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Abstract

Size-dependent stability and intracluster reactions have been investigated by photoionization mass spectrometry for alkali metal
(M; Li, Na, and K)-methyl propiolate (MP; HECCOOCH) molecules clusters. In the photoionization mass spectra, the intensities
of MT(MP); ions (M=Na and K) were unexpectedly high, whereas no intensity anomaly was observed(MP)i mass spectrum.
The intensity anomaly can be explained by intracluster cyclization reaction induced by electron transfer from the metal atom and re-
sulting a stable benzene derivative formation. lon intensities 6{NWP),(H,O) relative to M (MP), have a minimum akz = 3 in
Na and K systems. This result is owing to evaporation of water and/or MP molecules following exothermic cyclization reaction.
Fragment ions with a loss of GHwvere also observed predominantly from M(MR) all metal systems. These ions are expected to
be produced by hydrolysis in M(MRH,O) clusters producing a HECCOOH molecule. The difference between lithium
and other alkali metals is due to the rigidity of clusters with respect to deformation into geometry leading to the polymerization
reaction.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction then reacts with another monomer to produce a carbanion
with a longer chain as a propagating species. In several
Anionic polymerization reaction has been investigated cases, some side reactions and electron transfer back to ini-
for several decades as a method to obtain various usefultiator terminate the reaction. The polymerization of acety-
materials[1,2]. It has been established that strong bases lene derivatives have also been studied extensively in the
initiate anionic polymerization of vinyl compounds that past several decade in relation to conducting polyriigrs
bear electron-withdrawing substituents, such as cyano (CN)Acetylene derivatives having electron-withdrawing groups
and carboxyl (C@R) groups. Electron transfer from strong are also known to be polymerized by anionic polymeriza-
bases, such as alkali metals and alkyllithium molecules, tion reaction. The reaction producing benzene derivatives
bring out a cleavage of the=C double bond in the vinyl ~ from acetylene like molecules has also been studied, in
monomer. Thus, the contact ion pair of a negative ion of which special metal complexes have been used as catalysts
vinyl molecule and its counterion is expected to be produced [3].
in the initial step of polymerization. The ion pair is sub- Intracluster ionic oligomerization is regarded as a
sequently separated as a result of solvation. The carbaniormicroscopic model of initial step in polymerization in
the condensed phase. Intracluster reactions for cluster

. cations [4-23] and anions[24-33] have been observed
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acetylene—acetone heteroclust¢s§. In the mass spec- 2. Experimental
tra of acetylene and methylacetylene cluster ions, magic
number behavior (intensity anomaly) at = 3 was ob- Details of the experimental setup have been described in
served, and this behavior was explained by intracluster previous publication§38]. Briefly, the system is composed
cyclization to produce benzene derivativg$]. In the of three-stage differentially evacuated chambers which
mass spectra of acetylene—acetone heterocluster cationsontain a cluster source and an angular type reflectron
(C2H2),(C3HeO),, ™ and (GH2),(C2H30), T ion series time-of-flight mass spectrometer (TOF-MS). Clusters of an
were found and magic number behaviomat 2 was ob- alkali metal atom and MP molecules, M(MPJM = Li,
served in both clusters. This behavior was explained by Na, and K), were generated by a pickup soy8&-45]with
the production of covalently bonded cyclic molecular ions a combination of laser vaporization and pulsed supersonic
C7H100" and GH;O™. The acetylene cyclotrimerization expansion. After being collimated with a conical skimmer
was also recently studied on small MgO-supporteg Pd the neutral clusters were ionized in an acceleration region
(1 < n < 30) clusterd34-37] From these studies Pd atom of TOF-MS by irradiation with a laser beam. Nascently
on MgO (100) is found as a catalyst in selective benzene produced ions in laser vaporization source were repelled
production from acetylene polymerization. As for anionic by static electric fields applied to the acceleration region.
polymerization Kondow and co-workers have extensively Frequency-doubled output of a dye laser (Spectra-Physics,
studied reactions in cluster negative ions of acrylonitrile PDL-2 and Inrad, Autotracker Ill) pumped by Nd:YAG
(AN) molecules and its derivativg24—32] In AN cluster laser (Spectra-Physics, GCR-150-10) was used as a pho-
negative ions intracluster oligomerization producing cyclo- toionization light source. In order to avoid multiphoton ion-
hexane derivative was confirmed by the results of photodis- ization processes the laser fluence was kept under 4 rhJ/cm
sociation, collision-induced dissociation, and photoelectron throughout measurements. Photoionized clusters were then
spectroscopy24—28] accelerated to~3.0keV by electric fields between accel-
We previously reported intracluster anionic oligomer- eration electrodes. After traveling a field-free drift region
ization in neutral clusters of alkali metal-vinyl molecules these ions were reflected back to an ion detector by reflec-
[38-42] In these studies, clusters of an alkali metal tion electrodes. The mass-separated ions were detected by
atom (M = Li, Na, and K) with some vinyl com- a dual microchannel plate (MCP, Hamamatsu Photonics,
pounds (VC= AN, acrylic ester, methacrylic ester, and F1552-21S) and output signals were stored by a digital
methyl vinyl ketone) were examined by photoioniza- oscilloscope (LeCroy, 9344C).
tion mass spectrometry. In these M(VCdlusters, magic Along with the above measurements mass spectra of
number behavior am = 3 was commonly observed K*(MP), ions nascently produced in the cluster source
in photoionization mass spectra. This behavior was ex- were also measured. '{MP), ions were generated by
plained by formation of cyclohexane derivatives resulting ion-molecule reaction between vaporized™ Kons and
from the anionic oligomerization initiated by electron MP clusters formed in the expansion region of free jet.
transfer from alkali atom. In M=AN clusters, the cyclo- These ions were acceleratedtd keV by pulsed electric
hexane ring formation was confirmed by size distribu- fields generated by high voltage pulse generators (DEI,
tion of metastable dissociation from*{AN), photions GRX-1.5K-E).

[38], photodissociation of neutral clustef89], and also The sample rods of sodium and potassium were made
by photoelectron spectroscopy of negative ion clusters from a lump under nitrogen atmosphere in a vacuum-drybox
[42]. to avoid reactions with water in the air. The lithium rod was

In the present paper, we have investigated clustersmade in the same way under argon atmosphere in order to
containing alkali metal atom (M= Li, Na, and K) and avoid reactions with nitrogen and water. The MP sample
methyl propiolate molecules (MP; HE&CCOOCH;)) by (Aldrich, 99%) was used without further purification.
photoionization mass spectrometry. This molecule is a
methyl ester of acetylene carboxylic acid, thus it can be
compared with the methyl ester of ethylene carboxylic 3. Calculation
acid, i.e., methyl acrylate, ¥£=CHCOOCH;, which
have been studied by the authors’ gro@®]. Intraclus- We performed quantum chemical calculations for a free
ter oligomerization reaction caused by electron transfer MP molecule and M(MP) (M= Li, Na, and K) 1:1 com-
from metal atoms to molecules was discussed from size plexes in order to examine the possibility of electron transfer
distributions observed in the mass spectra. Specific sizeand intracluster reaction. All calculations were carried out
distribution of cluster ions with one water molecule ob- by using a DFT program of the Gaussian98 packidd?.
served in the case of K and Na systems was also exam-The B3LYP functiona[47] was utilized in these calculations
ined. The differences in observed features between alkaliin conjunction with 6-31% G(d) basis sets for H, C, O, Li,
metal atoms were also discussed based on the results odnd Na and 6-311G(d) basis set for K. The charge distri-
qguantum chemical density functional theory (DFT) calcu- butions of 1:1 complexes were also estimated using natural
lations. population analysi§48].
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4. Results

4.1. Photoionization mass spectra of M(MP),,
(M = Li, Na, and K)

Typical photoionization mass spectrum of Li(MPYb-
tained by 5.64 eV laser irradiation is shownHig. 1a In
this figure a series of i(MP), cluster ions is predomi-

nantly observed. In addition, several side peaks assignable

to LiT(MP),(H20),, are also detected, which are due to wa-
ter impurity in methyl propiolate sample. Intensities of these
hydrated cluster ions are found to increase with the num-
ber of n (MP molecules). Furthermore, fragment ion peaks
assignable to a loss of GHrom Li*(MP), is observed
almost exclusively a = 2. We also measured the pho-
toionization mass spectra of Na—MP and K—-MP as shown
in Fig. 1b and ¢respectively. As observed in Li(MPXlus-
ters Na (MP), ion series is predominant with several side
peaks assignable to N&VIP),(H20),,. The fragment ion
with a loss of CH is also more pronouncedly detected for
n = 2 than those of other cluster sizes. Similar features ob-
served for Li-MP and Na—MP clusters are also obtained in
case of K-MP system. In addition hydrated ion witk= 3,
K+(MP)3(H20), was more weakly observed than adjacent
n values.
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Fig. 1. Typical photoionization mass spectra of (a) Li(MP)Xb)
Na(MP), and (c) K(MP),, with ionization energy of 5.56 eV. Series of
M*(MP),(H20),, are denoted by circles. A left-hand side peak:cf 2

in each mass spectrum indicates a fragment ion with loss of fééin
M(MP).
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Fig. 2. Typical mass spectrum of '{MP), produced by ion-molecule
reaction in the cluster source. lons indicated by circles are assigned to
be fragment ions with a loss of,8, from K*(MP),.

As noted above, some features are observed commonly
for all metal systems. In particular fragment ion peaks
assignable to the loss of GHare commonly observed
from n = 2 in all mass spectraF{g. 1a—¢. In contrast,
the size distribution of M(MP),, shows different tendency
between lithium and other alkali metal atom systems. In
the mass spectra of NéMP), and K"(MP), (Fig. 1b
and g the ions forn = 3 are prominently observed with
respect to adjacem clusters, whereas there is no evi-
dence for such intensity enhancement in the mass spectrum
of LiT(MP),. Furthermore, this intensity enhancement at
n = 3 in Na and K systems are found to be independent
from the ionization laser wavelength between 4.66 and
5.64eV.

We also measured a mass spectrum t{MP),, produced
by ion—molecule (cluster) reactions in the cluster source, as
shown inFig. 2 Cluster ion series of K(MP), are predom-
inant in the observed photoionization mass spectra whereas
no peaks are assignable td fMP),(H20),.. The ion inten-
sity of K*(MP), monotonically decreases with increasing
cluster sizen in contrast to the size distribution of photoion-
ized KT(MP),. Several ions are found in the mass range
between K and K-(MP) although difficult to be assigned
them. In addition fragment ions, which are assignable to a
loss of GH» from KT (MP), clusters are also observed for
n =1-8.

4.2. Geometrical structures and electron distributions of
M(MP),, (M = Li, Na, and K)

In order to get insight into the possibility of intracluster
electron transfer and anionic oligomerization we optimized
the 1:1 complexes of metal atoms and monomers using
DFT. First the obtained structures for a neutral molecule
and a negative ion of MP are shown kig. 3a and bre-
spectively. Two different types of structural isomersafd
I1) were obtained both for neutral and anion: relative po-
sition of OCH; and GO is symmetric in isomet and
anti-symmetric in isomekl. However, there are two signif-
icant differences between neutrals and anions. Both of the
two neutral isomers have planar structures whereas the two
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(a)  neutral

AE =56.1 kcal/mol

(b) negative ion

AE = 0.0 kcal/mol AFE =1.33 kcal/mol
I 11

Fig. 3. Optimized structures of (a) neutral MP and (b) MP negative ion for two conformational isomers. Bond lengths and angles are shown in angstroms
(A) and degrees°}, respectively. Energy difference between isomesnd 1l is shown asAE.

isomers of negative MP ion have bent structures in which

C=C-H is out of the plane. On the other hand, isorher

is far more stable thahl in neutral MP molecules while

both isomers have comparable energies for anions, as in-Table 1

dicated in Fig. 3 The structures obtained for M-MP 1:1 Bindin_g en_ergies between alkali atom and MP molecule and relative
Complexes (M: Li, Na, and K) are shown il’lFig. 4 and energies with respect to most stable isorhdor M(MP) clusters (M=

- . . Li, Na, and K
relative and binding energies between the metal atoms and )

the molecules are shown ifable 1 In addition, the nat- Isomef Binding energy (kcal/mol) Relative energy (kcal/mol)
ural charges of these complexes are showiiahle 2 In Li(MP)

Na(MP) and K(MP) clusters five types of structural isomers 1 32.27 0

(1-5) were obtained. In case of Li(MP) complex isomer g 2;2‘5‘ _S-ig

where Li atom would bound to the oxygen atom of@ 29.59 _399

group was not obtained. In all cases isomem=nd 2 have

almost the same total energy (within 3 kcal/mol) and they Na(MP) 1265 0

are more stable than isome3s5. Therefore, we will dis- 2 11.27 _268

cuss charge distributions and binding energies only for iso- 3 4.30 -8.35

mersl and 2 in all M—MP systems. In M(MP) isomer$ 4 4.14 —-8.51

and2 (M = Li, Na, and K) natural charges on the metal 5 7.88 —6.08

atom are estimated to be nearly unity. So the electron trans-K(mpP)

fer from the metal atom to molecules equally occurs in all 1

M—MP systems. Next we note differences between Li, Na, 2 1143 iy

and K systems. In isomdrof Na(MP) and K(MP), binding 4 142 1252

energies between the metal atom and the MP molecule are g 11.79 _6.46

12.65 and 16.94 kcal/mol, respectively. In contrast to that —— , , ,

the binding energy of Li(MP) isomet is 32.27 kcal/mol, Binding energies AE) were estlmated by the energy dlﬁerencg between
. . . complex Ecomplexy) and free alkali atomBmeta) and free MP (for isomer

which is two times larger than those of Na(MP) and K(MP) 1, Eyp), AE = —(Ecomplex— Emeta— Ewp).

complexes. @lsomers shown irFig. 4.

16.94 0
15.79 —2.46
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Fig. 4. Optimized structures of isomers in (a) Li(MP), (b) Na(MP), and (c) K(MP) 1:1 complexes. These isomers are classifiefl #utwording to
the metal-MP bond.
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Table 2
Natural charges of M(MP) (M= Li, Na, and K) at optimized structures Na(MP)
Isomef M C1 c2 C3 o1 02
MP -0.13 -0.11 +0.72 -054 -0.52 ¢
Li(MP) .

1 +090 -049 -024 +0.61 —-0.79 —-0.52 . e . . . .

2 +0.90 —0.48 -0.31 +0.63 —0.76 —0.52 Na(MP

3 +0.89 -053 -024 +063 -058 —0.71 a(MP)2 .

5 +0.94 —0.24 -0.23 +0.54 —0.84 -0.71
Na(MP) 5 .

1 +0.88 -048 -0.22 4+0.60 -0.77 —-0.54 "% *

2 +0.89 —0.47 —-0.28 —-0.62 —-0.74 —0.53 -~ e lo I L0 1 1

3 +0.87 -050 -0.22 +0.61 —-0.61 —0.68 %‘ .

4 +0.01 -010 -0.13 +0.74 -0.64 -0.50 15 Na(MP)3 .

5 +095 -0.27 -024 +054 -081 -0.69 £

c

K(MP) 2 ° ‘

1 +094 -046 -022 4057 -0.78 —-0.55

2 +0.94 -045 -028 +058 -0.75 —0.55 e

3 +093 -048 -0.23 4055 -0.62 —-0.66 .

4 +0.02 -010 -0.12 +0.74 -0.63 —0.50 Na(MP)4

5 +097 -029 -025 4055 —-0.82 -0.68
The numbering of C1-C3 and O1-02 are displayedritn 3. o

2|somers shown irFig. 4. .

lLa ) 1 : 1 1 1
. . 44 45 46 47 48 49
5. Discussion -
Energy of ionization laser / eV

5.1. Origin of intensity enhancement of M(MP)3 Fig. 5. Photoionization efficiency curves of Na(MApr n = 1-4.
(M = Na and K)

There are three factors determining size distribution oration processes do not also contribute sensitively to the
in photoionization mass spectrum of the present metal- intensity enhancement. If evaporation proceeds efficiently
molecules cluster system, which were already discussedsize distribution in the mass spectrum would be expected to
in the previous paperg38-41} (1) relative abundance of reflect to the stabilities of cluster cations. However, no evi-
neutral clusters reflecting size-dependent stability, (2) ion- dence of intensity enhancement has been found in the mass
ization efficiency of neutral clusters at given photon energy, spectrum of nascently produced cluster ioRig( 2). After
and (3) evaporation processes after ionization. We obtainedall the intensity enhancements observed in the photoioniza-
photoionization efficiency curves of Na(MPjor n = 1-4 tion mass spectra of Na(MpPand K(MP), are concluded to
by changing the ionization photon energies between 4.43be due to the relative stability of neutral clusters (factor (1)).
and 4.96 eV as shown iRig. 5 and determined ionization Next we discuss the possible structures of neutral
thresholds of these clusters as summarizetaiple 3 lon- M(MP),, clusters. Clusters consisting of a metal atom and
ization thresholds for these clusters are found to be ratherpolar molecules have been mainly studied as microscopic
constant at 4.5eV. Furthermore, intensity enhancement atmodel of solvation in electrolyte solutiof#3,44,49-52]

n = 3 is constantly observed in such measurement with These clusters are supposed to have structures in which one
4.66-5.64 eV ionizing laser energy. In the photoionization metal atom or ion is surrounded by solvent molecules, thus
at 5.64 eV the ionization efficiency is expected to be al- their stabilities are dependent on the formation of solvation
most independent ofi because ionizing photon energy is shells. The number of solvent moleculas) (in the first

far higher than ionization thresholds. On the other hand, shell is expected to sensitively depend on the atomic radii
intensity enhancement was still observed at 4.66 eV laserof solvated metal atoms, for example, 1.86 and 2.27 A for
ionization, which is only about 0.1 eV above the thresholds Na and K, respectively53]. Therefore, the present result

of clusters withn = 1-4. Therefore, it is found that evap- of the common intensity enhancementnat= 3 observed

Table 3
Determined ionization thresholds of Na(MPy: = 1-4)

n=1 n=2 n=3 n=4

lonization thresholds (eV) 4.54 0.06 4.55+ 0.07 4.494+ 0.04 4.52+ 0.05
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for Na and K systems cannot be explained by the solvation
structure. It is also possible that structures of clusters are
concerned with new chemical bond formation as a result of
intracluster reaction. Both in acrylonitrile (AN) cluster an-
ion [24-33] (AN),,~, and alkali metal-AN clustef88,39],
M(AN),, magic humber behavior at = 3k (k = 1, 2, 3,

...) was observed. This behavior was concluded to be due
to intracluster cyclization reaction producing cyclohexane
derivatives (1,3,5-cyclohexanetricarbonitrile). Similar to this
in alkali metal-acrylic ester and alkali metal-methacrylic

47
M (HC=C—COOCH;), —— M* (HCEC—COOCH,),"
COOCH,
— M" |H,cOo0C
COOCH,

Scheme 1.

ester clusters, we observed the same magic number behawve concluded that the intensity enhancement:at= 3

ior atn = 3 [40]. In alkali metal-vinyl molecules systems
the stability of cyclized products sensitively depends on
n due to ring strain. The product far = 3 (cyclohexane
derivatives) has lower ring strain than in case of other clus-
ter sizes so the heat of intracluster oligomerization reaction
for n = 3 is larger than in case of adjacentlusters. How-
ever, in our present system the ring strain of the product for
n = 3 is considered to be similar with = 4 case because

is due to intracluster anionic oligomerization producing a
benzene derivative (trimethyl 1,3,5-benzenetricarboxylate)
(Scheme 1

In the first step of this scheme an electron transfers from a
metal atom to MP molecules, and then anionic polymeriza-
tion is induced generating a benzene derivative in the second
step. From the results of theoretical calculation on the nat-
ural population in 1:1 complexes mentionedaction 4.2

CCC bond angle of cyclooctatetraene (COT) and benzeneit is expected that the electron transfer from the metal atom

have comparable values of I26nd 120, respectively. In
other words the cyclic product for = 3 is not especially
stable from the viewpoint of geometrical structure. The
stability at this size can be explained by aromaticity of the

to (MP)3 is energetically favorable, although no data on the
electron affinity of (MP} is available at the present. The
polymerization step is highly exothermic, because the heat
of production of trimethyl 1,3,5-benzenetricarboxylate from

cyclized products rather than their structures: The resonancethree MP molecules is estimated to be 181.8 kcal/mol at the

energy of benzene molecule is known to be 37 kcal/mol,
while in case of COT is only 5 kcal/m@4]. In this system

B3LYP/3-21G level of theory. This energy is high enough
to evaporate additional MP molecules from the clusters thus

chain polyacetylene derivatives are also possible productsthe evaporation processes after this reaction are expected to

of anionic polymerization as known in the bulk solution
[3]. However, the stability of chain polymers is expected to
change smoothly with a degree of polymerization (cluster
size). For comparison, we also obtained a photoionization
mass spectrum of aluminum atom—-MP clusters as shown
in Fig. 6. There is no evidence for intensity anomaly at
n = 3 in Al(MP), clusters. This result is consistent with
the prospect that the aluminum atom has so high ioniza-

result the intensity enhancementiat 3. Formation of this
reaction product is also supported by comparison between
experimentally determined ionization thresholds with those
predicted by theoretical calculations. lonization threshold
of Na(trimethyl 1,3,5-benzenetricarboxylate) is estimated to
be 4.25eV, whereas that of unreacted van der Waals type
Na(MP) is 3.52 eV, from B3LYP/3-21G level calculatién
lonization threshold from the experiment (4.49eV) is in

tion energy that the valence electron of the atom does notgood agreement with the former value.

transfer to the MP molecules. Therefore, the magic number
atn = 3 is a specific behavior in the clusters concerning
with the microscopic model for anionic polymerization,
such as alkali metal-methyl propiolate clusters. After all,

AlT(MP)p
207 nm
photoionization

lon Intensity

M AN MR e PR M
40 60 80 100 120 140
TOF /us

20

Fig. 6. Typical photoionization mass spectrum of Al(MRyith ionizing
energy of 5.99eV. lon series of A{(MP), was mainly observed. Series
of Al (MP),(H20),, are denoted by circles.

In the photoionization mass spectrum of Li(MRhe in-
tensity enhancement at= 3 was not observed in contrast
to the Na—MP and K-MP systems. The study on photodis-
sociation and mass spectrometry of M@&N),,, which has
the same electron configuration as Na—AN system, no ev-
idence was observed for magic number behavior at 3
although electron transfer from magnesium monocation to

2 For structure optimization of unreacted Na(MPye started optimiza-
tion from a more symmetric structure where each Na—MP portion has a
similar structure to the most stable isomer of Na(MP). We also optimized
the structure of corresponding cation cluster starting from the neutral
Na(MP). In case of reacted Na(MP)ve found two isomers; (1) more
symmetric structure in which sodium atom is located at on-top position
of a benzene ring, (2) less symmetric structure where sodium atom lies
near one of carbonyl oxygen of trimethyl 1,3,5-benzenetricarboxylate. We
also obtained structures of cation complexes which are similar to neutral
structures. We estimate ionization energy of reacted NagM@m (2)
isomer which is 13.35 kcal/mol more stable than (1) isomer. More details
will be published by H. Tsunoyama, F. Misaizu, and K. Ohno.
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AN molecules in case of = 3 cluster ion suggested by 200
theoretical calculations. The difference between*MgN (@) Li(MP):
and Na—AN systems was concluded to be due to the rigidity 150
against deformation into a suitable geometry for polymer-
ization reactiorf55]. In order to induce intracluster cycliza- 100F
tion reaction, each AN molecule should be reoriented to
. . . o 50 -
form new chemical bond and energy of this deformation are S J I I I
expected to be similar with binding energies between the X 100

metal atom and an AN molecule. Because the binding en-
ergy between Mg and AN was estimated to be five times
larger than between Na and AN the deformation necessary
for the intracluster cyclization is thermodynamically much

60
less favored in Mg—AN system than in Na—AN system. In “aor
the present system, the binding energy between Li and MP 20 I I
molecule is two times larger than in Na—MP and K-MP 100— |

systems, as shown ifable 1 Therefore, it is expected that
the observed difference of intracluster cyclization between

I(n,0)

(b) Na(MP);

l(n.1)

[o]
o

Intensity ratio

soF (©KmMP)

Li and other alkali atoms is due to this rigidity. In other 60k

words, the structural deformation before cyclization reaction

occurs in Li-MP cluster more difficult than in other alkali aor

metal systems. In addition intensity enhancement at 3 20F I I

was not observed in MP negative ion clusters, (MP]66]. oL -

So it is considered that alkali atom has also an important 1 2 3 4 5 6 7
role not only as an electron donor but also as a catalyst. Number of MP molecules /n

] o Fig. 7. Intensity ratio of M(MP) vs. M(MP),(H20) are shown in percent
5.2. Sze distribution of water adduct clusters for (a) Li-MP, (b) Na—MP, and (c) K-MP systems.

In Fig. 1, cluster ions with one water molecule,
MT(MP),(H20), were observed in all systems. We plot- 5.3. Formation of fragment ions assigned to a loss of CH;
ted intensity ratio between M{MP),, and M™(MP), (H>0) fromn = 2
for n = 1-7 Fig. 7). The ratios for Na—MP and K-MP
systems are found to be especially weak mat= 3 In all M—MP systems fragmented ion peaks witly =
whereas the ratio increases within Li-MP system. Inthe  m4 + 154 (ny: mass of alkali metal atoms), which is
solvation-type M(MP)(H20) clusters the relative abun- assignable to a loss of GHrom M(MP), are more promi-
dance of M(MP)(H20) is expected to depend smoothly on nently observed than in case of other cluster sizes. The most
n because the abundance is determined by the concentraprobable reaction to produce a fragment species with CH
tion of water relative to MP in the sample gas and by the loss from MP is hydrolysis of MP molecules because direct
probability of addition of water to M(MR) The heat of fragmentation of Chl from MP is highly endothermic. In
intracluster cyclization reaction is high enough to support contrast, no peaks for the loss of @fHom all cluster sizes
the evaporation of MP and water molecules. If these evapo- are detected in the mass spectrum df(MP), cluster ions
ration processes efficiently occur, it is expected that the in- produced by ion—molecule reaction. Therefore, the fragment
tensity of M(MPY is enhanced rather than M(MP{: > 4) ions are not produced by hydrolysis of MP sample in the
and M(MP),(H20) because the cyclized benzene derivative reservoir before introducing into vacuum. In addition the
product of (MP} is inefficiently evaporated due to large size distribution of fragment ions produced by hydrolyzed
binding energy. In Na—MP system, the cyclized product is MP molecules is expected to be almost independent of
presumed to exist in addition to solvation-type clusters so if such reactions proceed in the liquid sample. Thus, the
the intensity ratio of Na(MP)z(H20)/Na+(MP)3 is smaller most probable reaction pathway is the hydrolysis in neutral
than adjacent as shown irFig. 7bwhereas the intensity of  M(MP),,(H20) clusters. The positive charge on C3 atom
Na* (MP)3(H20) is not specially weak in the photoioniza- in MP (seeFig. 3) is considered to be indispensable to
tion mass spectruni(g. 1b). In K-MP system the existence the reaction rate of the hydrolysis because hydrolysis is a
of cyclized product is considered to decrease the ratio atnucleophilic substitution reaction on this atom.An= 2
n = 3 in Fig. 7cand the intensity of K(MP)3(H20) in the cluster the atomic charge on C3 is estimated toH@e62,
mass spectrumF{g. 19. Low intensity of KF(MP)3(H20) which is larger than that in = 1 (+0.57) in K-MP sys-
suggests that the cyclization reaction occurs more effi- tem. Thus, we consider that the hydrolysis more efficiently
ciently in K-MP system than in other alkali metal-MP occurs in case of = 2 than in case of = 1. The reaction
systems. rates forn > 3 clusters are considered to decrease due
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