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We investigated an intracluster reaction induced by impact of){C8 = 1—8) onto silicon and (LaCe 3)Bs

surfaces at collision energies of 102000 eV and 6-100 eV, respectively. Product anions scattered from

the surfaces were mass analyzed by a tandem time-of-flight (TOF) mass spectrometer. In the impact onto the
silicon surface, the intracluster reaction proceeds via (1) production dfySlissociation of the core ion,

CS, and (2) production of & (m = 2,3) by abstractions of S from surrounding 8 S,-1~. In the

impact onto a (La/Ce 3)Bs surface, essentially the same reaction mechanism operates except for the dimer
reaction at collision energies less than 50 eV. The two isomers,(CS;) and GS,~, give S, and the latter
dissociates further into /S,~. A similar reaction mechanism is found to operate in the intracluster reaction

of (OCS).

Introduction cluster cations on a stainless-steel plate, and found a kind of

R 3
When a “soft” cluster is allowed to collide onto a hard surface, proton-transfef:

the cluster is deformed so rapidly that its constituent particles A cluster-impact reaction in a small cluster provides a suitable
(atoms, molecules, etc.) are impacted on the surface instantaPasis to obtain a general feature of size-dependent cluster-impact

neously at the collision. As a result, the internal energy and the reactions through generalizing the picture that we obtain in such

particle density of the cluster increase greatly in a very short & Small cluster system. In this connection, we investigated a
period of timel~43 Evidently, this effect is more pronounced cluster-impact reaction of a carbon disulfide cluster anion,
in the impact of a larger cluster onto a solid surface. It is (€S2, onto Si(111) and (L&Ce3)Bs(100) surfaces. The
expected, under such a non-equilibrium condition, that novel carbon disulfide cluster anion was employed, because a sulfur
reactions, which are scarcely encountered in conventional &0M in the cluster anion has (1) several oxidation numbers,
reaction media, are likely to proceed by the cluster-impact Which facilitate easy rearrangement of chemical bonds, and
(defined as “cluster-impact reaction”). possesses (2) a relatively large electron affinity, so that a

It seems that there are two important factors to characterize Probability of charge neutralization is expected to be suppressed
the cluster-impact reaction; multiple collisions and short inter- when the cluster anion interacts with a solid surface. In addition

atomic distances between the constituent particles. Levine andt© these benefits, intensive investigations have been made on
co-workers have predicted computationally that a four-center the geometric and electronic structures of this cluster anion. For

reaction instance, the photoelectron spettraf (CS;),~ show that the

dimer anion ( = 2) has the two isomers, G§CS)) and GS,~,

N, + O, — 2NO 1) yvhlle all the other clu_ster anions cqn3|st of one monomer core
ion. Actually, two different reaction channels have been
recognized in the photodissociation of the dimer anion: one

o . . -7 through its monomer core and the other through its dimer
proceeds efficiently in a rare-gas cluster (size of 125) containing core?546 Comparison of the results on these two cluster systems

N2 and_Q, when the cluster is |mpact(_ad ona solid surféce. enables us to clarify how the structure of the core ion affects

The efficiency of the four-center reaction is proved to be much 4 cluster-impact reaction. A further benefit of employing

higher in a larger cluster. Experir'nentally,.Even and co-workers ...hon disulfide is that it has a chemical analogue, (QGS)

have shown that a four-center-like reaction, which has similar chemical properties and its photodissociation
study has been undertaken as weéll.

which is prohibited in an ordinary reaction environment,

(CHgl), — 1, 2 It is unavoidable to conduct the measurement at low collision

energies if one would elucidate the mechanism of a cluster-

takes place when a GHcluster anion, (CHl),, is impacted impact reaction. In such a measurement, an impinging anion
on a diamond-coated silicon surfa@en the other hand, Mk tends to be neutralized and hence the intensities of the product

and co-workers have studied a cluster-impact reaction of acetoneanions are significantly low. To avoid the neutralization, it is
essentially necessary to use a solid surface with the smallest

+ Corresponding author. , . possible work function in an experimental point of view. It has
, Bast Tokyo Laboratory, Genesis Research Institute, Inc. =~ been shown that the ion-surviving yield after a surface impact
Cluster Research Laboratory, Toyota Technological Institute: in East .
Tokyo Laboratory, Genesis Research Institute, Inc. depends on the work function of the surface and the electron
8 National Institute for Material Science. affinity of a chemical species of interest. To this end, a
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(Lap 7Ce3)Be(100) having the work function of 2.52 eV was T T T
employed as a sample surface on which slow collision measure-
ments will be performed.

Experimental Section

Only a brief description related to the present study is shown
in this paper, because the experimental details have been
reported elsewher&:38 The measurement was performed in a
tandem time-of-flight (TOF) mass spectrometer equipped with
a cluster ion source and a collision chamber in which a parent
cluster anion is allowed to collide onto a target surface. A liquid
sample of Cg(Kanto Chemical Co. Ltd., more than 99% pure) 1 . L L -
was placed in a stainless-steel vessel at room temperature. Vapor 2 3 “Time of Fli Sm Jus 6 7
of CS was introduced into a stainless cylinder in order to g

prepare a~3:7 mixture of Cg and helium gas (Nippon Sanso, and g . a
. ! GS;~, produced by impacts of (G see panel (a)) and of
more than 99.9999% pure). The gas mixture was expanded |nto(CSZ)3_ (pa,f)d (b)) at thﬁ coIFI)ision enérg% pér mp50 e\f_ ?Z] panel

vacuum at a stagnation pressure~df.2 atm through a pulsed  (a), the parent anion, (G-, is isotopically pure for sulfur, so that no
nozzle (General Valve, series N0.9) having a repetition rate of isotopic complexity exists in the spectrum. In panel (b), on the other
10 Hz. Clusters through the nozzle were ionized by impact of hand, the parent anion, (&%, contains isotopic species. In fact, the
electrons having an energy 200 eV and a current 0£300 iso_topic _sp(_acies are discernible in the mass spectrum of the product
A. In the (OCS)~ preparation, pure OCS gas (Takachiho, 96% anions (indicated by arrows).

pure) was expanded at a stagnation pressure of 1.5 atm. Cluster
anions thus produced were introduced into the acceleration
region of the primary TOF mass spectrometer through a
skimmer with a hole of 2 mm diameter. A cluster anion with a

given size was selected out by a mass gate placed in the primary

TOF mass spectrometer, and was allowed to collide onto a
surface placed at the bottom of a reflectron at an ambient — =F
pressure of 2 1078 Pa. Anions scattered from the surface were
accelerated in the reflectron, and detected by a tandem micro-
sphere-plate (MSP, EI-Mul EO33DTA with an effective diameter

of ~32 mm) placed in the secondary TOF mass spectrometer.

The intensities of the product anions from a given parent cluster
anion were obtained by accumulating the signal for 60 s in a
§torag§ OSCII!QSCOpe (Tektronix TD.S_520)' The statistical errors Figure 2. Branching-fractionfi(O), f2(a), andfs(<), for the production
in the intensities qf_ the produc_t anions were found to be 10% ofs- s, and 5, respectively, plotted against the cluster sizein
of the anion intensities. The collision energy per core iorn(¢S the impact of (C$,~ at the collision energy (per GBof 100 eV. The
Ecol, Was varied from 50 to 3000 eV by changing the bias voltage solid curves show eye guides. See text for the definitiofinain =
applied to the silicon surface. A smaller bias voltage-300 1-3).

V) was applied to the (LgCey 3)Bg surface so that the collision (CSM~ (n = 5). As described later, Sis produced by

energy was much less. The collision measurement was per-\. LN - . ~ . -
formed by setting the beam axis of an incident cluster anion at d|§SOC|at|o_n of the core lon, GS in (CS)n", while S and
S;~ by an intracluster reaction.

2° with respect to the direction normal to the sample surface. > .
The silicon surface was prepared from a p-type doped Si(111) Impact of .(CSZ)" ona (La‘)ﬁe“).BG(lOO) Surface.Flgur_e
1 shows typical mass spectra of anions produced by the impact

wafer (25x 15 mn?, specific resistance of-410 Q cm), and i -
e . - : of (CS),~ and (CQ)s~ on a (LaLCe3)Bes surface at the
was cleaned by resistive heating with the aid of electron collision energy oFw = 50 eV. Anions, S, G,S-, S, CS-,

bombardment as follows: (1) the surface is baked at 800 _ _ . " ’
overnight, (2) flashed at 1058C for 10 s with keeping the and GS; -, are produced_from (G , while S S, and CS—’
pressure of the chamber at less than 4.5078 Pa, (3) cooled are produceq from (G . The hydrogen anion may originate
quickly to 800°C and slowly to room temperatu,re at a rate of from contaminants on the surface because neither the incident
3 °C per second. Each measurement was completed within 3oclust_e_r nor the_ surfa_ce contain any hydrogen atoms. The ion
min after the surface treatment. A (£ .9Bs(100) surface ~ S-rviving yield in the impact of (G8, on a (La.1Ce 3)Be(100)
was also employed as a sample surface. A {Cay )Bs(100) at Eco = 100 eV was~0.6% while that on a Si(111) surface

- 0096 was ~0.01%, where the yield is defined by the ratio between
sample crystalline was prepared by the floating zone method. . . - . .
The surface (20« 9 mn?) was installed on a holder made of the total intensity of a_II the product anions and the intensity of

the parent cluster anion.

graphite, and cleaned by heating-aL300 °C for 1 min by ) . . .
means of electron bombardment. Branphlng Fr.act|ons of Product Anions. Figure 2 shows
branching fractionsf,

Intensity / arb. units

Figure 1. Mass spectra of anionic species; S, C.S, S, CS,

Results S 7]

Impact of (CSy),~ on a Si(111) Surface.The scattered fm=L (m=1-3), 3)
anions are § (m = 1-3) in addition to a trace amount of Z[S .
Sim~ (m = 1-2). In the entire collision energy range studied & m

(50—300 eV), the product anions were found to be fEom
CSYn (n= 1), & from (CS)n~ (n = 2), and $ from as a function of the cluster size, atE.o; = 100 eV, where [A]
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Figure 3. Branching-fractionf,, for the production of $ plotted
against the cluster siza, in the (OCS)~ impact at the collision energy

(per OCS) of 100 eV. The solid curve shows an eye guide. See text

for the definition off,.
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Figure 4. Collision-energy dependence of the branching-fractfgn,
for the production of & in the (CS);~ and (C%)s~ impacts on a
(Lap 1Ce& 3)Be surface4 M) and a Si(111) surfaceX<), respectively.

The solid and dotted curves show eye guides. See text for the definition

of fz.

represents the intensity of species A. As shown in Figuffe 2,
andf; increase withn. Note thatfs is very small in then =
1—-4 range.

In the (OCS)~ impact, S and S were dominant product
anions; S was always produced bukbSwas produced only
from (OCS)~ (n = 3). Figure 3 shows; plotted againsh at
Eco = 100 eV, where the definition db is same as eq 3. As
shown in Figure 3f, increases with.

Discussion
Cluster-Impact Reaction on Two Different Surfaces.As
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Figure 5. Probabilities,P;, for S abstraction by S plotted against
the cluster sizen. The solid curve shows an eye guide. See text for
the definition ofP1.

Reaction SchemeBierbaum and co-workers have shown that
in the collision of S with CS; in the gas phase, a sulfur-
abstraction reaction

S 4+CS,—S, +CS (4)

proceeds most efficiently with an activation energy of 0.78V,
and S~ is successively produced by further sulfur abstraction
by S~ from CS,

S, +C5—S; +CS (5)

Reactions 4 and 5 proceed also in the clussenface impact.
Formation of $~ due to unimolecular dissociation of €Sis
ruled out because no;Sis produced by impact of GS onto

the surfaces of Si and (baCey3)Bs. Formation of S~ by a
four-center reaction between €Sand C$ is highly unlikely
because of its low reaction cross section even in the surface-
impact!!

As argued in the previous section, both the surfaces employed
in the present experiment give almost identical results as far as
the reaction scheme considered in the present study is concerned.

Comparison between Cluster-Impact Reaction and Gas-
Phase ReactionThe probability P1(n), of the sulfur abstraction
by S™ in one event of the cluster impact is expressed in terms
of the branching fractiondy, as

Py(n) = f,(n) + f5(n) (6)

wheren represents the cluster size. In the collision of &GS
the number of Csmolecules isn — 1, and henceéPy(n) is
proportional to i — 1), or

described in the Introduction, the intensity of a product anion P.(n) = a.(n — 1 7
scattered from the silicon surface is reduced due to charge (") i ) ()

neutralizatipn v_vhen the collision energy is lowered. To minimize \yhere o represents a probability of the sulfur abstraction by
the neutralization, the low energy measurement was performeds- i, collision with one Cs. Fitting of the n-dependence of
ona(Lae3Bs surface.having a mugh smallerlwork function. P.(n) with eq 7 giveso, = 0.08 + 0.03 (See Figure 5).

It was found that essentially the identical reaction proceeds on Comparing these results with those obtained for the gas-phase
the two different surfaces, as described below. We paid attentiongaction, one obtains a number of collisions between molecules
to the two product anions,"Sand S, because these are Main iy the cluster impact. The probabilityy, of the sulfur
products observed commonly on the two surfaces. The branchingapstraction per single collision in the gas phase is expressed in

frgction,fz, was employe_d_as a propensity for the comparison. tarms of its ratey, and the collision frequency, as
Figure 4 shows the collision-energy dependencé, ¢br the

(CS)s~ and (CQ)s~ impacts on the silicon and the (.#& 3)Bs
surfaces. In cluster sizes more than 2, thealues for the two
surfaces agree in the energy range of-300 eV where the The ratey, is calculated by using the rate constant reported by
branching fraction was measured on both the surfaces. It impliesBierbaum and co-worker$.To calculatez, we employed the
that essentially the same reaction mechanism for thie S Langevin cross section as the collisional cross section,
production operates on the two surfaces excepnfer 2. because Sand C$ are attracted by a charge-induced dipole

J=vlz 8)
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0.8 r . . : . . and the S thus produced successively abstracts an sulfur atom
from a solvent OCS by intracluster collision,

06F . S +0CS—S, +CO (10)
Conclusions

S, L

04 We have studied an intracluster reaction of size-selected
(CS)n~ and (OCS) induced by impact on two surfaces,

02} Si(111) and (La/Cey3)Bs, which possess larger and smaller
work functions, respectively. The reaction proceeds in such a

0 manner that S produced from coreion dissociation preludes

0 1 5 3 4 S 6 - its sulfur abstraction from an adjacent solvent molecule.

n Essentially the same reaction mechanism operates on the both
Figure 6. Branching-fractionf,, for the production of & in the surfaces. Charge neutralization is more greatly suppressed by
(CS),~ impact, at the collision energy (per molecule) of 50 eV. The using a surface having a lower work function.
solid curve shows an eye guide.
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uncertainty inog originates mainly from that5000 K) in the

temperature. The number of collision between the molecules

in the cluster impact is obtained to bel. Let us consider a
case that a productSrom the surface is scattered back to the
surface in collision with a solvent G®nolecule and is bounced
back again toward the same solvent ,C®olecule. The

probability of this case occurring is estimated to be less than

10% by using the Langevin cross section of@ith CS,. This
probability turns out to be the highest possible probability that
S~ collides with the same solvent molecule twice.

Surface-Impact Reaction of Dimer.In the impact of a CgS
dimer anion, GS,~ is observed as a product anion in addition
to S and S (see Figure 3). ltis likely that £5,~ is produced
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