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Abstract

We report results of an experimental investigation of the reactions of CH4
+ ions colliding at selected relative kinetic energies

in the eV region with C2H5OH molecules. Employing the “photo-electron product ion coincidence method (PEPICO),” also
the internal energy of the CH4+ ion is controlled and varied between 0 and 1.7 eV. It is found that the product ions are formed in
two steps, where the first step is either a proton transfer leading to C2H5OHH+, or an electron transfer leading to C2H5OH+. No
indication for the occurrence of rearrangement or association processes is found. The ions formed in the first direct reaction step
are found to dissociate partly, leading to a final product ion mass spectrum consisting of the six masses, 47, 46, 45, 31, 29, 19
corresponding to the ions C2H5OHH+, C2H5OH+, C2H5O+, CH2OH+, C2H5

+, and H3O+, respectively. The distribution of
the abundances of these masses is found not to change significantly when the average relative kinetic energy is varied between
0.2 and 6 eV, and the internal energy of CH4

+ is varied between 0 and 1.7 eV. (Int J Mass Spectrom 223–224 (2003) 81–89)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

At very low relative collision energies, the cross-
section for ion–molecule reactions is determined by
the “close collision” cross-section due to the ion-
induced dipole interaction[1]. In the region of thermal
energies, the capture radius corresponding to this
cross-section is considerably larger than the critical
distances at which chemical processes and even elec-
tron exchange can take place. This situation favours
reactions going through a collision complex, a con-
sequence being that, complicated rearrangement and
association processes may be possible in addition to
simple processes like electron or proton transfer. The
probabilities for processes going through a collision
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complex are approximately predictable using statisti-
cal theories. For increasing relative collision energy,
the situation changes in the 1 eV range, because the
capture radius for close collisions on the one hand,
and the critical distances for chemical reactions on
the other, become similar, and both become compara-
ble to the “size” of the combined molecular system.
In this situation, it is difficult to estimate the proba-
bilities for the various energetically possible reaction
pathways. An experimental study of ion–molecule
systems capable of the above indicated different types
of reactions in this energy range is therefore of special
interest. In addition, knowledge of the dissociation
pathways of energised protonated molecules formed
in proton transfer processes is of interest in connec-
tion with the recently developed method of “proton
transfer reaction mass spectrometry (PTR-MS)”[2],
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which has turned out to be a very powerful method for
the detection of trace gases in the atmosphere[3–5].

We present here results of a study of the ion–
molecule system CH4+/C2H5OH in the eV collision
energy range. In the sense of the introductory outline
above, we distinguish the following processes:

(i) electron exchange: CH4+ + C2H5OH → CH4 +
C2H5OH+;

(ii) proton transfer: CH4+ + C2H5OH → CH3 +
C2H5OHH+;
and the rearrangement processes that can only
occur when the collision partners get in close
contact, and possibly form a long lived complex,
for instance:

(iii) rearrangement process: CH4
+ + C2H5OH →

C3H8
+ + H2O.

Process (i) can occur by transfer of an electron at
distances larger than the typical distances necessary
for a chemical reaction involving a rearrangement of
atoms. Proton transfer (ii) is of course a chemical
process, but is distinguished in the present context
from the real rearrangement and association processes
(iii), because it involves only transfer of the light
proton, and does not necessarily require close contact
between the colliding molecules. Because of their rel-
ative simplicity—and because of the small momentum
exchange required between the colliding molecules—
we will call processes (i) and (ii) “direct processes.” It
should be remembered that, of course, the final chan-
nels that are populated in such direct processes, can
also be populated by processes going through a com-
plex. On the other hand, the distinction we have made
makes sense because if, for some reason, complex for-
mation leading to rearrangement processes does not
occur, this will become evident via the observation
of solely channels that can be populated in the direct
processes. And in addition, a different dependence on
the internal energy of the primary ion may be expected
for the two types of processes distinguished: while in
case of reactions going through a complex, the inter-
nal energy of the primary ion is fully available, this is
not so for the direct processes, where a large part of
it remains in CH3, in case of proton transfer (ii), and

in CH4 in case of charge exchange (i). The influence
of the internal energy of CH4+ on its reactions with
ethanol is studied in our PEPICO experiments.

In case of the present collision system, break-up
into three fragments is possible energetically. Cor-
responding final reaction channels containing three
fragments can be populated, in principle, either in two
well separated steps, or quasi-simultaneously. In case
of the direct reactions, a two-step mechanism appears
obvious: a sufficiently large part of the exothermicity
of the first direct process is stored in terms of inter-
nal energy in the molecular ion formed, and leads
to its further dissociation. In case of charge transfer
betweenatomic ions and polyatomic molecules, it is
well known that the recombination energy of the pri-
mary ion is deposited in a (near) resonant way in the
quasi-continuum of the energy levels of the polyatomic
molecular ion formed in the process[6–8]. In case of
charge exchange between amolecular ion and a poly-
atomic molecule, one may expect a similar behaviour,
with the modification that the recombination energy is
not well defined, leading to a larger region of possible
energy transfer to the polyatomic molecular ion.

In the scheme shown inFig. 1, we show the most
relevant reactions our present collision system can un-
dergo. At the left hand side the initial channel is shown,
at the right hand side the channels with three frag-
ments, and in the middle the reaction channels with
two fragments. The vertical positions in the scheme in-
dicate the relative energy levels of the channels. These
energy levels are calculated from thermo-chemical
data [9]. The energy values, given in electron volts
relative to the initial channel with zero internal energy,
are given in brackets for each channel. The arrows
are drawn supposing that a two-step mechanism leads
to the final channels containing three particles. In the
scheme is also indicated the range of energies within
which the internal energy (Eth) of the initial CH4

+

ion can be selected using our PEPICO method. The
bold Arabic numbers are the ion–mass numbers by
which the respective channels can be identified in the
measurement.

We point out that the scheme does not contain all
possible reaction channels. For clarity, we show only
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Fig. 1. Scheme of possible reaction channels. Also indicated the minimum channel energies relative to the initial channel with zero internal
energy, and the ion masses. The arrows are drawn supposing two-step processes leading to channels with three fragments.

one of the several possible two particle rearrangement
channels—the energetically most favourable one lead-
ing to formation of C3H8

+ and H2O—and in case
of the three particle channels we also show only the
energetically most favourable ones. Finally, in case of
the further decay of C3H8

+, the possible three parti-
cle channel{C3H6

+ + H2 + H2O (−1.25 eV)42} has
been omitted to avoid overcrowding of the scheme.

The experimental results to be presented consist of
the relative abundances of the ion fragments formed
at different relative kinetic collision energies, and at
different internal energies of the initial CH4

+. It will
be shown that a discussion of the experimental results
in terms of the reaction scheme ofFig. 1 leads to a
qualitative clarification of the occurring reactions.

2. Experimental

Our PEPICO apparatus has been described earlier
in detail [8], we therefore only briefly outline its
characteristics. The primary ions—in the present case
CH4

+—are created by photo-ionisation from neutral
molecules effusing from a source at room temperature.

Photons of 21.22 eV of the resonance radiation from a
He discharge lamp are used. The primary ions formed
are extracted by a voltage pulse (“pulse I”), and
guided into a reaction chamber containing the target
gas C2H5OH. In the reaction chamber, the primary
ions collide and react with the target gas, whereby the
kinetic energy of the primary ions is controlled, and
the target gas pressure is kept low enough to guarantee
single collision conditions. After a suitable time delay
with respect to “pulse I,” the ions residing in the reac-
tion chamber are extracted by a second voltage pulse
(“pulse II”) and analysed in a reflectron-type[10]
time-of-flight mass spectrometer. The measured mass
spectrum in this way consists of unreacted primary
ions, and ions created in collisions with CH4

+ ions
of controlled kinetic energy. If “pulse I” is applied
immediately after the detection of a photo-electron of
a certain selected energy, the mass spectrum contains
a component due to primary CH4

+ ions of selected
internal and kinetic energy.

Depending on the photon intensity and the primary
gas density, it is possible that not only the primary ion
correlated with the detected electron is extracted by
“pulse I,” but also one or even several ions for which
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the corresponding electron is not detected. These ad-
ditional ions lead to anuncorrelated component of
the measured mass spectrum. Thisuncorrelated com-
ponent can be determined by using a long delay time
between the detection of an electron and the sequence
of “pulse I” and “pulse II.” To determine the pure
correlated mass spectrum we chose the following
procedure:

• the CH4 density is adapted in such a way that, at
the given photon intensity, the ratio ofcorrelated
and uncorrelated intensities in the detected mass
spectrum is about one;

• the C2H5OH density is chosen low enough to guar-
antee single collision conditions for the primary
ions;

• the electron spectrometer—with a detection window
of 3% of the transmitted energy—is set to a certain
transmitted energy;

• per detected electron the extraction sequence of
“pulse I” and “pulse II” is applied;

Fig. 2. Relative kinetic energy distributions resulting from a given acceleration voltage of the CH4
+ ion. The two cases of acceleration

voltages of 1 and 2.5 eV are shown.

• alternately, the pulse sequence is applied imme-
diately after detection of the photo-electron, and
after a long delay time, enough to guarantee that
the primary ion belonging to the detected electron
does not reside anymore in the region from where
the primary ions are extracted by “pulse I”;

• the alternately measured spectra, i.e., the sum of the
correlated and theuncorrelated components, and
the purely uncorrelated component, respectively,
are stored separately and their difference yields the
purecorrelated spectrum.

Thecorrelated mass spectrum obtained in this way,
consists of accumulated true coincidence pulses at the
different flight times corresponding to the different
masses. The number of true coincidences per mass
region is rather low. In order to obtain a statistical
accuracy of the order of 10% for the dominant masses
of the spectrum, the required accumulation time is
of the order of several days. We therefore restricted
our correlated measurements to the four dominant
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ion masses. Since our electronic routing system re-
stricts us to the simultaneous measurement in at most
four different mass channels, whereby one of them
has to be the parent ion mass channel for calibration
purposes, we combined in an actual run either the
higher masses 46 and 45 in one mass window, and
intensities of the lower masses 31 and 29 in separate
mass windows, or we combined the lower masses and
measured the higher masses separately. We obtained
the correspondingcorrelated spectra for five differ-
ent kinetic energies, and for each kinetic energy for
different internal energies.

The relative kinetic energy distribution correspond-
ing to a well-defined acceleration of the primary
ion, is rather broad due to both, the thermal velocity
distribution of the CH4 molecules prior to ionisation,
and the thermal velocity distribution of the target.
The situation is exemplified inFig. 2, where we
show two centre-of-mass energy distributions arising
for primary CH4

+ ions moving initially towards the

Fig. 3. Non-coincident ion mass spectrum resulting from collisions of CH4
+ with C2H5OH.

reaction chamber with a velocity corresponding to
40 meV kinetic energy. One distribution is calculated
for the case of an acceleration voltage of 1 eV, and
one for an acceleration voltage of 2.5 eV. The energy
of the maximum of such a distribution will in the
following be called “the relative kinetic energy.”

A quick overview of ion spectra not correlated with
a certain photo-electron energy can be obtained by
triggering “pulse I” electronically at a certain rate,
and choose an optimised delay time for “pulse II.” An
example of such a non-coincident spectrum is shown
in Fig. 3. We see four significant peaks at the masses
46, 45, 31, and 29, and smaller peaks at masses 47,
27, and 19. The intensities at lower masses are not
shown since this part of the spectrum is dominated by
contributions from primary ion masses (with much
higher intensities). The mass resolution of the reflec-
tron itself is about 200, however, the resolution for the
product ions formed from primary ions entering the
reaction chamber is less, due to the time width of the
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primary ion pulse. A tail extending towards higher
masses is caused by product ions being formed at later
times from the primary ions.

Correlated relative ion intensities are obtained for
the masses 46, 45, 31, and 29 for five different kinetic
energies, and for several internal energies.

3. Results and discussion

To facilitate the following discussion we indicate in
the first two columns ofTable 1, the correspondence
between mass number and fragment ion.

A very direct qualitative clarification of the reac-
tions occurring in the CH4+/C2H5OH system follows
already from the non-coincident spectrum shown in
Fig. 3. The ion masses 44 and 28, which, according to
the scheme inFig. 1, are indicative of rearrangement
and association reactions, are not present. The same is
true for other masses that can only be formed in rear-
rangement processes. It is therefore clear that only the
direct reactions occur. Further, since only proton trans-
fer can lead to formation of the ion of mass 47, and
only charge exchange can lead to the formation of the
ion of mass 46, the contribution of both these direct
processes is evident. While the fragments of masses
45 and 31 can be formed via both direct processes, as
indicated in the scheme inFig. 1, the fragment of mass
29 is probably solely due to proton transfer followed

Table 1
The first two columns give the ion masses and the corresponding ion fragment

Mass (amu) Ion fragment Relative abundance (%) Reaction (seeFig. 1)

19 H3O+ ≈9 Proton transfer
27 C2H3

+ ≈1 Proton transfer
28 C2H4

+ Not observed Rearrangement
29 C2H5

+ 15 ± 2 Proton transfer
31 CH2OH+ 35 ± 5 Proton transfer and electron transfer
44 C3H8

+ Not observed Rearrangement
45 C2H5O+ 22 ± 4 Proton transfer and electron transfer
46 C2H5OH+ 22 ± 4 Electron transfer
47 C2H5OHH+ ≈5 Proton transfer

In the third column, the relative abundances of the fragments formed in reactions of CH4
+ with C2H5OH are given. The numbers with

the (≈) sign are taken from the non-coincident spectrum, and the others are obtained by averaging the relative intensities of thecorrelated
mass spectra. In the last column, the respective reaction paths are indicated.

by dissociation. We conclude this from the fact that the
break down pattern of the energised ethanol molecu-
lar ion [11] does not show a significant contribution of
the C2H5

+ fragment in the internal energy range rel-
evant for the present case (Eint < 4 eV). We checked
the absence of C2H5

+ in the mass spectrum of ethanol
photo-ionised by 21.22 eV photons from our source,
and found indeed less than 1% mass 29 fragment ions
in the spectrum containing the masses 46, 45, and 31.

We can compare our results regarding the decay of
excited ethanol and protonated ethanol ions formed
in charge exchange and proton transfer reactions with
CH4

+, with results obtained by Kubista et al.[12],
who studied the decay of the same molecular ions
after excitation by collisions with a surface. These
authors measure, for the case of excited ethanol
molecular ions, significant fragment ion intensities
at the masses 46, 45, 31, and 28. Making use of the
known break down pattern of ethanol ions[11], they
deduce a broad internal energy distribution that peaks
around 2 eV, and extends from zero to almost 4 eV.
Interestingly, we do not observe any intensity at mass
28, as emphasised above. Based on the break down
pattern of the ethanol ion[11], this difference could
be explained by assuming that the internal energy
distribution of the ethanol ion formed by electron ex-
change with CH4+ is much narrower than in case of
excitation in surface scattering: if the internal energy
distribution would peak around the resonance energy,
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i.e., the difference between the ionisation energies of
CH4 and ethanol, 2.13 eV—and if it would not extend
towards low energies beyond ca. 1.8 eV, the missing
intensity at mass 28 would be consistent with the
break down pattern. For the case of protonated ethanol
excited in surface collisions[12], the mass spectrum
shows significant intensities at the masses 47, 29,
27, and 19. This is in qualitative agreement with the
present results. The absence of mass 31 in the spec-
trum of [12] suggests that, probably, in the spectrum
due to collisions of CH4+ with ethanol, fragments of
mass 31 are solely due to charge transfer followed by
decay of the excited ethanol ion. Since, according to
the break down pattern of the ethanol ion, an internal
energy higher than about 2 eV is necessary for this
decay to occur with appreciable probability, this is
additional support for a narrow internal energy distri-
bution peaking around 2.13 eV, as invoked above to
explain the absence of ion fragments of mass 28.

The result of a typical measurement of thecorre-
lated relative ion intensities is shown inFig. 4. The
intensities of the ion masses 45, 46, and of the sum

Fig. 4. Relative ion intensities, in percent of the intensity of the primary CH4
+ ion, as a function of the internal vibration–rotational energy

of CH4
+, and for a relative kinetic energy of 1 eV. Three mass channels are distinguished: the channel containing the masses 31 and 29,

the channel containing the mass 45, and the channel containing the mass 46.

of the masses 31 and 29, are given in percent of the
intensity of the parent ion mass 16, as a function of
the internal energy. The ratio of the ion intensities of
the masses 31 and 29 (seeTable 1) is independent of
the internal energy within statistical error. The chosen
relative kinetic energy was 1 eV. We notice that the
variations of the ion intensities lie inside the statistical
error given by the error bars. At the first sight, this is
a surprising result in view of the fact that the internal
energy range subtended is of the order of the exother-
micity of the reactions observed. On the other hand,
the result supports our first qualitative conclusion
drawn from the non-coincident spectrum discussed
above, namely, that only proton transfer and charge
exchange processes occur, and no reactions involving
a complex. While for reactions involving a complex,
the whole internal energy of the primary ion is avail-
able and determines the fragmentation of the complex,
this is not the case for the direct processes, where the
internal energy of the molecular ions formed—in our
case the ions C2H5OH+, and C2H5OHH+—is in first
order independent of the internal vibration–rotational
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energy of the primary ion. Measurements at different
kinetic energies and for the two combinations of ion
masses mentioned above, gave similar results: no sig-
nificant variation of the ion intensities as a function
of internal energy of the primary ion.

The measurements ofcorrelated mass spectra for a
fixed internal energy and different kinetic energies in
the range from 0.2 to 5.6 eV also showed no significant
variation of the relative ion intensities. This result is
consistent with the dominance of direct reactions, and
suggests that these direct reactions occur preferably in
“distant collisions” around fixed transition distances
where either an electron is transferred from the target
molecule to the primary ion, or a proton is transferred
from the primary ion to the target molecule.

In the absence of significant variations of the mass
spectra as a function of both, the internal energy of the
primary ion, and the relative collision energy, we are
able to determine the relative ion intensities by aver-
aging thecorrelated mass spectra. The result is given
in column 3 ofTable 1. The intensities are very similar
to the ones observed in the non-coincidence spectrum,
however, some possibilities for systematic errors due

Fig. 5. Scheme of the reactions found to occur in collisions of CH4
+ with C2H5OH. The reactions proceed in two steps, whereby the

first step is either a proton transfer or an electron transfer. Both these direct processes occur with comparable probability. No indication
of rearrangement processes is found.

to a spurious admixture of the target gas to CH4 den-
sity in the ionisation volume are excluded. In the table
we also give a value for masses 47, 27 and 19. These
values are taken from the non-coincident spectrum.

4. Summary

Our experimental study of the ion–molecule system
CH4

+/C2H5OH by the PEPICO method in the range
of 0–1.7 eV of internal energies of the CH4

+ ion, and
0.2–5.6 eV of relative collision energies, have shown
that only the direct processes of electron and proton
transfer occur, and that rearrangement and association
processes play a negligible role in the whole region
of varied internal and kinetic energies. The molecular
ions formed in these direct reactions, C2H5OH+, and
C2H5OHH+, respectively, are found to partly further
fragment, leading to final channels containing three
fragments. The relative abundance of ion fragments
formed, is found to be approximately constant in the
whole range of varied internal and kinetic energies.
This indicates that the reactions are due to transitions
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involving electron or proton transfer at relatively
fixed distances, whereby the internal energy of the
molecular ion formed is nearly independent of both,
the internal energy of the primary ion and the relative
collision energy. These results can be summarised in
the reaction scheme shown inFig. 5.
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