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Abstract: Stabilities and intracluster reactions have been investigated by photoionization mass spectrometry
for clusters composed of an alkali metal atom (M; Na and K) and acrylic ester molecules, CH2dCHCO2R,
such as methyl acrylate (MA; R) CH3) and ethyl acrylate (EA; R) C2H5). The following two features are
commonly observed in the photoionization mass spectra of M(CH2dCHCO2R)n: (1) The ion withn ) 3 is
clearly observed as a magic number. (2) Fragmented cluster ions with the loss of ROH, [M(CH2dCHCO2R)n
- ROH] are detected only forn ) 3. These features are both explained by an intracluster oligomerization
reaction initiated by electron transfer from the metal atoms. The magic number trimer is concluded to have the
stable structure of cyclohexane derivatives as a result of oligomerization. The fragmentation reaction is explained
by Dieckmann cyclization after anionic oligomerization to produce another isomer of the trimer. The intracluster
electron transfer is also supported by theoretical calculation for Na(MA) based on density functional theory.

1. Introduction

In recent years, the anionic polymerization of vinyl com-
pounds in the condensed phase has received much attention as
a method to obtain various useful materials.1 It has been
established that strong bases initiate anionic polymerization of
vinyl compounds that bear electron-withdrawing substituents,
such as cyano (CN) and carboxyl (CO2R) groups. An electron
transfer from these strong bases causes cleavage of the CdC
double bond of the vinyl monomer to yield a carbanion. Thus,
the contact ion pair of the vinyl molecular anion and its
counterion is expected to be produced in the initial step of the
polymerization, even though the pair is subsequently separated
as a result of solvation in the bulk solution. The carbanion then
reacts with another monomer to produce a carbanion with a
longer chain as a propagating species. Various types of strong
bases, such as alkali metals and alkyllithium molecules, have
been used for the condensed phase, and their performances have
been studied.2

However, the microscopic role of electron-donative species
in anionic polymerization has not been well elucidated in terms
of elementary reaction processes. For this purpose, gas-phase
studies should have some advantages from the following
features: (1) it is possible to discuss reactivity which is free
from the solvent effect, and (2) assignment and the time
evolution of the sequentially polymerized products are directly
obtained by the mass spectrometric method. In recent years,
anionic oligomerization in the gas phase has been studied to
some extent,3-13 as well as cationic oligomerization.14-21

As one of the gas-phase studies, a flowing ion-molecule
reaction was investigated to elucidate the reaction mechanism
of anionic oligomerization.3,4 McDonald and Chowdhury applied
negative ions such as F3C-, NCCH2

-, and C3H5
- as the reaction

initiator in the gas-phase flowing afterglow apparatus.3 As for
methyl acrylate (MA; CH2dCHCO2CH3), McDonald and
Chowdhury investigated the reaction mechanism by the mass
spectrometric method, and they found that oligomerization
terminates at the trimer, irrespective of the reaction initiator in
the ion-molecule reactions. They concluded that this termina-
tion should be attributed to the following two competitive
processes: (1) Dieckmann cyclization followed by loss of CH3-
OH to form a conjugate base of cyclizedâ-keto ester and (2)
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intramolecular H+ transfer to produce the isomeric unreactive
anion. The relative amounts of these two termination reactions
were found to be strongly dependent on the structure of the
initiator anion. Several side reactions were also observed when
NCCH2

- and C3H5
- were used as initiators.

Studies on gas-phase clusters were also performed as models
of the anionic oligomerization reaction.5-13 These studies can
be classified by the types of the electron-donative species used
as initiators for the oligomerization reactions. One of the
simplest microscopic models for the initial step of anionic
oligomerization is the system of a free anion of the vinyl
molecule and other monomers, that is, a cluster anion of vinyl
compound. Tsukuda and Kondow and their co-workers have
extensively investigated cluster anions of vinyl compounds
produced by electron transfer from high-Rydberg rare gas
atoms.5-7 Photodissociation spectroscopy,8,9 collision-induced
dissociation,10 and photoelectron spectroscopy11,12of the cluster
anions were also employed in their studies. Trimeric termina-
tions were also observed for cluster anions of acrylonitrile (AN;
CH2dCHCN) and its derivatives.5 They concluded that the
trimeric unit is a stable anion radical that has a cyclohexane
ring structure. As for AN, the trimeric ring was observed to be
important for the production of (AN)6

- and (AN)9- as well as
(AN)3

-.9-11 In addition to the trimeric units with cyclohexane
rings, Tsukuda and Kondow observed some side reactions into
a cyclohexene ring, a cyclohexadiene ring, and a benzene ring,
with respective losses of fragment molecules.5 On the other
hand, as for MA cluster anions, (MA)n

-, no pronounced signal
(magic number) was observed atn ) 3. In fact the pentamer,
(MA)5

-, was found to have the most enhanced signal in the
mass spectrum.6

The contact ion pair consisting of a vinyl anion and a
counterion is also expected to be another model for the initial
step of anionic oligomerization. Clusters of an initiator species
and vinyl compounds can be studied as such contact ion pairs
in order to discuss the mechanism of the propagation reaction
of the ion pair with another monomer. In the authors’ group,
intracluster reactions have been investigated for clusters contain-
ing vinyl compounds and an alkali atom by means of a time-
of-flight (TOF) mass spectrometer with a cluster beam source.13

In contrast with the studies by McDonald and Chowdhury and
Tsukuda and Kondow , evidence of anionic oligomerization has
been found for the neutral clusters in which the electron transfer
to vinyl molecules from an alkali atom plays the key role in
the reaction. In the case of neutral clusters containing alkali
metal atoms (M) Li, Na and K) and AN molecules, M(AN)n,
the magic numbers atn ) 3k (k ) 1-3) was observed in their
photoionization mass spectra.13 It should be noted that the
trimeric unit with a cyclohexane ring is produced by anionic
oligomerization initiated by the electron transfer from an alkali
atom. These cluster systems were found to be suitable to
investigate the site-specific and electronic effects of the coun-
terion (base cation) on the initial reaction processes of the bulk
polymerization reactions.

In this study, we have investigated clusters containing the
alkali metal atom (Na, K) and acrylic ester molecules [CH2d
CHCO2R (R ) CH3, C2H5)] by photoionization mass spec-
trometry. The intracluster oligomerization reaction caused by
electron transfer from the alkali atom to the molecules was
discussed from the size distributions observed in the mass
spectra. We have discussed the intracluster reaction process by
comparing the present results with previous studies of cluster
anions by Tsukuda and Kondow6 and ion-molecule reactions
by McDonald and Chowdhury .3 We have also performed the

quantum chemical calculation based on density functional theory
(DFT) to obtain further insight into the intracluster reaction
initiated by the alkali metal atom.

2. Experimental Section

The present experiments were performed by using apparatus
described elsewhere.13 Briefly, the system is composed of two-stage
differentially evacuated chambers which contain a cluster beam source
and a Wiley-McLaren type time-of-flight mass spectrometer (TOF-
MS).22 The pressures of the source and the TOF-MS chambers were
maintained at about 2× 10-5 and 7× 10-7 Torr, respectively, during
measurements. Clusters of an alkali atom and acrylic ester molecules,
M(CH2dCHCO2R)n (M ) Na, K; R) CH3, C2H5), were produced by
a pickup source23-25 consisting of a combination of laser vaporization26

and pulsed supersonic expansion. A sample gas mixed with helium
(Nihon Sanso, 99.9999% pure) was expanded from a pulsed valve
(General Valve, series 9, orifice diameter 0.8 mm) with a stagnation
pressure of 4 atm. The second harmonic output of a Nd:YAG laser
(Lumonics, HY-400, 532 nm) was focused onto a sample metal rod,
which was rotated and translated for stabilizing the vaporizing
conditions and placed at∼10 mm downstream from the nozzle. In this
study, the vaporized metal atoms immediately collide and react with
the molecular clusters formed in the pulsed jet. The resultant neutral
species were introduced to the TOF-MS chamber after collimation with
a conical skimmer (throat diameter of 1 mm) positioned∼30 mm
downstream from the nozzle.

The neutral clusters were ionized by irradiation with a pulsed laser
beam in the source region of the TOF-MS setup at 230 mm downstream
from the nozzle. As a photoionization light source, we used a frequency-
doubled output of a dye laser (Lumonics, HD-300 and HT-1000)
pumped by a Nd:YAG laser (Spectra-Physics, GCR-150-10). To avoid
multiphoton ionization processes the fluence of the ionization laser was
kept under 4 mJ cm-2 during the measurement. We measured the
ionizing laser power dependence of photoion intensity and confirmed
that this ionization is a one-photon process. The timing of the valve
opening and both the vaporization and ionization laser irradiation was
optimized using a digital delay/pulse generator (Stanford Research,
DG535). The cluster ions formed by photoionization were accelerated
by static electric fields to∼3.0 keV at right angles to the direction of
both the cluster beam and the ionization laser. The width of Stark shift
caused by field ionization, which could not be avoided under the
continuous acceleration field, was estimated to be∼0.02 eV in this
condition. The accelerated ions were introduced to a field-free tube of
550-mm length. The mass-separated ions were detected by a dual-
microchannel plate (Hamamatsu, F1552-21S), and the output signals
were stored and averaged by a digital storage oscilloscope (LeCroy,
9344C). The data stored in the oscilloscope were sent to a personal
computer (NEC,PC-9801DA) via a GPIB computer interface.

Mass spectra of the cluster ions nascently formed in the cluster source
were also measured concurrently with the above measurement. Cluster
ions were generated by ion-molecule reactions between alkali metal
ions formed by laser vaporization and neutral acrylic ester clusters in
the expansion region of the free jet. The product cations were introduced
to the acceleration region of the TOF-MS and accelerated to∼1.3 keV
by pulsed electric fields generated by a high-voltage pulse generator
(DEI, GRX-1.5K-E). The timing of the acceleration field pulse with
respect to the others was also optimized with the digital delay/pulse
generator.

The sample rods of sodium (Rare metallic, 99.9% pure) and
potassium (Aldrich, 99.5% pure) were made under a nitrogen atmo-
sphere in a vacuum drybox to avoid reaction with water in the air.
Chemicals were purchased at the following minimum percent impurities
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and used without further purification: MA (Aldrich, 99% pure), ethyl
acrylate (EA; Wako, 97% pure), ethyl propionate (EP; Wako, 97%
pure), and methyl propionate (MP; Wako, 98% pure). The mixing ratio
of MA and EA in He gas was estimated to be 3.3 and 1.3%,
respectively.

3. Calculation

The quantum chemical calculations for free MA and Na(MA)
were performed to examine the possibility of intracluster electron
transfer. All calculations were carried out by using a DFT
program of the Gaussian 94 package.27 The 6-31+G* basis set
and the B3LYP functional28 were utilized in these calculations.
For a free MA molecule, two conformational isomers, s-cis and
s-trans, are estimated to be in a equilibrium with a relative
abundance of s-cis:s-trans) 67:33 at room temperature.29

Therefore, we performed a geometrical optimization calculation
of MA and Na(MA) only for the s-cis conformer. The calculated
bond lengths and angles of s-cis MA showed excellent agree-
ment (within 0.007 Å and 0.8°) with those determined by
electron diffraction data and rotational constants.29 In the
structural optimization for Na(MA), some of the geometrical
parameters in MA were fixed to those of the optimized free
MA molecule as shown in section 4F. The electron density of
the Na(MA) was also calculated to discuss the intracluster
electron transfer.

4. Results and Discussion

A. Size Distribution in Photoionization Mass Spectra of
K(EA) n and K(MA) n. Typical mass spectra obtained by photo-
ionization of K(EA)n and K(MA)n by irradiation with a laser
beam of 5.56 eV are shown in Figure 1. In this figure, the series

of cluster ions of K+(EA)n and K+(MA)n are mainly observed
up ton ) 14 and 16, respectively. These clusters were ionized
by absorption of a single 5.56-eV photon, because ionization
energy of the K atom is only 4.34 eV,30 and in general these
clusters have lower ionization threshold energies than K atoms.
Two significant features common to these two systems are
observed as follows. First, the same intensity anomalies (magic
numbers) atn ) 3 and 6 are found in the size distribution of
K+(EA)n and K+(MA)n series. The intensities of K+(EA)3 and
K+(MA)3 are both more than 2 times higher than those of
K+(EA)2 and K+(MA)2, respectively. Another intensity anomaly
atn ) 6 is easily observed in the plots of the difference between
the areal intensity of K+(EA or MA)n, I(n), and that of K+(EA
or MA)n+1, I(n + 1), ∆In, n+1 ) I(n) - I(n + 1), as shown in
Figure 2. In this figure,∆I n,n+1 are found to be larger forn )
6 than for adjacent sizes, in addition ton ) 3 for both systems.
Another common feature is that the peaks caused by the loss
of C2H5OH or CH3OH are observed only from the trimer ions
K+(EA)3 and K+(MA)3; the fragment ions are observed only
at m/z ) 293 [K+((EA)3 - C2H5OH)] for the K-EA system
and at m/z ) 265 [K+((MA)3 - CH3OH)] for the K-MA
system. These two features are independent of the wavelength
of the ionizing laser in the region between 4.66 and 5.56 eV.

B. Size Distribution in Photoionization Mass Spectra of
Na(EA)n and Na(MA)n. We also measured the photoionization
mass spectra of clusters containing Na atom and acrylic ester
as shown in Figure 3. The photon energy was 5.56 eV for one-
photon ionization of Na(MA)n and Na(EA)n. In Figure 3a, the
series of cluster ions of Na+(EA)n is predominantly observed
up ton ) 7. The peak caused by loss of C2H5OH from then )
3 cluster ion is also observed as it is for K(EA)n (Figure 1a). In
Figure 3b, the series of cluster ions of Na+(MA)n is mainly
observed up ton ) 6 and the peak caused by loss of CH3OH
from the n ) 3 cluster ion is again observed. In these mass
spectra, the magic number behavior atn ) 3 is again observed
as with K(MA)n (Figure 1b). The two features mentioned above
for potassium complexes are therefore also observed for sodium
systems, and the presence of the magic number atn ) 3 and
loss of ROH fromn ) 3 cluster appear to be common features
for the alkali metal-acrylic ester clusters, M(CH2dCHCO2R)n.
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Figure 1. Typical photoionization mass spectra of (a) K(EA)n and
(b) K(MA) n. The ionization energy was 5.56 eV. The series of cluster
ions K+(EA)n and K+(MA) n are predominantly observed up ton ) 14
and 16, respectively. In both mass spectra, the peaks of [M(CH2d
CHCO2R)3 - ROH]+ (R ) C2H5, CH3; O) were also assignable.

Figure 2. Ion intensity difference between K+(CH2dCHCO2R)n, I(n),
and K+(CH2dCHCO2R)n+1, I(n + 1), ∆In,n+1 ) I(n) - I(n + 1) plotted
against cluster sizen. (a) K+(EA)n (R ) C2H5) and (b) K+(MA) n

(R ) CH3).
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The ions of sodium clusters solvated with EA or MA, such as
Nam

+(EA)n (m g 2), are not observed in these mass spectra,
whereas Na2+ ion signal is detected. This tendency is a feature
of the pickup source because there is no channel for the growth
of metal clusters in front of the pulsed valve. For example, in
the photoionization mass spectroscopy of Nam(H2O)n using the
pickup source, the series ofm) 2 is reported to be very weakly
observed along with that ofm ) 1.24

C. Appearance of Magic Numbers.In our cluster source,
the metal atom-molecule clusters are expected to be produced
by collision of the vaporized metal atoms with molecular clusters
preformed by supersonic expansion, although subsequent col-
lisional processes with buffer He gas or metal vapor cannot be
ruled out. We have also examined mass spectrometry of the
cluster ions nascently produced in the source. In the latter case,
the cluster ions are produced by collision between the preformed
molecular clusters and the metal atom ions. Examples of these
results are shown in Figure 4 for K+(EA)n and K+(MA)n. In
these mass spectra, it is expected that the observed size
distributions depend on the stability of ions produced by such
ion-molecule (cluster) reactions. The series of K+(EA)n and
K+(MA)n cluster ions are observed up ton ) 6 and 9,
respectively. The ion intensities are found to decrease monotoni-
cally with increasingn in these mass spectra, without magic-
number behavior atn ) 3 and 6. These results indicate that the
cluster ions atn ) 3 and 6 are not more stable than adjacent
sizes. Therefore, the magic numbers observed in the photoion-
ization of neutral clusters possibly originate from the following
two processes:13 (1) collisional complex formation between the
neutral alkali atom with acrylic ester clusters and (2) photo-
ionization of the neutral metal atom-acrylic ester clusters. In
process 1, magic numbers are formed by the relative stability
of neutral alkali atom-acrylic ester clusters. On the other hand,
two factors are considered in generating magic numbers for
process 2: (2-1) the photoionization efficiency of neutral clusters
that is dependent on the photon energy for ionization and (2-2)
the evaporation processes after ionization that depend on the
stability of cluster ions. For (2-2), ions formed by photo-
ionization may have enough energy to dissociate intermolecular
bonds in the cluster ions. If the evaporation processes take place
efficiently after photoionization, relatively stable ions will tend

to be populated by evaporation from less stable ions, and as a
result, then-dependent stability of ions is expected to be
reflected by the size distribution in the photoionization mass
spectrum. Although size distribution of the cluster ions formed
in the source shows no evidence for the size-dependent stability
corresponding to the observed magic numbers, the ions produced
by photoionization may have different structures, that is, size-
dependent stabilities different from those formed by ion-
molecule reaction. Next we will discuss these possibilities.

To discuss the possibilities of (2-1) and (2-2), it is important
to know the ionization thresholds of metal atom-acrylic ester
clusters. By scanning the ionization laser wavelength, we have
measured the thresholds for ionization of K(EA)n clusters of
n ) 1-4. From the results shown in Table 1, the clusters for
n g 2 are found to have ionization threshold energies in the
region of 3.6-3.9 eV. Because the magic number behavior at
n ) 3 and 6 is observed at a photon energy that is high enough
with respect to the ionization thresholds of these clusters, we
feel safe in ruling out the possibility 2-1 by assuming that the
ionization efficiency is almost constant or at least not sensitively
dependent onn for all clusters in the present mass spectra. On
the other hand, the possibility of evaporation processes 2-2 is
also not expected to be serious, because the magic numbers are
also observed at the photon energy of 4.66 eV, which is only
about 0.7-1.0 eV above the ionization thresholds. Calculated
dissociation energy for Na+(MA) is estimated to be more than
1.4 eV,31 so that the evaporation process is insignificant at this
photon energy. After all, we concluded that hypothesis 1 is most
probable; the magic numbers can be related to the nature of
neutral alkali atom-acrylic ester clusters.

D. Structures of the Magic Number Clusters, M(CH2d
CHCO2R)3. Now we consider possible structures of neutral

(31) Tsunoyama, H.; Ohshimo, K.; Misaizu, F.; Ohno, K. Unpublished
results.

Figure 3. Typical photoionization mass spectra of (a) Na(EA)n and
(b) Na(MA)n. The ionization energy was 5.56 eV. The series of cluster
ions Na+(EA)n and Na+(MA) n are predominantly observed up ton )
7 and 6, respectively. In both mass spectra, the peaks of [M(CH2d
CHCO2R)3 - ROH]+ (R ) C2H5, CH3; O) were also assignable.

Figure 4. Typical mass spectra of (a) K+(EA)n and (b) K+(MA) n

produced by ion-molecule reaction in the cluster source. The series
of cluster ions of K+(EA)n and K+(MA) n are predominantly observed
up to n ) 6 and 9, respectively.

Table 1. Ionization Threshold Energies (IE) of K(EA)n

n IE (eV) n IE (eV)

0 4.34a 3 3.60(12)
1 4.35(7) 4 3.81(9)
2 3.90(4)

a Reference 30.
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M(CH2dCHCO2R)3 clusters. Clusters consisting of a metal atom
and molecules have been studied in connection with solvation
in electrolyte solution for the past decade.23,24,32-35 Among these
studies, clusters of alkali atoms solvated with polar molecules
such as water or ammonia is one of the main targets, mainly
because intracluster electron transfer from the metal atom to
molecules is expected in this system as a model of the bulk
solution forming solvated electrons.32,33 All such clusters have
a structures for which one metal atom or ion is solvated by
solvent molecules. By contrast, the present observation of magic
number behavior cannot be explained by considering the
solvation structure (solvation shell) in the neutral clusters. This
is because, in the solvation-type structures, the stability of the
cluster is expected to be sensitively dependent on the atomic
radii of solvated alkali atoms, which are, for example, 1.86 and
2.27 Å for Na and K, respectively.36 The fact that the magic
number behavior atn ) 3 is commonly observed for Na and K
clusters indicates that the stability of the present clusters is not
determined by the solvation structure. It is rather expected that
they can be attributed to the formation of a chemical bond
(intracluster reaction) due to the electron configuration of the
metal atom. In other words, thens valence electron of the alkali
metal atom plays a crucial role in the formation of magic number
clusters. These features are also common to the acrylic ester
species, EA and MA, as constituent molecules. In comparison,
we have also obtained the photoionization mass spectra of
clusters of a K atom with EP (CH3CH2CO2C2H5) and MP
(CH3CH2CO2CH3), which have structures similar to EA and
MA, respectively, but without CdC bonds (Figure 5). In these
mass spectra, the size distributions of K+(EP)n and K+(MP)n
are found to be rather smooth with no features observed in
M-EA and M-MA clusters. Therefore, the existence of the
CdC bond is also shown to have a critical role in the emergence
of magic numbers.

Next we discuss possible intracluster reactions and resultant
structures of M(CH2dCHCO2R)n. From the results noted above,
it is expected that electron transfer from the alkali atom to acrylic
ester molecules should induce an intracluster oligomerization
reaction. This hypothesis comes from the anionic polymerization
reaction seen in the bulk solution and is also supported by the
results of theoretical calculation for the Na(MA) cluster as
shown in section 4F. It is further reported that charge transfer
from an initiator to vinyl monomer initiates the cationic
oligomerization.14 The reaction process of anionic polymeriza-
tion initiated by alkali metals has the following two steps: (1)
electron transfer from the metal atom to the monomer; (2) the
ion pair formed by step 1 reacts with another monomer. In this
step, 1,4-addition is considered to be possible as discussed in
the ion-molecule reaction study by McDonald and Chowdhury.3

In the intracluster oligomerization reaction initiated by electron
transfer from the metal atom, we consider the three different
products for M(CH2dCHCO2R)3 shown in Scheme 1.

The species1 and 2 are formed by successive reactions
observed in the study by McDonald and Chowdhury.3 The
structure1 is formed by a three-step reaction: electron transfer
from the alkali atom to a monomer and two successive conjugate
1,4-additions. These successive additions (propagation steps)
are terminated by producing a stable anion which is unreactive
with additional monomer. In the ion-molecule reaction study
by McDonald and Chowdhury,3 this structure is not especially
stable atn ) 3 because1 undergoes two competitive intramo-
lecular reactions forming unreactive species: intramolecular H+

transfer giving the isomeric enolate anion2 and Dieckmann
cyclization with the loss of a ROH molecule. Therefore, structure
1 is not considered to be particularly stable atn ) 3 and cannot
explain the magic number behavior. However, this structure is
still important in the formation processes of fragment ions
observed in the mass spectra as discussed in the next section.
In the study by McDonald and Chowdhury,3 2 is stabilized by
the substituent effect of electron-withdrawing groups (CH2CF3)
at theR-carbon indicated by an arrow in the Scheme 1. There
is no substituent effect to stabilize the trimer in the present case,
so this structure cannot explain the magic number either.

Finally, we consider structure3 in Scheme 1. The same magic
number behavior atn ) 3k (k ) 1-3) was also observed in
M(AN)n and (AN)n- clusters. The cyclic trimerization reaction
(intracluster oligomerization) occurs in both cases.5,13 This
reaction was initiated by electron transfer from a metal atom in
the former and from a high-Rydberg rare gas atom in the latter.
In the present system, this reaction can also occur and produces
an anion radical of a stable molecule which is assignable to
trimethyl- (or triethyl-) 1,3,5-cyclohexanetricarboxylate. This
structure of the neutral cluster atn ) 3 is more stable than
other sizes because of the lack of ring strain as discussed in the
preceding papers.5,13The same magic number behavior was also
reported for acetylene15 and isobutene16 cluster cations in the
study of gas-phase cationic oligomerization. As a result of the
evaporation process from the clusters forn g 3 after the reaction,
the population of the M(CH2dCHCO2R)3 cluster increases
because monomers cannot be further evaporated from this stable
species. To confirm the intracluster cyclization process, we have
examined the stability of M(AN)n by photodissociation of the
neutral clusters before ionization.37 Visible laser was irradiated
with the neutral clusters and induced the evaporation process
of unreacted AN within the clusters. In the preliminary
experiments, the population of then ) 3 cluster was found to

(32) Schulz, C. P.; Hertel, I. V. InClusters of Atoms and Molecules II;
Haberland, H., Ed.; Springer-Verlag: Berlin-Heidelberg, 1994.

(33) Fuke, K.; Hashimoto, K.; Iwata, S.AdV. Chem. Phys.1999, 110,
431.

(34) Ohshimo, K.; Tsunoyama, H.; Yamakita, Y.; Misaizu, F.; Ohno,
K. Chem. Phys. Lett.1999, 301, 356.

(35) Tsunoyama, H.; Ohshimo, K.; Yamakita, Y.; Misaizu, F.; Ohno,
K. Chem. Phys. Lett. 2000, 316, 442.

(36) Emsley, J.The Elements, 3rd ed.; Oxford University Press: New
York, 1998.

(37) Ohshimo, K.; Tsunoyama, H.; Misaizu, F.; Ohno, K. Unpublished
results.

Figure 5. Typical photoionization mass spectra of (a) K(EP)n and (b)
K(MP)n. The ionization energy was 5.56 eV. The series of cluster ions
of K+(EP)n and K+(MP)n are predominantly observed up ton ) 8 in
both mass spectra.
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increase in the mass spectrum when the visible laser was on.
This result also suggests that stable trimer units such as structure
3 are produced forn g 3 clusters.

In addition, for the photoionization mass spectra of K(EA)n

and K(MA)n, a magic number atn ) 6 is also observed (Figure
1). This feature resembles that observed in M-AN clusters.13

It is suggested that two cyclic trimer units are formed atn ) 6.
Therefore, it is confirmed again that the magic number behavior
at n ) 3 is attributed to the cyclization reaction to form3 and
that atn ) 6 is assigned to the cyclization reaction forming
two cyclic units. Although the electronic states of the reaction
products for cyclic trimer3 are unclear, it is suggested that the
unpaired electrons in the products have possibilities to return
to M+. In the condensed phase, the return of an electron to M+

(neutralization of cation) is suggested to be one of the termina-
tion reactions of anionic polymerization.38 Therefore, from the
observed magic number atn ) 6, it is suggested that the returned
electron transfers again from the metal atom to unreacted acrylic
ester molecules and initiates another oligomerization reaction.

E. Fragmentation Process from the Trimer.To discuss the
dissociation mechanism of ROH fromn ) 3 clusters, we first
consider the possibility of fragmentation on the ionic potential
surface with the excess energy after photoionization. The
appearance threshold energy of the fragmentation product ion,
[K(EA)3 - C2H5OH]+, was determined to be 4.37 eV for the
K-EA system. Because the ionization threshold energy of
K(EA)3 is 3.60 eV as shown in Table 1, the minimum energy
necessary for the dissociation reaction is as low as 0.8 eV,
assuming that the fragment ion is produced from K+(EA)3.
However, it is known that the C-OR bond dissociation energy
amounts to∼4 eV.39 Thus, in the present case, the process of
dissociation after ionization is ruled out. It is probable that the
fragmentation reaction proceeds from the neutral M(CH2d
CHCO2R)3 and is induced by the electron transfer from the metal
atom, as in the oligomerization reaction producing the cyclic
trimer.

Next we consider the relationship between two reactions, the
fragmentation and the oligomerization, to produce the stable
trimer. In other words, the problem is whether fragmentation
may proceed from the cyclic trimer or not. The cyclization
reaction atn ) 3 is exothermic so that the heat of reaction may
cause the dissociation of the chemical bond. For example, the
dissociation of HCl from then ) 3 cluster was observed in the
mass spectrometric study of chloroacrylonitrile anion clus-
ters.5,7,8,12This dissociation reaction, caused by the heat of the

cyclization reaction, produces a stable 1,3,5-tricyanobenzene
molecule. Also in the AN anion clusters, the dissociation of
the hydrogen atoms or HCN from cyclic trimer is found to be
caused by the excess energy generated by the exothermic
oligomerization.5 This explanation holds for the electron at-
tachment process under collision-free conditions. By contrast,
in our cluster source, the excess energy given by the intracluster
oligomerization of vinyl molecules can be removed by multiple
collision between the He buffer gas and the clusters, as noted
in section 4C. In a study of M(AN)n (M ) Li, Na, K), in which
the same cluster source was used as in the present study, the
elimination of hydrogen atoms or HCN was hardly observed in
the photoionization mass spectra.13 In the present case, dis-
sociation of ROH from the cyclic trimer3 may produce a ketene
derivative (Scheme 2).

This reaction is expected to be endothermic, because ketene
derivatives are in general unstable and highly reactive. Endo-
thermic reactions are presumed to be suppressed in the present
source condition as noted above. Moreover, if sufficient energy
remains in the cyclic trimer3 to produce a ketene derivative, it
is expected that various fragmentation reactions other than ROH
elimination would be observed. Therefore, dissociation from
the cyclic trimer caused by excess energy can be ruled out and
another dissociation reaction mechanism should be considered
that is competitive with the formation of3 atn ) 3 after electron
transfer.

In the ion-molecule reaction study by McDonald and
Chowdhury,3 the product ion formed by loss of ROH from the
trimer was also observed. This dissociation reaction was
explained by Dieckmann cyclization, which is known as a
condensation reaction of diester to produce an enolate anion of
cyclizedâ-keto ester. In the present case, structure1 in Scheme
1 is expected to be a reactant of the Dieckmann cyclization.
The product of this reaction (5 in Scheme 3) is a six-membered
cyclizedâ-keto ester without any ring strain. It is difficult for
Dieckmann cyclization to occur at other cluster sizes because
of the ring strain of the products. Although the distonic radical
such as product5 may be unstable with respect to subsequent
reactions,5 is expected to be stablized by Na+ coordination
with the carbon atom having an unpaired electron, on the basis
of the calculated structure for the 1:1 complex shown in the

(38) Szwarc, M.Nature1956, 178, 1168.
(39) Sanderson, R. T.Chemical Bonds and Bond Energy, 2nd ed.;

Academic Press: New York, 1976.

Scheme 1

Scheme 2
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next section. Therefore, it is concluded that the dissociation
reaction atn ) 3 proceeds as follows.

Formation of the oligomer1 followed by Dieckmann cy-
clization is a competitive reaction with the formation of the
cyclic trimer with cyclohexane ring discussed in section 4D. In
the photoionization mass spectra of M-CH2dCHCO2R clusters
(Figures 1 and 3), it is observed that the intensities of M+(CH2d
CHCO2R)3 are more than 2 times higher than those of the
[M(CH2dCHCO2R)3 - ROH]+ fragment ions for all systems
examined. Therefore, the cyclohexane ring formation is expected
to be dominant on the assumption that the Dieckmann cycliza-
tion process is much faster than the time window in the present
experiment (∼200 µs). To discuss the present result further, it
is necessary to know energetic information about these pro-
cesses, which is not available at present.

F. Calculated Structure of Na(MA) and the Possibility of
Intracluster Electron Transfer. To get further insight into the
intracluster electron transfer, we have optimized the structure
of Na(MA) based on DFT (B3LYP/6-31+G*). The structures
obtained for the free MA molecule and for two isomers of Na-
(MA) (designated asa andb) are shown in Figure 6a and b,
respectively. In the structural optimization for Na(MA), the
rotation of C1H3, bond angle of O2C4H, and bond length of C4H
were fixed at those of the free MA molecule, and C1, C2, C3,
O1, O2, and C4 atoms were fixed in a plane as in free MA. The
two isomers found for Na(MA) have different positions of the
Na atom that coordinates to the MA molecule. The binding
energies∆E with respect to separated Na and MA40 are
estimated to be 10.6 and 1.2 kcal/mol fora andb, respectively.
In isomera, the lengths of C1dC2 and C3dO1 are∼5% longer
than those of the free MA molecule. In contrast, the C2-C3

bond length is∼5% shorter. These changes in bond lengths
can be easily explained by considering the electron distribution
in the singly occupied molecular orbital (SOMO) of Na(MA),
as shown in Figure 6d. In the SOMO of isomera, the electron
population in the antibonding orbital over the C1dC2 and C3d
O1 bonds, which is the lowest unoccupied molecular orbital
(LUMO) of MA, is large because the valence 3s electron of
the Na atom is transferred to the LUMO of MA. Therefore, the
antibonding nature of the C1dC2 and C3dO1 bonds and the
bonding nature of the C2sC3 bond caused by electron transfer
from the Na atom are related to these bond length changes. This
result can also be explained by the overlap between the Na 3s
orbital and the LUMO of MA. In contrast, there are no changes
of bond length in isomerb. This result suggests that electron
transfer from the Na atom to the MA molecule does not take
place inb. In isomera, electron transfer from the Na atom
enlarges the electron density at C2. In general, the electron
density of the C2 atom is important in the propagation of the
oligomerization reaction, because the reaction proceeds by the
nucleophilic attack by this atom at the C1 atom of another MA
molecule. Therefore, isomera is expected to be important in
anionic oligomerization.

The vertical electron affinity of an MA molecule is expected
to be slightly negative or, at least, to be no more positive than
+0.2 eV based on the electron transmission spectroscopy.41 In
the mass spectrum of (MA)n

-, the (MA)3- ion is produced more
efficiently than (MA)-.6 Thus, it is expected that (MA)3 can
accept the excess electron more efficiently than the MA
molecule. Present calculations reveal that, despite the poor
ability of MA to accept the excess electron, the valence electron
of the Na atom is almost fully transferred to MA in Na(MA).
Therefore, it is expected that in Na(MA)3 electron transfer from
Na atom to (MA)3 takes place and induces the intracluster
oligomerization reaction.

G. Comparison with the Cluster Negative Ions (MA)n-.

As noted in the Introduction, it is well known that the electron
transfer from alkali metals initiates the anionic polymerization
reaction of vinyl compounds in the condensed phase. Also, in
the present cluster, the alkali metal atom is expected to act as
an electron donor to the cluster of vinyl compounds. Kondow
and co-workers also investigated the mass spectroscopy of
various vinyl cluster anions as another model system of the
oligomerization reaction.5-12 In some systems, these two studies
have given similar results. For example, the mass spectrum of
acrylonitrile cluster anions5 has features similar to that of
photoionized alkali atom-acrylonitrile clusters,13 and thus, the
electron transfer from the metal to the clusters is concluded in
the latter system.(40) The binding energies∆En of these isomers can be evaluated by

-∆En ) E[Na(MA)n] - E[Na] - nE[MA], whereE[Na(MA)n] is the total
energy of Na(MA)n; E[Na] andE[MA] are the total energies of Na atom
and MA molecule, respectively.

(41) Schafer, O.; Allan, M.; Haselbach, E.; Davidson, R. S.Photochem.
Photobiol.1989, 50, 717.

Scheme 3

Figure 6. Optimized structures of neutral (a) s-cis MA and (b) Na-
(s-cis MA) calculated at the B3LYP/6-31+G* level. Bond lengths and
angles are shown in angstroms and degrees, respectively. For free MA,
full geometrical optimization was performed. In the optimization for
Na(MA), some of the geometrical parameters were fixed to those of
the optimized free MA (see text). Contour surfaces of the square of
atomic orbital coefficients of (c) LUMO for s-cis MA and (d) SOMOs
for isomera andb are also shown.
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By contrast, the mass spectra of (MA)n
- has little resemblance

to those of photoionized M(MA)n (M ) Na, K).6 In their mass
spectrum, the (MA)5- ion was most strongly observed, with no
magic number atn ) 3. It is informative to discuss the reason
for this difference. The most significant difference between the
MA cluster anion and the metal-MA clusters is that a
counterion remains near the MA cluster anion in the latter
system. It is expected that clusters containing alkali metal atoms
and acrylic esters form ion pairs in present system. From the
results of calculations for Na-MA, isomer a in Figure 6 is
obtained for such an ion-pair structure. In this isomer, the Na
atom coordinates near the O1 atom and as a result the
nucleophilicity of the O1 atom is suppressed with respect to
that of the C2 atom. As noted above, the nucleophilicity of the
C2 is important in the oligomerization reaction. Therefore, the
position of the Na atom in isomera is favorable to anionic
oligomerization. As a result, structures1 (the precursor of the
Dieckmann cyclization) and3 (the cyclic trimer) in Scheme 1
are efficiently produced atn ) 3. By contrast, for the MA cluster
anions, the O1 atom has sufficient nucleophilicity to possibly
promote a reaction mechanism other than that seen in the present
case.

5. Concluding Remarks

There have been some questions concerned with the gas-phase
oligomerization reactions of vinyl compounds. In the case of
acrylonitrile, studies of electron attachment to the clusters by
Kondow and co-workers5,9-11 as well as studies of the neutral
clusters with an alkali atom by the author’s group13 revealed
that formation of cyclic oligomers with a trimeric unit (process
1) is decisively important. On the other hand, for methyl
acrylate, the study of ion-molecule reactions by McDonald and
Chowdhury3 showed that the Dieckmann cyclization reaction
(process 2) peculiar to esters is an important termination process
providing a trimeric unit. Furthermore, electron-attachment
studies6 gave no evidence of trimeric units for MA, in contrast
with the other findings mentioned above.

In the present study, clusters of an alkali metal atom and
acrylic ester molecules, M(CH2dCHCO2R) (M ) Na and K;
R ) CH3, C2H5), have been found to undergo both process 1
and process 2 as competitive processes. These intracluster

reactions are induced by electron transfer from the alkali metal
atom to acrylic esters to yield cyclic oligomers with trimeric
units. In process 1, a cyclohexane derivative is produced. In
process 2, Dieckmann cyclization occurs to produce a dissoci-
ated species of an ROH molecule. It has been demonstrated
that process 1 is a characteristic reaction of the gas-phase cluster
systems containing vinyl radical anions. Process 2 is concluded
to be an additional process of dissociative cyclization, which
becomes possible in the cases of acrylic esters in contrast to
the case of acrylonitrile.

The marked difference between clusters composed of an alkali
atom and vinyl molecules and cluster anions of vinyl molecules
provides an insight into the initial step of the anionic polym-
erization reaction system in bulk solution. In the present metal-
acrylic ester clusters, the anionic oligomerization has clearly
been observed for acrylic ester molecules as in the case of
acrylonitrile clusters, whereas no clear evidence was obtained
in the study of free cluster anions.6 On the basis of theoretical
calculations of the Na(MA) cluster, this difference can be
ascribed to the site-specific effect in the presence of the alkali
metal cation for the metal-acrylic ester clusters. The presence
and the location of the countercation have been demonstrated
to be crucially important in the present study. Therefore, clusters
of vinyl molecules with an alkali metal atom are expected to
be more promising for the study of the initial process of the
anionic oligomerization reactions than other gas-phase ap-
proaches dealing with anions without counterions.
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