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Abstract
Bond rearrangement, specifically the formation of H+

2 and H+
3 after ionization of methane and

ammonia by fast (4 MeV) protons, is studied in both the common and deuterated isotopes of
those molecules. Our coincidence time-of-flight measurements show that the relative
probability of H+

2 and H+
3 production from ammonia is higher for the lighter isotope,

contradicting the common intuition that the rearrangement occurs on the timescale of the
dissociation. The isotopic effects in methane were much smaller. The relative probability of
bond rearrangement leading to H+

2 increases with the number of hydrogen atoms in the target.
Unexpectedly, however, formation of H+

3 is less likely from a methane target than from
ammonia. We examined this result by calculating the ionic potential energy surface in reduced
coordinates, corresponding to a symmetric stretch of a H+

3 triangle away from the remaining
C–H complex or nitrogen atom. From both the experiment and the model calculation, we find
evidence to support the hypothesis that the bond rearrangement in these collisions proceeds as
a two-step process in which a sudden ionization is followed by a slow molecular dissociation.

(Some figures in this article are in colour only in the electronic version)

Selective fragmentation of molecular bonds has long been
a goal [1–4] of chemical control. With the use of ultrafast
lasers in conjunction with pulse shapers [5, 6] and closed-
loop feedback algorithms [7–9], selective ionization and
fragmentation have been achieved on a number of occasions,
e.g. [10–14]. The next step, forming new molecular bonds, has
proven more difficult, and reports of success have been rare
[15]. Further developments in this area may depend on a better
understanding of the bond rearrangement process. A difficulty
in stimulating selective cleavage and bond rearrangement is
that the ionizing radiation that fragments the molecule often
creates an unstable transient excited state of the molecular
ion. Many of these excited potential energy surfaces can be

3 Current address: University of South Dakota.
4 Current address: University of Wisconsin.
5 Current address: University of California, Berkeley.

quite repulsive. Franck–Condon transitions to these surfaces
therefore result in large kinetic energy release (KER) and,
thus, high velocity fragments. In the case of intense-laser
fragmentation, these potential energy surfaces are buffeted
by the complicated time-dependent electric field of the laser
as well, making it seem unlikely that a bond-rearrangement
process could occur. In light of this reasoning, it is somewhat
remarkable that bond rearrangement has been observed in a
few cases, such as the formation of CH3CO from (CH3)2CO
[15], the formation of H+

2 from water [16], the formation of
H+

3 from various larger hydrocarbon molecules [17], and the
isomerization of acetylene into a vinylidene dication leading
to CH+

2 + C+ [18, 19].
As Mathur and Rajgara have recently pointed out [20], the

technique of creating the ionizing electric field with charged
particles rather than an intense laser pulse offers an alternative
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method of studying bond rearrangement. For 4 MeV proton
impact, the duration of the electric field seen by the few-
angstrom target molecule is about 10 attoseconds, a timescale
that is fast compared to any internal motions of the molecule.
Thus, the extremely fast, broadband, incoherent electric field
produced by fast ion impact makes an excellent baseline test
for probing the mechanisms underlying bond rearrangement.

Of the rearrangement processes listed above, those leading
to the formation of H+

3 are among the most interesting. As the
simplest polyatomic molecular ion, H+

3 is a natural theoretical
benchmark, but it has also attracted attention because of
its central role in interstellar chemistry [21]. H+

3 may be
thought of as a hydrogen molecular ion combined with an
additional hydrogen atom, forming an equilateral triangle at
equilibrium with bond lengths of 1.650 [22, 23]. (Atomic
units are used throughout unless otherwise specified). From
the bond rearrangement perspective, the formation of H+

3 is
more complicated than the formation of H+

2 [24–27] or the
isomerization of a single proton [28–30] since more atoms
and bonds are involved. Moreover, H+

3 has an unusually
complex structure for a triatomic molecule since unlike linear
or bent configurations, each atom is bonded to every other
atom. Despite this relative complexity, H+

3 is known to exist in
plasma environments [31] and has been observed as a product
resulting from ion–molecule collisions. These collisions have
involved a range of molecular targets, including very large α-
and β-alanine molecules [32], methanol [33] and even methane
[34, 35], which has near the minimum number of hydrogen
atoms needed to form H+

3. Given that H+
3 formation seems to

be so general, one can reasonably ask a few questions: will H+
3

form in a collision process in which the target has only three
hydrogen atoms? Since H+

3 is an equilateral triangle in its
ground-state configuration, does it help if the parent molecule
also contains a H+

3 triangle configuration? Does the number
or size of the triangles in the target change the probability of
rearrangement?

Substitution of deuterated targets prompts two additional
questions. First, does the timescale of the dissociation
influence the probability of the rearrangement? For the same
KER, deuterium atoms and ions have a lower dissociation
velocity. The higher mass also restricts the size of the initial
nuclear wavefunction, and therefore the vertical ionization
could initially populate a different region of the ionic potential
energy surface (PES). This idea underlies the explanation of
isotopic effects in H+

2 formation from water [24, 27]. Will the
mechanisms leading to formation of the H+

3 behave in a similar
way?

Targets with three or more hydrogen atoms which can
rearrange to form H+

3 can also undergo a simpler process that
produces H+

2. This offers an opportunity to compare the two
processes and see if the results for the H+

2 and H+
3 ions follow

the same trends. Our goal in this work is to build upon our
experience with bond rearrangement in water [24, 25, 36–38]
by examining these questions as the number of hydrogen atoms
in the target molecule increases.

We have examined production of H+
3 and H+

2 following
ionization of ammonia or methane by 4 MeV protons.
Ammonia and methane have similar molecular structure, with

the fourth hydrogen atom in methane occupying the location
taken by the lone electron pair attached to the nitrogen atom in
ammonia. This extra proton, however, significantly increases
the number of geometric combinations that could lead to bond
rearrangement. Namely, in methane there are six possible
ways to form H+

2 from adjacent hydrogen pairs and four ways
to form H+

3 triangles, compared to three ways to form H+
2 pairs

and one way to form an H+
3 triangle in the ammonia molecule.

Therefore, one would intuitively expect that methane would
produce more bond rearrangement than either water [24] or
ammonia. Furthermore, if the rearrangement follows a slower
dissociation–recombination pathway, one would assume that
the proximity of the protons would play a key role, as
would the dissociation velocity. In order to examine these
factors, we substituted deuterated ammonia and methane in
the experiment, since for the same KER, the heavier D+ ions
move more slowly. In contrast, a bond rearrangement model
that emphasizes the pre-dissociation stimulation of excited
bending modes in the molecule [27] might well favour the
lighter isotopes because of the larger extent of the nuclear
wavefunction for the less massive protons. As mentioned
previously, in this model the more massive deuterium atoms
have a narrower spatial distribution for their initial nuclear
wave packets, making it less likely that the ionization will land
them on a repulsive ionic potential energy surface (PES) that
leads to bond rearrangement. Collectively, the water, ammonia
and methane targets (and their isotopes) should provide an
interesting set of comparative data.

Our measurement used a coincidence time-of-flight
technique and apparatus that have been described in several
other reports [34, 35, 39, 40] and are therefore only
summarized here. A bunched beam (<2 ns bunch width)
of 4 MeV protons was accelerated by the J R Macdonald
Laboratory tandem Van de Graaff accelerator, collimated, and
directed into a cell containing a thin target of ammonia or
methane. At these velocities, electron transfer to the projectile
may be neglected. It is important to note that the use of the
bunched beam eliminates the need for projectile detection as
part of the time-of-flight measurement, and therefore we can
collect data at much higher rates, allowing analysis of less
likely channels in a reasonable amount of time. The target
ions produced were accelerated using a strong extraction field
towards a 40 mm diameter MCP detector. The time-of-flight
(TOF) spectrometer used was a two-stage Wiley–McLaren
design [39, 41]. The time-of-flight of the different ions relative
to a signal synchronized with the beam bunch was recorded
by three time-to-amplitude converters of a multi-stop system
[40]. The strong extraction field ensured that nearly all ions
were collected, although this meant that the time difference
between multiple fragment protons was small. As a result,
we could not discern channels that included proton–proton
ion pairs (or triples). For the present experiment, which was
concerned mostly with H+

2 and H+
3 production, this problem

presented little difficulty.
In the analysis of the data, we had to take into account

‘lost fragments’ due to a detector efficiency of less than 1,
15N and 13C isotopic abundances in our target, background
contributions from residual water and air, and the rare
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Table 1. Top: relative yield of the major bond rearrangement channels in 4 MeV proton collisions with ammonia targets. Relative yields are
with respect to NH+

3 (or ND+
3), the main single ionization channel. Bottom: the same results, except for 4 MeV protons colliding with

methane. Relative yields are with respect to CH+
4 and CD+

4. The CH4 results have been previously published in a different form. (Our
present CH4 results were compared to earlier data obtained with the same apparatus [34] and found to be consistent, although the earlier
experiment had somewhat higher statistics. The higher statistics values are used here. The older experiment, however, did not examine any
isotopic differences, and thus the results from the CD4 target shown in table 1 are from the present experiment.).

NH3 Relative yield ND3 Relative yield

H+
2 (3.93 ± 0.52) × 10−3 D+

2 (4.18 ± 0.60) × 10−3

H+
2 + NH+ (2.85 ± 0.38) × 10−4 D+

2 + ND+ (1.91 ± 0.32) × 10−4

H+
2 + N+ (4.86 ± 0.78) × 10−5 D+

2 + N+ (9.02 ± 1.95) × 10−6

H+
3 (1.13 ± 0.12) × 10−4 D+

3 (3.73 ± 0.53) × 10−5

CH4 Relative yield CD4 Relative yield

H+
2 (4.40 ± 0.38) × 10−3 D+

2 (6.78 ± 0.27) × 10−3

H+
2 + CH+

2 (2.3 ± 0.3) × 10−3 D+
2 + CD+

2 (3.24 ± 0.29) × 10−3

H+
2 + CH+ (1.8 ± 0.2) × 10−4 D+

2 + CD+ (1.71 ± 0.19) × 10−4

H+
2 + C+ (1.1 ± 0.2) × 10−4 D+

2 + C+ (8.74 ± 1.41) × 10−5

H+
3 + CH+ (2.0 ± 0.3) × 10−5 D+

3 + CD+ (2.76 ± 0.64) × 10−5

H+
3 (4.80 ± 0.50) × 10−5 D+

3 –

occasions when one beam bunch ionized multiple target
molecules. The main aspects of the necessary analysis are
described in [34] and some details specific to the NH3 and
CH4 targets are presented in our recent report of 19 MeV F7+

collisions with these targets [42]. Therefore, we mention only
a few key details below. Compared to the highly-charged
ion impact data [42], conversion to relative cross sections and
fragmentation branching ratios for the present proton impact
experiment were relatively straightforward because the weaker
interaction reduces the amount of multiple ionization.

One analysis point to highlight is the subtraction of
contributions from residual water when using CD4 or ND3

as a target. In these cases, there are multiple contributions
to the TOF data at a mass-to-charge ratio of 18, and so the
usual procedure of normalizing the H2O+ peaks in the target
and background runs and then subtracting the residual water
contribution from the target run does not work. We used two
different methods of normalization in this case: (1) using
the O2+ peak as a normalization when the O2+ yield was
sufficient and (2) assuming the ratio of NH+

2/NH+
3 (CH+

3/CH+
4)

was the same as the ratio of ND+
2/ND+

3 (CD+
3/CD+

4). Both
methods yielded consistent results. The other complication,
which was only a factor for the ND3 data, was the problem
of proton/deuteron exchange between the ND3 and surfaces
in the chamber, leading to the creation of ND2H and a very
small amount of NDH2. It is important to note that for the
D+

3 and D+
2 + ND+ channels the parent ion is unambiguous.

The ND2H+/ND+
3 ratio was evaluated to be 9.0 ± 0.91%, and

the correction method is described in [42]. Our main results,
the relative yield of the major bond rearrangement channels
resulting from 4 MeV proton collisions with ammonia and
methane, are presented in table 1.

Single ionization dominates for these projectiles, so it
is unsurprising that the largest channel resulting in a H+

2 or
H+

3 from ammonia is simply H+
2 with some combination of

neutral fragments. Formation of the more complicated H+
3 is

less probable, as illustrated by the fact that the main ion-pair
channel, H+

2 + NH+, is over twice as likely as single ionization

leading to H+
3. The H+

2 + N+ channel is nearly six times less
likely than the H+

2 + NH+ channel. This decrease in probability
for channels in which an extra hydrogen is liberated most
likely indicates that these channels proceed through excited
states which require more energy to access. This hydrogen
‘boil-off’ effect is a common theme in our data. The isotopic
effects, where present, all favour more bond rearrangement in
the lighter NH3 molecule. This is similar to the behaviour
reported in water [26, 37], in which H2O exhibited the most
H+

2 production, followed by HD+ from HDO and D+
2 from

D2O, respectively. The channels with the largest isotopic
effects are the H+

3 and H+
2 + N+ channels. The magnitude

of these isotopic effects is interesting: the measured H+
3/D+

3
ratio is 3.0 ± 0.5, and the measured [H+

2 + N+]/[D+
2 + N+]

ratio is even larger, 5.4 ± 1.5. The latter ratio indicates that
the ‘boil-off’ effect mentioned above is more significant for
the heavier isotopologue of ammonia, with the D+

2 + ND+

channel approximately 21 times more likely to occur than the
D+

2 + N+ channel. The origin of this isotopic dependence
is not completely clear, but we can suggest two avenues for
investigation. First, the larger mass of the deuterium isotope
decreases the amplitude of the vibrational motion compared
to a hydrogen atom, thereby reducing the spatial extent of
the nuclear wave packet. This reduced size could lead the
wave packet to reflect off different parts of the repulsive ionic
PES and hence propagate towards a different dissociation
limit. Second, the wave packet propagation slows as the mass
increases, and thus dynamic effects during the propagation
towards the dissociation limit could play a role.

As with the ammonia target, the main bond rearrangement
channels resulting from methane are the H+

2 and H+
2 + CH+

2
channels. The branching ratio for the main ion pair channel,
H+

2 + CH+
2, is surprisingly large, as has been noted previously

[20, 34, 43, 44]. While the H+
2 + NH+ channel is the largest ion

pair channel in ammonia, the H+
2 + CH+

2 channel in methane is
about an order of magnitude more likely to occur. Comparison
of the smaller bond rearrangement channels in the two targets
reveals few trends. H+

2 + N+ is less likely than H+
2 + C+,

3
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while H+
2 + NH+ is more likely than H+

2 + CH+, although one
could argue that the two-body fragmentation of ammonia into
H+

2 + NH+ is more properly compared to the larger H+
2 + CH+

2
channel in methane. Fragmentation of the parent molecule
into additional pieces consistently reduces the probability of
that final state, indicating that the ‘boil-off’ effect is present in
methane as well as ammonia.

Another curious feature of the methane data is that unlike
the ammonia and water cases, substitution of the more massive
CD4 increases the probability of bond rearrangement in the
main channels for methane. This is, of course, what would
be expected if the rearrangement occurred during the slow
dissociation. The smaller bond rearrangement channels H+

2 +
CH+, H+

2 + C+ and H+
3 + CH+ showed no isotopic dependence

within our experimental uncertainty. The D+
3 channel could not

be isolated from the C2+ channel, so no isotopic comparison
could be drawn.

Even more surprising is the decrease in H+
3 production

in methane compared to ammonia. Previous results from
water [25], and our current results listed in table 1, show
that H+

2 production follows the trend predicted by the
molecular configuration, specifically the increased number
of neighbouring H–H pairs, with bond rearrangement most
likely in methane and least likely in water. The measured ratio
of H+

2/H2O+ for 4 MeV proton impact is (1.25 ± 0.15) ×
10−3 [25]. Examination of the results presented in table 1,
however, indicate that H+

3 does not follow this intuitive trend.
H+

3 production is more likely from ammonia than methane, by
a factor of 2.35 ± 0.35. Even if the H+

3 + CH+ yield is added
to the single ion H+

3 yield in methane, H+
3 production from

ammonia is still ≈1.7 times more likely.
When viewed together, these results do not consistently

support most common intuition about the bond rearrangement
process. A slow process with the bond rearrangement
proceeding dynamically during the dissociation would more
readily occur with heavier isotopes and methane rather than
ammonia. Both the slower moving deuterium atoms and the
molecular structure of methane allow for more interaction
between hydrogen nuclei during the dissociation. While some
of the methane rearrangement channels support this view,
the isotopic effects in ammonia and water [25] show the
opposite dependence. Furthermore, adding hydrogen atoms
to the system does not always increase the amount of bond
rearrangement. Neither mass nor molecular configuration
seems to provide a simple argument that can predict the amount
of bond rearrangement that might occur.

We suggest that this dilemma can be resolved by viewing
the bond rearrangement process as an initial sudden ionization
mechanism followed by dissociation. In this model, rapid
ionization causes a vertical transition to the ionic PES of the
molecule upon which the nuclear wave packet may propagate.
Essentially, the probability of bond rearrangement involving
the hydrogen atoms in ammonia or methane depends on the
molecular configuration at the instant of the sudden ionization
step.

We tested this model to see if it could explain the relative
amounts of H+

3 production in methane and ammonia. In
order to carry out this analysis we examined the PES for

Figure 1. Top: the NH+
3 potential energy surface in reduced

coordinates. The contour intervals are 0.166 atomic units. ‘X’ refers
to the centre of mass of the H+

3 triangle. The equilibrium bond
length for an H+

3 ion corresponds to an H–X value of 0.95,
designated by the red arrow above the plot. The colour plot
represents the equilibrium vibrational population of NH3

superimposed on the ionic potential energy surface. The green line
illustrates a typical trajectory (or reaction path) for wave packet
propagation off the repulsive part of the NH+

3 PES leading to the N +
H+

3 dissociation limit. The blue line shows an alternative path off the
repulsive surface originating at a small N–X distance. Bottom: the
energy of the ionic PES as a function of the reaction path for the two
arrows drawn in the top figure. While both paths emerge near the
equilibrium size of ground state H+

3 , the blue arrow faces a smaller
activation barrier.

ammonia and methane, explicitly examining a symmetric
stretch configuration of the H+

3 triangle away from the nitrogen
atom or C–H complex. Using the Gaussian03 commercial
software package [45], we carried out ab initio all electron
calculations for the lowest energy structures of NH3, NH+

3,
CH4 and CH+

4, using fifth-order Möller–Plesset perturbative
calculations and a correlation-consistent polarized valence
double-zeta basis set [46]. To test the PES calculation, we
carried out a geometry optimization for the NH3 and CH4 PES
and found the minimum energy configurations for C3v and
Td symmetries, respectively, as expected. The results of our
PES calculation for NH3 are shown in figure 1. The contours
show the NH+

3 PES, and the colours represent the ground-
state nuclear wavefunction superimposed onto the PES.
Figure 1 is a cut through the NH+

3 PES for a symmetric stretch.
The coordinates are with respect to the centre of mass of the H+

3
triangle, which we designate as X. The ground state separation

4
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(a) (b)

(d)(c)

Figure 2. Top: calculated electron densities for NH+
3 at two

locations on the cut through the PES shown in figure 1: (a) at the
NH+

3 equilibrium location and (b) at H–X = 1.0 and N–X = 9.4, at
which point the N and H+

3 are separated. Red is high electron
density, blue is low electron density. Bottom: the same calculations
for methane, with (c) near equilibrium and (d) at H–X = 1.0 and
C–X = 10.05.

of the protons in H+
3 of 1.65 corresponds to a H–X distance of

0.95. In this representation, the N–X coordinate is the distance
of the nitrogen atom from the centre of the H+

3 triangle, and
the H–X coordinate represents the size of the H+

3 triangle.
The dissociation pathway leading to H+

3 production along this
surface would then end at a large N–X value and at an H–X
value near equilibrium for H+

3, i.e. around H–X = 0.95, as
designated by the red arrow above the contour plot in figure 1.
To verify that this path would lead to N + H+

3 and not N+ +
3H, we calculated the electron density of the NH+

3 ion near
equilibrium (H–X = 1.0) and at a large N–X value. As shown
in figure 2, the configuration at that location is indeed N + H+

3.
We have carried out similar calculations for methane, with

the results shown in figures 2 and 3. In the cut through the
CH+

4 PES, shown in figure 3, we chose one hydrogen to stay
with the carbon atom, while the other three hydrogen atoms
symmetrically move away from the carbon, leading to a H+

3 +
CH final state. Both PES calculations show that the centre of
the neutral molecule’s nuclear wavefunction is approximately
centred on the minimum of the ionic PES. As a result, the
pathways leading to the bond rearrangement outcome are
uphill, and thus only ions that are initially in highly excited
vibrational states can dissociate along these pathways, because
only this non-equilibrium population overlaps the repulsive
part of the ionic PES. As a result, these fragments should have
a relatively low KER, a conclusion that is supported by our
data [42].

Two points from these PES calculations support the
observation that H+

3 production from ammonia is more likely
than from methane. First, the equilibrium bond length in
H+

3 of 1.65 (which corresponds to H–X = 0.95) lies close
to a local minimum on the NH+

3 PES. Thus, if part of the
population makes it out of the equilibrium well on that surface
heading towards large N–X, it is energetically favourable for

Figure 3. Similar to figure 1, but for methane. Top: the CH+
4

potential energy surface in reduced coordinates. The contour
intervals are 0.055 atomic units. ‘X’ refers to the centre of mass of
the H+

3 triangle. The red arrow marks the equilibrium bond length
for the H+

3 ion which corresponds to H–X = 0.95. We have treated
one hydrogen atom as fixed to the carbon atom, as shown in figure 2
and allowed the remaining H+

3 triangle to stretch symmetrically. The
green arrow shows a typical path for the wave packet propagation
that could lead to formation of H+

3 . Bottom: energy versus reaction
path distance for the green arrow in the top plot.

the population to proceed towards a geometry consistent with
stable H+

3 formation. On the CH+
4 surface, the H–X =

0.95 point is located further up the repulsive hill, and
population would tend to be kicked out towards larger H–
X values. This would correspond to H+

3 in excited vibrational
states, which may tend to fall apart. Certainly, larger H–
X distances seem to be more accessible on our calculated
CH+

4 PES than the NH+
3 PES, because the CH+

4 PES becomes
nearly flat for H–X values above ≈5. Second, the energy
difference between the equilibrium of the CH+

4 PES and the
CH + H+

3 final state is around 6.5 eV, with the barrier being
around 6.8 eV, as shown in figure 3. Most potential wave
packet paths along this surface to the CH + H+

3 dissociation
limit have roughly the same energetic considerations. For
NH+

3, however, the difference between equilibrium and the
N + H+

3 dissociation limit is only 4.35 eV, although for most
possible wave packet paths, the barrier is much higher, over
11 eV. The repulsive surface curves slightly at very small
N–X distances, however, leading to the possibility of a more
energetically favourable path, with a barrier of less than 4 eV.
This is illustrated in figure 1. Coupled together, these two

5



J. Phys. B: At. Mol. Opt. Phys. 42 (2009) 091002 Fast Track Communication

observations form a plausible explanation for the relative
differences in H+

3 production between the two targets.
There are, of course, some issues that our model

calculations do not address. First, there are other possible
dissociation pathways leading to the production of H+

3, such
as asymmetric stretching modes, that we have not considered.
In addition, analysis of the population evolution on the ionic
PES was crude, merely pointing out various possible paths and
considering the energy barriers involved. We made no attempt
to perform a proper wave packet propagation calculation along
the PES and determine the relative probabilities for different
possible final states. We hope that this initial work will
motivate a more rigorous theoretical treatment.

These data, combined with the recent work on water [25],
suggest that a two-step picture of bond rearrangement, in
which a sudden ionization is followed by a relatively slow
dissociation, may often be applicable to small polyatomic
molecules exposed to swift electric fields. In this picture,
the sudden ionization step influences the second dissociative
step because the location of the nuclear wave packet at the
time of the rapid ionization event defines the population
distribution on the ionic PES and thus initial conditions for the
wave packet propagation along the ionic PES. If this analysis
is true, two interesting points can be made with respect to
future experiments. First, advances in attosecond technology
[47] make it possible to consider pump–probe experiments
[48] that can initiate and then track the time evolution of
the wave packet along the ionic PES of small polyatomic
molecules. Second, from the point of view of controlling
the rearrangement process, shifting the nuclear wavefunction
to a more advantageous non-equilibrium position prior to
the ionization step could prove more profitable than trying
to manipulate the wave packet on the ionic PES during the
post-ionization part of the process. Some of the isotopic
effects in ammonia and methane, however, suggest that the
details of the ionic PES and the wave packet propagation
can influence the probability of bond rearrangement as well.
Therefore, a two-step picture of bond rearrangement (i.e., a
rapid ionization followed by a slow dissociation) in which
either step may determine the amount of rearrangement, gives
the most comprehensive picture of the bond rearrangement
process.

In summary, we have examined the bond rearrangement
channels leading to the production of H+

2 and H+
3 ions

from methane and ammonia following collisions with
4 MeV protons. In order to examine the dependence on the
dissociation velocity, we substituted CD4 and ND3 for CH4 and
NH3. We find that ionizing collisions with NH3 are more likely
to produce H+

2 and H+
3 than collisions with ND3. While these

results are similar to recent results for water molecules [25],
they are counterintuitive if one imagines that the rearrangement
occurs on the timescale of the dissociation. In contrast, the
isotopic effects observed in methane (D+

2 > H+
2 and CD+

2 +
D+

2 > CH+
2 + H+

2) favour bond rearrangement from CD4. Final
states in which bond rearrangement occurs and one or more
additional protons are liberated are less likely than final states
that only involve a bond rearrangement. This ‘boil-off’ effect
is evident in both isotopologues of methane and ammonia.

Our results also fail to follow an intuitive assessment based
on increasing the number of hydrogen triangles, with more H+

3
produced in ammonia than methane. Our model calculations
suggest that the sudden ionization step is responsible for this
surprising observation. These results, coupled with similar
work on H2O [25], indicate that either the details of the nuclear
wave packet at the time of the sudden ionization or the specifics
of the wave packet propagation on the ionic potential energy
surface can influence the amount of bond rearrangement.
Thus, when considering the bond rearrangement process
in a molecule, neither of these steps should be dismissed
a priori.
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