&i, which is
consistent with them both having an isoelectronic framework
of M@Sie. What is surprising is the magnitude of the HOMO
LUMO gap: that observed for Tigjis the largest among those
measured for single metal atom doped silicon clusters. It is very
comparable with that observed in the recently discovered 20-
electron tetrahedral Ay cluster’

As shown in Figures 6df, the large HOMG-LUMO gaps
of Ti@Sisg, Zr@Sie, and Hf@Sjs were found to be 1.90, 1.36,

Ti@Sie neutral. The halogen atom addition reaction of V@Si
shows that this cluster is an alkali atom-like species, and that
V@SiieF is an ionically bound superatom complex, whereas
V@Siis", having a structure isoelectronic with Ti@&iis
electronically closed.

The photoelectron spectra of Sc@sSiyielded a VDE of
4.25 eV and an adiabatic detachment energy of 3.41 eV, values
much larger than those of other metal-doped silicon clusters.
This pronounced stability of Sc@ggi is very similar to that

and 1.37 eV, respectively. The order of these values is consisten©of Al13~,%® where ALz can be viewed as a superhalogen having
with that of the atomic radii of these metal atoms, which are high EA3’ Current studies involving the reaction of metal atom
1.45, 1.59, and 1.56 A, respectively. Since the atomic radius of €éncapsulated silicon cages with halogen atoms imply that it may

Hf is smaller than that of Zr, neutral Hf@%is somewhat more
stable than Zr@%i, and the smallest Ti atom results in the
largest HOMG-LUMO gap of these M@ S compounds. The
largest HOMO-LUMO gap of TiSkg suggests that it should
be very inert and may possess a highly symmetrical geometry;
the radii of Zr and Hf atoms make them likely to be somewhat

too large to be encapsulated by a 16 Si-atom cage. A correlation

between energy gaps and stability is generally found for metal
clusters’? where the magic numbers of particularly stable
clusters are associated with the existence of a HOGMOMO
gap. With isoelectronic dopings of Ti, Zr, and Hf atoms, the
HOMO—-LUMO gap correlates closely with geometric stability.
In fact, it has been proposed that Ti@Sissumes the metal-
encapsulated structure of a Frank-Kasper polyheéftcalcu-
lated to have an EA of 1.90 eV and a HOMQUMO gap of
2.35 ey19ab

Several theoretical calculations on the bond formation
between Siand M and the nature of their orbitals have been
reported. In the calculation for Reg#° the electron config-
uration on the Re atom is (s¥(5d) 67 (6p)°-11(7s)-046d)*%,
quite different from the ground state of Re of &Sy)> The
decrease in the number of 6s electrons, while the number of 5d
electrons increases, indicates hybridization of 5d and 6s orbitals.

Froudakis and co-workers have found that the character of
the HOMO and LUMO of early transition metal (V) atom doped
VSiy is dominated by both the d orbitals of V and theps
orbitals of Si®* The contribution of d orbitals in the HOMO
and LUMO of MS}, causes a negative population of electrons
on the metal atom, implying that the metal d orbitals stabilize
the spherical structure of the Spybridized Si cage to form
the metal encapsulation of Migi Similar cooperative stabiliza-
tion between metal d orbitals and &4yybridized cage has been
reported theoretically for a metal-encapsulated carbon cage,
M@C,s,%® where the d orbital of a Zr atom can electronically

contribute to encouraging the encapsulation in a carbon cage.

From a geometric point of view, however, the striking contrast
between M@Siand M@G, is packing density; in M@%4, a
metal atom is tightly trapped within the Si atoms, while in
M@C, some space is left for the metal atom to move around
inside the carbon cage.

3.4. Reaction of TiSis~ and VSi;e toward F». A “magic”

cluster of a metal atom encapsulated in a Si cage can be viewed

as a superatom. The Ti@gi Zr@ Ske, and Hf@Sjg clusters

be possible to form “cluster-salt crystals” as well as the
theoretically predicted superatom salt of;A.38

4. Conclusions

The transition metal doped silicon clusters, NSivere
generated by the laser vaporization method in a modified cluster
source, and their stability was characterized with mass distribu-
tion, adsorption reactivity, and PES. With a systematic doping
of transition metal atoms of groups 3, 4, and 5 €éVSc, Y,

Lu, Ti, Zr, Hf, V, Nb, and Ta) together with variations in the
charge states, we found that anionic Sc@$Sneutral Ti@ Sie,

and cationic V@Sk+, No@Sis", and Ta@Sk" were generated

in large quantities due to both electronic and geometric closings.
These magic-numbered M@gi* clusters have 20 (68)
valence electrons in common. The charge state dependence of
relative reactivity also implies an enlargement of &ge with
increasing numbers of valence electrons. The element depend-
encies revealed that the critical size of thes®age cavity for
metal encapsulation is 3:8.4 A in diameter. Anion photo-
electron spectroscopy has revealed that the small atomic radius
of Tiresults in Ti@Sjs having the largest HOMOGLUMO gap

of 1.90 eV among Ti@%4, Zr@Ske, and Hf@Sis. The most
suitable metals for encapsulation were Ti, found in Ti@Si
neutrals, and V, Nb, and Ta, found in the cations of V@'Si
Nb@Sis", and Ta@Sk". Combined with the known superh-
alogen Al3, the existence of the silicon-based superatom family
of Sc@Sis~, Ti@She, V@Sie", Nb@Sis", and Ta@Sk"
suggests that it should be possible to create Si-based cluster-
assembled materials.
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