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Gas-phase methyl cation affinities (MCAs) for rare gases Ne, Kr, and Xe were measured with a pulsed electron-
beam high-pressure mass spectrometer. The MCAs for Ne and Kr were determined to be 1.2( 0.3 and 19.8
( 2.0 kcal/mol, respectively, by the observation of the clustering reaction, CH3

+ + Rg ) CH3
+(Rg) (Rg)

Ne and Kr). The MCA of Xe was measured to be 2.0( 0.6 kcal/mol larger than that of N2 by the observation
of the substitution reaction CH3+(N2) + Xe ) CH3

+(Xe) + N2. Based on the MCA of N2 of 44.1 kcal/mol
proposed by McMahon et al., the MCA of Xe is determined to be 46.1( 0.6 kcal/mol. Molecular orbital
calculations at six different levels consistently gave almost identical MCA values for each of the rare gases.
At QCISD(T)(full)/6-311++G(2df,p)//B3LYP/6-311++G(d,p), the calculated values (all in kcal/mol) are as
follows: He, 0.6; Ne, 2.2; Ar, 15.9; Kr, 24.1; and N2, 43.2. For Xe at B3LYP/DZVP//B3LYP/DZVP, the
calculated MCA is 39.0 kcal/mol. The ethyl cation affinities of Ar, Kr, and Xe were also measured. They are
∼1.7, 3.2( 0.3, and 6.8( 0.3, respectively. The stabilities of C2H5

+(Rg) and C2H5
+(N2) were discussed in

terms of nonclassical (bridge) and classical (open) structures of C2H5
+.

1. Introduction

Carbocations play important roles in organic synthesis,
combustion, organic plasmas, radiation chemistry, biology,
chemical evolution in the interstellar space, and so forth.
Because the methyl cation is the simplest carbocation and is
one of the most reactive electrophilic agents, it has been
extensively studied experimentally and theoretically. The methyl
cation is the most electrophilic carbocation, while the rare gas
atoms (Rg’s) have closed shells and are basically inactive; for
this reason, it is of fundamental interest to investigate the
interactions between CH3+ and Rg atoms. McMahon et al. made
a comprehensive study on the methyl cation affinities of a
variety of compounds using a pulsed electron-beam high-
pressure mass spectrometer and an ion cyclotron resonance mass
spectrometer.1,2 The MCAs determined by McMahon et al. for
Kr and Xe were 39.7 and 46.6 kcal/mol, respectively, based on
the MCA of N2 (44.1 kcal/mol).3,4,5a Using the experimental
proton affinities of neon and argon and extrapolating a plot of
proton affinities versus methyl cation affinities, they also
estimated the MCAs for Ne and Ar to be 26 and 36 kcal/mol,
respectively.1

Hiraoka et al. measured the thermochemical stabilities of the
cluster ions CH3+(Ar)n (n ) 1-8) by observing the gas-phase
equilibria for clustering reactions, CH3

+(Ar)n-1 + Ar ) CH3
+-

(Ar)n.5b The MCA for Ar was determined to be 11.3 kcal/mol,
a value much lower than the MCA of Ar (36 kcal/mol) predicted

by McMahon et al.1 Heck et al. studied the translational energy-
resolved collisionally activated methyl cation transfer from
protonated methane to Ar, Kr, and Xe and from protonated
fluoromethane to Ar and O2.6 They supported a value closer to
that of McMahon et al. More recently, Dopfer et al., using IR
photodissociation spectroscopic measurements, investigated the
cluster ions of CH3+ with rare gas atoms.7a,b,8a,bThe measured
MCA of Ar (13 ( 4 kcal/mol)8a is in good agreement with that
obtained by Hiraoka et al. (11.3 kcal/mol).5b

Gora and Roszak studied the molecular structures and nature
of interactions in CH3+(Ar)n (n ) 1-8) complexes theoreti-
cally.9 Their theoretical dissociation energies for the cluster ions
CH3

+(Ar)n are in excellent agreement with experimental data
of Dopfer et al.8aand Hiraoka et al.5b Geometries of some CH3+-
(Rg) systems were examined theoretically.5c,d

In the present work, equilibria for the clustering reactions 1
and 2 and the exchange reaction 3 were studied in order to
determine the MCAs for Ne, Kr, and Xe. Those reactions are
defined in Table 1.

Molecular orbital calculations at several levels of theory have
been used to calculate MCAs of He, Ne, Ar, Kr, Xe, and N2,
and these are compared with experimental values.

Ethyl cation, C2H5
+, has a nonclassical bridge structure.10

Usually, hydrocarbons are composed of tight C-H covalent
bonds, and transient C‚‚‚H bonds are not permitted. On account
of facile conversion of the nonclassical geometry to the classical
one, equilibria in the clustering reactions, C2H5

+(ligand)n-1 +
ligand / C2H5

+(ligand)n, are sometimes contaminated.11 The
contamination arises from the similar stability of classical C2H5

+-
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(ligand) and nonclassical C2H5
+(ligand). It is tempting to

measure thermochemical data of C2H5
+(Rg)1 to infer the cluster

geometry [(H2C-H-CH2)+‚‚‚Rg or H3C-H2C+‚‚‚Rg]. When
the C2H5

+‚‚‚Rg interaction is weak, the nonclassical form of
C2H5

+ is retained and the binding energies would increase
gradually as Nef Ar f Kr f Xe. When a sudden increase is
observed, the geometrical change would be involved. In this
work, gas-phase clustering reactions, C2H5

+(Rg)n-1 + Rg a
C2H5

+(Rg)n, Rg ) Ar, Kr, and Xe, were investigated for the
inference. As a reference, reactions C2H5

+(N2)n-1 + N2 a
C2H5

+(N2)n were also examined.

2. Experimental and Computational Methods

The experiments were carried out with a pulsed electron-
beam high-pressure mass spectrometer.12,13For the observation
of equilibria for reactions 1 and 2, about 3 Torr of the Rg major
gas (Ne or Kr) was purified by passing it through a dry ice
acetone-cooled 5 Å molecular sieve trap. The CH3

+-forming
reagent gas, CH4, was introduced into the major gas through a
flow-controlling stainless steel capillary. The CH3

+ ion was
formed from the charge-transfer reaction of Ne+ with CH4 with
the rate constant of 1.7× 10-11 cm3 molecule-1 s-1.14

In the charge-transfer reaction of Kr+ with CH4, the CH3
+

ion was produced at the collision rate (1.2( 0.05× 10-9 cm3

molecule-1 s-1).15

The partial pressure of CH4 was kept lower than 10µTorr,
to prevent the rapid decay of the CH3

+ ion by reaction 6.

Due to the low partial pressure of the reagent gas CH4, the
concentration of CH3+ was small and special care had to be

taken in the measurement for equilibria of reactions 1 and 2
for the precise measurement.

For the measurement of equilibria for exchange reaction 3,
about 3 Torr of the major gas N2 was purified by passing it
through a dry ice acetone-cooled 5 Å molecular sieve trap. The
reagent gas Xe of 100-500 mTorr and the CH3+-forming CH4

gas with pressure less than 10µTorr were introduced into the
major gas N2 through flow-controlling stainless steel capillaries.

Molecular orbital calculations were performed using Gaussian
98.16 Structure optimizations were carried out at three different
levels of theory. First, density functional theory (DFT) with
Becke’s three-parameter hybrid functional17,18 and the LYP
correlation functional19 (B3LYP) along with the double-ú split-
valence+ polarization basis set DZVP20 was used for optimiza-
tions on all the ions. All stationary points were characterized
by harmonic frequency calculations and were found to be at
minima. As a check on the accuracy of the results obtained using
the DZVP basis set, second, optimizations were performed at
B3LYP/6-311++G(d,p) and at MP2(full)/6-311++G(d,p)21 on
all ions except CH3+(Xe). To improve energies, single-point
calculations were performed at QCISD(T)(full)/6-311++G-
(2df,p)//B3LYP/6-311++G(d,p), at MP4SDTQ(full)6-311++G-
(2df,p)/MP2(full)/6-311++G(d,p), and at G2MP2. Because of
the error bars (11.3( 25b and 13 ( 48a kcal/mol) in the
experimental values for the methyl cation affinity of argon, we
subjected this ion to a third optimization at an even higher level,
CCSD(T)(full)/6-311++G(3df,3pd).

3. Results and Discussion

(a) Experimental Assessment of Methyl Cation Affinities.
Figure 1 shows the van’t Hoff plots for clustering reactions 1
and 2 together with that for Ar.5b The measurements for the
higher order clustering reactions of CH3

+ with Kr were made
difficult by the presence of the isotopes of Kr (i.e., 80(2.2%),
82(11.6%), 84 (57%), and 86(17%)). As the temperature was
decreased, cluster ions CH3

+(Kr)n were contaminated by ions
CH4

+(Kr)n and also CH5+(Kr)n. Consequently, no reliable
equilibrium constants for higher order clustering reactions could
be measured. The thermochemical data obtained are summarized
in Table 1. The obtained bond energy for CH3

+‚‚‚Kr (19.8 (
2.0 kcal/mol) is much smaller than that (39.7 kcal/mol) obtained
by McMahon et al.4 Such a large discrepancy is difficult to
explain because the data were obtained by similar experimental
techniques, i.e., the gas-phase equilibrium measurement. Hovey
and McMahon determined the relative MCAs of Kr and N2 by
observing the equilibria for exchange reaction 7 using an ion

TABLE 1: Experimental ( ∆H° and ∆S°) Thermochemical
Dataa

reaction -∆H° -∆S°
1 CH3

+ + Ne ) CH3
+(Ne) 1.2( 0.3 18( 2

2 CH3
+ + Kr ) CH3

+(Kr) 19.8( 2.0 26( 3
CH3

+ + Ar ) CH3
+(Ar) 11.3( 2.0c 26 ( 4c

3 CH3
+(N2) + Xe ) CH3

+(Xe) + N2 2.0( 0.6 -3 ( 3
9 C2H5

+ + Ar ) C2H5
+(Ar) ∼1.7 ∼14

10 C2H5
+ + Kr ) C2H5

+(Kr) 3.2 ( 0.3 22( 2
10 C2H5

+(Kr) + Kr ) C2H5
+(Kr)2 3.0( 0.5 23( 4

11 C2H5
+ + Xe ) C2H5

+(Xe) 6.8( 0.3 21( 3
C2H5

+(Xe) + Xe ) C2H5
+(Xe)2 ∼3.2 (18)b

12 C2H5
+ + N2 ) C2H5

+(N2) 3.7( 0.3 16( 2
12 C2H5

+(N2) + N2 ) C2H5
+(N2)2 3.5( 0.5 19( 4

a ∆H° is in kcal/mol and∆S° is in cal/mol K (standard state, 1 atm).
b Entropy value assumed.c Reference 5b.

Ne+ + CH4 f CH4
+ + Ne (52%) (4a)

f CH3
+ + H + Ne (24%) (4b)

f CH2
+ + H2 + Ne (20%) (4c)

f CH+ + H2 + H + Ne (4%) (4d)

Kr+ + CH4 f CH3
+ + H + Kr (35%) (5a)

f CH4
+ + Kr (65%) (5b)

CH3
+ + CH4 f C2H5

+ + H2 (6)

Figure 1. van’t Hoff plots for clustering reactions (1) CH3
+ + Ne )

CH3
+(Ne), CH3

+ + Ar ) CH3
+(Ar); and (2) CH3

+ + Kr ) CH3
+(Kr);

and for exchange reaction (3) CH3
+(N2) + Xe ) CH3

+(Xe) + N2.
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cyclotron resonance (ICR) mass spectrometer (see Figure 3 in
ref 1).

They confirmed that the measured equilibrium constants were
independent of the ratio [Kr]/[N2], varying values from 7:1 to
20:1 at 298 K, and concluded that the MCA of Kr is 4.4 kcal/
mol smaller than that of N2. To reproduce their measurements,
we introduced 1 mTorr of N2 into the 4 Torr Kr major gas
containing about 10µTorr of CH4 at 298 K. It was found that
the primary CH3

+(Kr) ion was completely converted to CH3
+-

(N2) within 0.1 ms. This indicates that the MCA of Kr is much
smaller than that of N2. Again, a serious discrepancy was found
between the Hovey/McMahon experiment (ICR measurement)1

and the present work (high-pressure mass spectrometer mea-
surement). One possibility for the discrepancy is that the
equilibrium for reaction 7 was not established in the Hovey/
McMahon experiments, but they confirmed the establishment
of the equilibria for the reaction. At present, we do not
understand why different behavior is observed by different
experimental instruments. Two MCA values will be assessed
by the calculated energies in the next subsection.

We attempted to determine the MCA of Xe directly by
observing the equilibrium for reaction 8.

However, equilibrium could not be established with the ion
source temperature up to 730 K. This indicates that the enthalpy
change (-∆H°) for reaction 8 (i.e., MCA of Xe) is much higher
than∼30 kcal/mol. To determine the MCA of Xe relative to
that of N2, the van’t Hoff plots for equilibria of the exchange
reaction 3 were measured and are shown in Figure 1. The
obtained thermochemical data,∆H° (-2.0( 0.6 kcal/mol) and
∆S° (3 ( 3 cal/mol K), are in good agreement with∆H° (-2.5
kcal/mol) and∆S° (7.8 cal/mol K) determined by McMahon et
al.2 using a high-pressure mass spectrometer. Thus, it can
unequivocally be concluded that the MCA of Xe is 2.0-2.5
kcal/mol larger than that of N2. The experimental MCAs for
rare gases and N2 are summarized in the right side of Table 2.

(b) Computational Assessment of Methyl Cation Affinities.
The calculated MCAs listed in Table 2 are much smaller than
the proton affinities (PAs) in Table S1 (Supporting Information).
For each rare gas atom, the various levels of theory give similar
values and, unlike in the calculation of PAs, the B3LYP/DZVP
values are in good agreement with those from other levels of
theory. For N2, the standard used to anchor other MCAs,4 theory
values range from 42.7 to 45.0 kcal/mol. For He and Ne, the
MCAs are very small. The nonrigidity in He-CH3

+ and Ne-

CH3
+ complexes was examined in detail.7a,b,8bThe complexes

have long Rg-CH3
+ bonds (where Rg is He or Ne) (see Table

S2, Supporting Information) and consequently these ions are
probably not very well described by molecular orbital theory.
Nevertheless, the calculations give an MCA in the range 1.3-
3.0 kcal/mol for Ne, slightly higher than our measured value
of 1.2 ( 0.3 kcal/mol.

Neon and carbon atoms belong to the second row, and the
CH3

+ r Ne charge transfer (CT) might be large owing to the
effective overlap of 2p orbitals. However, the methyl cation
has pair electrons of three C-H bonds, which undergo large
exchange repulsion against Ne pπ electrons. The repulsion results
in the unexpectedly small CT and CH3

+‚‚‚Ne bonding energy.7b,8b

For Ar, for which two slightly different MCAs are quoted in
the literature,1,5b,8a,9theory gives values in the range 13.9-17.2
kcal/mol and the average over seven calculated values is 15.6
kcal/mol. The highest level calculation, a full optimization at
CCSD(T)(full)/6-311++G(3df,3pd), gave an MCA of 16.4 kcal/
mol. Counterpoise calculations correcting for basis set super-
position errors (BSSE) made essentially no difference to the
numbers in Table 2;22,23 BSSE corrections have the effect of
reducing binding energies, so any minor correction wouldreduce
the calculated MCA. We therefore conclude that the experi-
mental value of 11.3( 2 kcal/mol is more reliable than the
value of 37.4 kcal/mol obtained by extrapolating the MCA/PA
plot.2

For Kr, the calculated values are in the range 21.5-25.5 kcal/
mol (the average over six values is 24.2 kcal/mol). Indeed, these
are all slightly higher than our experimental value of 19.8(
2.0 kcal/mol, but they support it rather than the previous value
(44.5 kcal mol-1).1

The computational result for Xe is more difficult to reproduce
where we have only one level of theory (B3LYP/DZVP) due
to unavailability of basis sets. Experimentally, methyl cation
transfer from CH3+(N2) to Xe is exothermic by 2.0( 0.6 kcal/
mol, while theory gives it to be endothermic by 6 kcal/mol.
Assuming that the calculations on N2 are reliable (the average
calculated value of 43.6 kcal/mol compares with the experi-
mental value of 44.1 kcal/mol), then the discrepancy between
experiment and theory for CH3+ transfer between N2 and Xe is
most likely to be in the calculation of the MCA of Xe.24

All the methyl adducts of rare gases, CH3
+(Rg), haveC3V

symmetry, and the distortion of the RgCH angle from 90°
correlates roughly with the MCA of Rg.5a,c,dBoth He and Ne
interact very weakly with CH3+, and angle RgCH is close to
90° (see Table S2 in the Supporting Information). When Rg is
Ar, Kr, and Xe, angle RgCH is slightly greater than 100° and
in CH3

+(N2) it is 106.0°.
(c) Experimental Assessment of Ethyl Cation Affinities.

When a H atom in CH3+ is substituted by the methyl group
(i.e., CH3

+ f C2H5
+), the reactivity would be greatly reduced

due to the hyperconjugative effect of methyl. In this respect,
the measurement of ethyl cation affinities of rare gases and also
N2 would give a measure of the hyperconjugation relative to
MCAs. The van’t Hoff plots for clustering reactions 9-12 are
shown in Figure 2. Those reactions are defined in Table 1.

For reactions 10-12, sound equilibria were observed in all
the temperature range measured. However, the equilibria for
reaction 9 were found not to be observed below∼95 K (1000/T
g ∼10.6). It was found that the decay rate of C2H5

+(Ar) became
slower than that of C2H5

+ below∼95 K and measured apparent
equilibrium constants deviate downward from the extrapolated
van’t Hoff plots in Figure 2. This is probably due to the

TABLE 2: Methyl Cation Affinities (kcal/mol) from
Molecular Orbital Calculations and Experiments

B3LYPa QCI MP2 MP4 B3LYPb G2MP2

expt
(this

work) expt (lit)

He 1.7 0.6 0.5 0.9 1.0 1.1
Ne 2.2 2.5 1.3 2.3 3.0 2.5 1.2
Arc 15.0 15.8 13.9 16.3 14.4 17.2 11.3( 2d

13 ( 4e

Kr 24.5 24.2 21.5 25.0 24.2 25.5 19.8 44.5f

Xe 39.0 46.1 51.5( 3f

N2 42.7 43.2 43.2 44.2 45.0 43.2 44.1g

a B3LYP/6-311++G(d,p). b B3LYP/DZVp. c At CCSD(T)(full)/6-
311++G(3df,3pd), the calculated MCA for Ar is 16.4 kcal/mol.
d Reference 5b.e Reference 8a.f Reference 1.g Reference 4.

CH3
+(Kr) + N2 ) CH3

+(N2) + Kr (7)

CH3
+ + Xe ) CH3

+(Xe) (8)
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existence of some impurities. Thus, the thermochemical data
for reaction 9 in Table 1 are only approximate ones.

The ethyl cation affinities (ECAs) of Ar, Kr, Xe, and N2 were
measured to be∼1.7, 3.2( 0.3, 6.8( 0.3, and 3.7( 0.3 kcal/
mol, respectively. The measured ECAs are much smaller than
MCAs (Tables 1 and 2). Apparently, unlike in the interaction
between the methyl cation and Rg atoms, the ethyl cation does
not form strong covalent bonds with Rg atoms or N2. In our
previous work, theoretical calculations predicted that the gas-
phase C2H5

+ ion has only the nonclassical bridged structure and
the isomer with the classical structure is a transition state for
H-exchange.11 It was also predicted that the nonclassical bridged
structure C2H5

+ isomerizes to the classical one when the C2H5
+

ion binds with CH4 to form the cluster ion C2H5
+‚‚‚CH4.25 The

bond energy for C2H5
+‚‚‚CH4 was measured to be 5.5 kcal/mol.

The cluster ion C2H5
+‚‚‚CH4 is the C-C bond protonated

propane; that is, the cluster ion has some covalent character
and the positive charge in C2H5

+ is more or less dispersed in
C2H5

+‚‚‚CH4. In fact, the enthalpy changes-∆H°n-1,n show a
sharp decrease fromn ) 1 (5.5 kcal/mol) ton ) 2 (2.4 kcal/
mol). The decrease suggests that there are some bonding changes
with n ) 1 f 2 in the cluster ion C2H5

+(CH4)n. In Figure 2,
the van’t Hoff plots for reaction 10 withn ) 1 and 2 are quite
close to each other and the values of-∆H°n-1,n are nearly
n-independent (3.2( 0.3 kcal/mol forn ) 1 and 3.0( 0.5
kcal/mol for n ) 2). This indicates that the C2H5

+ ion and Kr
atoms interact only weakly with the electrostatic interaction. In
contrast, there is a large gap between the van’t Hoff plots
betweenn ) 1 and 2 for reaction 11 in Figure 2 (only a single
measurement withn ) 2 was possible at a temperature just
above the condensation point of the reagent gas Xe in Figure
2). This suggests that a weak coordination bond is formed in
the complex C2H5

+‚‚‚Xe and the nature of bonding changes
from coordination bonding forn ) 1 to electrostatic for larger
cluster ions (n g 2). The cluster ion C2H5

+(Xe)n may be
represented as the core ion [C2H5‚‚‚Xe]+ with surrounding Xe
ligands, [C2H5‚‚‚Xe]+(Xe)n-1.

In Table 1, the ECA of N2 (3.7 ( 0.3 kcal/mol) is smaller
than that of Xe (6.8( 0.3 kcal/mol) and the values of-∆H°n-1,n

for reaction 12 are nearlyn-independent forn ) 1 and 2. This
indicates that the C2H5

+ ion interacts with N2 molecules
electrostatically. This is in contrast to the fact that the complex
C2H5

+‚‚‚Xe has some coordination bond character. Apparently,

the Xe atom is more polarizable than the N2 molecule. This is
in line with the fact that the MCA for Xe is larger than that for
N2. The decisively different MCA and ECA for N2 suggest that
the CH3

+N2 geometry is entirely different from the C2H5
+N2

one.
(d) Computational Assessment of Ethyl Cation Affinities.

Calculated values for reactions 10 (n ) 1 and 2) and for reaction
11 (n ) 1) are given in Table 3. The calculated enthalpies agree
moderately well with the experimental values in Table 1. In
the previous subsection, the geometries of C2H5

+(Rg)n and
C2H5

+(N2)n were conjectured in consideration of the enthalpy
changes. Basically, there are two isomers of C2H5

+(Rg)1 (Rg
) Ar, Kr, and Xe) and C2H5

+(N2)1, which are shown as panels
a and c in Chart 1. In general, isomer c is more stable in∆H°
but less stable in-T∆S° of ∆G° than isomer a. C2H5

+(Ar)1

and C2H5
+(Kr)1 were computed to be of isomer a in Gibbs free

energies. The top Ar‚‚‚H and Kr‚‚‚H distances are 2.52 and 2.59
Å, respectively. In contrast, for C2H5

+(N2)1, isomer c is 2.03
kcal/mol more stable (free energies) than isomer a. However,
the C2H5

+(open)‚‚‚N2 bonding energy, 7.65 kcal/mol, is unrea-
sonably larger than the present experimental one, 3.7( 0.3 kcal/
mol, and the C2H5

+(bridge)‚‚‚N2 calculated one, 3.19 kcal/mol.
The open isomer C2H5

+(N2)1 would be prohibitive owing to

Figure 2. van’t Hoff plots for clustering reactions (9) C2H5
+ + Ar )

C2H5
+(Ar), (10) C2H5

+(Kr)n-1 + Kr ) C2H5
+(Kr)n, (11) C2H5

+(Xe)n-1

+ Xe ) C2H5
+(Xe)n, and (12) C2H5

+(N2)n-1 + N2 ) C2H5
+(N2)n.

C2H5
+(CH4)n-1 + CH4 ) C2H5

+(CH4)n (13)

TABLE 3: Calculated Enthalpies and Entropies (at 298 K)
for Complexes Containing the Ethyl Cation as Calculated at
B3LYP/DZVPa

reaction -∆H° -∆S°
9 C2H5

+ + Ar ) C2H5
+(Ar) 1.2 16.8

10 C2H5
+ + Kr ) C2H5

+(Kr) 3.3 22.7
10 C2H5

+(Kr) + Kr ) C2H5
+(Kr)2 1.3 16.8

11 C2H5
+ + Xe ) C2H5

+(Xe) 8.2 23.7
a ∆H° is in kcal/mol and∆S° is in cal/mol K (standard state, 1 atm).

CHART 1: Geometric Patterns of C2H5
+ (Rg)n (n ) 1

and 2) and C2H5
+ (N2)1

Cation Affinities of Rare Gas Atoms and N2 J. Phys. Chem. A, Vol. 108, No. 51, 200411221



the strict directionality at the N2 f C2H5
+ coordination. In Chart

1b, the lowest unoccupied molecular orbital (LUMO) of C2H5
+

is shown. The LUMO is of antisymmetric orbital phase, with
which the N2 bond axis must be aligned strictly to afford isomer
c as shown in Chart 1d. The strict orientation is not required
for the hydrogen-bond-type coordination in isomer a.

As the Rg atoms get larger, Arf Kr f Xe, the ionization
potential becomes smaller, 15.8f 14.0 f 12.1 eV, and
accordingly CT is stronger. The strong CT in C2H5

+(Xe)1 might
make isomer c more stable than isomer a. In fact, the former is
4.51 kcal/mol more stable in free energies. In addition, the large-
size and spherical valence orbitals of Xe may donate electronic
charges to the LUMO of C2H5

+ without difficulty of the strict
directionality.

For C2H5
+(Kr)2 and C2H5

+(N2)2, there are two isomers, panels
e and f in Chart 1. Isomer f was calculated to be more stable,
where the bridge form is somewhat distorted but is retained.
The C‚‚‚Kr distance, 3.285 Å, in isomer f (n ) 2) is much larger
than that (2.582 Å) in isomer c (n ) 1). The C‚‚‚Kr and C‚‚‚N2

interaction in isomer f (n ) 2) is not of CT but of the long-
range van der Waals type. In Table 1,∆H°n-1,n and ∆S°n-1,n

for C2H5
+(Kr)n and C2H5

+(N2)n show anomalous changes. The
result of-∆H°0,1 ) 3.7 ( 0.3 kcal/mol> -∆H°1,2 ) 3.5 (
0.5 kcal/mol for C2H5

+(N2)n should give that of-∆S°0,1 >
-∆S°1,2. But the experimental result is the opposite,-∆S°1,2

) 16 ( 2 eu< -∆S°1,2 ) 19 ( 4 eu. The apparent anomaly
may be explicable by the different N2 coordinations to C2H5

+,
N2‚‚‚HC2H4

+ and N2‚‚‚CH2HCH2
+, in n ) 2. The C2H5

+(Xe)2
cluster was computed to have the shape of isomer g in Chart 1.
The two Xe‚‚‚C distances are 2.632 and 3.546 Å, respectively,
which explains the large falloff, 6.8( 0.3 kcal/molf ∼3.2
kcal/mol in Table 1. Those B3LYP/DZP results are confirmed
to be similar to those of MP2/DZP.

4. Concluding Remarks

Gas-phase affinities of methyl and ethyl cations (MCA and
ECA) for rare gas atoms and N2 have been measured with a
pulsed electron-beam high-pressure mass spectrometer. MCA
values for Ar, Xe, and Ne are in good agreement with the
previous experimental and the present computational data. The
MCA value for Kr ()19.8 kcal/mol) is, however, much smaller
than the precedent, 44.5 kcal/mol, and is somewhat smaller than
the present calculated one,∼24 kcal/mol.

ECA values have been obtained for the first time. The ECA
for Ar is very small (∼1.7 kcal/mol), which suggests that Ar is
in contact not with the ethyl carbon of C2H5

+ but with the bridge
hydrogen. The coordination has been found by the calculations
and has been obtained also for C2H5

+(Kr)1 and C2H5
+(N2)1. The

ECA for Kr ()3.2 ( 0.3 kcal/mol) is close to the ECA for N2
()3.7 ( 0.3 kcal/mol). The second Kr and N2 are bound to
C2H5

+(Kr)1 and C2H5
+(N2)1, respectively, with similar stabiliz-

ing energies,∼3 kcal/mol, but with different coordinations. The
largest ECA ()6.8 ( 0.3 kcal/mol) has been obtained for Xe,
where the ethyl cation has an open (classical) form. The second
Xe is bound weakly to C2H5

+(Xe)1. The extent of the falloff,
-∆H°0,1 f -∆H°1,2, seems to be related to a diagnosis of
nonclassical or classical form of C2H5

+. Since the basis set of
Xe used here is of moderate size and the present B3LYP/DZP
calculated results would not be definitive, geometric discussions
need to be regarded as qualitative ones.

Supporting Information Available: The calculated proton
affinities of Rg’s and N2 (Table S1). Geometries of the
protonated Rg’s and N2, CH3

+(Rg) and CH3
+(N2) (Table S2).

This material is available free of charge via the Internet at
http://pubs.acs.org.
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