JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Communication

Selective Formation of MSi (M = Sc, Ti, and V)

Kiichirou Koyasu, Minoru Akutsu, Masaaki Mitsui, and Atsushi Nakajima
J. Am. Chem. Soc., 2005, 127 (14), 4998-4999+ DOI: 10.1021/ja045380t « Publication Date (Web): 18 March 2005
Downloaded from http://pubs.acs.org on March 25, 2009

o

LI B B B RN B B B S E B S R S I B B R

40 500 600
Mass Number (m/z)

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 3 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja045380t

JIAIC[S

COMMUNICATIONS

Published on Web 03/18/2005

Selective Formation of MSi 16 (M = Sc, Ti, and V)

Kiichirou Koyasu,™ Minoru Akutsu,™ Masaaki Mitsui," and Atsushi Nakajima**

Department of Chemistry, Faculty of Science & Technology, Keiaédisity, Kohoku-ku,
Yokohama 223-8522, Japan, CREST, Japan Science and Technology Agency (JST), c/o Department of Chemistry,
Keio University, Japan

Received July 31, 2004; E-mail: nakajima@chem.keio.ac.jp

Nanostructured materials assembled from finite-sized stable T ' " On=16 IS'I'II"
| i, Ti

clusters have been extensively sought after since the discovery of > A

Ceo.! Fabrication of cluster-assembled materials is dependent upon § o

finding a suitable building block for a cluster that is chemically . o © 0

stable and interacts weakly with other clusters of the same material. ﬁ LLL.J“‘ : “.c')""“" .\'AM'“‘T“‘“—“'.‘""“
To ensure the chemical stability of a cluster, it is crucial to satisfy S 3,00 , 400 , 500 , 600 , 70,0
a closed electron configuration with a large energy gap between 2| B e Si,Sc c o SiV*
the highest occupied molecular orbital (HOMO) and the lowest F.-:’ 0000 | n=16
unoccupied molecular orbital (LUMO). Indeed, the large HOMO =T !! %o, 0pp© 000
LUMO gap of Gy is responsible for its chemical inertness and its ;-.-\_-}'.,'-J-'-_.'Iy"f'-.,-l-' ,“""0 iy lk.h'\y?n.x
ability to assemble into molecular crystals, as well as its high 400 500 600 400 500 600
symmetry? Mass Number (m/z)

Silicon is undoubtedly an important material in electronic devices, Figure 1. Mass spectra showing size-selective formation of (A) ESi
and silicon clusters have also attracted great attention as buildingneutrals, (B) ScSsé anions, and (C) VSi cations.
blocks for silicon-based nanomaterials. However, pure silicon .
clusters are unsuitable as building blocks because they are chemi&" R laser (157 nm) for the mass spectrometry, while charged

cally reactive due to the existence of dangling bohdamith metal g}sgi'_cs;!ggn F(i:;]ﬁteerlssﬁvc?vrvi tﬂ;eggssa:;gggtgg tig;?u;{%l:)lsed
m ing, cl -shell electronic str res might | i T R ) S
atom doping, closed-shell electronic structures might lead to species eutrals, scandium (Se)Si anions, and vanadium (W)Si cations.

that are remarkably stable as a new class of metal atom-encapsulateiqn all of the mass spectra, Mgiclusters were predominantl
silicon clusters. Depending on the kind of metal atom, even a single roduced as “madic n pmbers‘” althouah the massg ectrain rezio S
metal atom may significantly affect the structure of a silicon cluster, gtudil:es were dgmin:ted b ' ureuiilicon cIusteF:s Wharzg: u
exhibiting magic number behavior in the mass spectrometry of ~ =d by p .

. . . . 4—11°712 |In the photoionization of MSineutral, laser power
MSi,. Both experimental and theoretical studies have been per- o L .
formed extensively on these compounds in recent decades. dependence indicates that one-photon ionization occurs not with
) . . ; . . . the ArF laser (6.43 eV) but with the,Raser (7.90 eV) fom =
magic” cluster in which metal is encapsulated in a Si cage can be : L
viewed as a superatoth,and it is therefore of much interest to 5-18. The |mproveme_nt_ of face-to-face laser vaporl_z_atlons .Of two
verify this “superatom” behavior in metal atom-encapsulated silicon rods accelerated the mixing of the two elements significdAtiis

clusters experimentally. The existence of superatoms suggests thaf129'c numbers behavior became much less prominent in other

it should be possible to develop silicon-based devices for various ﬁﬁ?gg?@gt?; lenarffélC?rnﬁgu:rﬁihsforsezxg{?pli’rti?eIr:?;?rll(;
optoelectronic applications by assembling them prop¥rly. 6app y ( pp 9 ]

We have intensively studied the electronic and geometrical tion). As a neutral species, Tigtan be formed selectively by fine-

structures of mixed-metal silicon clusters using mass spectrometryf_L:(;"ggr:iheer s?;fi;gzg\'lo?;’nlqaast‘% rnﬂil;e\r/‘gfs‘sﬁrz]i?a:l%\/ trhaefeinci)tfi;Te
and anion photoelectron spectroscopy (PES). An improved ability ' y

to produce cold mixed clusters enabled us to selectively formMSi g?dr:r;? of sggle-gtlﬁ me(r;t glusterlz otfil.SInc:;ﬂz:fgzliﬂzmlﬁlggt. o
clusters together and obtain more detailed electronic structure Vapors with proper rapid cooling c S v

information. In this paper, we report that Tigtlusters exhibit a formation, the TiSis neutral cluster itself was formed selectively.

HOMO—LUMO gap of around 1.9 eV together with definitive PES S reported previousli a chemical probe method is useful in

peak assignments by halogen atom doping. The change in tO,[aldeducing the structure of the MSilusters. In fact, the adsorption
valence electrons involving the substitution of Sc or V for Ti altered reactivity of MSj clusters toward bD vapor can reveal the location

. : . - __of the metal atom in the cluster. None of the SgSiTiSie or
he magic number behavior and in r har mix - - . . .
the magic number behavior and instead produced charged edVSlle+ compounds exhibit adsorption reactivity, leading to the

lust f ScSE~ or VSig" i b d ts th : . s .
clusters o CSb or VsShe' as Magic NUMDErS, and sugges's the suggestion that the metal atom is encapsulated inside reage
possibility of producing an ionically bound superatom complex of . - .

VSiyF (M@Siis, see Supporting Information).
To obtain magic clusters of M$iselectively atn = 16, the

The details of our apparatus have been described elsewhere. o ‘ . . .
. . substitution of a Ti atom for a neighboring Sc or V requires a change
Metal atom doped silicon clusters were produced via dual laser :

L . . . in the total charge of the cluster. This demonstrates that;MSi
vaporization of a pure metal and pure silicon targets with a helium exhibits an electronic preference as well as geometric encapsulation
carrier gas and were mass analyzed with time-of-flight mass P 9 p '

spectrometry. Neutral metasilicon clusters were photoionized with and the electron conflgurgtlon of Mis actuall_y closed, Wlth th?
valence electrons of S¢Ti, and V. The plausible explanation is

t Keio University. that TiSks assumes a closed electron configuration with tetravalent
*JST-CREST. Ti and completes the electron shell of 20 electrons with an electron
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Figure 2. Photoelectron spectra of Se&i (A and B), TiSis~ (C and D),

and VSis~ (F and G) at 266 nm (4.66 eV; top three spectra) and at 213
nm (5.82 eV; bottom four spectra). Comparison of the photoelectron
spectrum of TiSis~ with that of TiSkeF~ (E) enables us to assign the
HOMO-LUMO gap. Photoelectrons were analyzed with a magnetic bottle-
type photoelectron spectrometer calibrated using the known spectrum of
Au~.

in the 3p orbital of s@-hybridized Si atoms, although this conjecture
should be examined by theoretical calculations.

The electronic states were probed using anion photoelectron
spectroscopy. Tig™ clusters were selected and decelerated before
photodetachment. Figure 2 shows the PES spectra ofisS¢Si
TiSiie -, and VSje~ at two different photon energies. The 213 nm
spectrum of TiSjs~ (Figure 2D) displays a weak peak around 2.4
eV (labeled X), followed by a large energy gap and more discrete
transitions at higher binding energies (A, B, ...). The 266 nm
spectrum yielded a vertical detachment energy (VDE) of 245
0.06 eV and an adiabatic detachment energy of 2:03.09 eV
for TiSiie~. The latter is the electron affinity (EA) of Tigi

This spectral feature is very different from those displayed by
ScSig and VSie~ in which the detachment peaks start in the higher
energy region without a separate peak, such as peak X fofsTiSi
If peak X in the PES spectrum of Tigi truly corresponds to a
singly occupied MO (SOMO), this spectral pattern suggests that
TiSiie neutral is a closed-shell molecule with a large HOMO
LUMO gap. Experimental verification of single occupation was
achieved by our established technique of halogen atom ddping.
Briefly for the nondegenerate SOMO in geometrically rigid clusters,
a halogen atom can remove the one electron from the SOMO
without any serious distortions.

As shown in Figure 2E, the 213 nm spectrum of T§Si exhibits
the disappearance of peak X in Figure 2D, while the other spectral
features are maintained. The gap obtained in §iSivery large,
about 0.3 eV greater than that iRd%1.57 eV)?? Since feature A
corresponds to the lowest triplet state of the neutral compound,
the A—X separation, measured to be 1.90 eV, represents the
excitation energy of the first triplet states of neutral TiSwhich
is also an approximate experimental measure of the HGMO
LUMO gap. Interestingly, the spectral features resemble roughly
those of TiSjgF~ and ScSis~, which is consistent with them both
having an isoelectronic framework of M@iWhat is surprising is
the magnitude of the HOMOLUMO gap; the HOMG-LUMO
gap observed for Tigj is the largest among those measured for
single metal atom doped silicon clusté?dt is very comparable
with that observed in the recently discovered 20 electron tetrahedral
Auy cluster?3 The large HOMG-LUMO gap suggests that Tigi
should be very inert and may possess a highly symmetrical
geometry. In fact, it has been proposed that FSissumes the

metal-encapsulated structure of a Fra#tasper polyhedrof being
calculated to have an EA of 1.91 eV and a HOMOJUMO gap
of 2.35 eV13.14

A "magic” cluster of a metal atom-encapsulated in a Si cage
can be viewed as a superatom. To more conclusively determine
whether MSjg is a superatom in this sense, reactivity towasd F
was examined. By carefully adjusting the flow of, Si;¢ was
converted to the preferred product of \i2° It is noted that the
VSie" cation is nonreactive toward &s is the TiSjs neutral. The
halogen atom addition suggests that 3¢ an alkali atom-like
species, and that V&F is an ionically bound superatom complex,
where VSig" having a structure isoelectronic with Tigi is
electronically closed. Besides, the photoelectron spectra ofsScSi
yielded a VDE of 4.25 eV and an adiabatic detachment energy of
3.41 eV, being much larger than those of other metal doped silicon
clusters. This pronounced stability of SgSiis very similar to that
of Al;37,2°> where Al can be viewed as a superhalogen having
high EAZ2¢ Current studies involving the reaction of metal atom-
encapsulated silicon cages with halogen atoms suggest that it is
possible to synthesize “clustesalt crystals” as well as the
theoretically predicted superatom salt of;&.26
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