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Abstract

We have investigated the photoionization mass spectrometry of clusters of an alkali metal atom (M: Na and K) and meth
vinyl ketone (MVK) or acrolein (AC) to discuss the intracluster oligomerization. In the mass spectra of MgVistikong
ion signals ak = 3 are observed. This magic number is explained by the cyclohexane derivative formation in the intracluste
oligomerization of MVK initiated by electron transfer from an alkali metal atom. The results of the calculation for Na(MVK)
based on density functional theory also show the presence of intracluster electron transfer. On the other hand,,in M(AC
intensity enhancement is observediat 4. These intensity enhancements may be due to intracluster reaction in M(AC)
which is different from the case of M(MVK) (Int J Mass Spectrom 216 (2002) 29—-40) © 2002 Elsevier Science B.V. All
rights reserved.
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1. Introduction tially reacts with other monomer. Thus, the formation
of the contact ion pair between the vinyl molecular an-
In recent years, the anionic polymerization of vinyl ion and its counter-ion is important in the initial step
compounds in the condensed phase received much at-of the polymerization. The anionic polymerization of
tention as a method to obtain various useful materials «,3-unsaturated ketone and aldehyde, such as methyl
[1,2]. It has been established that strong bases, suchvinyl ketone (MVK: CH,=CHCOCH;) and acrolein
as alkali metals and alkyllithium compounds, initi- (AC: CH,=CHCHO) is well studied in various reac-
ate anionic polymerization of vinyl compounds that tion conditions (initiator, solvent and temperature) to
bear electron-withdrawing groups. An electron trans- identify the structures of polymerized products [2]. In
fer from these strong bases causes cleavage oftfie C the review article for works of polymerization of AC
double bond of the vinyl monomer to yield a carban- [3], it was pointed out that acrolein is one of the few
ion. This carbanion reacts with another monomer to monomers which contain two polymerizable groups
produce a propagated oligomer chain, which sequen- (C=C double bond and carbonyl group) of different

reactivities.
"+ Corresponding author. In recent years, ionic o_hgomenzauon in thg gas
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to elucidate the elementary reaction processes [4-23].AC by photoionization mass spectrometry in order
For this purpose, gas phase studies should have somédo discuss the initial steps of the oligomerization of
advantages with following features: (1) it is possible these molecules. The possibilities of the intracluster
to discuss reactivity which is free from the solvent ef- reactions are discussed from the size distributions
fect, and (2) assignments of the polymerized products observed in the photoionization mass spectra. We
are directly obtained by mass spectrometric method. have compared the present results with those in the
Especially, studies on gas-phase clusters were per-previous studies of M(VM) and have discussed the
formed as a microscopic model for the initial step of intracluster anionic oligomerization initiated by elec-
anionic polymerization. Anionic clusters of vinyl com-  tron transfer from the alkali metal atom. The quantum
pounds were extensively investigated by Kondow and chemical calculations have also been performed to
coworkers [6-12]. In their studies, trimeric termina- obtain the information about intracluster electron
tions were observed for cluster anions of acrylonitrile transfer in Na(MVK) and Na(AC).

and its derivatives, and they concluded that the intra-

cluster oligomerization is initiated by electron attach-

ment to acrylonitrile trimer and forms a stable anion 2. Experimental section

radical that has a ring structure.

The contact ion pair consisting of a vinyl molecular Present experiments were performed by using
anion and its counter-ion is also expected to be an- an apparatus reported previously [20-23]. We used
other model for the initial step of anionic oligomeriza- two-stage differentially pumped chambers consist-
tion. Clusters of an initiator and vinyl molecules (VM) ing of a cluster source and a Wiley—McLaren type
are the models of such contact ion pairs to discuss TOF-MS [24]. The clusters of metal atoms with
the mechanism of the propagation reaction of the ion molecules were produced by a pickup source [25-27]
pair with another monomer. In the authors’ group, in- consisting of a combination of laser vaporization [28]
tracluster reactions have been investigated for clustersand pulsed supersonic expansion. A mixture gas of
containing VM and an alkali metal atom (M) by means helium and sample (MVK, AC) was expanded from a
of a time-of-flight mass spectrometer (TOF-MS) with pulsed valve with a stagnation pressure of 4 atm. The
a cluster beam source [20-23]. In these studies, the second harmonic of a Nd:YAG laser was focused onto
magic numbers at M(VM)(M = Li, Na and K) were a metal rod placed at about 10 mm downstream from
observed in their photoionization mass spectra, and it the nozzle. In this source, the metal atom—molecule
was concluded that these magic numbers are due toclusters are produced by collision of the vaporized
the trimeric unit with a cyclohexane derivative which metal atoms with molecular clusters preformed by su-
is produced by intracluster anionic oligomerization. personic expansion, although subsequent collisional
Thus, the evidence of anionic oligomerization was relaxation with buffer helium gas cannot be ruled
found for the neutral clusters and the electron transfer out. One-photon ionization of neutral clusters was
from metal to VM initiates the intracluster oligomer- performed by irradiation with a pulsed laser beam.
ization. In addition, for alkali metal-methyl acrylate The photoions were accelerated+8.0 keV by static
clusters, the mechanism of anionic oligomerization is electric fields and were introduced to a field free tube
found to be different from the methyl acrylate cluster of 590 mm length arranged collinearly with the clus-
anions [21]. From these studies, it has been found thatter beam. The mass-separated ions were detected by
the existence of the alkali metal atom in these clusters a dual microchannel plate.
has a critical effect on the reactions in the initial step  Mass spectra of the cluster ions nascently formed in
of the anionic oligomerization. the source were also measured along with the measure-

In this study, we have investigated clusters con- ments. Cluster ions were generated by ion—-molecule
taining the alkali metal atom (Na, K) and MVK or reactions between alkali metal ions formed by laser
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vaporization and neutral vinyl-molecule clustersinthe @) [ ' ' ' ' '
expansion region of the free jet. The product cations Na*(MVK),
were introduced to the acceleration region of the Photoionization
TOF-MS and accelerated tel.0 keV by pulsed elec-
tric fields generated by a high-voltage pulse generator.
The sample rods of sodium (Rare Metallic, 99.9%
pure) and potassium (Aldrich, 99.5% pure) were made
under a nitrogen atmosphere in a vacuum dry-box Na®
to avoid reaction with water in the air. Chemicals | .
were purchased at the following minimum percent im- - e
purities and used without further purification: MVK Kt K+(MVK)
(Aldrich, 99% pure) and AC (Tokyo Kasei, 90% pure). Photoioniznation
The mixing ratio of MVK and AC in helium gas was
estimated to be 3.8 and 6.5, respectively.
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3. Calculation

The quantum chemical calculations for free , , , ‘ , ,
molecules (MVK and AC) and 1:1 complexes 5 10 15 20 25 30 35
(Na(MVK) and Na(AC)) were performed to examine TOF /us
the possibility of intracluster electron transfer. These
calculations were carried out by using a density func- Nat Na+(MVK)
tional theory program of the Gaussian 94 package n=2 n
[29]. The 6-3H1-G* basis set and B3LYP functional
[30] were utilized in these calculations. There are
two conformerss-trans ands-cis, for both MVK and
AC. We calculated the optimized structures of these
conformers and the 1:1 complexes between Na atom
and these conformers. We made a natural population
analysis [31] for the optimized structures to estimate N e
the charge distributions within clusters. Optimized 20 60 100 140
structures were calculated with no constraint of the TOF /s
structural parameters.

—
(2)
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Fig. 1. Photoionization mass spectra of (a) Na(MyKnd (b)
K(MVK) ,,. lonization energy is 5.99eV. (c) Mass spectrum of
Nat(MVK), produced by ion—molecule reaction in the cluster

4. Results and discussion source.

4.1. Photoionization mass spectra of M(MVK),, of Nat(MVK) ,, is mainly observed up te = 16. The
and M(AC),, (M = Na and K) intensity of Na (MVK) 3 is observed intensely with
respect to adjacent ions. This intensity-anomaly
Fig. 1a shows a typical mass spectrum obtained by (magic number) behavior at = 3 is independent
one-photon ionization of Na(MVK) by irradiation of the energy of the ionization laser in the region
with a laser beam of 5.99 eV. A series of cluster ions between 4.15 and 5.99eV. We also measured the
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photoionization mass spectrum of clusters containing
other alkali metal atoms, K(MVK) (Fig. 1b). The se-
ries of K+(MVK) ,, ions is also observed up to= 16, n=1 n=5

—
£

"* Na*(AC),
Photoionization

and the magic number behaviormat= 3 is again ob- % © Na"(ACI(Hz0)

served as in Na(MVK). These clusters were ionized E sl e

by absorption of a single photon, because ionization £ . -

energies of Na and K atoms are 5.14 and 4.34eV, § Na . ! ALK

respectively [32], and in general these clusters have Nez 0 0 o0

lower ionization threshold energies than alkali metal

atoms. We also measured the mass spectrum of the ) S S —

Nat(MVK) , ions nascently formed by ion—-molecule K =1 K*(AC),

reaction in the cluster source as shown in Fig. 1c. In Photoionization
n=4 0 KH(AC)y(H20)

the source, the cluster ions are produced by collision
between the preformed molecular clusters and the
metal ions generated by laser vaporization. In this
mass spectrum, it is expected that the observed size
distributions depend on the stability of ions produced
by ion—molecule (cluster) reactions. In Fig. 1c, the
intensities of Na(MVK), decrease monotonically
with increasingn, and the magic number behavior
atn = 3 in Fig. 1la and b is not observed. There-
fore, it is expected that the stability of NEMVK),
produced by ion—molecule reactions does not depend Na* n=1 Na"(AC)
sensitively om, and that the magic number is related n
to the nature of neutral Na(MVI)clusters.

Fig. 2a and b show photoionization mass spectra ob-
tained by one-photon ionization of M(ACYM = Na
and K) by irradiation with a laser beam of 5.99eV. A
series of cluster ions of M(AC),, is mainly observed
as in Fig. 1, however the magic numbermat= 3 X ﬁ
observed in M(MVK), is not observed. The most in- -
tense signal is found at = 4. This behavior is ob- 20
served when the photon energy of the ionizing laser TOF / us
is higher than 5.17 eV, while at 4.91 eV and below no o
intensity-anomaly is observed. Fig. 2c shows the mass E'(?Aci T:n(;gg ngzﬂz?gﬁzsg_gzp:&tﬁ ggtéazn a':z(”:’i)zﬂa’(bgeaks
spectrum of the N&(AC),, ions nascently formed by  denoted by circles are assignable to"4C),(H20) (M = Na,
ion—molecule reaction in the cluster source. In this K). (c) Mass spectrum of NZAC), produced by ion-molecule
mass spectrum, the size _dis.tributior_1 ofNAC),, de- E:E:tg)_n@'? ,:,Zi?kgtfr(: ‘L”Tfé)A;ﬁﬂgNﬁ'Eﬂfoﬁ?iéf fzr(:lic )67,
creases monotonically with increasing 1) ions are denoted by and x, respectively.

In the measurement of each photoion yield with
scanning the ionization photon energy, we have de-
termined the ionization thresholdis,j of Na(MVK),, [32]. In Na(MVK),, I value decreases monotoni-
and Na(AC) (n = 1-6). These values are plotted in cally with n for n = 0-3, whereas those for8n <
Fig. 3 along with the ionization energy of Na atom 6 are constant at 3.86 eV within experimental error.

lon Intensity

Cluster source

lon Intensity
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Fig. 3. Determined ionization thresholdg,j of Na(MVK), and
Na(AC),.

However, in Na(AC), then dependence df;, is more
complicated. They, of n = 3 is about 0.3 eV higher
than those of other sizes.

4.2. Intracluster electron transfer in M(MVK),, and
M(AC),, (M = Na and K)

It is well known that the electron transfer from an
alkali metal initiates the anionic polymerization reac-
tion of MVK and AC in the condensed phase. Also in
M(MVK) , and M(AC), (M = Na and K), the alkali
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isomerl, the Na atom binds te-cis MVK. The bind-

ing energy AE) with respect to free Na and MVK
is evaluated to be 20.4 kcal/mél.On the other hand,
two stable structures are found for the complexes of
Na—MVK (s-trans), as shown in2 and 3. The AE
are evaluated to be 12.4 and 1.8 kcal/mol #oand

3, respectively. The barrier in the internal rotation
of the vinyl group (froms-trans to s-cis barrier) in
free MVK was estimated to be 2.4 kcal/mol from the
far-infrared spectrum of MVK [34]. In the formation
of Na(MVK),, using the present pickup source, an al-
kali metal atom with a high kinetic energy collides
with a MVK cluster formed by the pulsed jet under
the collisional cooling condition, so that Na(MVK)
clusters are initially formed at high-temperature con-
dition. Because of small rotational barrier of MVK,
there is a possibility for formation of the most stable
isomerl (Na(MVK) (s-cis)) in the collision between
metal atom with the abundagttrans MVK. The nat-
ural charges on the Na atom a#.88, +0.55 and
+0.37 for1, 2 and3, respectively, and thus the elec-
tron of the Na atom is partly transferred to MVK.
The structures of MVK in these Na(MVK) isomers
also reveal that the intracluster electron transfer partly
takes place. In these isomers, the lengths &£@
and G=0 bonds are about 1-6% longer than those
of free MVK. In contrast, the length of &C3 bond

metal atom is expected to act as an electron donor tois about 2-5% shorter. These changes in bond lengths

the MVK and AC clusters. In order to get further in-
sight into the possibility of intracluster electron trans-
fer, we have optimized the structures of Na(MVK)
and Na(AC) based on DFT (B3LYP/6-315*) calcu-
lations.

The structures obtained farcis and s-trans MVK
molecules are shown in Fig. 4a. For a free MVK
molecule, the two conformational isomers are in an
equilibrium, and relative abundance sfis.strans

is determined to be 20:80 at room temperature by

electron diffraction and spectroscopic studies [33]. In
the present work, the-trans conformer is calculated
to be more stable thas-cis by 0.17 kcal/mol, and

can be explained clearly by consideration of the elec-
tron distribution in the singly occupied molecular or-
bital (SOMO) of Na(MVK), as shown in Fig. 5b. The
electron density distributions in the SOMO of these
isomers resemble that of the lowest unoccupied molec-
ular orbital (LUMO) of free MVK (Fig. 4b), which has
the antibonding nature of'©C? and G=0 bonds and
the bonding nature of &C® bond. Therefore, bond
length changes in Na(MVK) are related to the electron

1The binding energiea\E of these isomers can be evaluated by

—AE = E[Na(VM)] — E[Na] — E[VM]

as a result, the relative abundance is estimated to be

s-cisis-trans = 43:57. Three isomers are found in the
calculation for Na(MVK) as shown in Fig. 5a. In the

where E[Na(VM)] is the total energy of Na(VM);E[Na] and
E[VM] are the total energies of Na atom and vinyl molecule,
respectively.
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s-cis

LUMO (s-cis)

Fig. 4. (a) Optimized structures and natural charges (in parenthesis) of reetntnad MVK and s-cis MVK calculated at the B3LYP/6-3tG*
level. Bond lengths and angles are shown in angstroms (A) and degjeesspectively. (b) Contour surfaces of the square of atomic

orbital coefficients of LUMOs of&-trans MVK and s-cis MVK.

transfer from the valence 3s orbital of the Na atom to
the LUMO of MVK.

The structures obtained farcis and s-trans AC
molecules and for three isomers of Na(AC) (desig-
nated as4—6) are shown in Figs. 6a and 7a, respec-
tively. For a free AC molecule, two conformational
isomers are in an equilibrium with a relative abun-
dance ofs-cisis-trans = 2:98 at room temperature
[35]. In the present calculation, total energysetfans
isomer is estimated to be 2.16 kcal/mol more sta-
ble thans-cis, which is in good agreement with the
previous study by MP3/6-3H+G** calculation
(2.15kcal/mal) [36]. In Fig. 7a, the most stable iso-
mer is 4 in which the Na atom binds tg-cis AC
(AE = 232kcal/mol). In the isomer$ and 6, in
which the Na atom binds te-trans AC, AE are
evaluated to be 13.6 and 2.0 kcal/mol tband®6, re-

spectively. Thes-transto s-cis barrier in free AC was
calculated to be 6.6 kcal/mol using MP3/6-31-£G**
[37]. Therefore, the formation of the most stable
isomer4 (NaAC (s-cig)) is possible in the collision
between metal atom witetrans AC, as discussed in
Na(MVK). The natural charges on the Na atom are
+0.89,+0.61 and+0.47 for4, 5 and®6, respectively.

In these isomers, the length of'&C? and G=0
bonds are about 2—6% longer than those of free AC
and the length of &-C3 bond is about 2—4% shorter.
These structures of AC in these isomers is consistent
with the natural population analysis, as discussed in
Na(MVK).

In the mass spectrometric study of cluster anions
of vinyl molecules, such as acrylonitrile and methyl
acrylate, the trimer anions are produced more ef-
ficiently than monomer anions [7,8]. Although the
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Fig. 5. (a) Optimized structures and natural charges (in parenthesis) of Na(MVK) isotr8)scélculated at the B3LYP/6-31G* level.
Bond lengths and angles are shown in angstroms (A) and degreaggpectively. (b) Contour surfaces of the square of atomic orbital
coefficients of SOMOs for three isomers are also shown.

electron affinity of MVK has not been determined to (MVK)3 than in Na(MVK). Almost the same dis-
and the study of (MVK)~ is not reported so far, itis  cussion can be applicable to Na(ACIh addition, the
expected that (MVKJ can accept the excess electron electron affinity of AC is estimated to be a positive
more efficiently than the MVK molecule. Therefore, value from electron transmission spectroscopy [38],
it is anticipated that in Na(MVK, a much larger part  although the exact value has not been determined
of the valence electron of the Na atom is transferred so far.
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(b)

LUMO (s-trans)

s-cis LUMO (s-cis)

Fig. 6. (a) Optimized structures and natural charges (in parenthesis) of netraas AC ands-cis AC calculated at the B3LYP/6-31G*
level. Bond lengths and angles are shown in angstroms (A) and degdeasspectively. (b) Contour surfaces of the square of atomic
orbital coefficients of LUMOs of-trans AC and s-cis AC.

4.3. Magic number in M(MVK),, and its structure photoionization mass spectrum. To discuss the possi-
bilities of (2-1) and (2-2), it is important to know the
The magic number at = 3 observed in the pho- ionization thresholdsl{) of M(MVK),, clusters. As
toionization of M(MVK), (M = Na and K) possibly  shown in Fig. 3, théy, value of M(MVK),, is found to
originates from the following two processes [20-23]: decrease monotonically withfor n = 0-3, whereas
(2) collisional complex formation between the neutral those for 3< n < 6 are found to be constantat 3.86 eV.
alkali metal atom with MVK clusters and (2) photoion- The magic nhumber behavior is observed at a photon
ization of M(MVK),,. In process 1, magic numbers are energy that is high enough with respect to thége
related to the relative stability of neutral M(MVK) values, and therefore, it is expected that the ionization
clusters. On the other hand, two factors should be efficiency is not a major factor of forming magic num-
considered in generating magic numbers for process ber atn = 3 in the present mass spectrum. Therefore,
2: (2-1) then-dependent photoionization efficiency of possibility (2-1) can be ruled out. On the other hand,
M(MVK) , and (2-2) the evaporation after ionization the possibility of evaporation process (2-2) is also not
that depend on the stability of MMVK) ,,. For (2-2), expected to be serious, because the magic number is
ions formed by photoionization may have enough en- also observed at the photon energy of 4.15 eV, which
ergy to dissociate intermolecular bonds in the cluster is only about 0.3 eV above the ionization thresholds.
ions. If the evaporation takes place efficiently after Calculated dissociation energy for N@MVK) is esti-
photoionization, relatively stable ions will tend to be mated to be more than 1.5eV [39], so that the evapo-
populated by evaporation from less stable ions, and asration is insignificant at this photon energy. Therefore,
a result, then-dependent stability of photoions is ex- the appearance of the magic number is little affected
pected to be reflected by the size distribution in the by the evaporation after photoionization. After all, the
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Fig. 7. (a) Optimized structures and natural charges (in parenthesis) of Na(AC) isotn@r<dlculated at the B3LYP/6-31G* level.
Bond lengths and angles are shown in angstroms (A) and degrgea®gpectively. (b) Contour surfaces of the square of atomic orbital
coefficients of SOMOs for three isomers are also shown.

magic number ak = 3 observed in the photoioniza- their photoionization mass spectra [20-23]. These re-
tion mass spectrum is concluded to be due to the size sults are explained by the intracluster electron transfer
distribution of neutral Na(MVK) clusters (possibility ~ from M to VM followed by anionic oligomerization.
). This magic number is attributed to the formation of
In the neutral clusters containing alkali metal atoms trimeric unit with a cyclohexane derivative produced
(M = Li, Na and K) and vinyl molecules (VM), such by intracluster oligomerization of vinyl molecules.
as acrylonitrile, acrylic ester and methacrylic ester, The nature of MVK is the same as those of acryloni-
the same magic number at'™N\WM) 3 was observed in  trile and acrylic ester in view of vinyl species that have
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o} : 4.4. Intracluster reactions in M(AC),,
M+ <7:O)3 M’ 0 As noted in Section 4.1, the most intense signal is
o found atrn = 4 for M(AC),, while the magic num-
ber is observed at = 3 for M(MVK),. We will
Scheme 1. discuss the possible reasons for this difference. At

first, we consider the evaporation process after pho-

electron-withdrawing groups. Therefore, in the present toionization of M(AC),. As shown in Fig. 3y, of
system, the oligomerization reaction is also expected Na(AC), (n = 1-6) is found to lie between 4.39 and
to proceed and produce an anion radical of a cyclohex- 4.78 eV. Therefore, at the photon energy of 5.17eV in
ane derivative with a six-membered ring (Scheme 1). which the intensity enhancementat 4 is observed,

The six-membered ring structure in M(MVK) available excess energy caused by photoionization is
(M = Na and K) is more stable than other sizes smaller than 0.78eV. Calculated dissociation energy
because of the lack of ring strain as discussed in for Nat(AC) is estimated to be 1.5eV [39], so that
the preceding papers [20-23]. The same magic the evaporation process is insignificant at this photon
number behavior was found in acetylene [18] and energy. Thus, the intensity distribution in M(ACis
isobutene [19] cluster cations and was also explained not related to the evaporation process after photoion-
by six-membered ring structures formed by cationic ization. Next, we consider the possibility of intraclus-
oligomerization. However, the magic number at ter reaction. As shown in Figs. 5b and 7b, 3s elec-
M(MVK) 3 is less evident than those in the former tron of Na atom is partly transferred to the LUMO of
studies of M-acrylonitrile [20,22] and M-acrylic ester molecules for both Na(MVK) and Na(AC). Therefore,
[21]. The clusters fom = 4 and 5 are expected to the intracluster oligomerization of (AgWill be initi-
contain one six-membered ring structure and one and ated by electron transfer from the alkali metal atom, as
two monomer(s), respectively. The involvement of a in M(MVK) ,,. In M(MVK) ,,, the cyclization reaction
six-membered ring structure in> 3 clusters is sup-  at M(MVK)3 leads to the formation of stable cyclo-
ported by photodissociation of neutral clusters [22] hexane derivative, as discussed in Section 4.3. How-
and also by negative-ion photoelectron spectroscopy ever, in M(AC),, the observed intensity enhancement
[40] of metal-acrylonitrile clusters, although the ions (n = 4) is different from M(MVK), (n = 3). The
for n = 4 and 5 were neither strongly observed in absence of the magic numbermat= 3 in M(AC),
those systems [20,22] nor in metal-acrylate clusters clearly indicates that three successive reaction=a C
[21]. As discussed in the previous papers [20—-23], the double bonds in M(AG) has small contribution in all
appearance of the magic number behavior is expectedpossible reaction processes. Therefore, it can be con-
to be a result of evaporation processes after intraclus- sidered that there is another mechanism of intracluster
ter reaction. Thus, the increased intensitynat 4 reaction in M(AC). As mentioned in Section 1, AC
and 5 in the present metal-MVK clusters indicates has two reactive sites &C bond and carbonyl group)
the suppression of evaporation of monomers. In other in anionic polymerization in the condensed phase [3].
words, the binding energies of the unreacted MVK It is known that the reactivity of €C bond and car-
monomers in the present clusters are presumed tobonyl group in AC depends on the catalyst and the
be larger than those in other metal-vinyl molecules reaction conditions [3]. Therefore, one possible rea-
systems, although no quantitative information is avail- son for the intensity enhancements at M(A@ the
able at present. This enhancementrat 4 and 5 formation of stable products by the cleavage of both
is also observed in the metal-methacrylate clusters C=C and G-O bonds. The complicateddependence
which contain the cyclohexane derivative for> 3 of Iy in Na(AC), (Fig. 3) may gives the information
clusters [23]. about this intensity enhancement. Although no clear
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picture on the structure of M(AG)can be provided

at present, the quantum chemical calculation of larger

clusters, such as M(AG) will provide useful sugges-
tion on this stable structure.

5. Conclusion
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found to be due to the stability of neutral clusters,
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