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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 moleculessCECO,R,

such as methyl acrylate (MA; R CHg) and ethyl acrylate (EA; R= C,Hs). The following two features are
commonly observed in the photoionization mass spectra of MEEEHCO,R),: (1) The ion withn = 3 is

clearly observed as a magic number. (2) Fragmented cluster ions with the loss of ROH,,fM{EIEO,R),

— ROH] are detected only fon = 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 As one of the gas-phase studies, a flowing-iomolecule
reaction was investigated to elucidate the reaction mechanism
: ; . _of anionic oligomerizatiod:* McDonald and Chowdhury applied
pounds in the condensed phase has received much attention aﬁegative iong such as&, NCCH,~, and GHs- as the )r/ea?:ﬁ)ion

a met_hod to obtain various .U.S(.anI mqte_nhlii has pee_n initiator in the gas-phase flowing afterglow apparatuyss for
established that strong bases initiate anionic polymerization of methyl acrylate (MA: CH—=CHCO,CHs), McDonald and
vinyl compounds that bear electron-withdrawing substituents, Chowdhury investigatéd the reaction méchanism by the mass
fUChfaS ;:yanc:h(CN) a;nd catr)boxyl (&) groulps. An electronc spectrometric method, and they found that oligomerization
ransfer from these strong bases causes cleavage of-t@ terminates at the trimer, irrespective of the reaction initiator in

dhouble bond .Of the ylnylf mr?nomerl to ylleld :l':lcarbgnlon. '(Ij’hys, the ion—molecule reactions. They concluded that this termina-

E:oeun(igpiacgslgz 22{; dototb: Vr'ggucrgg ﬁqc?he;rina;tri\;?r;t:n ofl':ﬁe tion should be attributed to the following two competitive

polymerization, gven though tFr:e pair is subsequently sgparate rﬂcg)sioersr;] gl)cgrlﬁf k;r,](:nﬁ agﬁcg??%ﬂ;;gﬁgideg;?angﬁ(g?

as a result of solvation in the bulk solution. The carbanion then 1ug 4

reacts with another monomer to produce a carbanion with @ ™ (5) Tsukuda, T.; Kondow, TJ. Am. Chem. Sod994 116 9555.

longer chain as a propagating species. Various types of strong (6) Tsukuda, T.; Kondow, TChem. Phys. Lett1992 197, 438.

bases, such as alkali metals and alkyllithium molecules, have gg Eﬂtﬂgg' ; ?grgigmv E; Egzab\%hﬁ‘lsi?ngr?v 367(%-. Dessent. C

been used_ for the condensed phase, and their performances ha\/@; Bishea, G. A.. Johnson, M. AChem. Phys. Lettl993 201, 351. n

been studied. (9) Fukuda, Y.; Tsukuda, T.; Terasaki, A.; Kondow,Qhem. Phys. Lett.
However, the microscopic role of electron-donative species 1996 260 423. = _ _

in anionic polymerization has not been well elucidated in terms 1951502)5%2;2'] M.; Tsukuda, T.; Nonose, S.; KondowJ TPhys. Chem.

of elementary reaction processes. For this purpose, gas-phase (11) Fukuda, Y.; Tsukuda, T.; Terasaki, A.; Kondow, @hem. Phys.

studies ShOUI-d -have §ome advantages f-ro-m the- fo.IIowing Lettizlg'?guiﬁéalgrl'. Kondow, T.; Dessent, C. E. H.; Bailey, C. G.; Johnson

features: (1) it is possible to discuss reactivity which is f_ree M.(A.;)Hendrick's, .M. Lyapustina, S. A Bowen, K. )Iglzhém.”Phys. '

from the solvent effect, and (2) assignment and the time |ett 1997 269 17.

evolution of the sequentially polymerized products are directly ~ (13) Ohshimo, K.; Misaizu, F.; Ohno, K. Phys. Chem. 200Q 104,

i i 765.
obtained Iby the .mat.ss gpetc:r]trometrlchmethr?d. Ln recetnt dye;rts, (14) El-Shall, M. S.; Yu, ZJ. Am. Chem. Sod996 118 13058.
anionic oligomerization in e_ ga_s p . ase E_‘S _een studied 1o (15) Coolbaugh, M. T.; Whitney, S. G.; Vaidyanathan, G.; Garbey, J. F.
some extent; 13 as well as cationic oligomerizatidi-2! J. Phys. Chem1992 96, 9139.

(16) El-Shall, M. S.; Daly, G. M.; Yu, Z.; Meot-Ner (Mautner), M.
* Corresponding authors: (e-mail) misaizu@qpcrkk.chem.tohoku.ac.jp; Am. Chem. Sod 995 117, 7744.

In recent years, the anionic polymerization of vinyl com-

ohnok@qpcrkk.chem.tohoku.ac.jp. (17) El-Shall, M. S.; Marks, CJ. Phys. Cheml1991, 95, 4932.
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zation Elsevier: New York, 1987. Lett 1995 237, 97.
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intramolecular H transfer to produce the isomeric unreactive quantum chemical calculation based on density functional theory
anion. The relative amounts of these two termination reactions (DFT) to obtain further insight into the intracluster reaction
were found to be strongly dependent on the structure of the initiated by the alkali metal atom.

initiator anion. Several side reactions were also observed when

NCCH,~ and GHs~ were used as initiators. 2. Experimental Section

Studies on gas-phase clusters were also performed as models The present experiments were performed by using apparatus
of the anionic oligomerization reactién!® These studies can  described elsewhefé Briefly, the system is composed of two-stage
be classified by the types of the electron-donative species useddifferentially evacuated chambers which contain a cluster beam source
as initiators for the oligomerization reactions. One of the and a Wiley-McLaren type time-of-flight mass spectrometer (TOF-
simplest microscopic models for the initial step of anionic MS)-** The pressures of the source and the TOF-MS chambers were
oligomerization is the system of a free anion of the vinyl maintained at about 2 10 and 7> 10" Torr, respectively, during

. . . measurements. Clusters of an alkali atom and acrylic ester molecules,
molecule and other monomers, that is, a clgster anion of vinyl M(CH;=CHCOR)s (M = Na, K; R= CHs, C,Hz), were produced by
compound. Tsukuda and Kondow and their co-workers have , pickup sourcé 2 consisting of a combination of laser vaporizafon
extensively investigated cluster anions of vinyl compounds and pulsed supersonic expansion. A sample gas mixed with helium
produced by electron transfer from high-Rydberg rare gas (Nihon Sanso, 99.9999% pure) was expanded from a pulsed valve
atoms®~7 Photodissociation spectroscopycollision-induced (General Valve, series 9, orifice diameter 0.8 mm) with a stagnation
dissociation’? and photoelectron spectroscépi?of the cluster pressure of 4 atm. The second harmonic output of a Nd:YAG laser
anions were also employed in their studies. Trimeric termina- (Lumonics, HY-400, 532 nm) was focused onto a sample metal rod,
tions were also observed for cluster anions of acrylonitrile (AN; Which was rotated and translated for stabilizing the vaporizing
CH,—CHCN) and its derivative®.They concluded that the ~ conditions and placed at10 mm downstream from the nozzle. In this
trimeric unit is a stable anion radical that has a cyclohexane study, the vaporized metal atoms immediately collide and react with

. As for AN. the tri S b dto b the molecular clusters formed in the pulsed jet. The resultant neutral
ring structure. As for » the trimeric ring was observed to be species were introduced to the TOF-MS chamber after collimation with

important for the production of (AN) and (AN~ as wellas 4 conical skimmer (throat diameter of 1 mm) positione80 mm
(AN)3~.9"11 In addition to the trimeric units with cyclohexane  downstream from the nozzle.

rings, Tsukuda and Kondow observed some side reactions into  The neutral clusters were ionized by irradiation with a pulsed laser
a cyclohexene ring, a cyclohexadiene ring, and a benzene ring beam in the source region of the TOF-MS setup at 230 mm downstream
with respective losses of fragment moleclie®n the other from the nozzle. As a photoionization light source, we used a frequency-
hand, as for MA cluster anions, (MA), no pronounced signal ~ doubled output of a dye laser (Lumonics, HD-300 and HT-1000)
(magic number) was observedrat= 3. In fact the pentamer, pumped by a Nd:YAG laser (Spectra-Physics, GCR-150-10). To avoid

(MA)s~, was found to have the most enhanced signal in the multiphoton ionization processes the fluence of the ionization laser was
massss’pectruﬁl kept under 4 mJ cnf during the measurement. We measured the

ionizing laser power dependence of photoion intensity and confirmed
The contact ion pair consisting of a vinyl anion and a that this ionization is a one-photon process. The timing of the valve
counterion is also expected to be another model for the initial opening and both the vaporization and ionization laser irradiation was
step of anionic oligomerization. Clusters of an initiator species optimized using a digital delay/pulse generator (Stanford Research,
and vinyl compounds can be studied as such contact ion pairsDG535). The cluster ions formed by photoionization were accelerated
in order to discuss the mechanism of the propagation reactionby static electric fields to-3.0 k_eV_ at _right angles to the direction of _
of the ion pair with another monomer. In the authors’ group, both the clus_ter b_eam and the |Qn|zat|on laser. The Wl(_jth of Stark shift
intracluster reactions have been investigated for clusters contain-"2uSed by field ionization, which could not be avoided under the
. . . . continuous acceleration field, was estimated to~4#02 eV in this
ing ylnyl compounds and an alkali gtom by means of a time- condition. The accelerated ions were introduced to a field-free tube of
of-flight (TOF) mass spectrometer with a cluster beam sotfice. 550.mm length. The mass-separated ions were detected by a dual-
In contrast with the studies by McDonald and Chowdhury and microchannel plate (Hamamatsu, F15%2S), and the output signals
Tsukuda and Kondow , evidence of anionic oligomerization has were stored and averaged by a digital storage oscilloscope (LeCroy,
been found for the neutral clusters in which the electron transfer 9344C). The data stored in the oscilloscope were sent to a personal
to vinyl molecules from an alkali atom plays the key role in computer (NEC,PC-9801DA) via a GPIB computer interface.
the reaction. In the case of neutral clusters containing alkali ~Mass spectra of the cluster ions nascently formed in the cluster source
metal atoms (M= Li, Na and K) and AN molecules, M(AN) were also measured con_currently with the_above measurement. Cluster
the magic numbers at = 3k (k = 1—3) was observed in their  [0nS were generated by iemolecule reactions between alkali metal
photoionization mass specfralt should be noted that the ions formed by laser vaporization and neutral acrylic ester clusters in

. . L N . . the expansion region of the free jet. The product cations were introduced
trimeric unit with a cyclohexane ring is produced by anionic -, the acceleration region of the TOF-MS and acceleratedltd keV

oligomerization initiated by the electron transfer from an alkali by pulsed electric fields generated by a high-voltage pulse generator
atom. These cluster systems were found to be suitable to(DEI, GRX-1.5K-E). The timing of the acceleration field pulse with
investigate the site-specific and electronic effects of the coun- respect to the others was also optimized with the digital delay/pulse
terion (base cation) on the initial reaction processes of the bulk generator.

polymerization reactions. 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

In this study, we have investigated clusters containing the
alkali metal atom (Na, K) and acrylic ester molecules p&H
CHCOR (R = CHs, C,Hs)] by photoionization mass spec-
trometry. The intracluster oligomerization reaction caused by  (22) Wiley: W. C.; McLaren, I. HRev. Sci. Instrum 1955 26, 1150.
electron transfer from the alkali atom to the molecules was Let(t??i)gggh;;z'lgbg'; Haugstar, R.; Tittes, H. U.; Hertel, I. VPhys. Re.
discussed from the size distributions observed in the mass (24) Schulz, C. P.: Haugiter, R.; Tittes, H. U.; Hertel, I. VZ. Phys.
spectra. We have discussed the intracluster reaction process by 1988 10, 279.
comparing the present results with previous studies of cluster 195(9225%2"';%;' F.; Sanekata, M.; Tsukamoto, K.; FukeJKPhys. Chem.
anions by Tsukuda and Konddiand ion-molecule reactions (26) Dietz, T. G.; Duncan, M. A.; Powers, D. E.; Smalley, RJEChem.

by McDonald and Chowdhury We have also performed the  Phys.1981, 74, 6511.
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Figure 1. Typical photoionization mass spectra of (a) K(EAnd and Kf(CH;=CHCO,R)n+1, I(n + 1), Alppsa = I(n) — I(n + 1) plotted

(b) K(MA),. The ionization energy was 5.56 eV. The series of cluster against cluster size. (a) K*(EA), (R = C:Hs) and (b) K- (MA),
ions K*(EA), and K"(MA) are predominantly observed uprc= 14 (R = CHa).

and 16, respectively. In both mass spectra, the peaks of [M{CH

CHCOR)s — ROHI" (R = CoHs, CHs; O) were also assignable. of cluster ions of K(EA), and K"(MA), are mainly observed

and used without further purification: MA (Aldrich, 99% pure), ethyl Up ton =14 and 16, respectively. These clusters were ionized
acrylate (EA; Wako, 97% pure), ethyl propionate (EP; Wako, 97% by absorption of a single 5.56-eV photon, because ionization
pure), and methyl propionate (MP; Wako, 98% pure). The mixing ratio energy of the K atom is only 4.34 e¥,and in general these
of MA and EA in He gas was estimated to be 3.3 and 1.3%, clusters have lower ionization threshold energies than K atoms.
respectively. Two significant features common to these two systems are
observed as follows. First, the same intensity anomalies (magic
numbers) an = 3 and 6 are found in the size distribution of
The quantum chemical calculations for free MA and Na(MA) K™ (EA), and K*(MA),, series. The intensities of {EA); and
were performed to examine the possibility of intracluster electron K*(MA)3 are both more than 2 times higher than those of
transfer. All calculations were carried out by using a DFT K*(EA)2and K"(MA), respectively. Another intensity anomaly
program of the Gaussian 94 pack&j&he 6-3H-G" basis set atn = 6 is easily observed in the plots of the difference between
and the B3LYP function&® were utilized in these calculations.  the areal intensity of K(EA or MA),, I(n), and that of K(EA
For a free MA molecule, two conformational isomers, s-cis and Or MA)n+1, [(n + 1), Al ny1 = 1(n) — I(n + 1), as shown in
s-trans, are estimated to be in a equilibrium with a relative Figure 2. In this figureAl 1 are found to be larger fan =
abundance of s-cis:s-trans 67:33 at room temperatufré. 6 than for adjacent sizes, in additionrie= 3 for both systems.
Therefore, we performed a geometrical optimization calculation Another common feature is that the peaks caused by the loss
of MA and Na(MA) only for the s-cis conformer. The calculated of C;HsOH or CHOH are observed only from the trimer ions
bond lengths and angles of s-cis MA showed excellent agree-K*(EA)3 and K"(MA)3; the fragment ions are observed only
ment (within 0.007 A and 0% with those determined by  atm/z = 293 [K*((EA)s — C:HsOH)] for the K—EA system
electron diffraction data and rotational constaitdn the and atm/'z = 265 [K*((MA); — CH3;OH)] for the K—MA
structural optimization for Na(MA), some of the geometrical system. These two features are independent of the wavelength
parameters in MA were fixed to those of the optimized free of the ionizing laser in the region between 4.66 and 5.56 eV.
MA molecule as shown in section 4F. The electron density of  B. Size Distribution in Photoionization Mass Spectra of
the Na(MA) was also calculated to discuss the intracluster Na(EA), and Na(MA), We also measured the photoionization

3. Calculation

electron transfer. mass spectra of clusters containing Na atom and acrylic ester
_ _ as shown in Figure 3. The photon energy was 5.56 eV for one-
4. Results and Discussion photon ionization of Na(MA) and Na(EA). In Figure 3a, the

series of cluster ions of N4EA), is predominantly observed
up ton = 7. The peak caused by loss offGOH from then =

3 cluster ion is also observed as it is for K(EAFigure 1a). In
Figure 3b, the series of cluster ions of ®A), is mainly
observed up ton = 6 and the peak caused by loss of {CHH

5 r(127) FfiSBChé MﬁngbT&mf’- gh WS SCNege"i Hk B_t-r?] ?” PP-t'V'- W.; o from then = 3 cluster ion is again observed. In these mass
Ac.); I?/Isoonr:’goher')’/, J(.)A.;’ Réghévacﬁi?ﬁ?ﬁnﬁd—Il_ah'émfell\/l.’A.';’ Zaekfzr:\?v(;rlli, 'spec_tra, the magi_c number behavionat 3 is again_Observed

V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; as with K(MA), (Figure 1b). The two features mentioned above
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayalla, P. Y.; Chen, W.; for potassium complexes are therefore also observed for sodium
ey % e 5 S et B gz, SyStems, and the presence of the magic number-at3 and
Gordon, M.; Gonzalez, C.; Pople, J. Gaussian 94Revision E.2; Gaussian, 0SS 0f ROH fromn = 3 cluster appear to be common features

Inc.: Pittsburgh, PA, 1995. for the alkali metat-acrylic ester clusters, M(Ci#=CHCO:R),.
(28) Becke, A. D.J. Chem. Phys1993 98, 5648.
(29) Egawa, T.; Maekawa, S.; Fujiwara, H.; Takeuchi, H.; Konaka, S. (30) Moore, C. EAtomic Energy Leels United states Department of

J. Mol. Struct.1995 352/353 193. Commerce, National Bureau of Standards: Washington, DC, 1949; Vol. I.

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




686 J. Am. Chem. Soc., Vol. 123, No. 4, 2001 Tsunoyama et al.

(a) T ©  Na*(EA), @ % K*(EA),
5.56eV cluster source
Photoionization
I b
< <
(<=
1l
< x5
> =
= =
2 ] E—
z c
£|® v Na*(MA), HIORE K*(MA),,
s = % 5.56ev s - cluster source
< Photoionization n
T
£ g
h AAA x5
10 20 30 40 50
TOF /us TOF 7us

Figure 3. Typical photoionization mass spectra of (a) Na(EAhd Figure 4. Typical mass spectra of (a)"KEA), and (b) K'(MA),
(b) Na(MA),. The ionization energy was 5.56 eV. The series of cluster produced by iorrmolecule reaction in the cluster source. The series
ions Na (EA), and Na(MA), are predominantly observed up tio= of cluster ions of K(EA), and Kf(MA), are predominantly observed
7 and 6, respectively. In both mass spectra, the peaks of [MCH up ton = 6 and 9, respectively.
CHCQOR); — ROH]' (R = C;Hs, CHs; O) were also assignable. o .
Table 1. lonization Threshold Energies (IE) of K(EA)

The ions of sodium clusters solvated with EA or MA, such as n IE (eV) n IE (eV)
Nan"(EA), (m = 2), are not observed in these mass spectra, 134 3 3.60(12)
whereas Na ion signal is detected. This tendency is a feature 1 4:35(7) 4 3;_81(9)
of the pickup source because there is no channel for the growth 5 3.90(4)

of metal clusters in front of the pulsed valve. For example, in
the photoionization mass spectroscopy of#t&0), using the
pickup source, the series of= 2 is reported to be very weakly
observed along with that oh = 1.2

a Reference 30.

to be populated by evaporation from less stable ions, and as a
result, then-dependent stability of ions is expected to be

C. Appearance of Magic Numbers.In our cluster source, . e AR
the metal atorrmolecule clusters are expected to be produced reflected by the size _dlstr_lbu_tlon_ in the phot0|on|;at|on mass
spectrum. Although size distribution of the cluster ions formed

by collision of the vaporized metal atoms with molecular clusters : ) ) -
preformed by supersonic expansion, although subsequent coldn the source shows no evidence for the size-dependent stability

lisional processes with buffer He gas or metal vapor cannot be Corresponding to the observed magic numbers, the ions produced

ruled out. We have also examined mass spectrometry of thePY photoionization may have different structures, that is, size-

cluster ions nascently produced in the source. In the latter Case’dependent stabilities different from those formed by-on

the cluster ions are produced by collision between the preformedmolecule reaction. Next we will discuss these possibilities.

molecular clusters and the metal atom ions. Examples of these 10 discuss the possibilities of (2-1) and (2-2), itis important
results are shown in Figure 4 for'kEA), and KH(MA),. In to know the ionization thresholds of metal atowmwcrylic ester

these mass spectra, it is expected that the observed siz&lusters. By scanning the ionization laser wavelength, we have
distributions depend on the stability of ions produced by such miasured the thresholds for ionization of K(RA)usters of
ion—molecule (cluster) reactions. The series of(EA), and n = 1-4. From the results shown in Table 1, the clusters for
K*+(MA), cluster ions are observed up to = 6 and 9 n > 2 are found to have ionization threshold energies in the
respectively. The ion intensities are found to decrease monotoni-"¢9!0N of 3.6-3.9 eV. Because the magic number behavior at
cally with increasingn in these mass spectra, without magic- " = 3 @nd 6 is observed at a photon energy that is high enough
number behavior ai = 3 and 6. These results indicate that the With respect to the ionization thresholds of these clusters, we
cluster ions an = 3 and 6 are not more stable than adjacent €€l safe in ruling out the possibility 2-1 by assuming that the
sizes. Therefore, the magic numbers observed in the photoion-'on'zat'on efficiency is almost constant or at least not sensitively
ization of neutral clusters possibly originate from the following dépendent om for all clusters in the present mass spectra. On

two processe&? (1) collisional complex formation between the the other hand, the possibillity of evaporation processes 2-2is
neutral alkali atom with acrylic ester clusters and (2) photo- also not expected to be serious, because the magic numbers are

ionization of the neutral metal atoracrylic ester clusters. In ~ lS0 observed at the photon energy of 4.66 eV, which is only
process 1, magic numbers are formed by the relative stability 2P0ut 0.7-1.0 eV above the ionization thresholds. Calculated
of neutral alkali atom-acrylic ester clusters. On the other hand, dissociation energy for NgMA) is estimated to be more than
two factors are considered in generating magic numbers for 1.4 eV3! so that the evaporation process is |n3|gn|f|9ant_at this
process 2: (2-1) the photoionization efficiency of neutral clusters Photon energy. After all, we concluded that hypothesis 1 is most
that is dependent on the photon energy for ionization and (2-2) Probable; the magic numbers can be related to the nature of
the evaporation processes after ionization that depend on the'€utral alkali atom-acrylic ester clusters.

stability of cluster ions. For (2-2), ions formed by photo- _ D. Structures of the Magic Number Clusters, M(CH,=
ionization may have enough energy to dissociate intermolecular CHCO2R)s. Now we consider possible structures of neutral
bonds in the cluster ions. If the evaporation processes take plac€ (31) Tsunoyama, H.; Ohshimo, K.: Misaizu, F.; Ohno, K. Unpublished
efficiently after photoionization, relatively stable ions will tend results.




Oligomerization of Acrylic Ester Molecules J. Am. Chem. Soc., Vol. 123, No. 4, BRIl

@ K*(EP) Next we discuss possible intracluster reactions and resultant
5566V structures of M(CH=CHCO,R),. From the results noted above,
Photoionization 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
(b) o ?’;‘é‘ﬂep\)n oligomerizationt4 The reaction process of anionic polymeriza-

N Photoionization 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 Chowdhry.

In the intracluster oligomerization reaction initiated by electron
transfer from the metal atom, we consider the three different

n=3

K+
K2+
n=1
=6

n

lon Intensity

10 20 30

TOF / s products for M(CH=CHCO,R); shown in Scheme 1.
Figure 5. Typical photoionization mass spectra of (a) K(E&)d (b) The speciesl and 2 are formed by successive reactions
K(MP),. The ionization energy was 5.56 eV. The series of cluster ions observed in the study by McDonald and Chowdhtiiyhe
of K*(EP) and K"(MP), are predominantly observed up o= 8 in structurel is formed by a three-step reaction: electron transfer
both mass spectra. from the alkali atom to a monomer and two successive conjugate

M(CH,—CHCO,R); clusters. Clusters consisting of a metal atom 1,4-additions. These successive additions (propagation steps)
and molecules have been studied in connection with solvation &€ terminated by producing a stable anion which is unreactive
in electrolyte solution for the past decadé32-35 Among these with additional monomer. In the ieamolecule reaction study
studies, clusters of alkali atoms solvated with polar molecules PY McDoniId and Chowdhurythis structure is not especially
such as water or ammonia is one of the main targets, mainly St@ble an = 3 becausd undergoes two competitive intramo-
because intracluster electron transfer from the metal atom to!€cular reactions forming unreactive species: intramolecufar H
molecules is expected in this system as a model of the bulk ransfer giving the isomeric enolate ani@nand Dieckmann
solution forming solvated electrod&33All such clusters have cyclization with the loss of a ROH molecule. Therefore, structure
a structures for which one metal atom or ion is solvated by LIS notconsidered to be particularly stableat 3 and cannot
solvent molecules. By contrast, the present observation of magic€*Plain the magic number behavior. However, this structure is

number behavior cannot be explained by considering the still imporFant in the formation processes o_f fragment ion_s
solvation structure (solvation shell) in the neutral clusters. This OPServed in the mass spectra as discussed in the next section.
is because, in the solvation-type structures, the stability of the !N the study by McDonald and Chowdhity, is stabilized by
cluster is expected to be sensitively dependent on the atomicthe substituent effect of electron-withdrawing groups ¢CH)
radii of solvated alkali atoms, which are, for example, 1.86 and at thea-carbon indicated by an arrow in the Scheme 1. There
2.27 A for Na and K, respectiveff. The fact that the magic 1S NO substituent effect to stabilize the trimer in the present case,
number behavior at = 3 is commonly observed for Naand K SO this structure cannot explain the magic number either.
clusters indicates that the stability of the present clusters is not ~ Finally, we consider structurgin Scheme 1. The same magic
determined by the solvation structure. It is rather expected thatnumber behavior at = 3k (k = 1—3) was also observed in
they can be attributed to the formation of a chemical bond M(AN),and (AN)" clusters. The cyclic trimerization reaction
(intracluster reaction) due to the electron configuration of the (intracluster oligomerization) occurs in both ca%é%.This
metal atom. In other words, thns valence electron of the alkali ~ reaction was initiated by electron transfer from a metal atom in
metal atom plays a crucial role in the formation of magic number the former and from a high-Rydberg rare gas atom in the latter.
clusters. These features are also common to the acrylic estedn the present system, this reaction can also occur and produces
species, EA and MA, as constituent molecules. In comparison, an anion radical of a stable molecule which is assignable to
we have also obtained the photoionization mass spectra oftrimethyl- (or triethyl-) 1,3,5-cyclohexanetricarboxylate. This
clusters 6 a K atom with EP (CHCH,CO,C;Hs) and MP structure of the neutral cluster at= 3 is more stable than
(CHsCH2CO,CHs), which have structures similar to EA and other sizes because of the lack of ring strain as discussed in the
MA, respectively, but without &C bonds (Figure 5). In these  preceding papersi3The same magic number behavior was also
mass spectra, the size distributions of(BP), and K"(MP), reported for acetylede and isobuten cluster cations in the
are found to be rather smooth with no features observed in study of gas-phase cationic oligomerization. As a result of the
M—EA and M—MA clusters. Therefore, the existence of the €evaporation process from the clustersriar 3 after the reaction,
C=C bond is also shown to have a critical role in the emergence the population of the M(CH=CHCO;R); cluster increases
of magic numbers. because monomers cannot be further evaporated from this stable

(32) Sohulz, C. P Fertel 1.V, IGiust e T Violocuies 1 species. To confirm the intracluster cyclization process, we have

chulz, C. P.; Hertel, I. V. usters o oms an olecule H HH H fati

Haberland, H., Ed.; Springer-Verlag: Berlin-Heidelberg, 1994. ) examined the stability _Of M(AN‘)by photodlssouatl_on O_f the

(33) Fuke, K.; Hashimoto, K.; Iwata, $\dv. Chem. Phys1999 110, neutral clusters before ionizatiShVisible laser was irradiated
431 _ _ o with the neutral clusters and induced the evaporation process
« (é”ﬁé8“2*;}';20*'_';-&;;;”308’5226H-? Yamakita, Y.; Misaizu, F.; Ohno,  of ynreacted AN within the clusters. In the preliminary

' (35) Tsunoyama, H.; Ohshimo, K.: Yamakita, Y.; Misaizu, F.; Ohno, €Xperiments, the population of time= 3 cluster was found to

K. Chem. Phys. LetR00Q 316, 442.
(36) Emsley, JThe Elements3rd ed.; Oxford University Press: New (37) Ohshimo, K.; Tsunoyama, H.; Misaizu, F.; Ohno, K. Unpublished
York, 1998. results.
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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 GOOR 1~ Rooc 1"
3 are produced fon > 3 clusters.
In addition, for the photoionization mass spectra of K(EA)
and K(MA),, a magic number at = 6 is also observed (Figure COOR ROOC
1). This feature resembles that observed ir AN clusters!? 3 4
It is suggested that two cyclic trimer units are formed at 6.
Therefore, it is confirmed again that the magic number behavior cyclization reaction, produces a stable 1,3,5-tricyanobenzene
atn = 3 is attributed to the cyclization reaction to foSrand molecule. Also in the AN anion clusters, the dissociation of
that atn = 6 is assigned to the cyclization reaction forming the hydrogen atoms or HCN from cyclic trimer is found to be
two cyclic units. Although the electronic states of the reaction caused by the excess energy generated by the exothermic
products for cyclic trimeB are unclear, it is suggested that the oligomerizatior® This explanation holds for the electron at-
unpaired electrons in the products have possibilities to return tachment process under collision-free conditions. By contrast,
to M*. In the condensed phase, the return of an electron™o M in our cluster source, the excess energy given by the intracluster
(neutralization of cation) is suggested to be one of the termina- oligomerization of vinyl molecules can be removed by multiple
tion reactions of anionic polymerizatiéh Therefore, from the collision between the He buffer gas and the clusters, as noted
observed magic number@at= 6, it is suggested that the returned  in section 4C. In a study of M(AN)M = Li, Na, K), in which
electron transfers again from the metal atom to unreacted acrylicthe same cluster source was used as in the present study, the
ester molecules and initiates another oligomerization reaction. elimination of hydrogen atoms or HCN was hardly observed in
E. Fragmentation Process from the Trimer.To discussthe  the photoionization mass spectfaln the present case, dis-
dissociation mechanism of ROH from= 3 clusters, we first  sociation of ROH from the cyclic trimed may produce a ketene
consider the possibility of fragmentation on the ionic potential derivative (Scheme 2).
surface with the excess energy after photoionization. The This reaction is expected to be endothermic, because ketene
appearance threshold energy of the fragmentation product ion,derivatives are in general unstable and highly reactive. Endo-
[K(EA)3 — C:HsOH]*, was determined to be 4.37 eV for the thermic reactions are presumed to be suppressed in the present
K—EA system. Because the ionization threshold energy of source condition as noted above. Moreover, if sufficient energy
K(EA)s is 3.60 eV as shown in Table 1, the minimum energy remains in the cyclic trimeB to produce a ketene derivative, it
necessary for the dissociation reaction is as low as 0.8 eV, is expected that various fragmentation reactions other than ROH
assuming that the fragment ion is produced from(KA)s. elimination would be observed. Therefore, dissociation from
However, it is known that the €OR bond dissociation energy  the cyclic trimer caused by excess energy can be ruled out and
amounts to~4 eV 3 Thus, in the present case, the process of another dissociation reaction mechanism should be considered
dissociation after ionization is ruled out. It is probable that the that is competitive with the formation 8fatn = 3 after electron
fragmentation reaction proceeds from the neutral M(€H  transfer.
CHCO:R)z and is induced by the electron transfer from the metal  In the ion—molecule reaction study by McDonald and
atom, as in the oligomerization reaction producing the cyclic Chowdhury? the product ion formed by loss of ROH from the
trimer. trimer was also observed. This dissociation reaction was
Next we consider the relationship between two reactions, the explained by Dieckmann cyclization, which is known as a
fragmentation and the oligomerization, to produce the stable condensation reaction of diester to produce an enolate anion of
trimer. In other words, the problem is whether fragmentation cyclizedf-keto ester. In the present case, strucfiire Scheme
may proceed from the cyclic trimer or not. The cyclization 1 is expected to be a reactant of the Dieckmann cyclization.
reaction ah = 3 is exothermic so that the heat of reaction may The product of this reactiorbin Scheme 3) is a six-membered
cause the dissociation of the chemical bond. For example, thecyclized 5-keto ester without any ring strain. It is difficult for
dissociation of HCI from the = 3 cluster was observed inthe  Dieckmann cyclization to occur at other cluster sizes because
mass spectrometric study of chloroacrylonitrile anion clus- of the ring strain of the products. Although the distonic radical
ters®7:812This dissociation reaction, caused by the heat of the such as produds may be unstable with respect to subsequent
(38) Szwarc, MNature 1956 178, 1168, re_actlons,S is expected to be stabllz_ed by Naoordination _
(39) Sanderson, R. TChemical Bonds and Bond Energgnd ed.: with the carbon atom having an unpaired electron, on the basis
Academic Press: New York, 1976. of the calculated structure for the 1:1 complex shown in the
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next section. Therefore, it is concluded that the dissociation
reaction atn = 3 proceeds as follows.

Formation of the oligomed 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 oH{@H,=CHCO;,R clusters
(Figures 1 and 3), it is observed that the intensities 6{GH,=
CHCO,R); are more than 2 times higher than those of the
[M(CHz=CHCGQ,R); — 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 £200us). 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/6-3tG*). The structures
obtained for the free MA molecule and for two isomers of Na-
(MA) (designated as andb) are shown in Figure 6a and b,
respectively. In the structural optimization for Na(MA), the
rotation of GHs, bond angle of @C*H, and bond length of
were fixed at those of the free MA molecule, ané C?, C8,

0!, @?, and C 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
energiesAE with respect to separated Na and KlAare
estimated to be 10.6 and 1.2 kcal/mol éoandb, respectively.

In isomera, the lengths of &=C? and G=0! are~5% longer
than those of the free MA molecule. In contrast, the-C®
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 isongIthe electron
population in the antibonding orbital over thé=€C? and G=

O! 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 ’&C2 and G=0! bonds and the
bonding nature of the £€-C8 bond caused by electron transfer

from the Na atom are related to these bond length changes. ThisA

result can also be explained by the overlap between the Na 3
orbital and the LUMO of MA. In contrast, there are no changes
of bond length in isomeb. 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 af.@n general, the electron
density of the € atom is important in the propagation of the
oligomerization reaction, because the reaction proceeds by th
nucleophilic attack by this atom at thé &om of another MA
molecule. Therefore, isomeris expected to be important in
anionic oligomerization.

(40) The binding energieAE, of these isomers can be evaluated by
—AE, = E[Na(MA),] — E[Na] — nE[MA], where E[Na(MA)] is the total
energy of Na(MA); E[Na] and E[MA] are the total energies of Na atom
and MA molecule, respectively.
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Figure 6. Optimized structures of neutral (a) s-cis MA and (b) Na-
(s-cis MA) calculated at the B3LYP/6-31G* 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 (¢) LUMO for s-cis MA and (d) SOMOs

for isomera andb are also shown.

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 spectrostdpy.
the mass spectrum of (MA), the (MA);~ ion is produced more
efficiently than (MA) .6 Thus, it is expected that (MA)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(M#A¢lectron transfer from
Na atom to (MA) takes place and induces the intracluster
oligomerization reaction.

G. Comparison with the Cluster Negative lons (MA),™
s noted in the Introduction, it is well known that the electron

Stransfer 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 reactiofr.2 In some systems, these two studies

®have given similar results. For example, the mass spectrum of

acrylonitrile cluster aniorfshas features similar to that of
photoionized alkali atomacrylonitrile clusterg? and thus, the
electron transfer from the metal to the clusters is concluded in
the latter system.

(41) Schafer, O.; Allan, M.; Haselbach, E.; Davidson, RPBotochem.
Photobiol.1989 50, 717.
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By contrast, the mass spectra of (MAhas little resemblance  reactions are induced by electron transfer from the alkali metal
to those of photoionized M(MA)(M = Na, K)8 In their mass atom to acrylic esters to yield cyclic oligomers with trimeric
spectrum, the (MAy™ ion was most strongly observed, with no  units. In process 1, a cyclohexane derivative is produced. In
magic number ah = 3. It is informative to discuss the reason process 2, Dieckmann cyclization occurs to produce a dissoci-
for this difference. The most significant difference between the ated species of an ROH molecule. It has been demonstrated
MA cluster anion and the metaMA clusters is that a  that process 1 is a characteristic reaction of the gas-phase cluster
counterion remains near the MA cluster anion in the latter systems containing vinyl radical anions. Process 2 is concluded
system. It is expected that clusters containing alkali metal atomsto be an additional process of dissociative cyclization, which
and acrylic esters form ion pairs in present system. From the becomes possible in the cases of acrylic esters in contrast to
results of calculations for NaMA, isomer a in Figure 6 is the case of acrylonitrile.

obtained for such an ion-pair structure. In this isomer, the Na The marked difference between clusters composed of an alkali

i 1 . . .
atom coordinates negr the*Catom and as a result the  515m and vinyl molecules and cluster anions of vinyl molecules
nucleophlhgty of the O atom is suppressed with respect 10 qyides an insight into the initial step of the anionic polym-
that of the € atom. As noted above, the nucleophilicity of the ¢, 41ion reaction system in bulk solution. In the present metal

C |_st_|mpofrt{ahnt ',3 thetohg(_)m_enzano_n rfeactlortw).l Trt'leref(_)re,_ the acrylic ester clusters, the anionic oligomerization has clearly
position of the Na atom In ISOm& IS tfavorable 10 anionic - phean gpserved for acrylic ester molecules as in the case of

c[))I]goperlzatmn.l_Ast_a resulé, ?ﬁructurle_ks(ih_e prec_:ur;oiz of thi acrylonitrile clusters, whereas no clear evidence was obtained
leckmann cyclization) ang (the cyclic trimer) in Scheme in the study of free cluster aniofisOn the basis of theoretical

are eff|C|tehntI3é)pr:)duclfd ﬁtzﬁ?.’- _By tcontrlast, fr?lr.thte ':AA clustg:r calculations of the Na(MA) cluster, this difference can be
a?(;cr)r:]ost,e a?ea(iigrznm(fcsh;zislr(r::%r':hgrutﬁgr??h;geyenoinptc;iesl ré’se scribed to the site-specific effect in the presence of the alkali
P P etal cation for the metalacrylic ester clusters. The presence

case. 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
There have been some questions concerned with the gas-phasge more promising for the study of the initial process of the

oligomerization reactions of vinyl compounds. In the case of apjonic oligomerization reactions than other gas-phase ap-
acrylonitrile, studies of electron attachment to the clusters by proaches dealing with anions without counterions.

Kondow and co-workeP$11 as well as studies of the neutral
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