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The distributions of the translational energy (T) released during loss of H2 from metastable CH3NH3
+ and CH3OH2

+ ions have
been measured. For both reactions the most probable T value accounts for approximately 3/4 of the reaction’s reverse critical
energy. Subject to the same experimental conditions CH3FH+ ions do not give rise to any measurable signal for H2 loss. The
relevant parts of the potential energy surfaces of all three reactions were investigated using various ab initio quantum chemical
computational schemes. Ab initio direct dynamics calculations were performed to obtain representative reaction trajectories.
Translational energy releases computed at the end of these trajectories (where the fragments have separated) agree with the
corresponding experimental figures. The three reactions follow a common polar mechanism which involves an initial transfer
of a proton from the most basic centre (N, O or F) towards one of the hydrogen atoms of the methyl group. During this stage
the proton polarizes the electrons around the methyl hydrogen to give it some hydride character, and in the transition state
this has resulted in an embryonic H–H bond. Further electron reorganization during the concerted bond breaking and bond
making process leads to a strong repulsive force along the reaction coordinate as the two fragments depart. This accounts for
the highly non-statistical partitioning of the available potential energy into relative translation between the two fragments
formed.

Introduction

Unimolecular fragmentations of metastable ions have been
studied for 50 years. In 1945 Hipple and Condon presented
their landmark paper on the observation of some characteristic
peaks that appear between normal fragment ion peaks in a
mass spectrum.1 These peaks are weaker and broader than
normal peaks, and are due to ion fragmentations taking place
during passage of a field free region of the mass spectrometer.
Ions that decompose during flight have been termed metas-
table ions, and the recorded peaks are less accurately called
metastable peaks. Using mass spectrometers with suitable
arrangements of E and B fields and adapting various scan
techniques [B-scan, V-scan, E-scan (MIKE) or linked B2/E =
constant scan], metastable ion fragmentations can be re-
corded.2 As a result of the long time dwell between ion
formation and metastable ion fragmentation, small ions usu-
ally contain little extra energy in addition to that required to

overcome the potential energy barrier leading to fragmenta-
tion.3 For this reason studies of metastable ions provide a
sensitive probe of relative barrier heights of competing frag-
mentation channels available to an energized ion.4

Another important feature of metastable peak observations
is that high resolution measurement of the peak widths can be
used to obtain unique data on translational energy release4,5

and thereby the reaction’s dynamics. The amount of relative
translational energy of the two fragments (measured in the
common centre-of-mass frame) is determined by the move-
ment of the individual atoms during the reaction. This is in
turn determined by the detailed shape of the potential energy
surface.

In our laboratory we have had a long-standing interest in
H2 elimination reactions.6 In many cases these reactions are
associated with significant energy barriers for both the for-
ward and the reverse reactions. Usually this gives rise to

E.L. Øiestad et al., Eur. Mass Spectrom. 1, 121–129 (1995) 121

© IM Publications 1995, ISSN 1356-1049



translational energy releases that correspond to a large non-
statistical fraction (typically of the order 0.60–0.85) of the
reverse critical energy (the energy difference between the
transition state and the separated products). The goal of our
studies is to understand better the factors that determine the
barrier height and how the translational energy release reflects
the shape of the potential energy surface.

As a part of this series of investigations we will present
results for the following three reactions.

CH3NH3
+ → CΗ2NH2

+ + H2 (1)

CH3OH2 → CH2OH+ + H2 (2)

CH3FH+ → CH2F+ + H2 (3)

Previous experimental and theoretical work has established
the energetics and general mechanisms of these reactions.
Bowers and co-workers measured translational energy re-
leases, T, for all three reactions and found the order T(1) >
T(2) > T(3).7 Nobes and Radom performed quantum chemical
calculations up to the MP3/6-31G(d,p) level [geometry opti-
mized at the HF/6-31G(d) level] which showed that the reac-
tion barriers follow the same trend.8 For all three reactions the
calculated transition structures show that the reactions are
specific 1,2-H2-eliminations. They are unsymmetrical in the
sense that the H2 molecule departs from a region in space
which is closer to the carbon atom than the hetero atom.

The purpose of this paper is to examine the reaction mecha-
nisms in greater detail, based on precise measurements of the
translational energy release distributions accompanying each
reaction as well as on theoretical calculations. Because the
three analogous reactions are isoelectronic (N, O and F are
neighbours in the periodic table) it would be of great interest
to see how the mechanisms and barrier heights are affected by
the nature of the hetero atom.

Experimental

Measurements of translational energy release were made
using a four sector (EBEB-geometry, V0 = 10 kV) mass spec-
trometer (JMS-HX/HX110 A, Jeol Ltd). To obtain metastable
ion decomposition profiles, the reactant ion was selected using
the two first sectors. Decompositions occuring in the third
field-free region were then recorded by scanning the second
E sector (MIKE scan).2c Intermediate energy defining slits
were set narrow to obtain the highest possible energy resolu-
tion, which for this instrument is better than 0.1%. To arrive
at translational energy release distribution functions free from
instrumental effects, the metastable peak profiles were ana-
lysed using the method of Rumpf and Derrick.9 The CH3NH2,
CH3OH and CH3F samples were obtained from commercial
sources and used without further purification. Protonation was
achieved by employing a standard chemical ionisation source
using H2 as the reagent gas. Under these conditions H3

+ is the
proton transfer agent, and proton transfer to all three neutral
molecules is highly exothermic.

Theoretical methods

Quantum chemical calculations were carried out using the
program systems GAUSSIAN 9210 and SIRIUS/ABACUS.11

Three different basis sets were used: the small 3-21G basis,
the medium sized 6-31G(d,p) and the large basis 6-
311+G(2dp,2df). The quantum chemical methods used were
Hartree–Fock (HF) and Møller–Plesset perturbation theory to
second (MP2), and fourth order (MP4).

All relevant critical points (the reactant, transition structure
and products) of the potential energy surface were charac-
terized by complete optimization of the molecular geometries
at all levels of theory, except MP4/6-311+G(2dp,2df) for
which the optimized MP2/6-31G(d,p) geometries were used.
Harmonic frequencies were obtained by diagonalizing the
mass-weighed Cartesian force constant matrix, calculated
from analytical second derivatives of the total energy (the
Hessian). Harmonic frequencies obtained in this manner were
used to calculate the zero point vibrational energies (zpve) as
described below.

Relative energies were calculated by including the MP2/6-
31G(d,p) zero point vibrational energies scaled by a factor12

of 0.94.
The geometrical parameters reported are from the MP2/6-

31G(d,p) calculations. The method used for the dynamic
reaction path calculations has been described previously.13

The ab initio potential energy surfaces

Reaction thermochemistry

The key results of the quantum chemical calculations for
Reactions 1–3 are given in Tables 1 and 2. Some of the results
have been reported previously.8,14 Table 2 also includes experi-
mental data15 for comparison. The geometries of the transition
structures are reproduced in Figure 1.

Clearly, the HF/3-21G reaction enthalpies are too large
when compared with experimental data. The situation is sig-
nificantly improved at the HF/6-31G(d,p) level. As expected,
the MP2/6-31G(d,p) and MP4/6-311+G(2dp,2df)//MP2/6-
31G(d,p) results are in good agreement with experiment.

Barrier heights

From Table 2 it can be inferred that the Hartree–Fock
barrier heights are significantly higher than those obtained at
more elaborate levels of theory. This is in line with previous
experience which has shown that Møller–Plesset theory used
in conjunction with large atomic basis sets give reliable values
for barrier heights.6f Unfortunately, no measurements of the
energy barriers for Reactions (1)–(3) exist in the literature, so
a direct evaluation of the calculations can not be made. We
will therefore have to rely on the “best”  theoretical calcula-
tions (the second last column of Table 2) and use them as
estimates of the corresponding experimental figures.
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Intermediate ion induced-dipole complex

Before discussing the nature of the transition structures it
is important to identify which potential energy minima they
connect and get some idea about the changes in binding that
take place along the minimum energy path. For each reaction
the minimum energy structure on the reactant side corre-
sponds to CH3XH+ (X = NH2, OH and F). However, on the
product side the minimum corresponds to an ion induced-
dipole complex of the type H2⋅⋅⋅CH2X+, and not as one perhaps

might expect, the experimentally observed products CH2X+ +
H2.

The existence of intermediate ion–molecule complexes of
transient lifetimes during unimolecular fragmentation is well
established.16 Ion induced-dipole complexes with H2 have
been observed in high pressure mass spectrometric experi-
ments, and are weakly bonded, mainly as the result of the low
polarizabi l i ty of the H2 molecule1l7 Our MP4/6-
31l+G(2df,2pd)//MP2-6-31G(d,p) (including zpve) calcula-
tions show that the bond dissociation energies of the

HF/3-21G HF/6-31G(d,p) MP2/6-31G(d,p) MP4/6-
311+G(2df,2pd)//
MP2/6-31G(d,p)

Experimental

Molecule Hartrees Hartrees Hartrees Hartrees kJ mol–1

CH3NH3
+ (1)  –95.05934  –95.58887  –95.91646  –96.05247 201.4

CH2NH2
+ (i )  –93.86284  –94.39472  –94.69164  –94.81409 137.5

CH3OH2
+ (2) –114.72492 –115.35732 –115.68943 –115.84867 163.1

CH2OH+ (ii ) –113.51414 –114.16787b –114.46975 –114.61563 103.1

CH3FH+ (3) –138.53677 –139.28989 –139.60513 –139.79142 124.6

CH2F
+ (iii ) –137.32802 –138.09875b –138.38321 –138.55700  69.2

H2 (iv)   –1.12296   –1.13133   –1.15766   –1.17022  25.9

H2⋅⋅⋅CH2NH2
+ (I )  –94.98639 —  –95.85004  –95.98732 165.8

H2⋅⋅⋅CH2OH+ (II ) –114.63801 — –115.62877 –115.79022 133.1

H2⋅⋅⋅CH2F
+ (III ) –138.45389 — –139.54417 –139.73528 102.2

TS1 (1 → I )  –94.87839  –95.43291  –95.76839  –95.91189 178.7

TS2 (2 → II ) –114.56271 –115.22736 –115.57543 –115.74130 146.2

TS3 (3 → III ) –138.40581 –139.18240 –139.52111 –139.71170 114.1
aZero point vibrational energies [MP2/6-31G(d,p)], scaled by a factor of 0.94.
bValue taken from Reference 8.

Table 1. Energies obtained from the quantum chemical calculations.

Molecule

HF/3-21Ga HF/6-31G(d,p)a MP2/6-31G(d,p)a MP4/6-
311+G(2df,2pd)//
MP2/6-31G(d,p)a

Experimental, ∆Hf,298
c

CH3NH3
+ (1)

CH2NH2
+ (i ) + H2 (iv )

TS1 (1 → I )

0        
155 (193)
453 (475)

0        
127 (165)
387 (410)

0  
138
366

0  
141
347

0  
134
—

CH3OH2
+ (2)

CH2OH+ (ii ) + H2 (iv )
TS2 (2 → II )

0        
197 (231)
409 (426)

0        
119 (153)
324 (341)

0  
129
283

0  
131
265

0  
136
—

CH3FH+ (3)
CH2F

+ (iii ) + H2 (iv )
TS3 (3 → III )

0        
196 (225)
334 (344)

0        
128 (157)
272 (282)

0  
139
210

0  
139
199

0  
155
—

aEnergies, from Table 1, including zero point vibrational energies, value in parenthesis is without zero point correction.
bEnthalpies, from Reference 15.

Table 2. Relative energiesa and enthalpies,b in kJ mol–1.
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intermediate H2⋅⋅⋅CH2X+ complexes (with respect to dissocia-
tion to fully separated products) are 5.5, 7.4 and 14.1 kJ mol–1

for X = NH2, OH and F, respectively. The two steps of the
reactions under study are therefore:

CH3XH+ → H2⋅⋅⋅CH2X+ → CH2X+ + H2 (4)

Simultaneous bond making and bond breaking

The overall classification of the three reactions is that they
are 1,2-eliminations. This means that one of the two elimi-
nated hydrogen atoms originates from the X atom and the
other comes from the C atom. To arrive at the transition
structure of the rate determining step (Step 1 of the equation
above) both the C–H and X–H bond distances have to be
increased from their equilibrium values in CH3XH+. Although
stretching of the two bonds is synchronized it is clear that the
X–H bond is far more stretched than the C–H bond in each of
the transition structures. In all three transition structures the
centre of mass of the departing H2 moiety lies above the carbon
atom. A bonding situation with multi-centre bonds that bears
some resemblance to that found in the hypervalent structure
CH5

+ can in fact be deduced.l8

It has been suggested that 1,2-eliminations have large
barrier heights because they are “symmetry-forbidden”  ac-
cording to the Woodward–Hoffmann rules.19 Our calculations
show that adoption of these rules to the present case is of little
value, taking the clearly asymmetric nature of the transition

structures into consideration. Nevertheless, we must recog-
nize the quite complicated and energy demanding electronic
reorganization that takes place during the reactions: Two
bonds are broken and two new bonds are formed (the C–X
bond becomes a double bond). The high barriers can be
explained by the concerted nature of the reaction, because
bonding in the transition structures is far from optimum with
several half-formed and half-broken bonds.

Barrier height and proton affinity

It is not immediately evident why the three reactions have
greatly different barrier heights (Table 2). In order to reveal
the factors which determine the barrier heights the energy
diagram in Figure 2 was constructed. The zero point corre-
sponds to the situation where the neutral molecule CH3X and
H+ are fully separated. The energy scale is set to correspond
to the enthalpy gained as the proton approaches the CH3X
molecule from infinity. In this way, the energy of the reactant
ion is equal to the negative proton affinity of the molecule.

The space around the CH3X molecule can be divided into
two regions depending on the side from which the proton
arrives. If the proton arrives from the right-hand side (with
regards to CH3X) this will give protonation on the atom X via
a minimum energy pathway leading to the CH3XH+ minimum.
If the proton arrives from the left-hand side hydride abstrac-
tion will take place via a minimum energy pathway leading to

Figure 1. Geometrical structures of reactants, transition structures and the product-like intermediates computed at MP2/6-
31G(d,p).
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the H2⋅⋅⋅CH2X+ minimum. One single minimum energy path
can be envisaged which divides the two regions.

This specific path does not end up in either of the described
minima, but will instead end up in the transition structure that
connects the two minima.

Plots of the critical energies, Ea, Eb′ and Eb (definitions
given below), of the Reactions 1–3 versus the potential energy
of CH3XH+ [which according to the definition adopted above
is identical to –PA(CH3X)], gives (in kJ mol–1) the following
linear relationships:

Ea = 0.50 PA(CH3X) – 104 (5)
 (Goodness of fit: R = 0.993)

Eb′ = 0.48 PA(CH3X) – 219  (6)
(Goodness of fit: R = 1.000)

Eb = 0.50 PA(CH3X) – 248 (7)
 (Goodness of fit: R = 1.000)

In these equations the critical energy is the difference
between the transition structure and each of the following: The
reactant (CH3XH+), Ea, the intermediate (H2⋅⋅⋅CH2X+), Eb′, and
the separated products (CH2X+ + H2), Eb. These correlations
indicate a correspondence between the barrier height and the
proton affinity of the molecule CH3X.

Various approaches to construct simplified potential en-
ergy models based on these correlations were tried. The fol-
lowing two-dimensional potential energy function was found
to fit the calculated potential energy data in a satisfactory
manner, while at the same time being simple to interpret.

V(n1,n2) =
–PAl[l – (1 – n1)2] – PA2[1 – (1 – n2)2] + E*n1n2 (8)

One will see that this model is rather rudimentary in that a
four-dimensional representation required to incorporate all
bonds being formed and broken is reduced to a two-dimen-
sional one. In the equation n1 represents a representative
(average) bond order of the two bonds to be broken and n2 is
the bond order of the two bonds to be formed. The quantities
PA1 and PA2 are the potential energies of the reactant and the
product, respectively. PA1 turns out to be the proton affinity of
the molecule CH3X. The relationship PA2 = PA1 – ∆E with ∆E
≈ 130 kJ mol–1 is seen to be valid for all three reactions.

The parameter E* was then fixed to fit the value of Ea for
the particular reaction, with the restriction n1 + n2 = 1.00. The
values obtained for this parameter (reaction number, and the
corresponding bond orders found) were E* = 2770 kJ mol–1

(1, n1 = 0.44, n2 = 0.56), 2188 kJ mol–1 (2, n1 = 0.42, n2 =
0.58) and 1585 kJ mol–1 (3, n1 = 0.37, n2 = 0.63). It was found
that the following holds true

E* = 4.00[PA (CH3X) – 208]  (9)
(Goodness of fit: R = 0.99)

The bond orders determined for the transition states may
give some clue about the degree of progress the reaction has
made in passing from the reactant to the transition structure.
The bond order n2 has its largest value for Reaction 3 (X = F),
which indicate that this reaction has the most “ late”  transition
state of the three, although all three n2 values are seen to be
relatively similar.

Another indication of the reactions’ progress in the transi-
tion states can be found from the bond distances of Figure 1.
This Figure shows that in terms of H–H bond formation,
Reaction 1 (X = NH2) is most evolved. In sharp contrast,
comparison of the C–X bond distances shows that Reaction 3
is most evolved. Although many empirical relationships be-
tween (the unobservable quantity) bond order and bond dis-
tance have been proposed, no simple equation has so far been
demonstrated to be of general validity. The conclusion of this
discussion is that an objective measure of the degree of reac-
tion cannot be found in the present case.

Polar reaction model: electron switching

Based on the Relationships 5–7 and 9 it makes sense to
describe the reactions as intramolecular proton transfers from
X to a methyl H. The key factor in determining the barrier
height is the ease by which H+ can be partly removed from X
and at the same time be transferred to the accepting H atom.
An analogous correspondence has been found for H–X elimi-
nations from alkyl halides (X = halide atom). For such reac-
tions there exists a correlation between Ea and the heterolytic
bond dissociation energy (in contrast to the homolytic) of
R–X, which indicates a polar character (R+ X–) of the transi-
tion state.20

Because all three reactions have approximately equal ∆E
≈130 kJ mol–1, and because they appear to be roughly equally

Figure 2. Potential energy diagrams of the three reactions
(see text for reference).
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progressed in the transition structure, the reaction enthalpy
factor seems to be unimportant in determining the barrier
heights. It therefore appears that the only important factor is
how easily a proton (hydrogen) can be transferred within the
molecule. In none of the reactions is a naked proton trans-
ferred, but the polar character of the reactions is emphasized.
A low barrier would be indicative of good electronic overlap
between the moving proton and the donor (X) and acceptor
(methyl H) sites along the reaction path. An electronic switch-
ing mechanism is proposed. As the proton departs from X,
electron density is transferred back to X. The ease by which
this takes place is related to the proton affinity of CH3X, i.e.
some degree of CH3XH+ → CH3X + H+ is noticed. In order
for the methyl H to accept the moving proton it has to develop
some hydride character. The required electron density has to
be transferred from its C–H bond. This leads to electron
deficiency at the carbon atom which in turn is compensated
by π-donation from X, by which the C=X bond is formed.
π-donation is, however, hampered until the electron density
on X has reached a certain amount. One can now see that the
electronic overlap of the proton strongly depends on the
simultaneous availability of electron density on the donor and
acceptor sites. The ease by which electron switching can take
place via the molecular skeleton is, however, not the same in
the three molecular systems. For a molecule with high proton
affinity (e.g. X = NH2), electron switching via the molecular
skeleton is delayed compared to a molecule with lower proton
affinity (e.g. X = F). This leads to an imbalance between the
unfavourable C–H bond breaking and the favourable C=X
bond formation.

Translational energy release measurements

Measurements were performed according to the procedure
described in the Experimental section. The conditions in the
ion source were optimized for production of H3

+ (PA(H2) =
423 kJ mol–1). Upon proton transfer to CH3X, reactant ions are
produced with a surplus of internal energy.

H3
+ + CH3X → CH3XH+ + H2 (10)

CH3XH+ → CH2X+ + H2 (11)

The proton affinities of the three reactant molecules are 903
kJ mol–1 (CH3NH2), 759 kJ mol–1 (CH3OH) and 605 kJ mol–1

(CH3F) . If we take the negative of the reaction exothermicity
of Reaction 10 as the upper limit for the internal energy
deposited in the CH3XH+ ions, we get the following maximum
values: 480 kJ mol–1 (CH3NH3

+), 336 kJ mol–1 (CH3OH2
+) and

182 kJ mol–1 (CH3FH+). Comparing these values with the
calculated reaction barriers (Table 2), it seems likely that a
substantial fraction of the CH3NH3

+ and CH3OH2
+ ions will

have sufficient energy to overcome the barrier for Reaction
11. However, the CH3FH+ ions produced by Reaction 10 are
not likely to give rise to Reaction 11. This is exactly what the
experiments show. While CH3NH3

+ and CH3OH2
+ give metas-

table peaks for H2 loss with good signal-to-noise ratios, no

significant signal is observed for H2 loss from CH3FH+, de-
spite extended signal averaging. Instead, HF loss is pro-
nounced. According to previous quantum chemical
calculations the latter reaction has a barrier 82 kJ mol–1 lower
than that for H2 loss. Therefore, in the competition between
H2 loss and HF loss, the latter is totally dominating. A very
weak peak due to H2 loss can be detected, but its shape and
position indicate that it is due to fragmentation induced by
collisions with the background gas (p = 10–9 mbar).

In order to put more energy into CH3FH+, experiments with
HeH+ as proton donor were made (PA(He) = 182 kJ mol–1).
This should produce CH3FH+ ions with sufficient internal
energy, but unimolecular H2 loss was still not observed. Bow-
ers and co-workers reported measurements for unimolecular
H2 loss from all three ions, but from our experiments we
believe that their peak for H2 loss from CH3FH+ is collisionally
induced.

Figure 3 shows the MIKE peaks recorded for unimolecular
H2 loss from CH3NH3

+ (i–a) and CH3OH2
+ (ii–a). The corre-

sponding translational energy release distributions (i–b) and
(ii–b), are also shown. The distributions are rather symmetri-
cal. The extent by which the distributions deviate from perfect
symmetry is indicated by the difference between the average
(Tmean) and the most probable value (Tmp). The values of these
quantities are given in Table 3.

Of primary interest in this study is how the potential energy
difference between the transition structure and the products is
distributed among the products’ degrees of freedom. Analysis
of the data shows that a substantial part of this energy differ-
ence ends up in relative translation between the two products
formed. For the two reactions observed the most probable
value, Tmp, corresponds to 72% (Reaction 1) and 71% (Reac-
tion 2) of the reverse critical energy, Eb, obtained from the
highest level quantum chemical calculation.

The two distributions appear to be very similar. This is most
clearly seen by comparison of the ratios of the characteristic
T values (Tmp and Tmean) and the ratios of the widths of the two
distributions. The widths of the distributions, measured at half
height (∆Tfwhm), are 0.62 eV (Reaction 1) and 0.40 eV (Reaction
2). A ratio of 3 : 2 can thus be inferred. The T0.5 values bear no
obvious physical relationship to the form of the distributions,
except that they are 12–13% higher than Tmp.

Ab initio reaction dynamics

Ab initio direct dynamics calculations of gas phase reac-
tions have now become possible thanks to progress in com-
puter hardware and more efficient algorithms for the
time-consuming steps during ab initio computation.6e,l3,21

Each reaction trajectory is obtained by step-by-step integra-
tion of Newton’s equations for motion of the nuclei. One great
advantage of this direct approach is that because the ab initio
energy and its first and second derivatives are calculated en
route, it becomes unnecessary to construct a complicated
multi-dimensional analytical model potential energy function
prior to the dynamical calculation.
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The high computational cost of this direct method puts
severe limitations on the quality of the electronic wave func-
tion and the number of trajectories that may be calculated. The
quantum chemical procedure chosen was HF/6-31G(d,p)
which according to the results obtained above should be
sufficiently precise. For comparison, HF/3-21G was applied
in a parallel set of calculations. For each reaction and each
wave function one representative trajectory was calculated as
explained previously.13 Integration was started at the geometry
of the transition structure and proceeded towards completely
separated products. At the end of the trajectory the dynamical

situation was analysed and the translational energy release
obtained. The results are given in Table 4 and Figure 4.

The left-hand side of Figure 4 shows the geometries of the
three transition structures. The most pronounced contributions
to the reaction coordinate in each case are indicated with
arrows (mass weighed atomic displacements). It is clear that
the three transition states have many features in common. The
main contribution to the reaction coordinate is movement of
the proton from X to H as already discussed. If the position of
the moving proton is defined by the radius vector, r , from the
carbon atom to the proton, the displacement is seen to be

Figure 3. MIKE peaks (a) and the corresponding translational energy release distributions (b) for Reactions 1 and 2. For Reaction
1 reactant ions were transmitted at a ESA half voltage of 497.85 V. The corresponding value for Reaction 2 was 498.15 V.

This work Literature

Reaction Tmp (eV) Tmean (eV) T0.5 (eV) T0.5 (eV)

1: CH3NH3
+ (1) → CH2NH2

+ (i) + H2 (iv) 1.54 1.49 1.75 1.75b

2: CH3OH2
+ (2) → CH2OH+ (ii ) + H2 (iv) 0.98 0.93 1.10 1.04,b 0.93b

3: CH3FH+ (3) → CH2F
+ (iii ) + H2 (iv) n.o.a n.o.a n.o.a 0.12b

aUnimolecular reaction not observed (n.o.), narrow (approximately 0.3 eV) collisionally induced peak detected.
bReference 7.

Table 3. Translational energy releases, experimental.
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almost perpendicular (tangential) to this. The imaginary fre-
quencies associated with the three reaction coordinates are
(MP2, unscaled): 1284, 1316 and 1345 cm–1. The strong re-
semblance among the three potential energy surfaces in the TS
region is also reflected in the similar values of the real frequen-
cies associated with a normal coordinate that coincides with
displacement along the radius vector, r . The frequencies are
2215, 2266 and 2202 cm–1 for each of the three reactions,
respectively.

From the similaries of the PES topographies it was ex-
pected that at the outset of the downhill motion from the TS,
the forces which govern the reaction dynamics would essen-
tially be the same. The most obvious modifying factor during
the course of the downhill motion would then be associated
with the different barrier heights. The right-hand side of
Figure 4 shows “snapshots” taken during this stage of the
reaction. In each instance the path followed by the H2 mole-
cule relative to the ionic fragment is seen to be essentially the
same. It is noticeable that no significant rotational motion is
induced in the H2 fragment. Moreover, the vibrational motion
induced in H2 is only of the order of 5% of the available energy.
These findings are indications of the concertedness of the
reaction mechanism. Both H atoms of the H2 moiety experi-
ence a similar average resultant force which works efficiently
through the centre-of-mass. This force is the result of the
repulsion induced during the simultaneous formation of the
H–H and C=X bonds which are parallel in the transition
structure.

The previous section showed that the HF procedures sys-
tematically over-estimate barrier heights compared to MP
methods. The absolute translational energy releases will there-
fore reflect this. For a meaningful comparison between theo-
retical and experimental data the ratio T/Eb was calculated in
each case. One has to take into account that the method used
is purely “ classical”  with respect to nuclear motion. For this
reason zero point vibrational energy was not included in the
Eb values used (the values in parenthesis in the second and
third column of Table 2). A comparison between the experi-
mental and theoretical T/Eb ratios shows that both wave func-
tions give results in good accordance with experiment.

Despite the fact that the intermediate H2⋅⋅⋅CH2X+ com-
plexes are associated with reasonably deep potential energy
wells, they are not observed as the ultimate reaction products
during unimolecular decomposition of energetic CH3XH+

HF/3-21G HF/6-31G(d,p)

Reaction T (Hartrees) T/Eb T (Hartrees) T/Eb

1: CH3NH3
+ (1) → CH2NH2

+ (i) + H2 (iv) 0.07957 0.74 0.07018 0.75

2: CH3OH2
+ (2) → CH2OH+ (ii ) + H2 (iv) 0.05158 0.69 0.05722 0.80

3: CH3FH+ (3) → CH2F
+ (iii ) + H2 (iv) 0.03688 0.81 0.03881 0.81

Table 4. Translational energy releases, from ab initio direct dynamics calculations.

Figure 4. Transition structures with reaction coordinate indi-
cated (left) and superimposed images of the reactions (right)
from the trajectory calculations [HF/6-31G(d,p)] for CH3NH3

+

→ CH2NH2
+ + H2 (1), CH3OH2

+ → CH2OH+ + H2 (2) and CH3FH+

→ CH2FH+ + H2 (3). Images are shown for t = 0, 20, 25, 30,
35, 41, 45, 50, 55, 57 fs (Reaction 1), t = 0, 10, 16, 20, 25,
30, 40, 46 fs (Reaction 2), and t = 0, 11, 15, 20, 25, 30, 35,
40, 45 fs (Reaction 3). The time t = 0 corresponds to the
transition structure, and the movements of each atom from
the transition structure to separated products can be fol-
lowed. The colour codings are H (open circles), C (darkest
grey shade), X (hetero atom, lighter grey shade).
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ions. It is clear that the kinetic energy accumulated in the
reaction coordinate is more than sufficient to overcome the
attraction of the H2⋅⋅⋅CH2X+ potential energy well. For this
reason only the separated products are observed. The influ-
ence of the energy minima can, however, be inferred from the
observation of a slight decrease in the interfragment velocities
during the last stage of the dissociations, i.e. after the complex
structure is passed.

One shortcoming of our trajectory calculations is the ne-
glect of quantum mechanical phenomena. An extension to the
present study would be to include zero point vibration of the
transition state. A semi-classical approach to this is practically
feasible and would include statistical sampling of a set of
different initial conditions in accordance with the zero point
vibrational energy distribution. This would lead to a large
number of trajectories for each reaction, and would therefore
only be possible for the simplest quantum chemical proce-
dures. Recent work by Chen et al. has demonstrated that in
one case the complete experimental translational energy dis-
tribution was successfully reproduced.2lc
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