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Supersonic metal cluster beams of refractory metals: Spectral investigations of
ultracold Mo2

J. B. Hopkins, P. R. R. Langridge-Smith, M. D. Morse, and R. E. Smalley

The Journal of Chemical Physics 78, 1627 (1983)

VAPORIZATICON PROBE
LASER LASER

CHAMBER

SUPERSONIC METAL CLUSTER BEAM
APPARATUS

FIG. 1. Overview of the experimental apparatus. The main
chamber skimmer is 2 5 mm diameter conical skimmer mounted
21 em off of the bulkhead and 20 cm from the nozzle. The dis-
tance between the nozzle and mass spectrometer is 57 cm.
Typical average base pressures with the pulsed molecular
beam on and off are: 8X10~% ON/3X10% OFF Torr, 1X10~ ON/1
X108 OFF Torr, 4x10*® ON/1x10"® OFF Torr for the main A
and B chambers, respectively. These values apply to a helium
backing pressure of 8 atm and 10 Hz operation of the pulsed

R. E. Smalley valve.
1943-2005%F
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FIG. 4. (A) Schematic of the pulsed double-solenoid valve me-
chansim. The magnetic actuator, positioned between the pole
faces of the two solenoid cores, is 1.58 mm thick, 25.4 mm in
diameter, and has a travel of 1 mm when the valve is fully open.
A utility spring {not shown) is located at the top of the magnetic
actuator to maintain the seal of the actuator against the O-ring
(Parker 2-002) when the solenoid current is off. (B) Metal clus-
ter expansion faceplate. The channel leading from the actuator
to the metal target rod is 22 mm long and 1,3 mm in diameter,
The extension channel length from the target rod to the point of
free expansion is varied between 3 and 30 mm and ie 2,36 mm
in diameter as shown. The laser axis channel bore is 25.4 mm
long and 1 mm in diameter.
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FIG. 5. Time of arrival of the skimmed helium beam in the
photoionization region of the mass spectrometer. Photoions are
produced by an ArF laser with a fluence of ~1 mJ/cm®. The
time of arrival is measured by monitoring the intensity of He*
photoions (y axis) as a function of the delay between the nozzle
and ArF laser trigger pulses (v axis). The distance between
the nozzle and mass spectrometer was 57 cm. The nozzle-to-
skimmer distance was 20 ecm. Expansion conditions were:
helium backing pressure=8 atm, orifice diameter=1 mm, ex-
tension channel length=3.0 em.
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FIG. 6. Electronic schematic of the pulsed nozzle driving circuit, The input trigger pulse is + 2V to +5V TTL. The repetition rate
is limited to 12 Hz to restriot the average current through the TIP 142 current transistors.



COPPER CLUSTERS
A) 3mm Extension Channel
30mm Extension Channel

B)

o) 5 IO 15 20 25 30 35 40

NUMBER OF ATOMS IN CLUSTER

FIG. 2. Copper cluster size distributions resulting from the
formation of clusters in two different length extension channels
Both (A) and (B) time-of-flight mass spectra were recorded un
der identical mags focusing conditions of the spectrometer.
Photoions were produced with an ArF (193 nm) lager at ~1 mJ
em?. The nozzle backing pressure was 10 atm helium. Note
that the additional features which occur in the mass spectra

are due to copper oxides CuO,.
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FIG. 3. Time-of-flight maass spectra illustrating cluster asize

distributions obtained from metal beams of iron, nickel, tung-
sten, and molybdenum. Photoions were produced by an ArF
(153 nm) excimer laser with a fluence of ~2 mJ /cmz. The noz-
zle backing pressure was 8 atm of helium which expanded througt
a 1 mm orifice. After laser vaporization clusters were formed
in an extension channel 2.5 cm long and 3 mm in diameter. The
mags spectra of Fe, and Ni, contain additional features due to
metal oxides M,,O,. The features in the molybdenum mass spec-
trum are broadened by the various isotopic modifications e to
the seven naturally occurring molybdenum isotopes.
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FIG. 8, High resolution spectra of the Mg, A-X (0—0) band.
The intensity of ®Mo, photoions is plotted against the frequency
of a scanning dye laser (bandwidth ~ 0,07 cm™, fluence ~ 15
pJ/em?). Photoions of ®Mo, were created by absorption of one
dye laser photon resonant with the A-X transition and one pho-
ton from the Nd: YAG fourth harmonic (266 nm, ~1 mJ/em?).
Nozzle backing pressure was 8 atm.



Free Iron Clusters React Readily with O, and H,S but Are Inert toward Methane

R. L. Whetten,* D. M. Cox, D. J. Trevor, and A. Kaldor

J. Phys. Chem. 1985, 89, 566-569
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Figure 1. Scale-drawn schematic of essential features of the cluster
source and chemical reactor. From left to right the method works as
follows: (A) The primary nozzle opens for =150 us and He expands from
10-atm stagnation pressure into a 1-mm-diameter channel. (B) At the
peak of the primary He pulse, a focussed frequency-doubled Nd:YAG
laser (20 mJ/pulse) strikes a rotating-translating Fe rod positioned where
the 1-mm channel opens to 2 mm. (C) Sputtered metal atom vapor
rapidly condenses and cools while flowing in the condensation channel;
clusters approach the He velocity and arrive in a packet at the end of this
channel. (D) The primary He pulse and clusters expand into the 1.1-
cm-diameter reactor; the leading edge of this primary He pulse has swept
out all secondary-pulse He and reactant to this point. (E) The secondary
nozzle opens at a variable time with respect to the primary nozzle and
laser, and the resuiting expansion across the primaty stream creates a
turbulent zone of intimate mixing; this is the reaction zone, extending
downstream toward the end of the reactor. (F) The mixed flow expands
into vacuum (~ 107 torr), and a portion is collirnated by a 5-mm conical
skimmer into a molecular beam, where clusters and products are detected
through photoionization mass spectrometry.
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Figure 2. Examples of photoionization time-of-flight mass spectra of Fe
clusters and the products of ¢elementary reactions between these clusters
and H,S or O,. Each trace is obtained with a 0.25-mJ laser pulse of
6.4-¢V photons from an ArF laser focussed with a 25-cm cylindrical lens
to 2 beam size of 1.5 cm by 0.03 cm. The bottom trace shows the free
Fe cluster distribution obtained when the secondary nozzle is fired after
the clusters pass; an identical distribution, although of 0.2-0.6 the in-
tensity, is found when the secondary pulse of pure He overlaps the pri-
mary pulse. The small peaks just to the right of each cluster are Fe,O
clusters formed by co-condensation of Fe and impurity O atoms within
the vaporization zone. The middle and upper traces show typical results
obtained when 300-1000-ppm H,S or O,/He secondary pulses ovei la»
the primary pulse. The strong new peaks all have masses corresponding
to Fe,S or Fe O; within %1 amu for x £ 10.



Surface reactions of metal clusters. ll. Reactivity surveys with D2, N2, and CO
M. D. Morse, M. E. Geusic, J. R. Heath, and R. E. Smalley

Citation: The Journal of Chemical Physics 83, 2293 (1985); doi: 10.1063/1.449321

Io _ -I LML }_l_l' LI 1 LELELEL : LI 1 LENLER B | : rrr 1
Nbz C Con + CO ]
f
| | -
i A phadad
| 1.0+ A I
l't Nbg E . s 3
i ; C .
i ) w i T
I i s i -{
i i <
Nb3CO i quCO x O.1+ T
| i }
! =
. \ v ‘ P
§ Q
< 10 Nb, + CO F
. o - .
250 300 350 400 450 - -
wl A -
MASS {amu) s - agattas
FIG. 1. Reaction study of small niobium clusters with CO. The dashed mass ':( 1O _,E_ N 4‘*"“ El
spectrum is that of the control experiment where only pure helium was in- - u .
jected into the reaction tube. The solid trace was observed when 2.4 sccm g N ]
(cm? atm/min) of CO was injected (with a pure helium carrier) into the reac- N i
tion tube. The features growing in due to formation of Nb, {CO),, reaction
products are blackened for emphasis. Corresponding reaction products for Ot . ——
the Nb, O cluster oxides are observable as small peaks on the base line. o_ﬁ i '5_r o |'d o |'5' o ]éd o 'és 1 '30
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FIG. 2. Relative reaction rates for CO chemisorption for cobal? a~d nio-
bium clusters. Estimated error bounds for these relative rate meas ure ments
are + 20%.
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Nb, + CO — Nb, CO

for which the elementary rate expression is

d[Nb,] _

dr

Assuming that CO is in such excess that its concentration
change is negligible, integration gives an expression for the
rate constant, k,, in terms of the measured fraction of Nb,,
left unreacted (D, ), CO concentration ([CO]), and reaction
time (¢ ):

k, = —([CO]t)"'InD,,
where

-Dn = [an ] reaction / [ an ] control *

~ k, [Nb, ]{CO].



COBALT CLUSTERS
control
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FIG. 3. Chemisorption study of D, on cobalt clusters. The control mass
spectrum was performed with only pure helium injected as the reactant gas.
The lower two mass spectra were taken with 3.6 and 5.0 sccm flow of inject-
ed D, reactant, respectively. See Figs. 4 and 5 for closer detail. The sharp
peaks see in the bottom-most trace for clusters with more than 10 atoms are
all due to cobalt clusters with more than one molecule of D, chemisorbed.

190
MASS (amu)

FIG. 4. Detail of the D, chemisorption experiment on Co trimer. The
dashed mass spectrum is the control experiment {only pure helium as the
reactant), the solid trace is the observed mass spectrum with an average
reactant flow of 7.4 sccm D,. Note that only reaction products with even
numbers of deuterium atoms are observed. Careful examination of the base
line reveal that the Co,C carbide and Co,O oxide which are produced in
small amounts in the laser plasma of the cluster source also chemisorb D,
strongly.
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FIG. 5. Detail of D, chemisorption experiment in the 9-16 atom cluster
range showing evidence for titration behavior in the chemisorption reac-
tion. The dashed mass spectrum corresponds to the pure helium control
experiment, the solid trace to a flow of 5.0 scem D, injected into the reaction
tube. The D, chemisorption process appears to shut off at five molecules of
D, for Co,, and Co,,, six for Ce,, and Co,,, and seven for Co,5 and Co,.
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FIG. 7. Relative reaction rates of cobalt clusters with D, and N,. Note the
striking similarity in the reactivity patterns for these two reactants. The
estimated errors for these relative rates is + 209% except for rates greater
than 10 or less than 0.1 compared to the reference rate; for these extreme
rates the measurements are only of semiquantitative significance.



NiOBIUM CLUSTERS
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FIG. 9. Chemisorption study of N, on niobium clusters. The sharp peaks in
the small cluster region of the lower mass spectrum are due to the N, chemi-
sorption prodiuct, whereas the peaks seen in roughly the correct position for
the 8-12 and 16th cluster of niobium are, in fact, due to the vnreacted bare
cluster,
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FIG. 11. Relative reaction rates of niobium clusters with D, and N,. Note
the similarity in the reactivity patterns for these two reactants. Estimated
error bounds for these relative rates are -+ 20% except for the extremely
low and high reactivity points which are only semiquantitative.
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Gas phase reactions of iron clusters with hydrogen. l. Kinetics
S. C. Richtsmeier, E. K. Parks, K. Liu, L. G. Pobo, and S. J. Riley

The Journal of Chemical Physics 82, 3659 (1985)
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FIG. 1. Cross sectional view of the laser vaporization cluster source/flow
tube reactor.
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FIG. 2. A portion of the cluster time-of-flight mass spectrum showing Fe,,
to Fe,, species. The lower panel is the bare cluster signal (no reagent gas).
Satellite peaks are impurities, mostly cluster oxides and dioxides. For the
upper panel, 7 sccm of H, was added to the reagent line. Note the small
extent of reaction shown by Fe, 5 through Feq, and the varying degrees of
reaction for the other clusters.
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Reactions of iron clusters with hydrogen. Il. Composition of the fully hydrogenated
products
E. K. Parks, K. Liu, S. C. Richtsmeier, L. G. Pobo, and S. J. Riley

The Journal of Chemical Physics 82, 5470 (1985)
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FIG. 1. Compositions of the cluster hy-
drides Fe, H,,,. For n <60 the plotted sym-
bols correspond to the hydrides that have
appreciable intensity in the mass spectra. 250 torr
For 60 < n < 100 the center of each symbol
corresponds to the center of the observed
mass peak (individual hydrides are not re-
solved above » = 60) and the height gives m
the range of m values that contribute to the
peak. Above n = 100 only the peak center is
indicated. Time -
FIG. 2. Time-of-flight mass spectra of the hydrides of Fe,; and Fe,q sitow-
ing the increasing hydrogenation that occurs at higher hydrogen pressures.




Reactions of iron clusters with hydrogen. lll. Laser-induced desorption of H2 by
multiphoton absorption

K. Liu, E. K. Parks, S. C. Richtsmeier, L. G. Pobo, and S. J. Riley The Journal of Chemical Physics 83, 2882 (1983)
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FIG. 1. A portion of the time-of-flight mass spectrum of hydrogenated iron '
clusters for three different ArF ionizing laser fluences. In the top spectrum FIG. 2. Ionizing laser fluence dependence of the various species resulting
the number of hydrogens in each of the identifiable hydride species is indi- from ionization and fragmentation of Fe,,H,.. The four sets of data ¢
cated. The peaks labeled “a” in the lowest spectrum are due to a small (1%) offset by arbitrary amounts for clarity.

copper impurity in the iron target sample.



C.,: Buckminsterfullerene

" H. W. Kroto ', J. R, Heath, S, C. O’Brien, R. F. Curl
& R. E. Smalley

NATURE VOL. 318 14 NOVEMBER 1985 ppl62-163

Fig. 1 A football (in the
United States, a soccerball)
on Texas grass. The C,
molecule featured in this
letter is suggested to have
the truncated icosahedral
structure formed by
replacing each vertex on the
seams of such a ball by a
carbon atom.




Vaporization laser

Rotating graphite disk

Fig. 2 Schematic diagram of the pulsed supersonic nozzle used
to generate carbon cluster beams. The integrating cup can be

yon clusters prepared by
| in a supersonic beam.
oton excitation with an
he three spectra shown
wurring in the supersonic
over the graphite target
ster distribution here is
e graphite sheet ejected
he spectrum in b was
| was present over the
ation. The enhancement
-phase reactions at these
m in a was obtained by
ind cluster-cluster reac-
ig. 2. The concentration
] . B : Cep form is the prime
experimental observation of this study.

1 % L 1 L

"y i

A L L &
T ¥ - T T

44 52 60 68 76 84

No. of carbon atoms per cluster



Robert F. Curl Jr. Sir Harold W. Kroto Richard E. Smalley

Bucky balls or Fullerenes were discovered by
H.W.Kroto, R.F.Curt and R.E.Smalley. The 1996
Nobel Prize was awarded to above scientists
for the discovery of fullerenes.



Structure and Reactivity of Bimetallic
Co V, Clusters

S. Nonose, Y. Sone, K. Onodera, S. Sudo, and K. Kaya

J. Phys. Chem. 1990, 94, 2144-2146
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Figure 1. Schematic diagram of experimental apparatus. Clusters com-
posed of two metal elements are synthesized via vaporization of two
target rods by two pulsed YAG lasers. Chemical reactions are performed
using a fast-flow reactor. The reaction products are ionized by ArF
excimer laser and detected by a time-of-flight (TOF) mass spectrometer
equipped with a reflectron.
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Figure 2. TOF mass spectra of Co,,,V,, (# > m) clusters (from » = 7 to 14) mixed with (a) 100 Torr of H, seeded in 1 atm of He and (b) only pure

He as a reference. Peaks of the clusters are labeled according to the notation »—nt, denoting the number of cobalt atoms (n) and substituted vanadium
atoms (m).
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Figure 3. The relative rate constant R, of Co,_,V,, (n > m) clusters for
reaction with H,. Open circles, closed circles, open squares, open tri-
angles, and closed triangles are R, of n = 6, 8, 10, 11, and 13, respec-
tively.










REACTIVITY STUDY OF ALLOY CLUSTERS MADE OF
ALUMINUM AND SOME TRANSITION METALS WITH
HYDROGEN

Shinji NONOSE, Yasutomo SONE, Ken ONODERA,
Shigeto SUDO and Koji KAYA

CHEMICAL PHYSICS LETTERS,
Volume 164, number 4, |15 December 1989
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Fig. 1. TOF mass spectra of Co,Al,, (n>m) clusters (from n=35
to 10) reacted with {a) 100 Torr H, seeded in | atm He and (b)
pure He as a reference. Peaks of the clusters are labelled accord-
ing to the notation z#-m, denoting the number of cobalt atoms
(1n) and alumitum atoms (1}, respectively.
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Fig. 2. TOF mass spectra of Al,,Co,, (> m) clusters (from n=14
to 21) reacted with (a) H and (b) He as a reference. Peaks of
the clusters are labelled according to the notation n-m, denoting
the number of aluminum atoms (#)} and cobalt atoms (m),
respectively.
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Fig. 3. (a) The relative rate constant R, of Co,Al, (#>m) clusters for reaction with H; is plotted as a function of the number of
aluminum atoms (from =010 3). Open circles, closed triangles and open squares are R, of CoAl,,,, CozAl,, and Co,pAl,,, respectively.
(b) The relative rate constant R, of Al,Co,, (n>m) clusters for reaction with H; 1s ploited as a function of the number of cobalt atoms
(from m=0 10 3). Open circles, closed circles, open squares and closed triangles are R, of Al,oCo,,, Al},Co0,, AljsCo,, and AlyCo,,,
respectively.
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Fig. 4. TOF mass spectra of Nb Al (n:> m) clusters (from n=4
to 6) reacted with (a) 100 Torr H, seeded in 1 atm He and (b)
pure He as a reference, Peaks of the clusters are labelled accord-
1ng to the notation #-m, denoting the number of niobium atoms
{n) and aluminum atoms { m), respectively.
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Fig. 5. The relative rate constant R, of Nb,Al,, {#> ) clusters for reaction with H, is plotted as a furction of the number of aluminum
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A Low energy cluster ion-atom collision: Collisional energy
transfer and complex formation of Ar,* with 3°Ar

Masahiko Ichihashi, Shinji Nonose, Takashi Nagata and Tamotsu Kondow
J. Chem. Phys. 100, 6458 (1994)
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Evaporative Ensemble Model
k k,

) )
N\

E kin,n+1

E -V
k n
E
L, -l
kn+1 A(Enﬂ Vn+1}
E
En = E Vn+1 Ekin,n+1

E . -V
Ekin,n+1 - 2[ zrl TL IJ
n+

Pf[knf_ . )[exp(—k )= exp(—£,..1)]

B, =P[1-exp(-k,1)]
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a Role of electron pairing in collisional dissociation of Nag* by
a rare-gas atom

Shinji Nonose, Hideki Tanaka, Tomoyuki Mizuno, Jun Hirokawa and Tamotsu Kondow
J. Chem. Phys. 104, 5869 (1996)
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FIG. 1. Schematic diagram of the experimental apparatus: (1} cluster source,
(2} electron gun, (3) skimmer lens, {4) quadrupole mass filier, {3) octopole
ion beam guides, (6} collision cell, (7} electrostatic sector, (8} magnetic
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FIG. 2. Collision-energy dependence of the cross sections for the Nay
(0} and the Ma <) release from Na, in the collision of He.
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FIG. 3. Correlation diagram for the Na release from Na; aleng the dstance
between Na and Nag - The lefi hand side of the diagram corresponds to the
energies of orbitals of Nag related to the Na release, while the right hand
gide does to those of Na + MNag .

In order to elucidate the mechanism of the Na release, an
orbital correlation diagram is prepared from the valence or-
bitals of Nay . Na, and Nag . The valence orbitals of Nag
related to the Na release are expressed by linear combina-
tions of the jellium orbitals of Nay and the atomic 35 orbital
of Na. On the assumption that reaction (10) proceeds with
maintaining an axial symmetry along the reaction coordinate
(z axis), the valence orbitals of Nag are expressed by

¢, =1p.(Nag )= 1p (Nag ) +e,35(Na), (11)
¢y=1d2( Nag ) =c31p.( Nag)+e,35(Na, (12)
where 1 p.{ Nag ), etc., represent the 1 p, orbital of Na, | etc.

The orbital energies of 35(Na) and 1 p.{ Nag ) are defined as
{35(Na)|H|35(Na))=es, (13)
(1p-A Nag )| H1p.{ Naj )y=ey. (14)

while the interaction energy between 3s5(Na) and

1p.(Nag ) is given by
(3s(Na)|H|1p(Nag )} = ~v. (15)

As the ionization potential of Nag is considered to be higher
than that of Na,*'* the energy of 1p_{ Na, ) should be lower
in energy than that of 35(Na), namely,

Eg T éq, . U-'E}

The orbital energies of ¢, and ¢, are expressed, respec-
tively, by

ey tey €3, Ey : 3 b

ep=2 ( - ] o (17)
ey, te en—exls  .|"

(= —5—+ ( = “] +p?| . (18)




urve along reaction coordinate of Nay* -
Nag"+ Na
The energy gap at the crossing, AE, shown in Fig. 4, is
given by ) ,
AE= EM =W |‘*’£‘_ﬁ:aIH“I‘I’. ::-ITEJ iEI

The total electronic wave function of Nag in the ground
state is expressed as

Vo=lddnr pd margd A ms g ds(mm) |, (AL
{19} while those of excited slates are given as

where £,— E| represents the difference in energy hetween Wom(dl bl v b pd mangh I p U rsveh Isimongd|, (A2}
the ¥ and the ¥, states at the crossing (see the Appendix).

Thy energy diffsrene, Ky —,, iy, ok 0 ba i enegy W=l r b dal o nblpl g I p Urs vl Is{rrgd|, (A3}
splitting of 1p sublevels of Na, . Equation (19} shows that Wem(ddnhdol nrhlpdramhlpdreh 1siron)]. (A}
&F decreases with increase in the energy splitting, On the . . . .
other hand, the collisional deformation of Ma; resulls in “‘ﬁ‘fﬁ;‘:j’" of "Ef"-m:'_’““ Wy and Wy results in forming a
&F decrease because the energy splifting increases by the periu v s

deformation due 1o Jahn-Teller effect. Therelore, a probabil- ':'l":lﬁlﬂ'f}

ity for the adiahatic transition associated with the Na release W=t E:.'.a W‘Iﬁ , LAF)

ig suppressed by the AE decrease with increase in the colli- . .
sion energy. In the present measurement, Ma® was not de- where &' s a configuration-interaction Hamiltoman, and
tected, probably because the collision energy is not suffi- £, £;, and £, are the electronic energies of ¥, ¥;, and
ciently large. W, respectively.*” The energy gap at the aveided crossing,

AE, {zee Fig. 4) is given hy
| 3| )
Nig + Na® AES (A
P - where £ is defined as the perturhation Hamiltonian, and
ﬂ‘la{l —_— T ’ £ is an electronic energy of ¥, . Insertion of Eg. {A3) into
AE T Eq. (AR} gives an expression for AE as

Mag + MNa

RSN AL o
AE= . AT
Nﬂ M”f I'g.-" E_E_E| | ET_E1 L j

FIG. 4. Schematic potential energy curves along the reaction coordinate.
The dissociation channel for the Ma release is cormelated 1o an elecironic
excited state, given by the wave function, ¥, , while the dissociation chan-
nel for Na' release is correlated 1o the ground state of Nag .




ld!l- \—\
Ip, (Mag)
it gy (Na)
-
Ip, Ip, ond ::z %F# | HJ& I, lr-:: (N3}

1l Ll 15 {Mazh

R E

Nag Na; + Naj
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cnergies of the orbials of Nag related 1o the Moy release, while the night
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The release of Ma; from Ma; is also explained by an
orbital correlation diagram. Suppose that the Na; + Nag
system [Eq.(9)] is axially symmeiric with respect 1o the axis
connecting Na; and MNa; (z axig), which is regarded to be the
reaction coordinate, The valence orhitals of Na, are written
as

e = Lpd Nag )=o) Lpod Nag )b teqod Nag), (20}
= Lzl Nag ) =cy1pod Mag bteged Nag), (21}

where o, and ¢ are | p, and 14,2 orbitals of Nag | respec-
tively. (rhital energies, ¢7 and e, , and &n interaction energy,
F. are given by

(1l Nag )| H|1p( Nag ))=eq, (22)
(ol Nag)|i|or,{ Nayly=e,, (23}

on diagrams of Na, release

ford Nag )| H[ 1p.{ Naj )y =— ¥, (24)

A5 the ionizstion potential of Ma, is lower than that of
May, the encrgy of L p,d Naj) is considered to be higher in
energy than that of e [ Nag). Therefore, the following rela-
tion holds:

&g, (25)

The orbital energies of ¢, and d, are given as

e, ter [fe,—eql? "
e[S R 29
& +e'.l £, e 3 Lz
8= 'EI + { 31 }-I-F"Q] R {I-lr}

respectively. Figure 3 shows the comelation diagram along
the reaction coordinate; the orbitals given at the left and the
right hand sides show those of Nag , and Na; + Na, re-
spectively, and the orbital energy of |p.{ Naj') approaches
that of e ( Na,) as Na, is elongated along 2 axis. As the
orhitals of Nag are directly connected 1o those of Na; +
Ny, the Nay release from Nag proceeds on a single potential
enefgy curve without changing any elecironic configuration.
It iz concluded, therefore, that the Na, release 18 not con-
strained by the electironic configuration, bui simply by the
energetics. The rapid increase of the cross section ahove the
threshold energy of 0,75 + 0.1 eV (see Fig. 2) is attributed
1o an increasing amount of its imemal energy by an increas-
ing collision energy. The scheme given in the interpretation
of the Ma, disseciation is applicable to collisional dissoeis-
tion of sodivm cluster ions with different sizes, details of
which will be discussed elsewhere. ™
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A Collisional reactions of Al * with Rg

e

ngolfsson, H. Takeo and S. Nonose, J. Chem. Phys., 110 4382-4393 (1999).

1. O.
2. 0. Ingolfsson, H. Takeo and S. Nonose, Chem. Phys. Lett., 311 421-427 (1999).
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FIG. 1. Schematic of the apparatus.



Mass spectra of Al *
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FIG. 2. Mass spectra of the stable Al clusters, recorded by scanning the

second quadrupole with the first quadrupole permitting transmission of al
woms (de offi. (al n=2-7, (b} n=6-14. Note the different mass range.



Energy dependence of dissociation

Al
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cross sections
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FIG. 3. Energy dependence of the total and the partial dissociation cross
sections for Al (n=2-11) upon collision with argon. The total CID cross
section is shown as solid lines, the Al" release as open circles, O, and the
neutral Al atom release as open squares, (1. The release of two neutral Al
atoms is shown as open friangles, 2. Note the different scale for n =2-7
and n==28-11.



s of Al, +Al* and AlL* + Al
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FIG. 4. Correlation diagram for (a) Al,+ Al* and ib) Al{ + Al. The combi-
nation of the triplet Al, pround state with the singlet Al* to form the singlet
Al pround state, is not possible under spin conservation.



Correlation diagrams of Al release

Analogous to the collision-induced dissociation of
Na, [22], the valence orbitals related to the Al
release can be expressed by a linear combination of
the If,, jellium orbitals of Al; along the reaction
axis, and the atomic 3p orbitals of Al. The highest
occupied jellium orbital, HOJO, and the lowest un-
occupied jellium orbital, LUJO, of Al can be ex-

pressed by

Puoio = ”:u-{"!“;; ) = "1'|1fr{‘d"1?|) + f':ipf"!"'}
(2)
and

Criso = Wi (ALY ) = e 1, (Al7) + ¢, 3p(Al)
(3)

respectively. The orbital energies of 3plAl) and
1 (AlS ) are defined as

(3p(AD|HBp(Al)) = e, (4)
and
(U (ALY HIUE (AL ) ) = e, (5)

respectively. while the interaction energy between
the 3plAl) and the 1f (Al7) is given by

Gp(ANHIE(ALF)) = —e. (6)

The orbital energies of @y, and @, are
expressed as

] I."..—
EH””:':T-'-]:(TJ t e (7)
and

e, +e e e, % /2
ip T E7 aip — £7 47 2
Lo = > !( 3 } T & (8)
respectively.
|
I-..rval,'. - U:'.'an:“
Py _‘_——______ ;.' 3p(Al)
1, (Al
q:'H,UJ” /
I = Ay
s, 1p. | =2 : 35 (Al
el 25 g
bl | -
+ + r
.-'!'t]ﬁ ..ﬂt].]r + Al



Potential energy curves along Alg* - Al,* + Al

Aly+ Al
+ & "P':-
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FIG. 6. Schematic potertial energy curves along the reaction coordinate.
The dissociation charmel for the Al release is correlated to an electronic
excited state, given by the wave function, Y ;, while the dissociation channel
for the Al" release is correlated with the ground state of Alg | .

For W, interaction with other excited states, ¥,
results in a perturbed wave function, ¥,

AV
vi=w+ Y /I
L E,—E,

1>2 - :

(9)

with H' expressing the interaction hamiltonian and
E,, E,, ... are the electronic energies of ¥,, ¥,
. corresponding to the occupation of the vacant
| f-orbitals. The energy gap, at the crossing of the
potential curves, A K. is given by
WA

AE = . 10
TE (10)

where £, — K, is the perturbation hamiltonian and
£, is the electronic energy of ¥, Substituting ¥ in
Eq. (10} with Eq. (9) gives
o H W H W [
E,—E E,— E,
(11)

where L, — E, represents the difference in energy
between the ¥, and the ¥, states at the crossing.

AE=

| =12
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