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The branching ratios of the different reaction pathways and the overall rate coefficients of

the dissociative recombination reactions of CH3OH2
+ and CD3OD2

+ have been measured

at the CRYRING storage ring located in Stockholm, Sweden. Analysis of the data yielded

the result that formation of methanol or deuterated methanol accounted for only 3 and 6%

of the total rate in CH3OH2
+ and CD3OD2

+, respectively. Dissociative recombination of

both isotopomeres mainly involves fragmentation of the C–O bond, the major process being

the three-body break-up forming CH3, OH and H (CD3, OD and D). The overall cross

sections are best fitted by s = 1.2 � 0.1 � 10�15 E�1.15�0.02 cm2 and s = 9.6 � 0.9 � 10�16

E�1.20�0.02 cm2 for CH3OH2
+ and CD3OD2

+, respectively. From these values thermal

reaction rate coefficients of k(T) = 8.9 � 0.9 � 10�7 (T/300)�0.59�0.02 cm3 s�1 (CH3OH2
+)

and k(T) = 9.1 � 0.9 � 10�7 (T/300)�0.63�0.02 cm3 s�1(CD3OD2
+) can be calculated. A

non-negligible formation of interstellar methanol by the previously proposed mechanism via

radiative association of CH3
+ and H2O and subsequent dissociative recombination of the

resulting CH3OH2
+ ion to yield methanol and hydrogen atoms is therefore very unlikely.

Introduction

Amongst the 125 circumstellar and interstellar molecules hitherto detected,1 methanol must be
counted amongst the most interesting. It has been identified in dark clouds,2 bipolar outflows,3 low
mass protostars,4 massive star-forming regions,5 cometary comae6 and even in extragalactic
sources.7 Masers of methanol have been described as excellent tracers of star formation.8

Furthermore, the compound can be used as an evolution indicator during the embedded phase
of massive star formation.9 In star-forming regions, methanol is enhanced by a factor of 102–103

and can undergo a multitude of different chemical processes leading to more complex molecules
such as dimethyl ether, methylformate and acetaldehyde.10

Since methanol is a slightly asymmetric rotor, ratios between different special lines of the molecule
are sensitive to both kinetic temperature and spatial density. Therefore, multi-line observation on
methanol can be used to determine these two parameters in an interstellar cloud with one molecule
only, thereby avoiding the problem of different spatial distributions of different tracers.11

Despite the ample occurrence of methanol and the abundance of information gained by
observations of this species, its interstellar formation has so far remained elusive. Although
processes on grain surfaces and in grain mantles have been discussed,12–14 a two step gas phase
mechanism involving the radiative association of CH3

+ and H2O with subsequent dissociative
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recombination (DR) of the resulting CH3OH2
+ ion has been thought to be responsible for

interstellar methanol production

CH3
+ + H2O - CH3OH2

+ (1)

CH3OH2
+ + e� - CH3OH + H (2)

Radiative association reactions normally have rate coefficients that are too low to successfully
compete with other interstellar ion processes. However, it can be argued that in more complicated
systems the radiative lifetime of the excited adduct could be on the same scale as its dissociative
lifetime. Such behaviour has been observed for C3H

+ and H2.
15 Therefore, radiative recombination

cannot be ruled out of playing an important role in the formation of stable ions. For larger
molecules, it was predicted that the rate coefficients of radiative recombination could be collision-
ally controlled and exceed 10�9 cm3 s�1.16 To reconcile the predictions of the models with the
actually observed interstellar abundances, a rate coefficient between 8 � 10�12 cm3 s�1 and 8 � 10�8

cm3 s�1 at interstellar temperatures has to be assumed for reaction (1).17 In an earlier SIFT
experiment, a radiative association reaction rate coefficient of 2 � 10�10 cm3 s�1 has been obtained
at 300 K, which would be in accordance with the above-mentioned assumption.
In a recent ion trap experiment a considerably lower upper limit of the rate coefficient (2 � 10�12

cm3 s�1) was measured for reaction (1).18 Such a rate coefficient would be at least a factor of 10 too
low to explain the observed methanol abundances if one applies the common astrochemical
models.18,19 However, there are several problems with this reasoning. The interstellar abundance of
CH3

+ has never been measured and has therefore to be taken from model predictions, which could
differ considerably from the actual densities. Another source of error might be the interstellar
abundance of water. Therefore, concluding only from the new results on reaction (1), the proposed
gas phase mechanism for methanol production cannot be ruled out if the DR of CH3OH2

+ mainly
leads to methanol and atomic hydrogen (reaction (2)). Such a propensity should be in line with the
theory for the DR reaction formulated by Bates, according to which the reaction pathways involving
the least rearrangement of valence bonds should be favoured.20 This assumption proved unfounded in
quite a few DR reactions and reaction pathways regarded as improbable by Bates are, in fact, not
uncommon.21 Especially with larger ions like CH3OH2

+, the potential surfaces of the neutral
intermediate involved can be very complicated, giving rise to products that are not expected applying
chemical ‘‘common sense’’. To finally determine the feasability of the proposed reaction sequence,
both the reaction rate coefficient and branching ratios of the DR of CH3OH2

+ have to be determined.
Methanol production is, however, not the only point of interest in the DR of CH3OH2

+. The
ratio of protonated to unprotonated methanol has been used to determine the electron temperature
in the inner coma of comet Halley, thereby using the fact that DR is the only process of destruction
of CH3OH2

+ in this environment.22 Since the square of its rate coefficient serves as input in the
formula for determination of the electron temperature, even slight variations in its value might
affect the obtained temperature.
Due to the low kinetic energies prevalent in the interstellar medium, only exoergic or very slightly

endoergic DR pathways are possible. For CH3OH2
+ these are the following:

CH3OH2
+ + e� - CH3 + H2O DH = �6.87 eV (3a)

CH3OH2
+ + e� - CH3 + OH + H DH = �1.70 eV (3b)

CH3OH2
+ + e� - CH2 + H + H2O DH = �2.12 eV (3c)

CH3OH2
+ + e� - CH + H2 + H2O DH = �2.32eV (3d)

CH3OH2
+ + e� - CH3OH + H DH = �5.70 eV (3e)

CH3OH2
+ + e� - CH3O + H2 DH = �5.70 eV (3f)

CH3OH2
+ + e� - CH3O + 2H DH = �1.18 eV (3g)

CH3OH2
+ + e� - CH2O + H2 + H DH = �4.81 eV (3h)

CH3OH2
+ + e� - CH2O + 3H DH = �0.29 eV (3i)

178 | Faraday Discuss., 2006, 133, 177–190 This journal is �c The Royal Society of Chemistry 2006



CH3OH2
+ + e� - CH4 + O + H DH = �1.81 eV (3j)

CH3OH2
+ + e� - CH4 + OH DH = �6.24 eV (3k)

CH3OH2
+ + e� - CH2 + OH + H2 DH = �1.47 eV (3l)

CH3OH2
+ + e� - CH3 + O + H2 DH = �1.78 eV (3m)

CH3OH2
+ + e� - CHO + 2H2 DH = �5.42 eV (3n)

CH3OH2
+ + e� - CHO + 2H + H2 DH = �0.94 eV (3o)

CH3OH2
+ + e� - CO + H + 2H2 DH = �4.76 eV (3p)

CH3OH2
+ + e� - CO + 3H + H2 DH = �0.28 eV (3q)

This Discussion contribution presents the determination of the rate coefficient and the branching
ratios of the DR of CH3OH2

+ as well as CD3OD2
+ at relative kinetic energies resembling those

encountered in dark interstellar clouds.

Experimental

The DR experiments have been performed at the heavy-ion storage ring CRYRING at the Manne
Siegbahn Laboratory, Stockholm University. The experimental procedure has been described in
detail elsewhere23 and is therefore summarised only briefly here. For technical reasons related to the
data analysis (better resolution on the detector using deuterated compounds) CD3OD2

+ was also
used in the present experiment (see below). The ions were produced in a hollow cathode pulsed
discharge ion source (voltage 1–2 kV) from a mixture of (deuterated) methanol and excess hydrogen
(deuterium) by the following process through H3

+ and D3
+:

H3
+ + CH3OH - CH3OH2

+ + H2 (4a)

D3
+ + CD3OD - CD3OD2

+ + D2 (4b)

It should be mentioned that methanol cations tend to protonate neutral methanol quite efficiently,
probably through the following reaction:

CH3OH+ + CH3OH - CH3OH2
+ + CH3O (5)

which is exoergic by 61.2 kJ mol�1.24 This led to much stronger CH3OH2
+ than CH3OH+ mass

signals (often by a factor of 5 or more) obtained from our source. Reaction (5) probably proceeds
over small clusters of protonated methanol, which have been found to be preferentially formed in
methanol–noble gas mixtures by electron impact ionisation.25 Due to the large intensity of the
CH3OH2

+ signal relative to that of CH3OH+, contaminations from 13CH3OH+ or CH3OD+,
which possess the same mass as CH3OH2

+ are very unlikely. The same applies for CD3OD2
+,

which could be contaminated by CD3
18OD+.

After extraction of the ions from the source at 40 keV, they were mass selected, injected into the
ring and accelerated to 2.90 MeV (CH3OH2

+) and 2.53 MeV (CD3OD2
+) translational energy. The

stored ion beam was merged with a mono-energetic electron beam in an electron cooler, the length
of the interaction region being 0.85 m. During the first 3 s after acceleration, the electron and ion
beams were kept at the same average velocity to allow heat transfer from the ion to the electron
beam in order to reduce the translational temperature of the ions which then results in an increase of
their phase-space density. Furthermore, such storage time enables radiative vibrational cooling of
the ions, which might have been formed in a rovibrationally excited state.
Neutral products generated by DR reactions in the electron cooler left the ring tangentially

and were detected by an energy-sensitive silicon surface barrier detector (SBD) with a diameter of
17 mm mounted at a distance of 3.85 m from the centre of the interaction region. A background
signal due to neutral products emerging from collisions of the ions with residual gas was also
present; this was measured with the relative translational energy between the ions and electrons
tuned to 1 eV, where the DR cross section is very low and the measured neutral fragments are
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therefore almost exclusively produced by rest gas collisions. This background was subsequently
subtracted from the total SBD signal.

Results

Reaction cross section

During cross section measurements, the relative translational energy between the ions and the
electrons was steplessly varied between 1 and 0 eV. This was achieved by changing the cathode
voltage of the electron cooler over 1 s from a high value corresponding to a centre-of-mass energy of
1 eV, the electrons being faster than the ions, down to a low value also corresponding to 1 eV where
the electrons were slower than the ions. Thus, a voltage corresponding to a centre-of-mass energy of
0 eV is reached during the scan. Before the measurement was started, 3 s of cooling, with the
electrons tuned to 0 eV collision energy, was carried out. The signal from the SBD was monitored
by a single channel analyser, selecting signals only when all of the fragments reach the detector
simultaneously and thereafter recorded by a multichannel scaler, yielding the number of counts vs.
storage time and, therefore, at a given relative translational collision energy. The experimental DR
rate coefficient in the electron cooler is expressed by the formula

vcmsh i ¼ dN

dt

� �
vivee

2r2ep
IeIil

ð6Þ

where dN/dt is the count rate, vi and ve are the electron and ion velocities, respectively, re is the
radius of the electron beam, l the length of the interaction region, and Ie and Ii are the electron and
ion current, respectively. The absolute ion beam current was measured using a Bergoz beam charge
monitor with continuous averaging (BCM-CA) and an integrating current transformer in combina-
tion with a neutral particle detector installed at the end of one of the straight sections of the ring.
Simultaneously with the measurement of the DR count rate, a signal of the ion current was
monitored to normalise the DR measurement to it.26

The following corrections to the measured data had to be performed: (a) the voltage of the
electron cooler cathode (and therefore ve) had to be corrected for space charge effects. (b) The
measured rate coefficient hsvcmi had to be adjusted because of the toroidal effect.27 The toroidal
effect arises from the zones at both ends of the interaction region where the electron beam is bent
into or out of the ion beam. In these regions, the transversal electron velocity is higher than in the
merged interaction region leading to larger collision energies. (c) The electron beam has (in contrast
to the ion beam) a non-negligible energy spread, and the measured reaction rate hsvcmi has to be
deconvoluted according to the formula:

vcmsh i ¼
Z1

�1

vef ðveÞsðveÞd3ve ð7Þ

where f(ve) is the velocity distribution. (d) Drag force effects28 were neglected due to the relatively
large mass of the investigated ion. From the resulting cross section constants, the (comparatively)
very small contribution to the data due to charge transfer processes with the rest gas had to be
subtracted. Since the cross section of the DR is very low at 1 eV collision energy, and the rest gas
collisions are independent of the electron velocity, the neutral particles measured at this energy were
assumed to be due solely to charge transfer. The obtained final cross sections for CD3OD2

+, as
functions of the collision energy, are presented in Fig. 1a and 1b. These data are best fitted by the
expressions s = 1.2 � 0.1 � 10�15 E�1.15�0.02 cm2 and s = 9.6 � 0.9 � 10�16 E�1.20�0.02 cm2 for
CH3OH2

+ and CD3OD2
+, respectively. The errors from the rate include errors from the current

uncertainty of the ion current measurement (about 5%) as well as statistical errors from the data
analysis. The total errors can be estimated to be 10%. The thermal reaction rate coefficient can be
deduced from the cross sections applying the following formula:

kðTÞ ¼ 8pme

ð2pmekTÞ3=2
Zþ1

0

EsðEÞe� E
kTdE ð8Þ
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where me is the mass of the electron. The temperature dependence of the rate coefficient can then
be fitted by the equation k(T) = 8.9 � 0.9 � 10�7 (T/300)�0.59�0.02 cm3 mol�1s�1 and k(T) = 9.1 �
0.9 � 10�7 (T/300)�0.63�0.02 cm3 mol�1s�1 for CH3OH2

+ and CD3OD2
+, respectively.

Branching ratios

The fragments produced by a DR event reached the detector within a very short time interval
compared with the integration time of the detection system. The pulse height of the SBD signal was
therefore proportional to the kinetic energy carried by all of the products of the reaction and therefore
the total mass. To measure the branching ratios of the DR channels a metal grid with a transmission
T = 0.297 � 0.015 was inserted in front of the detector.23 Particles stopped by the grid did not reach
the detector. DR events where one of the fragments hit the grid resulted in a signal whose amplitude
was proportional to the sum of the kinetic energies of the fragments passing through the grid. The
registered DR spectrum therefore splits into a series of peaks with different energies, the intensities of
which can be expressed in terms of the probability of the particles passing the grid and the branching
ratios of the reaction. For example, in the DR of CH3OH2

+ the intensity of the CH3 peak emerging
from reaction (3a) is proportional to T(1 � T)a, with a being the branching ratio of reaction (3a) and
T(1 � T) the probability of only the CH3 fragment passing the grid.

Fig. 1 (a) Cross section of the DR of CH3OH2
+. The dashed line shows the best fit with 1.2� 0.1� 10�15 E�1.15�0.02

cm2 cm2. (b) Cross section of the DR of CD3OD2
+. The dashed line shows the best fit with s = 9.6 � 0.9 � 10�16

E�1.20�0.02 cm2.
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The energy spectrum of the DR reaction of CD3OD2
+ is shown in Fig. 2a. The peaks were fitted

to Gaussian functions. As can be seen in Fig. 2a, the final fitting curve is in very good agreement
with the data. Concerning the evaluation of the data, two problems arise: firstly, some of the
different channels produce products with the same mass distribution and leading to an identical
signal distribution in the fragment energy spectrum. This holds for channels (3a) and (3k), and (3c)
and (3j) as well as (3l) and (3m). Therefore, there exist three pairs of indistinguishable channels.
However, since the formation of CD4 would involve a considerable rearrangement of the neutral
intermediate, it can be argued that channels (3j) and (3k) are unlikely to play a major role. We will
see later that the branching ratio of channels (3l) and (3m) is 0. Furthermore, since there is no signal
corresponding to the mass of CO and DCO, channels (3n)–(3q) can be disregarded.
Secondly, owing to the high energy release of reaction (3e), some of the deuterium atoms produced

by this pathway might receive a large transversal velocity relative to the propagation direction,
and therefore miss the detector. This reduces the contribution of reaction (3e) to the C + O + 5D
energy channel to T2(1 � Le)e, where Le is the D-atom loss factor. Conversely, the C + O + 4D
energy channel is augmented to T(1 � T)(1 � Le)e + TeLe. Analogously, the C + O + 3D channel
can be enhanced to T(1 � T)(1 � Lx)x + TxLx by the loss of D2 in channel (3f) (Lx). Using the

Fig. 2 (a) Energy spectrum of the neutral fragments of the DR of CD3OD2
+ (signal from the surface barrier

detector) with the grid (transmission = 0.297) in place. The solid line shows the data, whereas the double-
Gaussian fitting curves are shown as dashed lines and the total fit as a dotted line. (b) Energy spectrum of the
neutral fragments of the DR of CD3OD2

+ (signal from the surface barrier detector) with the grid (transmission
= 0.297) in place. The solid line shows the data, whereas the double-Gaussian fitting curves are shown as dashed
lines and the total fit as a dotted line.
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transmission probabilities mentioned above, the matrix equation shown in Fig. 3 is formulated for
the relative intensities of the different energy (mass) channels.
To evaluate the loss of the deuterium atoms an energy spectrum was measured with the

grid removed, and this is depicted in Fig. 2b. Since for this case T = 1 and the sum of all
branching ratios equals 1, it can easily be worked out from the above matrix that the ratio between
the C + O + 5D peak and the C + O + 4D peak will be

IC+O+4D/IC+O+5D = eLe/(1 � eLe) (9)

where Le is the loss in channel (3e). Since no signal is found for the C + O + 3D mass in the
spectrum with the grid removed, Lx can be concluded to be 0.
By iteratively solving the matrix with a certain loss and evaluating Le according to eqn (9), the

loss of D-atoms, Le, was determined to be 0.57 � 0.05. Finally, solving this over-defined matrix with
4 different equations for 3 variables (2 pairs of equations are identical) using a least squares fit leads
to the branching ratios listed in Table 1. Since the branching ratio of channel 3e is very small, the
error stemming from the loss is negligible.
In order to compare the DR of CH3OH2

+ and CD3OD2
+ at DR and to elucidate to what extent

channels (3j) and (3k), which are indistinguishable from (3b) and (3a), respectively, contribute to the
branching ratio of protonated methanol, the branching ratio of CH3OH2

+ was also measured.
The fragment kinetic energy spectrum is shown in Fig. 4a. Due to the lighter weight of hydrogen,

the velocity of hydrogen atoms produced by reactions (3b)–(3e) will generally be larger and
hydrogen loss can be expected from these channels. Also, losses of H2 from pathways (3f) and
(3h) are possible. Fig. 4b, which depicts the spectrum with the grid removed, clearly shows a
contribution of the C + O + 3H signal. It is impossible to estimate all the contributions of the
different channels to the H or H2 losses. To be able to evaluate the fragment energy spectrum one
has to make three different assumptions: Firstly, we postulate that the kinetic energy release in

Fig. 3 Evaluation matrix for the branching ratios of the DR of CD3OD2
+. The symbols a, b, g and so on

denote the branching ratios of channel (3a), (3b), (3c) and so on. Le and Lx are the losses in channel (3e) and (3f),
respectively.

Table 1 Branching ratios of the DR of CD3OD2
+

Reaction channel Products Branching ratio

3a (3k) CD3 + D2O (CD4 + OD ) 0.11 � 0.02

3b CD3 + DO + D 0.59 � 0.04

3c (3j) CD2 + D + D2O 0.17 � 0.02

3d CD + D2 + D2O 0.01 � 0.01

3e CD3OD + D 0.06 � 0.02

3f CD3O + D2 0.05 � 0.02

3 g CD3O + 2D 0.00 � 0.01

3h CD2O + D2 + D 0.02 � 0.01
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channel (3e) is the same for the DR of CH3OH2
+ and CD3OD2

+. Assuming an isotropic
distribution of the fragments, the kinetic energy release leading to the observed D loss from
channel (3e) of the DR of CD3OD2

+ (0.56) is 3.45 eV. The same energy release would lead to a H
loss of 0.73 in the analogous reaction pathway with CH3OH2

+. Secondly, since channels (3b) and
(3c) are the most dominant H-producing channels it is expected that the rest of the observed H loss
is due to these pathways. It is further expected that in these two pathways a similar fraction is of the
total reactive energy is converted into kinetic energy. This assumption is, admittedly, somewhat
crude, but since we are not able to gauge the exact contribution of each of these channels it
is necessary. Thirdly, we estimate that the loss of H2 is mostly due to reaction (3f), because it is
the major pathway producing mass 2 and is highly exoergic. The ratio of the C + O + 4H to the
C + O + 5H peak in the spectrum without the grid then becomes:

IC+O+4H/IC+O+5H = (eLe + bLb + gLg)/(1 � eLe � bLb � gLg � xLx) (10)

Fig. 4 (a) Energy spectrum of the neutral fragments of the DR of CH3OH2
+ (signal from the surface barrier

detector) with the grid (transmission = 0.297) in place. The solid line shows the data, whereas the double-
Gaussian fitting curves are shown as dashed lines and the total fit as a dotted line. (b) Energy spectrum of the
neutral fragments of the DR of CH3OH2

+ (signal from the surface barrier detector) with the grid removed. The
solid line shows the data, whereas the double-Gaussian fitting curves are shown as dashed lines and the total fit
as a dotted line.
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where Lb, Lg, Lx and Lx are the losses for channels (3b), (3c), (3e) and (3f), respectively. For the
C + O + 3H : C + O + 5H ratio we get

IC+O+3H/IC+O+5H = (xLx)/(1 � eLe � bLb � gLg � xLx). (11)

By iteratively solving the solution matrix (see Fig. 5) and eqn (10) and (11) while assuming that
Le = 0.73 and the kinetic energy share of the total reaction energy of pathways (3b) and (3c) is the
same, one obtains the branching ratios listed in Table 2. It is also found that the percentage of
reaction enthalpy converted into kinetic energy for the two pathways named above is 97%. Strong
deviations from this value for both channels should not be possible, since a lowering of one of them
would mean a lower loss in this channel and a larger one in the other one, which would imply a
kinetic energy higher than the total reaction enthalpy, which is impossible.
It is interesting to note that a large part of the exoergic reaction pathways in the DR of

CH3OH2
+, namely (3i)–(3q) are absent and only 6 of them have a branching ratio different from 0.

From the present data on CH3OH2
+ it can also be concluded that in the case of CD3OD2

+ the
branching ratios of channels (3j) and (3k), which deliver the same fragment masses as channels (3b)
and (3a) do not contribute to the total reactions.

Discussion

The most striking result of the present investigation is the predominance of the three-body break-up
channels. However, if one compares the DR of related systems, the findings are less surprising. In
the DR of the related H3O

+ ion, Jensen et al. found the most dominant channel to be the one
leading to OH + 2H (0.60).29 Another ring experiment, at CRYRING on the H3O

+ ion yielded a
branching ratio of 0.67.23 This channel corresponds to reaction (3b) in the present reaction system,
which shows a similar branching ratio of 0.51. The pathway forming H2O in the DR of H3O

+ is
definitely stronger (0.33 29 and 0.18 23, respectively, in different storage ring experiments) than the
related channel (3e) that forms methanol in the DR of CH3OH2

+, but it is worth noting that
flowing afterglow measurements report a much lower value (0.05),30–32 which is similar to our
findings with methanol. If one compares the total branching ratio of all three-body channels, we

Fig. 5 Evaluation matrix for the branching ratios of the DR of CH3OH2
+. The symbols a, b, g and so on

denote the branching ratios of channel (3a), (3b), (3c) and so on. Lb, Lg, Le and Lx are the losses in channel (3b),
(3c), (3e) and (3f), respectively.

Table 2 Branching ratios of the DR of CH3OH2
+

Reaction channel Products Branching ratio

3a CH3 + H2O 0.09 � 0.02

3b CH3 + OH + H 0.51 � 0.04

3c CH2 + H + H2O 0.21 � 0.02

3d CH + H2 + H2O 0.00 � 0.01

3e CH3OH + H 0.03 � 0.02

3f CH3O + H2 0.06 � 0.02

3 g CH3O + 2H 0.00 � 0.01

3h CH2O + H2 + H 0.10 � 0.01
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find a somewhat greater propensity of CH3OH2
+ (0.82) to undergo such processes compared with

H3O
+ (0.61 29 and 0.71,23 respectively). This might be due to the higher number of three-body

producing channels available in the DR of CH3OH2
+.

It is also interesting to compare the behaviour of the undeuterated with the deuterated ion. Apart
from a fairly moderate enhancement of the branching ratios of channels (3b) and (3c) and a
reduction in the case of channels (3h) no significant changes are observed. This is similar to the
findings with H3O

+ and D3O
+.23,29 Also, the overall branching ratio of three-body channels (0.82

for CH3OH2
+ and 0.78 for CD3OD2

+) only changes slightly upon deuteration.
Since performing imaging is impossible due to the large number of different channels and the

possibility of the production of vibrationally excited states in the products, one can only speculate
about the mechanism of the DR reaction. It is, however, not unlikely that the following sequential
two step mechanism happens: first, a hydrogen atom is released from the neutral intermediate. Only
in the case of high kinetic energy release does the methanol fragment not undergo subsequent
reactions. This is in line with the relatively large kinetic energy release (3.45 eV) concluded from the
D loss in channel (3e) in the DR of CD3OD2

+. If there is sufficient energy, the methanol fragment
further breaks up into smaller parts. This is corroborated by the fact that in channels (3b) and (3c)
high kinetic energy releases are also obtained, which points to formation of the final product in a
low vibrational state. The energy gained by the initial recombination step is therefore likely to be
stored in vibrational modes that are prone to dissociation (e.g. the C–O stretch). One exception of
this might be the OH-stretching vibration since channel (3g), which leads to CH3O+ 2H, is absent.
Generally, one interesting feature is the lack of importance of pathways producing the compara-
tively stable CH3O (CD3O) radical, but no simple explanation for this springs to mind.
Reaction rate coefficients are very similar in CD3OD2

+ and CH3OH2
+. In H3O

+, no large
changes of the rate coefficient have been found upon deuteration by Jensen et al.29 Interestingly, the
CRYRING experiment yielded a DR rate coefficient at 300 K which was more than a factor of 2
lower in D3O

+ compared with that obtained for H3O
+. Generally, the DR rate coefficients of

CD3OD2
+ and CH3OH2

+ found in this study are about a factor of two higher than those measured
for H3O

+ (D3O
+). They are, however, in excellent agreement with the value of 8.8 � 10�7 cm3 s�1

obtained for CH3OH2
+ in an earlier afterglow experiment.33

Astrophysical implications

Branching ratios for the DR of interstellar ions have long been found to affect greatly the
predictions of gas phase models of dark interstellar clouds.34 This holds especially for methanol,
where the mere possibility of gas phase production might be challenged by unexpected branching
ratios in the DR of CH3OH2

+. Therefore, the new data on the rate coefficient and the branching
ratios on DR of CD3OD2

+ was used as an input for a model calculation of a dark cloud resembling
TMC-1 using the UMIST code.35 The branching ratios of the deuterated isotopomer were used
because of the higher certainty of the data due to the lower presence of detection losses of light
particles. Using the old data, the model predicted a methanol peak abundance relative to H2 of 1 �
10�9, which is in good agreement with the observations of Friberg et al.,36 which yielded a methanol
abundance in the low digits of 10�9 for TMC-1.2,35 With the present rate coefficient and branching
ratios of the DR of protonated methanol, the peak abundance is lowered to a value of 8 � 10�11

while that for the steady state sinks from 3 � 10�10 to 2 � 10�11. If the recently measured rate
coefficient for the radiative association of CH3

+ and H2O
18 is also included, the peak abundance is

further diminished to 7 � 10�13 and the steady state to 1 � 10�13, which is definitely below the
observed values in dark clouds and probably below the detection limits for existing telescopes (see
Fig. 6). When these two new findings are put together, they clearly provide the final nail in the coffin
for the proposed chemical gas phase production of methanol.
Therefore, the question of alternative mechanisms for interstellar methanol production arises.

Photoproduction in grain mantles have been discussed but although some models including such
processes could produce adequate CH2O : H2O ratios,37 they fail to explain the observed methanol
abundances.13 Formation of methanol on grain surfaces has also long been discussed.14 There are,
however, two problems with this supposition. Firstly, it is difficult to imagine howmethanol is formed
on grain surfaces given the very low temperatures prevailing in dark clouds. Secondly, there must be a
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mechanism to release methanol formed on grains into the gas phase, which is also not easy to
accomplish under these conditions, since the desorption energy of methanol is comparatively high.38

Gas–grain models have included repetitive hydrogenation of CO leading to methanol.39

Unfortunately, two of the steps involved, namely the reactions H + CO - HCO and H +
H2CO - H3CO are not barrierless and exhibit thresholds of 26.4 and 73.6 meV, respectively. Also,
clustering with water, which would be an issue in mixed CO–H2O ices, does not reduce this barrier
significantly.40 However, very recently it has been established in a surface reaction experiment that
the formation of methanol by hydrogenation of CO with H on pure CO and mixed CO–H2O ices
proceeds efficiently at 10 K. Moreover, once produced, CH3OH is not degraded by irradiation,
making CO hydrogenation a feasible pathway for methanol production in dark interstellar clouds.41

This is also in line with recent observations where a high degree of correlation between CO and
methanol abundances has been found in star-forming regions.42 Furthermore, deuterium fractiona-
tion observed with methanol indicates a grain surface process for its production.43

The question remains as to how methanol produced on surfaces can desorb to a sufficient extent
to produce the methanol abundances observed in dark interstellar clouds. Desorption by vibra-
tional excitation could be a possibility. Hydrogenation of the precursor methoxy or hydroxymethyl
radicals is highly exoergic (DH = �4.51 and �4.07 eV, respectively)24 and might lead to methanol
in a highly excited vibrational state. The resulting methanol molecule might use a part of this energy
to recoil from the surface and thus end up in the gas phase. The question regarding the extent to
which this is possible still lacks a definitive answer.
Very recently, the reaction database used in the UMIST database has been updated. The results

for the methanol abundances vs cloud age are depicted in Fig. 7. It is interesting to note that the
introduction of the new DR rate coefficient of protonated methanol strongly affects the peak
abundance of methanol, whereas the rate coefficient for the radiative association of CH3

+ and H2O
does not. Also, the maximum of the methanol abundance is shifted. The reason for this different
behaviour is that, according to the predictions of the newer model calculations, a new pathway of
methanol production opens, involving H3

+ and acetaldehyde

H3
+ + CH3CHO - CH3OH + CH3

+. (12)

The rate coefficient for this reaction has been measured in a flowing afterglow experiment and found
to be 1.4 � 10�9 cm3 s�1 at 300 K.44 If one uses both new rate coeffictients for the methanol
production mechanism involving radiative association and DR, reaction (12) accounts for 94% of
the total methanol formation. On the other hand, the steady state abundances are affected by both
the DR and radiative association rate. Including both, the steady state abundance of methanol
relative to H2 is lowered to 8 � 10�12, which, again, is more than a factor of 100 below the observed
values. This casts severe doubts on the feasability of reaction (12) to produce methanol with the
abundances observed in TMC-1.2

Fig. 6 Model calculations using the unchanged reaction rate coefficients from the new UMIST database from
1999 (solid line) and with the DR branching rates and the rate coefficient from the present paper (dashed line).
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Furthermore, there are several problems associated with reaction 12. The rate coefficient has only
been measured at 300 K, so conclusions about its temperature dependence cannot been drawn. It
cannot even be excluded that the process has, although being exoergic, a small barrier and therefore
is unfeasible for dark interstellar clouds. Secondly, the new calculations yield a H2O/H2 ratio that is
about 1.4 � 10�5 at both peak and steady state, some 100–1000 times larger than observed. This
discrepancy could be large enough to seriously damage the validity of these predictions.
As mentioned earlier, the CH3OH2

+ : H3O
+ ratio was used to determine the electron

temperature in the inner coma of comet Halley. 6 The rate coefficient used for the DR of CH3OH2
+

was a rounded down value compared to the one determined by Adams and Smith,33 namely
8 � 10�7 (T/300)�0.50 cm3 s�1.45 Although DR is predicted to be by far the most dominant process
of CH3OH2

+ in the inner coma (2000–18 000 km from the core) and the DR rate coefficient is
included as square into the formula for the electron temperature, a dramatic change of the latter
emerging from the slightly higher DR rate coefficient found in our experiment is unlikely.

Conclusions

In the DR of both CH3OH2
+ and CD3OD3

+ the channel leading to H, CH3 and OH (or the
respective deuterated fragments) is by far the most dominant channel. The pathway leading to
(deuterated) methanol and hydrogen (deuterium) atoms has only very low branching ratios for both
isotopomers. Generally, only slight to moderate changes of the branching ratios upon deuteration
are found. The overall rate coefficients of the reaction are also very similar and follow the equations
k(T) = 8.9 � 0.9 � 10�7 (T/300 K)�0.59�0.02 cm3 s�1 and k(T) = 9.1 � 0.9 � 10�7 (T/300
K)�0.63�0.02 cm3 s�1 for CH3OH2

+ and CD3OD2
+, respectively. Model calculations show that the

present findings together with recent measurements of the radiative recombination of CH3
+ and

H2O
18 exclude the possibility of the previously proposed gas phase production of interstellar

methanol.
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