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Ion-molecule reactions of acetylene and mixed acetylene-ammonia cluster ions are studied using an electron 
impact time-of-flight mass spectrometer. The present results clearly demonstrate that (C2H2K cluster ion distribu
tion represents a distinct magic number of w = 3. The mass spectroscopic evidence for the enhanced structural 
stabilities of [C6H4-(NH3)M]+ (m=0-8) ions is also found along with the detection of mixed cluster [(C2H2)W- 
(NH3)w]+ ions, which gives insight into the feasible structure of solvated ions. This is rationalized on the basis 
of the structural stability for acetylene clusters and the dissociation dynamics of the complex ion under the 
presence of solvent molecules.

Introduction

In recent years, the so-called intra사uster ion-molecule 
reactions1'9 have become a subject of great interest in the 
cluster ion chemistry due to its unique position between bi- 
molecular gas-phase reaction dynamics and ionic solution 
chemistry. The study of a specific chemical reaction within 
a cluster ion is especi지ly interesting since it is possible to 
directly observe how chemical reactivity changes as a func
tion of stepwise solvation by simple monitoring the changes 
in reaction channel versus the cluster size.10 A considerable 
amount of experimental and theoretical attention11 has been 
also given to cluster systems in which small number of sol
vent molecules are bound to a solute molecule. The investi
gation of solvent effects provides knowledge of the mecha
nisms of Minternal ion-m이ecule reaction* in clusters, giving 
direct information on the influence of solvation and insight 
into the structure of solvated ions.

It has been known that for small hydrogen-bonded cluster 
ions the stabilities of mixed cluster ions, based on the ther
mochemical data12 and illative cluster ion intensity studies,13 

can be often well correlated to the complete solvation shell 
structures with chain-like hydrogen-bonding such as for 
(NH3)4-NH：, (H2O)4-((CH3)3N)6H+f and (CH3OCH3)3-H3O+. 
This intriguing result makes it possible to investigate how 
the nature of a solvating component may affect the subse
quent dissociation reaction and the stability of mixed cluster 
ion.

The acetylene clusters have been widely studied by the 
molecular beam mass spectroscopy incorporating VUV pho
toionization1415 and electron-impact ionization.16 Recently, 
Shinohara 안 al.17 have found the unprotonated acetylene clu
ster ions, (C2H2)； (n = 2-4), using the near-threshold photoio
nization method, showing that these ions are produced from 
the mixed cluster ions followed by loss of the argon or he
lium used as a carrier gas through evaporation process. For 
unprotonated acetylene cluster ions, however, very little in
formation is known about the pronounced magic number and 
whether or not "아able structures" exist in the binary system 
containing polar solvent molecules.

In this paper, we report an electron impact ionization of 
acetylene clusters and acetylene/ammonia heteroclusters. In
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Hgure 1. The electron impact TOF mass spectrum of 3% acety
lene in 64 psi He (70 eV).

addition to observing a magic number of w = 3 in the (GH?)* 
cluster ion distribution, we have found mass spectroscopic 
evidence for the existence of enhanced structural stabilities 
at the 伽=0-8) ions along with 난此 detec
tion of heterocluster ions [(C2H2)n'(NH3)»I]+, which gives in
sight into the feasible structure of solvated ions. This dyna
mical process occurring within the ionized acetylene/ammo- 
nia heterocluster is interpreted within the framework of the 
structural stability and dissociation mechanism for the acety
lene clusters under the presence of ammonia solvation. The 
variatiion of acetylene/ammonia intracluster ion-molecule 
reaction as a function of electron impact energy, mixing ratio, 
and expansion condition is also reported.

Experimental

The details of the experimental apparatus have been de
scribed elsewhere.18 In brief, the acetylene and acetylene/ 
ammonia mixed clusters are generated in a supersonic ex
pansion through a pulsed nozzle at total pressure up to 64 
psi with He as a carrier gas. After skimming by a conical 
skimmer (800 卩m diameter) and collimated, the cluster beam 
is introduced into the ioniz가ion region of a time-of-flight 
mass spectrometer (TOFMS) where a pulsed electron beam 
intersects it at orthogonal direction. A channel electron mul
tiplier (Murata, EMS-2082B) is used to record time-of-flight 
mass spectra of the cluster ions and the signal is then ampli
fied by a preamplifier. The amplified signal is fed directly 
into a 175 MHz transient digitizer coupled to an IBM PC/AT 
computer. The experiments operate at 2 Hz and typically 
TOF spectra are accumulated for 500 pulses.

The acetylene and ammonia were obtained from Matheson 
with a quoted purity of 99.6% and 99.99%, respectively. Gas 
sample was used without further purification, except for ace
tylene, which was passed through a dry ice/acetone trap to 
remove acetone, normally used as a stabilizer, from the acet
ylene cylinder.

Results and Discussion

Pure Acetylene System. Figure 1 shows the TOF
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Figure 2. Plot of the cluster ion intensities as a function of 
acetylene cluster size n. Acetylene (3%) was seeded in 64 psi 
He. Ion intensities are normalized to the cluster ion with n=2.

mass spectrum of a pulsed molecular beam expanded from 
64 psi He containing 3% acetylene at 70 eV impact energy. 
The dominant cluster ions in the mass spectrum consist of 
a 옹eries of the unprotonated cluster ions (C2H2)i which have 
never been observed by electron impact ionization of acety
lene clusters.16 A very similar result has been recently repor
ted in the near-threshold vacuum UV photoionization of the 
acetylene clusters seeded in Ar and He at a stagnation pres
sure as high as 73 psi.17

The ion-molecule reaction of acetylene have been the sub
ject of numerous investigations over the years.14 These stu
dies show that C4HJ and C4HJ are the major product ions 
when C2HJ reactant ion is formed by electron impact ioniza
tion or photoionization:

C2E+C2H2—心 HJ+H (1)

----->C4HJ+H2 (2)

-----QHJ + C2H (3)

In Figure 1, the observation of the fragmented ions C4HJ
C4HJ( C2Hj( and their cluster homologues is consistent with 
the conventional ion-molecule reactions (1)-(3). The origin 
of the fragment ion C3Hjr however, is somewhat different. 
The C3HJ ion is not produced by the above ion-molecule 
reaction. In a recent study, Shinohara and co-workers17 found 
that the intensities of the C3HJ and (C2H2)3 ions exhibit the 
same pressure dependence, which suggests that the C3H| 
ions is produced by decomposition of (C2H2)糸 Furthermore, 
the C3H3 ion is shown to be one of the major fragment ions 
in the multiphoton ionization fragmentation of benzene.19-21 
Interestingly, the peak due to an CeHj ion is also observed 
in the spectrum. It should be noted here that the C6Hj ion 
intensity is much clearer when the electron impact energy
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Figure 3. Comparison of electron impa가 (70 eV) TOF mass 
spectra of acetylene and ammonia mixed clusters seeded in 64 
psi He. The mixing ratios are (a) 4% C2H2/O.3% NH3, (b) 4% 
C2H2/0.6% NH3, and (c) 4% CzHJLO% NH3, resp^tiv이y. Mw 
designates the (NH3)WH+ cluster ion.

is increased. This fragmented ion is produced as a result 
of the dissociation process from acetylene trimer ion under 
the high excitation energy15 and will be discussed thoroughly 
in the following section.

In addition to the expected fragment peaks, mass spectrum 
in Figure 1 is composed of a sequence of cluster ions with 
the formula (C2H2)： which one could naturally attribute to 
the unreacted parent cluster ion, i.e.t no protonation reaction. 
Figure 2 summarizes the results of normalized cluster ion 
intensities, (C2H2)：, as a function of acetylene cluster size 
n which are obtained at three different electron impact ener
gies. A distinct feature is readily discerned from the plot: 
there exists the salient intensity break between m —3 and 
4 in otherwise monotonic decrease of the cluster distribu
tions, although the discontinuity exhibits a propensity of de
crease at high electron energy of 100 eV due to an evapora
tive mechanism caused by the deposition of excess energy 
within cluster ions. This evidence is suggestive of the fact 
that acetylene trimer ion exhibits a pronounced magic num
ber, thereby having the stable geometry. This is in contrast 
to the ethylene cluster5 where a pronounced magic number, 
为=4, cannot be explained solely in terms of stabilities of 
either the neutral or ionic parent ethylene cluster옹. Ono and 
Ng15 have discussed the energetics and dissociation dynamics 
of the complex ion such as C6HJ from (C2H2)5. Their studies 
indicate that the most probable structure of the (C2H2)音 ion 
is that of the benzene ion C&成 which obviously has a parti
cular stability. From the observation of intensity drop be
tween (C2H2)t and (C2H2)； in this study, it appears logical 
that the thermodynamic stabilities of the acetylene trimer 
ion is the controlling factor.

Mixed Acetylene/Ammonia System. In order to un

derstand the effects of solvation by a polar s이vent, solute
solvent clusters are generated in supersonic molecular 
beams, typically by coexpanding a mixture of the chromo
phore, solvent molecules and buffer gas through a small ori
fice into vacuum. Figure 3 exhibits the electron impact ion
ization TOF mass spectra of the acetylene and ammonia 
mixed clusters seeded in 64 psi helium at different mixing 
ratios. One may immediately notice that the overall spectral 
pattern looks quite different from that of the pure acetylene 
clusters in helium as shown in Figure 1. Despite of the trace 
amount of ammonia a major sequence of ion peaks, (NH3M- 
H+ (designated as in the mass spectra), is observed 
which closely resembles the mass spectrum of a pure ammo
nia seeded in He expansion under the same conditions. This 
is consistent with the view that ammonia clusters of various 
sizes are easily formed in a supersonic expansions as com
pared with the so-called van der Waals clusters such as acet
ylene due to its feasible hydrogen bonding.

Apart from the observation of ammonia homocluster ions, 
a surprising number of heterocluster ion species of the type 
rC2H2-(NH3)M]+ (師= 0・ll) and [(C2H2)3,(NH3)W]+ (m = 0-5) 
are also observed in the mass spectra of Figures 3(a) and 
3(b). The [(C2H2),(NH3)m]+ cluster ions, however, cannot be 
identified because its mass spectrum is coincide with the 
mass peaks of (NH3)WH+ (m23). The unprecedented detec
tion of these heterocluster ions is attributed to the solvation 
of ammonia molecules around the acetylene monomer and 
trimer ions through hydrogen bonding. Although the [((潁以 

•(NHj히H+] cluster ions may be formed under the electron 
impact ionization, its contributions are less probable, as illu
strated in the mass spectra, due to the weak van der Waals 
force between the acetylene molecule and the hydrogen 
atoms bonded to ammonia.

As the mixing ratio of acetylene/ammonia is decreased, 
a number of very interesting phenomena are seen in the 
mass spectra of these heteroclusters. One observes an over
all decrease in the intensities of the heterocluster ions rela
tive to the homocluster ions as illustrated in Figure 3. More
over, new sequence of heterocluster ions of the type [以財 

(NHj끼]+ (師 = 0-8) now emerges throughout the observed 
mass spectrum. At the higher concentration of ammonia 
greater than 1.0%, major peaks of heterocluster ions are con
sist of [(사町3电，」+ cluster ions only. The dominant [CJLi 
■(NH3)m]+ cluster ion at the high concentration of ammonia 
is rather puzzling. According to the previous studies by Ono 
and Ng15, under the condition of high excitation energy (C2- 
H2)3 ion dissociates to produce the fragment ion C&H； having 
the benzyne structure:

(C2H2)； 一 (C6H》*—3麗鼻+見 (4)

where (C6H3* signifies intact complex ion with a high energy 
content. This dehydrogenation is also reported recently in 
the reaction of metal ion with benzeene by Zakin et al?2

As Figure 3 shows, the striking reduction in the intensities 
of the heterocluster ions relative to the homocluster ions 
can be interpreted as the less efficient heterocluster forma
tion under the condition of relatively large amount of polar 
solvent molecules. One of the possible rationales of our 
result is, therefore, that the excess energy dissipation of 
(C2H2)； ion surrounded by the ammonia molecules is much
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Figure 4. Plot of the [C6H4-(NH3)m]+ ion intensities as a func
tion of ammonia cluster number m at different electron impact 
energies. Acetylene (4%) and ammonia (1.0%) were seeded in 
64 psi He. Ion intensities are normalized to the cluster ion with 
師=0.

less effective in the low acetylene/ammonia mixing ratios, 
so that the acetylene trimer ion is presumably subjected to 
dissociation. That is, the large excess imparted to the com
plex ions, [(GH*)*・(NH3)허丄 primarily induce the cleavage 
of the C-H bonds in the benzene-like moiety as well as the 
breakup of the weak van der Waals bonds of solvent 
molecules in the complex. In a different set of experiments, 
we have measured the stagnation pressure dependence on 
the ion in intensities of heterocluster ions and found that 
even at the high mixing ratio (4% C2H2 and 03% NH3), [CeHi 
•(NH3)w]+ ions also appear as the stagnation pressure is 
reduced. This result demonstrates that excess energy cannot 
be effectively dissipated through solvent evaporation at lower 
expansion condition. Furthermore, it is tempting to consider 
that solvation of ammonia molecules around the CH ion 
can play significant role in the stable structure formation 
of core ion, as compared with the results from pure acetylene 
in He system.

Further information on this heterocluster ions comes from 
a comparison of relative ion intensities. In order to assure 
the structure of C*： ion, the intensity distributions of the 
heterocluster ions [C6H4-(NH3)m]+ (m = 0-8) are plotted as 
a function of m in Figure 4. The present observation might 
support the benzyne structure, in that there is intensity dis
continuity between [C6H4-(NH3)4]+ and [C6H4 - (NH3)5]+ ions 
especially at 50 eV energy, indicating a special stability of 
the benzyne ion in an ammonia solvation. The assigned ma
gic number is further confirmed at different mixing ratios 
of the two components (acetylene/ammonia = 13/1-1/2), elec
tron impact energies (50-100 eV) and expansion conditions 
(44-64 psi), showing that this notable feature does indeed 
result from the bonding characteristics of the cluster ions 
and not from a particular set of experimental conditions cho
sen for the investigation.
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Figure 5. Plot of the ion intensities as a func
tion of ammonia cluster number m at differ은nt electron impact 
energies. Acetylene (4%) and ammonia (0.3%) were seeded in 
64 psi He. Ion intensities are normalized to the cluster ion with 
師=0.

In a recent study, Craw et 시.23 reported the coupled Hart- 
ree-Fock calculations in which the geometrical configuration 
of neutral acetylene trimer has a cyclic Cp, structure as the 
global minimum. To the extent that cyclic C針 structure is 
expected for the acetylene trimer ion, the available hydro- 
gen-bonding sites will be three if there exist the solvent 
molecules such as ammonia. We can now speculate as 
to whether the acetylene trimer ion represents an above 
structure or not. The intensity distributions of the [(C2H2)” 
(NH3)m]+ ions 0n = O-5) are plotted as a function of m at 
three different electron impact energies in Figure 5. Cer
tainly, there is no clear break down in the intensity distribu
tion between 彻=3 and 4, indicating that the acetylene tri
mer ion does not definitely afford a cyclic geometry. 
From the results given here, the most probable structure 
of (C2H2)J ion can be predicted as the benzene structure 
of acetylene trimer ion is thus feasible.

In conclusion, it is becoming increasingly evident that the 
study of magic numbers in heterocluster ions reveals the 
presence of especially stable structures. The present results 
provide direct evidence for the formation of stable cyclic 
structures at particular cluster sizes under the circumstances 
of polar solvent molecules. The study of the appearance of 
enhanced stable ions rearranged from some van der Waals 
culster ion is of extreme interest and importance. Such inve- 
stig가ions are now in progress.
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Disappearance of the a-Effect: Reaction of p-Nitrophenyl Acetate 
with Various Aryloxides and Benzohydroxamates in the Presence 

of Cetyltrimethylammonium Bromide

Dong-Sook Kwon, Seung-Eun Lee, Jin-Kyung Jung, Jong-Yoon Park', and Ik-Hwan Um*
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The rate constats for the reactions of 力-nitrophenyl acetate with 6 different aryloxides and 2 benzohydroxamates 
have been measured spectrophotometrically in water containing various concentrations of cetyltrimethylammonium 
bromide (CTAB). The reactivity of the nucleophiles has been demonstrated to be significantly enhanced as the concen
tration of the surfactant increases up to a certain point. When the basicities of the aryloxides are comparable, the 
rate enhancement is more prominent for the aryloxide having larger binding constant to the micellar aggregate. 
Benzohydroxamates exhibitis significantly large a-effect in the absence of the surfactant, although, the a-effect 
nucleophiles are considered to be more solvated in water than the corresponding normal nucleophile. Thus, the 
solvation effect does not appear to be solely responsible for the a-effect. Interestingly, the large a-effect disappears 
in the presence of the surfactant. Therefore, one might attribute the disappearance of the a-effect to solvent effect. 
However, a structural change of the reactive a-effect nucleophile into unreactive ones would also be considered 
to be responsi이e for the absence of the a-effect in the present system.

Introduction

Rationalization of nucleophilicity has intrigued organic 
chemists for some decades and numerous factors have been 
suggested to be important for correlation of nucleophilic reac
tivity.1~3 Among them, the basicity of nucleophiles has most 
successfully been used as a measure of nucleophilicity.3 How
ever, a group of nucleophiles containing a hetero atom in 
the a-position from the reaction center has exhibited abnor

mally higher nucleophilicity than would be expected from 
their respective basicity. Thus, the enhanced inactivity of 
these nucleophiles has been termed the a-effect.4 The origin 
of the a-effect has not been well understood.5 Particularly, 
the theory concerning solvent effect has been contradictory, 
M., some studies have claimed solvent effect is unimportant 
for the a-effect6 but other studies have suggested that solva
tion should be an important factor.7

Recently a series of systematic studies has revealed that


