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Fragmentation of Interstellar Methanol By Collisions
With He·+: an Experimental and Computational Study†

Vincent Richardsona, Emília Valença Ferreira de Aragãob,c, Xiao Hea, Fernando Piranib,d ,
Luca Mancinib, Noelia Faginas-Lagob,c, Marzio Rosid , Luca Matteo Martinia and Daniela
Ascenzia,∗

Methanol is a key species in astrochemistry as its presence and reactivity provides a
primary route to the synthesis of more complex interstellar organic molecules (iCOMs)
that may eventually be incorporated in newly formed planetary systems. In the in-
terstellar medium methanol is formed by hydrogenation of CO ices on grains, and its
fate upon collisions with interstellar ions should be accounted for to correctly model
iCOM abundances in objects at various stages of stellar evolution. The absolute
cross sections (CSs) and branching ratios (BRs) for the collisions of He·+ ions with
CH3OH are measured, as a function of the collision energy, using a Guided Ion Beam
Mass Spectrometer (GIB-MS). Insight into the dissociative electron (charge) exchange
mechanism has been obtained by computing the entrance and exit multidimensional
Potential Energy Surfaces (PESs) and by modelling the non-adiabatic transitions using
an improved Landau-Zener-Stückelberg approach. Notably, the dynamical treatment
reproducing the experimental findings includes a strong orientation effect of the sys-
tem formed by the small He·+ ion and the highly polar CH3OH molecule, in the electric
field gradient associated to the strongly anisotropic intermolecular interaction. This
is a stereodynamical effect that plays a fundamental role in collision events occurring
under a variety of conditions, with kinetic energy confined within intervals ranging
from the sub-thermal to the hyper-thermal regime.

a Department of Physics, University of Trento, Trento, Italy.
b Department of Chemistry, Biology and Biotechnology, Universitá degli studi di Perugia,
Perugia, Italy.
c Master-Tec s.r.l., Via Sicilia 41, Perugia, Italy.
d Department of Civil and Environmental Engineering, Universitá degli studi di Perugia,
Perugia, Italy.
∗ correspondig author, e-mail: daniela.ascenzi@unitn.it
† Electronic Supplementary Information (ESI) available: ... See DOI:
10.1039/cXCP00000x/

Journal Name, [year], [vol.], 1–26 | 1

Page 1 of 26 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 0
8 

Se
pt

em
be

r 
20

22
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Pe

ru
gi

a 
on

 9
/8

/2
02

2 
6:

15
:5

3 
PM

. 

View Article Online
DOI: 10.1039/D2CP02458F

https://doi.org/10.1039/D2CP02458F


1 Introduction

Methanol (CH3OH) is one of the most abundant and ubiquitous interstellar Complex Organic Molecules
(iCOMs)1 with countless detections in various environments, from molecular clouds to comets. Methanol is
a key astrochemical molecule because its reactivity represents a major route to the synthesis of more complex
organic species such as esters, ketones and aldehydes, that are the prebiotic precursors of sugars, amino acids
and other biomolecules2–4.

Since its first interstellar detection in 19705, methanol has been regularly detected at various stages of stellar
evolution, from the cold and dark pre-stellar core phase (see6 and refs. therein) to the protostar phase, where it
has been widely observed towards hot cores and hot corinos, the gas phase envelopes surrounding young stellar
objects of high or low masses, under either warm or cold conditions (see for instance7–11 for the most recent
surveys of iCOMs detections in Class 0 and Class I Solar-like protostars). At the protostellar stage, methanol is
also detected in shocked gases associated with low-mass protostellar outflows12. Although with more difficulty,
CH3OH has been detected in protoplanetary disks, the next stage of stellar evolution which directly precedes
the formation of a planetary system, thereby demonstrating that methanol, and consequently larger iCOMs, are
present at the planet formation stage13–17. CH3OH has been detected as a volatile species in several comets,
including 67P/Churyumov-Gerasimenko by the recently concluded Rosetta mission18–20, as ice on the surface
of a Kuiper Belt Object (KBO)21 and it is among the few iCOMs detected in other galaxies22.

Chemical modelling, experimental determinations and astronomical observations23–25 have clearly estab-
lished that methanol observed in regions of star formation is synthesized by successive hydrogenation of CO-
rich ice mantles3,4. Following formation, it can be released into the gas phase via thermal desorption under
warm conditions or via non-thermal desorption processes (i.e. by gaining desorption energy via interactions
with photons, electrons, cosmic rays, grain-grain collisions or exothermic chemical reactions in the solid phase)
in cold environments. Once in the gas phase, methanol can contribute to synthesize more complex species
via neutral-neutral or ion-neutral reactions. For instance, it can be protonated by reactions with H+

3 or HCO+

ions and further react with either CH3OH or HCOOH to eventually lead to the formation of dimethyl ether and
methylformate, respectively26,27. Additionally, H abstraction by the hydroxyl (OH) radical can lead to formation
of H2O plus CH2OH/CH3O28.

To explain the abundance of methanol, that in some astronomical environments can be as high as 3×10−5 with
respect to H2

1, accurate measurements of the rate constants for formation and destruction routes are required.
In addition to interactions with photons and electrons, reactions with ions are among the main destruction
routes for methanol. The most relevant ions in this respect are H+, He.+ and H+

2 , which are formed by the
interaction of cosmic rays with H or He, as well as H2. From H+ and H+

2 , H+
3 and HCO+ can be produced by

ion-molecule reactions with H2 and CO, two of the most abundant neutrals in the ISM. Reactions with He.+, H+
3

and HCO+ are therefore expected to be the dominant destruction mechanisms for the vast majority of iCOMs,
including methanol. However, while H+

3 and HCO+ reactions involve proton transfer processes which can be,
but are not necessarily, dissociative, the large recombination energy of He.+, is expected to lead to a greater
degree of methanol dissociation.

While the reactions of H+
3

29,30 and HCO+ 30–32 with CH3OH have been amply studied, to the best of our knowl-
edge, no previous experimental or theoretical studies have been performed on the reaction of He.+ and the rate
constant and branching ratios (BRs) reported in the astrochemical databases KIDA (KInetic Database for Astro-
chemistry33 available at https://kida.astrochem-tools.org/) and UDfA (UMIST Database for Astrochemistry34

available at http://udfa.ajmarkwick.net/) are estimates based on chemical analogies and simple modelling of
ion-neutral reactivity. Though such estimates can be useful when experimental/computational values are not
available, they can sometimes differ significantly from the true values, as demonstrated by previous work on
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the reactivity of He.+ with dimethyl ether (CH3OCH3) and methyl formate (HCOOCH3)35–37, for which the rate
coefficients, BRs and their temperature dependences have been found to differ substantially from the estimates
reported in the databases, as a consequence of stereodynamical effects present at low collision energies.

In this paper we report the first experimental determination of the partial and total ionization cross sections
(CSs) of CH3OH upon collisions with He.+ ions as a function of the collision energy (in the range from ∼ 0.04
to ∼ 10 eV) using guided ion beam mass spectrometry. Experimental results are interpreted by an improved
Landau–Zener approach based on an analytical expression of the Potential Energy (hyper)Surfaces (PESs) for
the entrance and exit channels leading to the formation of the CH3OH.+ radical cation in highly excited elec-
tronic states. The PESs have been obtained by a semi-empirical method, where involved parameters, defined on
phenomenological ground, have a proper physical meaning, thus guaranteeing an internally consistent repre-
sentation of the interaction in the full space of the relative configuration of reagents. This is a key prerequisite
to carry out molecular dynamics simulations over a range of collision energies that extends from sub-thermal
up to hyper-thermal values. Moreover, the internal energy content of the resultant molecular ion is such that
several fragmentation channels are energetically accessible.

In the entrance channel a natural orientation of a polar reagent, such as CH3OH, occurs because of the large
electric field gradients probed by the rotating molecule within the strongly anisotropic PES, arising from the
intermolecular interaction with the very small He.+ cation. This polarization effect leads to the preferential
formation of the non covalent adduct (the precursor state of reaction) in specific configurations confined within
a narrow angular cone, giving rise to the so called pendular states38,39. In other words, the most stable con-
figurations of the precursors are rather different with respect to the transition state promoting direct electron
transfer, and this generates a pronounced steric effect on the dynamical evolution of reactive events. Such
stereodynamical effects become increasingly significant at low collision energies.

Comparison of the experimental results with the model outcomes indicates that the preferential geometries
assumed by the reagents at low collision energies inhibit charge exchange, thus giving rate coefficients at low
temperatures (most relevant for the interstellar medium) that differ substantially from those reported in astro-
chemical databases. Note that, for the title reaction, the routinely used capture theory methods overestimate the
experimental absolute cross section values and are unable to reproduce their energy dependence in the probed
energy range, providing divergent results at low collision energies (see also refs35–37). Ab initio calculations are
used to define the shape of the molecular orbitals of the methanol molecule from which the electron is captured
and to evaluate the energetics of the various fragmentation channels of the CH3OH.+ radical cation.

2 Experimental

2.1 Experimental Methodology

The experimental data presented as part of this work have been collected using the Trento Guided Ion Beam
Mass Spectrometer (GIB-MS), which has been described in detail previously40,41 and so it is only covered briefly
here. The Trento GIB-MS is a tandem mass spectrometer composed of two octopoles (O) and two quadrupole
mass filters (Q) in a O-Q-O-Q configuration that allows for the investigation of bimolecular reactions of mass-
selected ions. Absolute CSs and BRs as a function of the collision energy (ECM) are derived by measuring the
yields of both parent and product ions.

He·+ ions are produced by electron ionization at electron energies in the range 55-65 eV. Electrons are emitted
by a thoriated tungsten filament with the emission current stabilized by an electronic feedback mechanism. He
is introduced into the ion source by a variable leak valve (Agilent Technologies/Varian model 951-5106) at
pressures in the range 10−7-10−8 mbar.

Following ionization, ions pass through the first octopole, which acts as a ion guide, before being mass
selected by the first quadrupole. Reactions occur in the second octopole, which is surrounded by a 10 cm

Journal Name, [year], [vol.], 1–26 | 3

Page 3 of 26 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 0
8 

Se
pt

em
be

r 
20

22
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Pe

ru
gi

a 
on

 9
/8

/2
02

2 
6:

15
:5

3 
PM

. 

View Article Online
DOI: 10.1039/D2CP02458F

https://doi.org/10.1039/D2CP02458F


long scattering cell. The pressure of the neutral gas in the scattering cell surrounding the second octopole
is monitored by a spinning rotor gauge (SRG2 MKS Instruments, MA. USA). In order to be able to convert
experimental CSs to absolute CSs, calibration experiments have been performed on the He·+ + SiCl4 system,
which is the subject of previous study using a similar set-up42, details of which are given in the ESI (Electronic
Supplementary Information). In this way, an effective cell length value equal to 8.3 ± 4.0 cm has been obtained,
with the magnitude of the uncertainty resulting from the literature CSs used in the calibration42.

The collision energy in the laboratory frame is dependent on both the reagent ion charge (+1 in the case
of this work) and the difference between the ion source and reaction cell potentials. The retarding potential
method was applied to the reagent ion beam43 to determine the maximum of the first derivative of the reagent
ion yield, which defines the zero of the kinetic energy. In this way, we have estimated an average reagent ion
beam FWHM of ∼ 1 eV in the laboratory frame, equivalent to ∼ 0.9 eV in the center-of-mass (CM) frame. By
varying the potentials of the second octopole and all subsequent optics, we are able to scan a collision energy
range from ∼ 0.05 to ∼ 10 eV in the CM frame (ECM).

The reaction cell is filled with a ∼10% mixture of CH3OH in Ar at variable pressures in the range of 1.0 x10−8

to 1.3 x10−4 mbar. The dilution of CH3OH in Ar is performed in order both to stabilise the vapour pressure
of CH3OH and to keep any secondary reaction at a reduced level. The chosen pressure interval further aids to
limit the impact of secondary reactions, while still providing an accurate pressure measurement and a dynamic
range from 10−1 to 102 Å2 for the absolute CSs.

In order to limit the effects of potential drifts in source pressure, reaction cell pressure and electron emission
current, data are collected in the so-called multi-scan mode, where signals are recorded for parent (He·+) and
product ions at a single point (e.g. at a specific ECM or CH3OH pressure in the collision cell) before moving to
the next one. To account for potential differences in the collection efficiency of He·+ ions when the collection
optics are optimized for product ions, parent ion intensities have been recorded at the product ion optimisation
with gas (CH3OH/Ar mixture in the present case) in the scattering cell (IProd(CM)). Subsequently, the IProd(CM)

is re-scaled to give the real He+ intensity (IPar(CM)) by optimizing the collection optics at the parent ion with
no gas in the cell and using Eq.(1):

IPar(CM) = IProd(CM) ·
IRe f
Par

IRe f
Prod

(1)

Where IRe f
Par and IRe f

Prod are the intensities of the parent ion, without gas in the reaction cell, at a reference ECM

when the collection optics are optimized for the parent and product ions, respectively.

2.2 Experimental Results

By recording mass spectra at different neutral gas pressures charged products from the reaction of He·+ with
CH3OH have been identified at m/z 14, 15, 28, 29 and 31. Additional peaks observed at m/z 33, 41 and 47 have
been identified as deriving from secondary reaction of the m/z 29 product with both Ar and CH3OH (see the
Electronic Supplementary Information for a typical mass spectrum). Notably, as we do not observe a product at
m/z 32, corresponding to the formation of CH3OH·+, we are able to conclude that the electron transfer process
is completely dissociative.

The limited resolution of our quadrupole mass spectrometer at m/z=1 and 2 makes it infeasible to obtain
results at these masses. Hence, potential products at such m/z values are not considered in the analysis. On the
basis of previous results on the dissociative ionization of methanol via electrons and photons44,45, we can expect
that the contribution of the neglected ions to total yield should not exceed a few percent. In particular, in the
case of photons45, the BR for H+ is 1% at 24.5 eV photon energy and 3% at 30 eV, with even smaller values for
H +

2 (0% and 0.3% at 24.5 and 30 eV photon energy respectively). Additionally, the AE of H +
2 is measured to
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be 26.5 eV, which is higher than the recombination energy carried by He·+. Similarly, in the case of electrons44

the BR for H+ is 1.2% at 30 eV electron energy and 5.5% at 65 eV, with smaller values for H +
2 (0.07% and

0.3% at 30 and 65 eV electron energy respectively). Therefore, in our case, an upper limit for BR(H+) of ∼0.05
(a value that is within the experimental uncertainty for some products) can be assumed, while the formation of
H +

2 can be neglected.
The corresponding reaction pathways for the products are given in Eqs. (2)-(6) with the thermochemistries

shown in Table 1, while the secondary reactions are described by Eqs. (7)-(9).

He·++CH3OH →CH ·+
2 +H2O/(OH·+H·)+He (2)

→CH +
3 +OH·+He (3)

→CO·++2H2/(H2 +2H·)/4H·+He (4)

→HCO+/HOC++H·+H2 +He (5)

→CH2OH+/CH3O++H·+He (6)

HCO++Ar →ArH++CO (7)

HCO++CH3OH →CH3OH +
2 +CO (8)

CH3OH +
2 +CH3OH →(CH3)2OH++H2O (9)

Reaction (8) has been studied extensively in literature, and its rate constant is reported to be in the range
of 1.4x10−9 30,32 to 2.7x10−9cm3·s−1 30,46, while rate constants for reaction (9) have been reported in the range
of 3x10−11 30,32 to 4.6x10−10cm3·s−1 30,47. As the proton transfer from HCO+/HOC+ to Ar is endothermic by
∼ 2.3 and ∼ 0.65 eV respectively48,49, and no reaction was observed in previous studies of the process50, the
observation of a minor m/z 41 product also indicates that a small proportion of the [HCO]+ product ions are
internally excited. We are therefore able to correct for the secondary reactions by summing the m/z 41, 33 and
47 products to the m/z 29 one, with the BRs calculated following this correction being given in Table 2, along
with those currently available in literature.

Absolute CSs for the various channels have been recorded as a function of ECM and results are shown in Fig. 1,
where the data for m/z 29 [HCO+/HOC+] include the correction for the contribution from secondary reaction
products. For all products, we observe a decrease in CS with increasing ECM, with no significant difference
in trend being observed between the different channels. The total CSs (obtained by summing over all the
channels) as a function of ECM are reported in Fig. 2.

As our experimental set-up can only discriminate between product channels of different mass-to-charge (m/z)
ratios, it is not possible to differentiate between different isomers of the ionic products (namely HCO+/HOC+

and CH3O+/CH2OH+) and between different combinations of the neutral co-products. Hence in Tables 1 and
2 all the thermochemically accessible combinations of products have been indicated.

It is interesting to compare the experimental BRs observed here upon dissociative ionization of methanol by
collisions with He·+, with other experimental investigations using electrons or photons as the ionizing agents.
Regarding electron ionization, numerous measurements have been reported on relative partial ionization CSs of
methanol for ionizing electron energies from 20 to 500 eV (see44,54–57 and references therein). In all cases and
at all ionizing electron energies, the primary product is CH3O+/CH2OH+ (with a BR equal to 0.37 at an electron
energy of 30 eV that decreases to 0.30 at 100 eV, according to44). Conversely, the HCO+/HOC+ fragment, that
is the major product in this work, has a BR of 0.18 that only marginally increases (to 0.20) at 100 eV.
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Table 1 Reaction thermochemistries (∆H) for the identified products of the reaction of He·+ with methanol (CH3OH) using
literature data a and our calculations b.

Reaction Products Eq. Reaction Enthalpy (eV)a Reaction Enthalpy (eV)b

CH ·+
2 + H2O + He (2a) -10.56 ± 0.10c -10.66

CH ·+
2 + OH· + H· + He (2b) -5.41 ± 0.10c -5.60

CH +
3 + OH· + He (3) -10.77 ± 0.10d -10.86

CO·+ + 2H2 + He (4a) -9.64 ± 0.10e -9.61
CO·+ + H2 +2H· + He (4b) -5.12 ± 0.10e -5.14
CO·+ + 4H· + He (4c) -0.60 ± 0.10e -0.67
HCO+ + H· + H2 + He (5a) -11.67 ± 0.10 f -11.66
HOC+ + H· + H2 + He (5b) -10.01 ± 0.10 f -10.03
CH2OH+ + H· + He (6a) -12.89 ± 0.10g -12.89
CH3O+ + H· + He (6b) -9.31 ± 0.10g -9.41

a Calculated using formation enthalpies ∆ f H◦(298 K) of CH3OH and of He·+ taken from Active Thermochemical Database 49 and NIST 48 respectively. Formation enthalpies
∆ f H◦(298 K) for the reaction products as indicated in notes c- g

b This work, at 298 K.
c ∆ f H◦(298 K) of CH ·+

2 from 49, of H2O and H· from 48 and of OH· from 51.
d ∆ f H◦(298 K) of CH +

3 from 49

e ∆ f H◦(298 K) and IE of CO from 48.
f ∆ f H◦(298 K) of HCO+ and HOC+ from 49.
g ∆ f H◦(298 K) of CH2OH+ and CH3O+ from 49.

Table 2 Product BRs for the reaction of He·+ with methanol (CH3OH), both experimentally (with PCH3OH = 1x10−5 mBar and
ECM = 0.29 eV) and from literature.

Reaction Products Eq. BRa BRb BRc

CH ·+
2 + H2O/(OH·+H·) + He (2a,b) 0.08 ± 0.02 - -

CH +
3 + OH· + He (3) 0.10 ± 0.03 0.50 0.50

OH+ + CH ·
3 + He - - 0.50 0.50

CO·+ + 2H2/(H2+2H·)/(4H·) + He (4a,b,c) 0.03 ± 0.02 - -
HCO+/HOC+ + H· + H2 + He (5a,b) 0.74 ± 0.18 - -
CH2OH+/CH3O+ + H· + He (6a,b) 0.05 ± 0.04 - -

a This work
b from KIDA database 33,52

c from UDfA (UMIST Database for Astrochemistry) 34,53
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Fig. 1 Absolute CSs (in Å2) for the production of HCO+/HOC+ (black open circles), CH +
3 (red filled circles), CH +

2 (green
open squares), CH3O

+/CH2OH+ (blue open triangles) and CO+ (magenta filled diamonds) ionic products as a function of the
collision energy (ECM), from the title reaction.

The photodissociation of methanol upon single photon absorption in the gas phase has been amply studied
both experimentally45,58–62 and theoretically63. Relative or absolute photoionization CSs for the production
of both the molecular and fragment ions have been measured in the VUV region, from the ionization thresh-
old58,59 up to 80 eV45, as well as in the X ray region64, using Photoelectron Photoion Coincidence (PEPICO)
spectroscopy60,61,64 and dipole (e, e+ ion) spectroscopy45. The most relevant study to compare with present
results is from Burton et al.45, where photoionization efficiencies and ionic photofragmentation BRs have been
measured/calculated up to 80 eV. The explored energy range includes photoionization from the inner valence
orbitals of CH3OH that are involved in the charge exchange with He·+, as detailed in Sec. 3. Experimental
values at a photon energy of 24.5 eV (close to the ionization energy of He) give CH3O+/CH2OH+ as the most
abundant fragment (BR = 0.306), followed by the HCO+/HOC+ fragment (BR = 0.244). When the pho-
ton energy is increased to 80 eV the amount of CH3O+/CH2OH+ fragment decreases (BR = 0.169) and the
HCO+/HOC+ ion becomes the dominant one (BR = 0.215). This is in line with the results from a PEPICO study
on the dissociative photoionization of energy selected methanol radical cations (with an internal energy up to
∼ 7 eV)61 where, at the highest internal energy of ∼ 7 eV, the fractional abundance of HCO+/HOC+ dominates
the breakdown diagram for CH3OH with a BR value of 0.72.

It should be also noted that even at very large electron or photon energies, there is a fraction (about 16-
20%) of methanol molecules that are ionized but survive fragmentation, leading to non zero CH3OH·+ product
detection at m/z= 32. For collisions with electrons from ∼ 60 up to 100 eV the BR for CH3OH·+ remains constant
at ∼ 0.2044, with a similar BR of 0.16 obtained for the dissociative photo-ionization at both 8045 and 10064 eV
photon energies. This is different from the present study, where the methanol radical cation is never detected,
thus indicating that collisions with He·+ lead to a greater degree of dissociation than those with either electrons
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Fig. 2 Experimental total CSs for the electron exchange reaction of He.+ with CH3OH as a function of the Collision Energy
(ECM). The black filled circles represent the measured total CSs, with error bars representing a 50% uncertainty on the absolute
values of the cross-section. The lines represent total CSs as estimated from the following simple capture models: Langevin
(black dashed line), locked-dipole (magenta dashed line) and the sum of the latter two models (blue dashed-dotted line). For
the sake of clarity some of the error bars in the data points have been omitted, but for all data points the uncertainty on the
absolute cross section value is approximately ±50% arising from the error propagation on the calibration of the effective cell
length (see details in the Electronic Supplementary Information).

or photons.
Another interesting comparison is with Li et al.65, who performed RRKM calculations to simulate relative

product yields for fragmentation at different internal energies of the CH3OH·+ radical cations. Calculations
were reported at internal energies of 1.55, 3.10 and 4.64 eV and, at the highest energy, the HCO+/HOC+

channel is observed as the major one, with a BR=0.68, a value that is not dissimilar to our findings.

3 Theoretical Methodologies

We have performed a preliminary comparison between the experimental total CSs, measured as a function of
the collision energy, with the predictions from traditional capture models. Such a comparison, given in Fig. 2,
shows important inconsistencies between predictions and experimental findings. It is therefore necessary to
develop a more detailed treatment of the interaction potential and of the collision dynamics. To this purpose,
we provide, in analytical form, the multidimensional PES both in entrance and exit channels and adopt a
treatment of the electron exchange process based on the Landau-Zener-Stückelberg approach. The relevant
details of the theoretical methodologies exploited in this study are given in the following subsections.

3.1 Representation of the [He-CH3OH].+ interacting system

The geometry of the [He-CH3OH].+ complex is defined using a reference frame centered on the center of mass
(CM) of the methanol molecule. The latter is subdivided into three constituent parts: the “effective atom”
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Ce f f , which has the mass and the polarizability of a methyl group, the O atom and the H atom of the hydroxyl
group. In particular, the polarizability of methanol, assumed equal to 3.21 Å3 66,67, is partitioned in three
components, with 2.20 Å3 assigned to Ce f f , 0.76 Å3 assigned to O and 0.25 Å3 assigned to the hydroxyl H atom.
The polarizability components obtained in this way are transferable values, i.e. they allow an evaluation of the
polarizability of other molecules (for instance the dimethyl ether, previously investigated in ref.37) in which
methyl groups, H and/or O atoms are involved.

The geometrical parameters for methanol are derived through ab initio calculations, resulting in a value of
1.42 Å for the C-O bond length and 109.0° for the Ce f f -O-H bond angle. In the adopted reference frame (see
Fig. 3) , the Cartesian coordinates (x, y, z) of the atoms in the methanol molecule are (in units of Å): O (-0.687,
0.096, 0), Ce f f (0.729, -0.047, 0), H (-1.090, -0.777, 0). To simplify the mathematical description of the inter-
action potential, the geometries of reagents are expressed using spherical coordinates (R,θ ,ϕ), where R is the
distance connecting the center of mass of the methanol molecule with the position of the He·+ ion and θ defines
the direction of the incoming ion. In particular, θ = 0° and 90° correspond to He·+ approaching perpendicularly
and along the xy plane, defined by the position of the O, H and Ce f f groups. The angle ϕ specifies the projection
of the R vector on the xy plane. An illustration of the coordinates used for the representation of the potential is
reported in Fig. 3.

Fig. 3 Illustration of the coordinates and reference system used for the representation of the interaction potential between He·+

and CH3OH.

3.2 Entrance channel: He.+ + CH3OH

The PES for the interaction of He.+ with CH3OH is given as the sum of two different contributions: an electro-
static component, Velec, and a non electrostatic component, Vnelec. Velec is calculated considering the Coulomb
interaction between He·+ and the effective charges residing on Ce f f , O and H atoms. For CH3OH, ElectroStatic
Potential (ESP) derived atomic charges are obtained from ab initio calculations, using the B3LYP functional68,69
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in conjunction with the correlation consistent basis set aug-cc-pVTZ70,71. Using this formalism the total dipole
moment for the methanol molecule is determined to be 1.700 Debye66 and the resulting effective atomic charges
are 0.2301e for Ce f f , −0.6064e for O and 0.3762e for H atom, leading to an electrostatic term that can be ex-
pressed (in meV) as:

Velec(R,θ ,ϕ) = 14400 ·
(
− 0.6064

RO
+

0.2301
RCe f f

+
0.3762

RH

)
(10)

where RO, RCe f f and RH are the distances (in Å) between He·+ and O, Ce f f and H atoms, respectively.

The Vnelec component is determined considering the combination between size repulsion contributions, oper-
ating at short distance, and induction and dispersion attraction contributions, operating at large intermolecular
distances. Such contributions are expressed as a sum of three terms that account for the interaction of He·+ with
the three effective atoms of the methanol molecule (Ce f f , O and H). For each interaction pair the non electro-
static component is formulated by the Improved Lennard-Jones (ILJ) model72, which effectively describes both
long-range and short-range interactions. The ILJ potential for a given interaction pair is given by the following
equation:

VILJ(r) = ε

[
m

n(r)−m

(rm

r

)n(r)
− n(r)

n(r)−m

(rm

r

)m
]

(11)

where r is the separation distance, while ε and rm are the depth of the potential well and its location, re-
spectively, associated to the interaction pair. The ratio rm/r is hereafter referred to as reduced distance. For
ion-neutral reactions the m parameter is equal to 4, while the n(r) term depends on the hardness (β) of the two
interacting fragments:

n(r) = β +4
(

r
rm

)2

(12)

The overall non electrostatic component is then the sum of the three potentials:

Vnelec(R,θ ,ϕ) =VILJ(RCe f f )+VILJ(RO)+VILJ(RH) (13)

Here a β value equal to 7 has been used for all the three interacting pairs, while the values of the other
parameters are given in Table 3.

3.3 Exit channel: He + CH3OH·+

The PES of the exit channel is comprised of a short range size repulsion and a long range attraction, with this
latter term depending on the non-electrostatic contributions, i.e. induction (Vind) and dispersion, with these two
terms being similar in magnitude. The sum of the dispersion attraction and size repulsion effects is described as
a van der Waals interaction, VvdW , which is expressed, similarly to what already done for the entrance channel,
in terms of three improved Lennard-Jones (ILJ) functions, one for each interaction pair:

VvdW (R,θ ,ϕ) =V ′
ILJ(RCe f f )+V ′

ILJ(RO)+V ′
ILJ(RH) (14)

Here m has been fixed to 6, to correctly represent the asymptotic behaviour of the dispersion, while for β

the value of 9 has been chosen for the three pairs due to the small "softness" of the He neutral partner. The
parameters associated with the three different V ′

ILJ contributions, together with the same VILJ terms for the
entrance potentials are reported in Table 3.

The molecular ion is formed in an excited state, by ejection of one electron from an inner valence molecular
orbital (MO) and its polarizability is assumed to be the same as that of the neutral methanol and is therefore
partitioned in the same way.
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Table 3 List of the parameters used for the definition of the ILJ potential in the entrance and exit channel. The polarizability of
He·+ is assumed to be ∼ 0.03 A3 36,37 and the value of ε and rm parameters are obtained by correlation formulas representing
the leading components of the intermolecular interaction in terms of polarizability components and charge of involved partners
(see73 and references therein).

Interacting pair ε (meV). rm (Å) m

He·+- Ce f f 312 2.58 4
Entrance He·+ - O 125 2.39 4

He·+ - H 76 2.05 4

He - Ce f f 2.3 3.69 6
Exit He - O 1.7 3.38 6

He - H 0.9 2.97 6

An additional induction term represents the ion-induced dipole contribution, describing the interaction be-
tween the CH3OH.+ radical cation and the He atom. The induction term Vind (in meV) is expressed as a function
of the polarizability of He (αHe = 0.2 Å3) and the distance (R, in Å) between the two interacting partners, via
the following expression:

Vind(R) =−7200
αHe

R4 (15)

where the factor 7200 provides the long range C4 (charge-induced dipole attraction coefficient) in meV·Å4 units.
The basic features of the resultant multidimensional PESs, controlling the entrance and exit channel dynamics,
are reported in the next section.

3.4 Crossing points between entrance and exit channels
The collisional energy of the present experiment, spanning a range from ∼ 0.04 to 10 eV, allows for a non-
adiabatic transition located at the crossing between the entrance and the exit PESs. Nevertheless, the difference
in the ionization energy (IE) of the two species (24.59 eV for He and 10.84 eV for CH3OH74) does not allow
a crossing between entrance and exit channel in the case of an electron ejected by the HOMO of the methanol
molecule.

In order to have a crossing between the entrance and the exit potentials, the electron must be removed from
an inner valence molecular orbital, with a high ionization potential. The calculated electronic configuration for
methanol is (1a’)2 (2a’)2 (3a’)2 (4a’)2 (5a’)2 (1a”)2 (6a’)2 (7a’)2 (2a”)2. According to previous investigations
the experimental ionization energy of the inner valence orbital 4a’ (representing the HOMO-5 orbital) is 22.65
eV75, in good agreement with a recent re-evaluation which gave a value of 22.623 eV76, enough to promote
the electron transfer process. Note that the other molecular orbitals of CH3OH have ionization energies that
are too low with respect to the recombination energy of He·+, thus giving either no crossings between the
entrance and exit PES or crossings that are not accessible within the collision energy range probed in the
present experiments. The PES for the exit channel can be rescaled considering the value of IE of the 4a’ orbital,
allowing for the identification of a crossing point between the entrance and the scaled exit potentials.

In Fig. 4 the curves obtained by PES cuts at four different configurations are shown. For each configuration
three curves are reported, representing the entrance (green), exit (red) and scaled exit potentials (red-dashed)
resulting from the removal of an electron from the inner 4a’ orbital. The zero of the energy scale is taken to
coincide with the value at R→∞ of the PES of the entrance channel. For one of the most attractive configurations
(e.g. θ=90° and ϕ=135°, see left upper panel of Fig. 4), one relevant crossing point between the entrance and
the exit curves is located at R = 2.464 Å. For unfavourable configurations (e.g. θ=90° and ϕ=-45°, -90° and
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-135°, see the other three panels in Fig. 4) the crossing points are either not present or inaccessible since they
are too high in energy.

In order to properly evaluate the occurrence probability of the electron transfer process, the electron density
distribution of methanol must be taken into account. For this reason, electronic structure calculations were
performed at the B3LYP/aug-cc-pVTZ level of theory in order to obtain the electron density map of the 4a’
(HOMO-5) molecular orbital, shown in Fig. 5, directly involved in the electron transfer to He.+.
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Fig. 4 Left upper panel: PES curves for the entrance (green) and exit channels (red) at fixed values of θ=90° and ϕ=135°. The
exit curves, considering an electron removed from the HOMO and from the HOMO-5 (4a’) orbitals, are reported as solid and
dashed lines, respectively. The other three panels emphasize the absence of the crossing with the exit channels for configurations
(top right: θ=90°and ϕ=-45°; bottom left: θ=90° and ϕ=-90°; bottom right: θ=90°and ϕ=-135°) of the precursor state in
the entrance channels where the repulsion due to strongly anisotropic electrostatic effects dominate . The zero energy is the
same in all cases and further details on the PES anisotropy are given Section 4.2

3.5 The Landau-Zener-Stückelberg treatment extended to dissociative electron exchange reactions

The transition probability at the crossing point between the two curves is treated by adopting the same strat-
egy successfully used in previous investigations37,77,78. More specifically, the Landau-Zener-Stückelberg ap-
proach79–81 is used for the implementation of a one-dimensional model, that considers specific slices of the
multidimensional PES at fixed values of θ and ϕ as a function of the reaction coordinate R. The CS for the
electron exchange process is calculated considering a cone of configurations with θ and ϕ values around 90°
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Fig. 5 Electron density map of the 4a’ (HOMO-5) inner valence molecular orbital of neutral methanol.

and 120°, respectively. The probability of passage through a crossing between the two curves is given by:

pi(E,θ ,ϕ, l) = exp
(

−2πH2
i

h̄vR(l,E)∆i

)
(16)

where E and l are the collision energy and the quantum number describing the orbital angular momentum of
the collision complex, respectively, while Hi represents the non-adiabatic coupling between the two curves and
∆i is the difference in slope between the entrance and exit curves at the crossing point. The radial velocity vR is
defined as:

v2
R =

2
µ

[
E
(

1− l(l +1)
k2R2

i

)
−Ei

]
(17)

where Ei and Ri are the values of energy and R at the crossing point, respectively. The total integral CS for the
electron transfer is considered as a sum of contributions for each value of l:

σ(E,θ ,ϕ) =
π

k2

lmax

∑
l=0

(2l +1)Pi(E,θ ,ϕ, l) (18)

where the probability of formation of CH3OH·+ (Pi(E,θ ,ϕ, l)) is expressed in terms of the previously described
pi(E,θ ,ϕ, l). The sum in eq. (18) extends up to lmax, the maximum value of l for which the system is able to
overcome the centrifugal barrier to reach the crossing point located at Ri. For high collision energies lmax is
given by the maximum value of l for which vR is real, namely:

lmax = kRi

√
1− Ei

E
(19)
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According to the guidelines discussed in37, for low collision energies the lmax value should be reduced to avoid
the non-physical condition of a centrifugal barrier in the entrance channel higher than the available collision
energy. Such a limitation in the lmax leads to smaller CSs for collision energies smaller than ∼ 100 meV.

Applying the same criteria as discussed in36,37, Pi can be here represented as:

Pi = (1− pi)(1+ pi) (20)

It should be noted that any orientation dependence of Pi appears indirectly in the evaluation of the crossing
position and of the radial velocity.

3.6 Potential Energy Surface for the dissociation process

The energetics and fragmentation pathways of CH3OH·+ radical cation are investigated through ab initio calcu-
lations. The analysis of the Potential Energy diagram for the dissociation of CH3OH·+, starting from its ground
electronic state, is performed adopting a computational strategy successfully used in the past for the investiga-
tion of several processes82–84. Calculations start with optimization of the geometry of all identified stationary
points in the PES by means of Density functional theory (DFT). In the present work, geometry optimization
has been performed using two different functionals: B3LYP and ωB97X-D85, both in in conjunction with the
correlation consistent basis set aug-cc-pVTZ.

Harmonic vibrational frequencies are evaluated, at the same level of theory, in order to identify the nature of
each stationary point, i.e. minimum if all the frequencies are real and transition state if there is one, and only
one, imaginary frequency. Subsequently, the energies of all the stationary points are evaluated at an higher
level of theory, i.e. CCSD(T)86–88/aug-cc-pVTZ. The zero-point energy corrections, evaluated at the B3LYP/aug-
cc-pVTZ level or at the ωB97X-D/aug-cc-pVTZ level, are then added to the CCSD(T) energies to obtain values
at 0 K. All calculations are performed using Gaussian0989, while the frequencies analysis is performed using
AVOGADRO90. Results of the calculations employing the ωB97X-D functional are reported in the next Section,
where they are also compared with existing literature values. Complementary data extracted from the B3LYP
calculations are listed in the Electronic Supplementary Information.

4 Results and Discussion

4.1 Potential Energy Surface for the dissociation process

The CH3OH·+ cation, formed directly after the electron transfer to He·+, possesses a high degree of internal
energy. As a consequence, a fast electronic rearrangement is expected, leading to instantaneous dissociation.
The PES for the dissociation of the CH3OH·+ cation from its ground electronic state is reported in Fig. 6. The
calculated energies (at the CCSD(T)/aug-cc-pVTZ//ωB97X-D/aug-cc-pVTZ level) are reported considering the
CH3OH·+ cation as reference (with energy of 0.0 eV).

Once formed, the aforementioned cation can directly dissociate leading to the formation of six different
combinations of products. The breaking of the C-O bond leads to the formation of the OH radical plus the CH+

3
cation, with a relative energy of 2.78 eV, in a barrierless process. Another process with no energy barrier is H
atom elimination, leading to the concominant formation of the CH3O+ cation, with an endothermicity of 4.26
eV. Four different processes lead to the formation of molecular hydrogen. Firstly, the co-ejection of the H atom
of the hydroxyl group with one of the three methyl hydrogens leads to the formation of CH2O++H2, with an
overall energy of 0.89 eV, and a barrier, TS3, of 2.69 eV. Alternatively, the elimination of two methyl hydrogens
first leads to the formation of cis/trans van der Waals complexes (indicated as c-vdW and t-vdW in Fig. 6),
which are higher in energy by 1.33 and 1.18 eV respectively. In the case of c-vdW, the subsequent breaking of
the O-H bond can lead to the formation of HCO++H2+H. This has an overall endothermicity of 1.92 eV with
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Fig. 6 Schematic representation of the PES for the dissociation of the CH3OH.+ cation, with the energies (reported in eV)
evaluated at the CCSD(T)/aug-cc-pVTZ//ωB97X-D/aug-cc-pVTZ level of theory. A similar figure with the energies computed
at the CCSD(T)/aug-cc-pVTZ//B3LYP/aug-ccpVTZ level is reported in the Electronic Supplementary Information

a barrier of 2.59 eV (via TS5). Without cleavage of the O-H bond, c-vdW and t-vdW lead to cis- and trans-
HCOH+ + H2, with reaction energies of 1.32 and 1.17 eV respectively.

An alternative reaction mechanism is the isomerization of CH3OH·+ via an 1,2 H-shift, leading to the forma-
tion of CH2OH+

2 , with a reaction energy of -0.30 eV and a barrier of 1.10 eV (via TS1). The resultant cation
can dissociate, via a barrier located 1.45 eV above the zero energy (TS4), to give H + CH2OH+, with a reaction
energy of 0.78 eV (relative to CH3OH·+). Alternatively, the cleavage of the C-O bond leads to the formation
of water, together with the CH+

2 cation, in a barrierless process with a reaction energy of 2.97 eV (relative to
CH3OH·+).

Importantly, this PES describes the fragmentation of ground state CH3OH·+ whereas, as can be the case in the
reaction studied in this work, the removal of an electron from an inner molecular orbital leads to the formation
of CH3OH·+ in an excited state. This therefore means that, though some of these channels are endothermic in
the case of the ground state, all are accessible for the excited state.

Several theoretical investigations have been performed in the recent years in order to properly understand
the fragmentation pathways of the CH3OH.+ cation91–93. To the best of our knowledge, the first theoretical in-
vestigation goes back to 1991, when Ma et al.93 analyzed the main isomerization and fragmentation pathways
of ionized methanol, leading to two main product channels: HOC+ + H2 + H and HCO+ + H2 + H. These au-
thors identified different long range interacting complexes, relevant to the formation of H2, which interacts with
the remaining co-fragment prior to its elimination. More accurate CCSD(T)/cc-pVTZ//B3LYP/6-311++G(d,p)
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calculations have been performed by Wu et al.92, revealing the possible formation of other important species,
including H3/H+

3 and CH+
2 + H2O. Finally, Li et al.91 reported a complete investigation of the global PES for the

fragmentation of CH3OH.+ using both DFT theory (B3LYP/6-311G(d,p)) and more accurate G3(MP2,CCSD)
methods for energy evaluations. Different product channels have been identified, leading to the formation of H,
OH, H2O and H2 as neutral co-fragments. In the present work we performed a new evaluation of the stationary
points on the fragmentation PES in order to provide a global picture of all the possible product channels to
assist the interpretation of experimental results.

4.2 Potential Energy Surface and Dynamics of the electron transfer process

The initial approach of He·+ towards methanol has been simulated from multiple directions by varying the
cation’s spherical coordinates θ and ϕ. From here on, we refer to each θ and ϕ pair as a "configuration" of
the system. In order to fully understand the effect of the orientation of the two interacting partners on the

Fig. 7 Cuts of the PES for the entrance channel of the He·++ CH3OH system for ϕ=90° and ϕ=-90° considering the variation
of θ at fixed values of R.

entrance potential, the PES has been calculated at a set of fixed distances for different values of θ . At R values
corresponding to 3, 5, 10, 15 and 20Åthe entrance potential has been evaluated at ϕ = -90° and 90° over a
range of θ angles between 0° and 90°. A slice of the entrance channel PES is reported in Fig. 7, where a strong
repulsive potential is present at ϕ = -90°, corresponding to He·+ approaching the H atom of the OH group.
The potential appears to be attractive when the He·+ approaches the region of OH group (ϕ = 90°), due to a
strong effect of the electrostatic component of the interaction. A minimum in the potential is observed at θ ≈
90°, a configuration in which the ion is located in the same plane as the Ce f f -O-H atoms of the molecule. In
Fig. 8, a similar procedure has been applied, with the same set of fixed R values, to the θ = 90° case, in order
to evaluate the effect of the variation of the angle ϕ on the entrance potential. In this case, a minimum in the
potential is observed at 90°≤ ϕ ≤150°, which corresponds to a configuration in which the ion approaches the O
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Fig. 8 Cuts of the PES for the entrance channel of the He·++CH3OH system for θ=90° considering the variation of ϕ at fixed
values of R.

atom. This is further illustrated in Fig. 9, where the PES for the approach of the ion in the xy plane (i.e. with θ

= 90° and -180°≤ ϕ ≤180°) has been presented in a three-dimensional plot, with the attractive and repulsive
contributions being represented by blue and yellow, respectively. The figure shows that, due to the polarity of
the methanol molecule, the entrance channel PES is strongly anisotropic. For this reason, it is expected that
the reagents, during their approach, tend to assume spontaneously the most attractive configuration, especially
under sufficiently long collision times.

In addition to the relative orientation in the entrance channel, the position and energy of crossing(s) between
the entrance and exit channels also needs to be investigated. In Fig. 4 we have selected the configuration (θ =
90°, ϕ = 135°) for which the entrance PES as a function of R shows a deep potential well. In the same figure the
exit PES has been reported for the same configuration, rescaled by the IE value of the 4a’ molecular orbital of
CH3OH, to represent the removal of the electron from this inner molecular orbital. The resulting crossing point
is located at a distance between He·+ and the center of mass of the methanol molecule of 2.462 Å, with V =
-1.419 eV. Hence, for this configuration, an exothermic crossing can occurr, and similar behaviours is expected
for other configurations. The strong anisotropy of the PES is expected to have an effect on the electron transfer
process. In particular, assuming that the most attractive configurations lead to a significant contribution to the
CS, only select configurations drive the charge exchange process, namely those corresponding to the approach
of He·+ towards the oxygen side. As a consequence the reaction probability is only non-zero for a select set of
configurations.

4.3 Electron transfer cross sections

The calculation of the electron transfer CSs have been performed using two different approaches to account for
the two different dynamical collision regimes.
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Fig. 9 3D PES for the entrance channel with the attractive and repulsive contributions reported in blue and yellow, respectively.

i) isotropic model: in the first case calculations have been performed assuming a statistical distributions of
relative orientations of reagents. Total CSs calculated by averaging CSs over an appropriate number of (θ ,
ϕ) couples account for the role of different, but equally probable, directions of approach for He·+ towards
CH3OH, rregardless of relative orientation. CS calculations have been performed by averaging over a total of
128 configurations and the choice of the non-adiabatic coupling term, at the crossing point i between entrance
and exit reaction channels, has been made under the criteria discussed in detail later on in this Section. The
results, presented in Fig. 10 as a green dashed line, clearly underestimate the experimental data at all probed
collision energies (with the exception of few data points at the upper limit of the experimental collision energy
range).

This disagreement represents a robust indication that the adopted assumption is unsatisfactory and that the
dynamical treatment must take into account the role played by the strong anisotropy of the PES on the reagents
side, which tends to channel the approaching particles in specific relative configurations. In particular, as
observed in similar systems previously investigated with the same technique36,37, in the strong electric field
generated by the very small He·+ ions, the anisotropic molecule will seek to orient its dipole moment around
the configuration of minimum energy.

ii) preferential orientations: The second approach assumes that at the asymptote, where the interaction po-
tential energy tends to zero, the CH3OH molecule is free to rotate (the mean rotational energy of CH3OH is
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∼ 40 meV at T = 300 K). However, as the colliding partners approach, the rotation of polar CH3OH becomes
either partially or totally hindered by the intermolecular electric field gradient associated with the interaction
anisotropy. As a consequence, in the reference frame adopted to describe the dynamics, the rotational motion
of CH3OH decreases as the system climbs the repulsive wall of the PES and increases in the other half-turn due
to the attraction. This effect becomes more prominent at short separation distances, where the PES anisotropy
is larger.

As can be observed in Fig. 8, the energy barriers arising from the interaction anisotropy become comparable
to the mean rotational energy of CH3OH at R ∼ 15 Å. However, at shorter distances, the barrier that inhibits the
rotation becomes insurmountable and the molecule librates like a pendulum around the position of minimum
energy. In this case, the collision system is confined in a so-called pendular state, in which molecular rotations
are transformed into bending vibrations of the collision complex (for further details see Figure 6 of ref.36). As
the distance decreases, so does the amplitude of the oscillation, and eventually the molecule is locked in its
preferential orientation.

Orientation effects of this type become increasingly efficient at low collision energies, as the collision time
becomes sufficiently long with respect to the rotational period of the molecule. They can influence the dynamics
of the electron exchange process by channelling most of the trajectories in narrow angular cones confined
around the most attractive configurations of the intermolecular interaction (see Figures 7- 9). Considering that
the most attractive geometries are the least efficient for the electron transfer process, when the extension and
symmetry of the molecular orbitals involved in the electron exchange are taken into account, the reaction can
essentially be promoted by the coupling between the rotational angular momentum of nuclei in the complex
and the orbital angular momentum of the electrons (Coriolis coupling).

To evaluate the magnitude of the coupling and to account for its orientation dependence, the modelling
was properly extended to include the change with E of the original orientation in the collision complex. In
particular, the coupling is expected to be less efficient when reagent molecules are strongly oriented. Following
the guidelines given in Ref.37, the Landau expression for the coupling has been adopted:

Hi(l,E,θ ,ϕ) =
h̄l

µR2
i

M (21)

In the above equation the M term has been extended as:

M =C
∣∣∣∣ E
Ei

∣∣∣∣ 1
4

(22)

where, as already defined, E is the collision energy and Ei is the energy value of the crossing point i. In
the present investigation the C value is set to C = 4 in order to reproduce the absolute value of measured total
ionization CS in the intermediate and low E range probed experimentally (see blue dashed line in Figure 10).

At the higher collision energies (E ≥ 4 eV) the collision time decreases and so the reorientation of CH3OH
towards the most attractive configurations is expected to be infeasible. To account for this we have assumed
that, in the collision energy range 2 ≤ E ≤ 4 eV, a dynamic regime that encompasses both effects is required to
reproduce the experimental data. Accordingly, the collision energy dependence of the total ionization CS σt(E)
has been calculated as a weighted sum of σcone(E) and of σsphere(E):

σt(E) = σcone(E) f0(E)+σsphere(E)(1− f0(E)) (23)

where f0 is a Fermi weight function, expressed as:
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f0(E) =
1

1+ e
E−E0

Et

(24)

The values of E0 and Et factors define, respectively, the E values at which the two limiting regimes of the
collision dynamics exhibit the same weight and how fast the passage between the two calculation methods
occurs. In the present study E0 and Et have been selected, respectively, in the range of 3.0 and 1.5 eV and the so
calculated CS are reported as red line in Fig. 10. From this it can be seen that at low collision energies (when
ECM <∼ 1.5 eV) the preferential orientations model effectively fits the experimental results, while at higher
energies (ECM > 5 eV) the isotropic model better reproduces the absolute value of CS. As a result, at higher
collision energies the strong stereodynamical effect tends to vanish.

Observed stereo-dynamical effects indicate that for several configurations, defined in a statistical way by the
isotropic model, the crossing points are either not present or energetically inaccessible since they are too high
in energy. In addition, for some configurations, the turning points (the distance of closest approach of reagents)
are too external with respect to the crossing points opening the charge exchange channel. Such crossing points
become accessible only at very high collision energies, probing shorter intermolecular distances.

Fig. 10 Comparison of experimental (black filled circles) and computed total CSs according to the theoretical treatment described
in the text and based on an improved Landau-Zener-Stückelberg approach: isotropic model (green dashed line), preferential
orientations (blue dashed line), weighted sum (red line).

4.4 Cross sections and rate coefficients: comparison with previous models
CSs and rate coefficients for ion-molecule reactions, with their dependence on energies/ temperature, are
usually evaluated using various types of capture models (see94 for a very recent review). For the system here
presented such models are unable to correctly describe the absolute values and the collision energy dependence
of CSs, measured under thermal and hyper-thermal conditions. In particular, at a collision energy of 60 meV
(confined in the thermal range) the CS predicted by classical capture models is a factor 5-7 larger respected to
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the measured value (see Fig. 2).
The present treatment, adopted to correctly reproduce the experimental findings, suggests that observed

deviations from predictions of capture models are representative of stereo-dynamical effects, ascribed to the
strong interaction anisotropy in the entrance channel of the reaction. Such anisotropic interactions lead to the
formation of a precursor state, localized at short intermolecular distances, in specific configurations. Moreover,
the symmetry of molecular orbital, of relevance for the chemical forces involved in the electron exchange, at the
PE curves’ crossings, further controls the selectivity of the process. Such stereo-dynamical effects are expected
to play an increased role also under sub-thermal conditions, because the increase of the collision time favours
the formation of the precursor state in its most stable configurations.

From the CSs obtained using the improved Landau-Zener-Stückelberg method described in the previous sec-
tion (namely the red line from Fig. 10), it is possible to evaluate the reaction rate coefficient as a function of
temperature (k(T )) in the thermal and hyper-thermal range and to attempt an extrapolation under sub-thermal
conditions. The k(T ) can be calculated by averaging the computed total integral cross section over a Maxwell-
Boltzmann distribution of collision energies, following the definition of rate constant in collision theory in
chemical kinetics (see for instance Sec 1.2.5 of Ref.95 and35).

At 300 K our model gives an estimated rate coefficient of 1.0× 10−9 cm3 s−1, which is smaller than the val-
ues from KIDA33 (k =4.8× 10−9 cm3 s−1 from classical trajectory scaling method of Su and Chesnavich52,96,97)
and UDfA34 (k =2.2× 10−9 cm3 s−1). When we attempt an extrapolation at the low temperatures relevant for
interstellar conditions (∼ 10 K) our estimated rates are about a factor 10-30 lower respect to KIDA values
(k =2.0×10−8 cm3 s−1 33) and to the long range transition state theory model of Georgievskii and Klippenstein98

that estimates a k =2.3× 10−8 cm3 s−1. Present and previous results35, obtained with the same methodology,
raise the important question that capture models, extensively used to describe ion-molecule reactions, can ex-
hibit a different degree of reliability, depending on the specific features of the reagents. This represents a crucial
problem to collect reliable/accurate rate coefficients for plasmas and astrochemical databases. In our opinion
this open question can be properly addressed by performing, under the same conditions, additional experiments
extended at low collision energies (i.e. below 0.05 eV, that are unfortunately unfeasible using our experimental
set-up), in order to provide internally consistent data for different ion-molecule reactions.

5 Conclusions/Summary

• We have reported measurements of the absolute cross sections (CSs) and branching ratios (BRs) for the
collisions of He·+ ions with CH3OH as a function of the collision energy, in the range from ∼ 0.04 to ∼ 10
eV.

• A striking difference is observed between our experimental BRs and the estimates reported in astrochemical
databases. In both cases the electron exchange process is completely dissociative; but while databases
indicate a BR of 0.50 for the two channels CH +

3 plus OH and OH+ plus CH3, our results, summarized in
Table 2, show that the most abundant fragment is HCO+/HOC+ with a BR equal to 0.74±0.18, the CH +

3

fragment is the second most abundant (with BR=0.10±0.03) and the OH+ fragment is not detected.

• A theoretical interpretation in support of experimental results is proposed, based on analytical expressions
for the entrance and exit multidimensional PESs, and on the modelling of non-adiabatic transitions via
a Landau-Zener-Stückelberg approach, to estimate transition probabilities at crossings between diabatic
curves.

• In addition to all constraints of traditional capture methods, the present treatment encloses: i) the defini-
tion of a separation distance range where charge transfer coupling manifests. This information, together
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with the role of centrifugal barrier in the entrance channels, selects the l values effectively triggering the re-
action; ii) the indication of the molecular orbitals involved in the electron transfer process; iii) the structure
and stability of the precursor state more efficiently formed by collisions at each l value.

• The collision dynamics is treated within a semiclassical method, expected to be quantitative for collision
energies larger than 1 meV (∼ 10 K) and semi-quantitative for lower energies, where quantum effects may
become prominent.

• It is shown that the (diabatic) reactant surface does not cross the product surface that correlates asymptot-
ically with the ground state of CH3OH·+. Crossing is possible only assuming that the electron is removed
by an inner valence orbital (namely the 4a′ having a vertical ionization energy ∼ 11.67 eV higher than the
HOMO), thus the nascent radical cation is formed in a highly excited state that quickly dissociates.

• To reproduce experimental findings a strong orientation effect of the polar CH3OH molecule in the electric
field generated by He·+ should be assumed. This is a general result and points to the fact that stereo-
chemical effects should not be disregarded when seeking to obtain reasonable estimates of dynamical
processes. For recent examples of the influence of stereochemical effects on the reactivity of other ion-
molecule systems at low and ultra low collision energies see for instance99–105.

• The experimental CSs and product BRs here reported should be used when modelling the abundance of
the ubiquitous methanol molecule in the interstellar medium, with special reference to those regions where
collisions with He·+ are expected to be among the main destruction routes.
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