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Abstraet-The Hz0 and 40 chemical ionization (CI) mass spectra of selected methyl halides (CHIX, X=F. Cl) 
have been investigated at source temperatures from 330 to 5WK, and at total pressures from 0.1 to I.1 Ton. 

Hydronium (H,O+) ions, the reactant species formed that predominates in our source under these conditions, were 
found to promote a gas-phase nudeophilic substitution on the halogenated substrate by H20, leading to CH,OHs* 
(H,O). (n = 0, 1, 2) ions. Occurrence of these substitution reactions, which are prevented under ICR conditions, 
provides direct evidence for contrasting ion reactivities under different experimental conditions, mainly due to the 
profound influence of the reaction environment on the formation of collision-stabilized intermediate species. 

Gas-phase acid-induced nucleophilic displacement reac- 
tions are currently observed in mass spectrometry.* In an 
attempt to correlate the available kinetic data concerning 
substitution at saturated carbon, Beauchamp proposed a 
reactivity model based upon the hypothesis that occur- 
rence of the exothermic process 

R-X l 

RXH+ tY+ i 

I 1 +RY++HX (1) 

Y....H 

[II 

(1) is allowed only if the proton affinity of the substrate 
RX exceeds that of the nucleophile Y.3 Otherwise, the 
competing proton transfer (2) from the protonated sub- 
strate to the nucleophile is expected to prevail over the 
slower displacement pathway (1). 

RXH’ + Y-RX t HY’+No substitution (2) 

One of the simplest ICR experiments designed to check 
the validity of this model involves H20. as the nucleo- 
phile, and CH,CI or CIHsCI, as substrates.‘” On account 
of their relative proton affinities,’ only C2HJCI undergoes 
substitution by HzO, whereas CH&I follows path (2). 
However, further careful mass spectrometric in- 
vestigation on a variety of proton-induced nucleophilic 
substitutions revealed the only partial applicability of 
Beauchamp’s model, even under ICR conditions. Thus, 
Caserio et ~1.~ pointed out that the occurrence and the 
mechanism of gas-phase nucleophilic substitutions are 
governed by not only thermodynamic but also structural 
factors, recalling those recognized in analogous solvoly- 
tic systems. In addition, McIver and Fukuda recently 
reported that nucleophilic substitution mechanism can be 
drastically affected by clustering the ionic nucleophile 
with a single solvent molecule.6 Other facets of the 

acid-induced nucleophilic displacement problem, which 
deserve special investigation, concern its dependence on 
either the energy content of the excited intermediates 
from the nucleophilic attack (1) and the extent of RXH’ 
solvation. A mass spectrometric investigation aimed at 
focusing both effects is presented in this paper, which 
reports a chemical ionization (CIMS) mass spectrometric 
study of process (l), using Hz0 (or D,O) as the reactant 
gas, and CHjX (X = F or Cl), as substrate with proton 
affinity lower than that of the nucleophile (Hz0 or DzO).’ 

HJO’ + CHJX--+CH30H2+ + HX (3) 

Under ICR condirions, the nucleophilic displacement 
(3) does not take place, in agreement with Beauchamp’s 
rules. Here we give direct experimental evidence of 
sharp reactivity differences under ICR and respectively 
high-pressure CIMS conditions, which, in view of the 
limited structural factors involved in the process (3), can 
be directly linked to the effects of the intermediates 
excitation level and of the substrate solvation on the 
substitution mechanism. 

EXPERIMENTAL 

The CIMS experiments were performed on a HP 5980 A 
quadrupole mass spectrometer, operated in the chemical ion- 
ization mode. The materials used were ultra-high pure methyl 
halides obtained from Matheson. and 99.95% 40 from Merck 
Co. Gaseous mixtures of CHsX: Hz0 (or 40) in the ratio 
4x IO-’ to I. prepared in I liter Pyrex bulbs, were allowed to 
bleed into the heated (T = 33O-500°K) source of the mass spec- 
trometer through a metering needle valve. The pressures (O.l- 
1 .I Torr) in both the inlet system and the ion source were 
measured with a Bourdon-type mechanical gauge. Ionic reactions 
were initiated by the bombardment of the reaction mixture by 
250V electrons. Each experiment was replicated two to four 
times. The abundance of the ions identified in all cases accounts 
for over 99% of the total ion current. 
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REXLTS 

The relative abundances of the ionic products from the 
experiments carried out at T = 440°K are illustrated in 
Figs. l-3, as a function of the total pressure of the 
system. Similar variations of the intensities I/Z1 of the 
reactant and the product ions with the source pressure 
were obtained at all source temperatures used (T = 330; 
380; SWK). Unequivocal identification of the m/e ratios 
33, 51, and 69 was achieved by the use of mixtures 
containing DzO, instead of H20, as the reactant gas. 
Despite a certain degree of H/D exchange occurring in 
the source of the mass spectrometer, these experiments 
allowed to identify the ionic species of Figs. 1 and 2 as the 
substituted ions, CH,0H2+ (H*O),, with n = 0, 1, 2, res- 
pectively. 

Under our high-pressure chemical ionization con- 
ditions, the primary HzO+ ions, formed from electron 
impact on water, react completely with Hz0 to yield 
H,0+,7e8 whose further reactions are only of the the 
clustering type.9 If compared to related studies on water 
ion clustering equilibria, the dependence of the relative 
intensities of H’(H,O). (n = I, 2,3,. . .) observed in the 
present study as a function of the source pressure and 
temperature indicates that, even though thermal equih- 
brium is readily reached in the ionization chamber,l’ we 
did not attain complete thermodynamic equilibration 
among the present ionic species. Nevertheless, the same 
H+(H,O), distribution observed for both CH,F and 
CH,Cl systems, and for pure water, shows that the 
presence of traces of methyl halide (molar fraction = 4 x 
IO-‘) in the mixture does not appreciably perturb the 
ionic processes leading to the major ionic species. 

Inspection of the pressure trends of substituted ions 

intensities reveals that yields of CH30H2+ (HzO),(n = 
0,l) ions display the same dependence on the pressure at 
least within the low-pressure range (P = O.lXt.4 Torr), 
suggesting that the two species can be formed from the 
same precursors. On the other hand, the pressure 
dependence of CHjOH2+ (H,Oh and, in the CHJF/H20 
systems that of CH30H2’(H20) in the high-pressure 
range (P > 0.4 Torr), indicates that their formation pro- 
cesses follow a trend similar to that prevailing for the 
correspondent water-ion clustering reactions. 

The effects of varying the source pressure on the 
relative CH30HI’ ion yields, from both CH,F and 
CH,CI systems, were investigated at the four selected 
source temperatures. The trends obtained, shown in Figs. 
4 and 5, suggest that the substituted ion intensities in- 
crease with the pressure, reaching the maximum value in 
rather restricted ranges of pressure wherein, at the cor- 
responding source temperature, H,O+ is the most abun- 
dant reactant species, since its clustering with Hz0 
molecules is still limited. As water-ion clustering 
becomes significant, i.e. at high pressures and low tem- 
peratures, the CHjOH2+ ion yields rapidly fall off. An 
alternative view of the same effect is given in the Figs. 6 
and 7, showing the temperature dependence of the rela- 
tive yields of the CH,OH*’ ion at a fixed pressure. 
Different temperature effects on the CHJOH1’ ion yield 
are apparent, whose extent is strictly related to either the 
total pressure of the system and the nature of the halo- 
genated substrate. 

DISCUSSION 
(1) Nature of the displacement process. The particular 

purpose of the present investigation requires an analysis 
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Fig. I. pressure dependence of CH30H2’(H20), ion abundances from methyl fluoride H&C1 spectrum. 0. n =O; 
l ,n=I;D,n=2.(T=44O”K).----- overall substituted ion intensity ratio. 
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Fig. 2. Pressure dependence of CH,OH,+(H,O), ion abundances from methyl chloride Hz&C1 spectrum. 0, n = 0; 
l . n = I ; I, n = 2. (T = 440°K). ----- overall substituted ion intensity ratio. 
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Fig. 3. Pressure dependence of H30+(H20), ion abundances from both methyl fluoride and methyl chloride H&XI 
spectra.0,n=O;O,n=I;B,n=2CT=440”K) 
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0 .l .z .J .4 .6 P(mHg) 
Fig. 4. Pressure dependence of CHjOH2’ ion abundances from 
methyl fluoride H#-CI spectra at: q i, T = 330°K; I, T = 380°K; 

l ,T=WK;@,T=SWK. 
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Fig. 5. Pressure dependence of CH30H2+ ion abundances from 
methyl chloride H&CI spectra at: Cl, T = 330°K; I, T = 380°K; 

0, T=WK; 0, T=SOO’K. 

of the nature of the ionic processes occurring in our 
system. The extremely large excess of H,O in the mix- 
ture prevents direct electron impact ionization of CH3X, 
as demonstrated by the complete absence in the recorded 
spectra of typical reaction pattern of CH3X ions 
(CH3X’, CH2X+, CH3+, X’, CX,XH’, CH3XCH3’, etc.). 
Thus, any conceivable exothermic process involving 

tFor the sake of clarity, only the interpolated trends are 
reported without showing the obtained experimental values. 
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Fig. 6. Temperature dependence of CH,OHI’ ion abundances 
from methyl fluoride H&Cl spectra at different source pres- 
sures: (a) 0.20; (b) 0.25; (c) 0.30; (d) 0.35: (e) 0.45: (f) 0.55 Tont. 
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Fig. 7. Temperature dependence of CH30H2' ion abundance from 
methyl chloride H@-CI spectra at different source pressures: (a) 

0.20; (b) 0.25; (c) 0.30; (d) 0.35; (e) 0.45; (f) 0.55 Torrt. 

these ionic species, including the following processes: 

E3XH’ 
CH:XCH,+ 

+ Hz0 + CH3OH3’ + HX (4) 
CH3X 

can be safely ruled out as significant routes to the 
formation of the CH30H2+ (H,O). ions. In addition, the 
large third-body (H20) densities (I .2 x 10”-2.6 x 
10’6cm-3) typical of the present experiments, and the 
relatively high efficiency of reactive collisions between 
Hz0 and the ionic species formed,‘*’ exclude excited 

water molecules, radicals, or ions as precursors of the 
observed ionic products. Thus, formation of CH30H2+ 
(H,O), ions must be ascribed to the attack of thermal 
H30’ ions on CH3X. According to Beauchamp’s model, 
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this interaction should lead to no observable ionic 
product, as shown under ICR conditions. As a con- 
sequence, detection of CH30H2’(H20), ions in the 
CIMS experiments suggests occurrence of an alternative 
substitution mechanism, which is prevented under ICR 
conditions by the absence of those specific environ- 
mental effects on ion-molecule reactions typical of high- 
pressure CIMS. 

(2) Mechanism of the proton-induced nucleophilic 
displacement. On account of the large excess of HzO, 
and of the observed effects of water ion clustering on the 
substituted ion yields, the plots of Figs. l-7 can be 
interpreted as arising from a substitution mechanism 
involving the preliminary attack of H30’ ions on the 
n-center of the substrate giving the proton-bound inter- 
mediate [II]** whose occurrence is confirmed by the 
actual observation of a minute peak at the corresponding 
m/e value. Formation 

K+(M) 
HJO+ •t CH,Xm [CH3X---H---OH&,, 

K_ 

(5) 

[II]** 

of the intermediates [II]**, excited by the exothermicity 
of the electrostatic interaction (5),” is allowed by 
effective third-body (hi = H20) stabilization,’ which 
substantially reduces back dissociation. Alternative dis- 
sociation pathways of [II]**, such as reactions (6) and 
(7), are thermodynamically unfavored.‘* 

[II]+>H,O + CH3XH’ (6) 

[II}“-[I’CHIOH2’ + HX (7) 

Further collisions of [II]** with H,O molecules lead 
either to less excited proton-bound intermediates [II]* or 
directly to the substituted CH30H2+ (H,O). (n = 0, I) 
ions, as shown in Scheme I. 

As collisional quenching of [II]** goes along path (b), 
formation of naked CH30H2’ becomes less and less 
significant, since the substitution path (a) is endothermic 
for proton-bound intermediates with insufficient energy 
content (for instance [II]o in the Scheme). In this case, 
the only possible substitution process is the H20-for-HX 
displacement with the direct formation of CHpOH2’ 
(H,O) (path (c)). The occurrence of the suggested reac- 
tion network and the identification of path (c) as an 
additional source of CH30H2’ (H20) ions, apart from 
the common clustering pattern (paths (d) and (e)), are 
consistent with the observed trend of CH30H2’ (H20), 
ion intensities as a function of the source pressure and 
temperature. 

When successive clustering of the substituted ionic 
products is limited, and the substitution paths (a) and (c) 
are still exothermic, namely at sufficiently low pressures, 
an estimate of the order of magnitude of the correspond- 
ing rate constants is possible. Thus, at 440°K and at a 
third-body density of 7 x 1015 cm-‘, direct comparison of 
the substituted ion yields with the corresponding H’ 
(H,O), ion abundance from the competitive water-ion 
clustering process,9d leads to k. and k, values ranging 
between IO-’ and 10-‘“cm3 molecule-’ see-‘, showing 
that only a few unreactive collisions between [II]** and 
Hz0 occur before the substitution event. 

According to the suggested reaction Scheme, the rate 
of formation of CH30H2’ is given by: 

d]CH,OH2+1= k.k+]C~,X]]H,0]]H30+l 
dt k- + L,,[H2Ol 

(8) 

which semplihes at low pressures to: 

d]CH$H2’] = k,K&H,X][H20](H,0+] with K,, 

= k+/k_. (9) 

Both the steady-state [H,O+] concentration and the 
k.K,, quantity are temperature-dependent. In particular, 
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at a given total pressure, the relative abundance of the 
free (unclustered) H30+ ions decreases at lower tem- 
perafures.9’ On the other hand, the T-dependence of the 
k.&, product cannot be defined u prioti since the rate 
constant k. of the bimolecular nucleophilic displacement 
increases with the temperature, while the equilibrium 
constant b of the exothermic clustering process be- 
tween H30* and CHjX to form the adduct [II]** is 
expected to decrease.9d Under conditions where for- 
mation of [CH30H2’] follow third-order kinetics (eqn 9) 
namely in the low-pressure region of the present 
experiments, the relative intensity of CH30H2+ ion vs T is 
described by the bell-shaped curves a, b and c, of Figs. 6 
and 7. This indicates that, within the high-temperature 
range (T > 450°K. right part of the curves), namely in a 
region where the H,O’ concentration is virtually T- 
independent,13 the observed negative temperature 
dependence of [CH,0H2’] must arise from a greater 
temperature effect on L than on k,. In this view, the 
overall positive T-dependence of [CHIOH,‘], observed 
in the low-temperature range (T < 450°K. left part of the 
curves) suggests that the positive T-effect on [H,O’] 
overcomes the overall negative one on the k,K, 
product. 

The different shape of curves d, e and f (Figs. 6 and 7) 
pertaining CHJF and CH,CI systems at higher pressures 
(P > 0.30 Torr) can be traced to several factors, including 
a different stability of the corresponding proton-bound 
intermediate [II]** which, therefore, can modify the 
range of applicability of the semplified third-order eqn 
(9). 

In conclusion, the present results give direct evidence 
for contrasting ion reactivities under different experi- 
mental conditions, mainly due to the strong influence of 
the reaction environment on the formation of cotlision- 
stabilized ionic species, which becomes decisive in 
highly polar gaseous media. Such discrepancies confirm 
the view that gas-phase proton-induced nucleophilic 
displacement at saturated carbon is governed by factors 
much more complex than the simple relative proton 
affinities of the encounter pairs and the overall exother- 
micity of the process. Apart from the marked structural 
effects on substitutions involving relatively complex 
molecules, both clustering of the ionic species and col- 
lisional deactivation of the excited reaction complex are 
found to play a decisive role in determining the 
mechanism of such reactions, even though occurring 
between very simple species. As a consequence, any 
simple reactivity model for gas-phase ionic displace- 
ments based on correlations of kinetic data obtained 
under particular conditions, namely in the rather restric- 

ted range of low pressures typical of ICR techniques, is 
bound to fail, if extended to gaseous processes occurring 
under different experimental conditions, and, therefore, 
any further generalizations stemming from it are unwar- 
rented. 
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