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Abstract

Structural change of ions induced by collision with a neutral has been studied in a

guided ion beam tandem mass spectrometer, using Time-Of-Flight measurements and

SIMION simulation. The exothermic catalytic isomerization of HOC+ to HCO+ is used

to explore the new methodology. Isomerization is catalyzed via a proton transport

mechanism through the interplay of a neutral molecule, the catalyst. Four different

potential catalysts, Ne, D2, CH4, and C18O, were studied at different collision energies.

SIMION simulation of the ion path and collision in the instrument leads to the highlight

of a specific signature related to the catalytic isomerization in the time-of-flight spec-

tra. This signature is used to identify the experimental conditions where isomerization

takes place. Only C18O, at low collision energies, gives a clear signature of catalytic

isomerization, and a quantitative estimate of the catalyzed isomerization cross-section

and rate constant is derived. This new methodology is sensitive to clear presence of

catalyzed isomerization and can be used in instruments designed for cross-section

measurements, provided low collision energy is used and ion bunching is available.
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1 | INTRODUCTION

Mass spectrometry is inherently insensitive to structure and must be

combined with other methods in order to produce structural informa-

tion. One of the major strategies to this end is to induce the dissocia-

tion of the desired ion. The dissociation can be induced either by

ionization itself1,2 or by further activation of ions, such as collision.3,4

Reactivity also offers the possibility to differentiate isomer ions.5–8

Beyond structural determination, probing the structural change,

from one isomer to another, is a difficult task in mass spectrometry. If

the two isomers have different reactivity or dissociation patterns, it is

possible to measure the modification of behavior from the pattern of

ions produced after isomerization is triggered, and thus deduce the

occurrence of a structural change. This process requires a transition

state lying higher in energy than the highest isomer. It results in an

isomerization barrier that can be overpassed by collision with a neu-

tral target, either bringing internal energy through collision energy or,

and this is the mechanism of interest here, lowering the isomerization

barrier in the collision intermediate. In the latter case, the neutral

target acts as a catalyst.9–17

Catalyzed isomerization by proton transport was first observed

by Wagner-Redecker et al. in 19859 and Freeman et al. in 198710 in

the HOC+/HCO+ system, with H2 as the neutral target acting as the

catalyst. However, they did not identify the mechanism leading to the
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isomerization. It was first described by Ferguson in 198913 and the

terminology of catalytic isomerization by proton transport was pro-

posed by Bohme in 1992.18 Proton transport operates, in the HAB+

molecular ion (being higher in energy than its ABH+ isomer), through

a two-steps mechanism: (i) first a proton transfer from the A site of

the AB moiety to the molecule M, (ii) second a proton transfer from

the protonated molecule M to the B site of the AB moiety. Formally,

the neutral target M transports the proton from one site to the other,

lowering the isomerization barrier, without being modified in the pro-

cess. In order to have an efficient proton transport, the proton affinity

of the catalyst must range between those of the two sites considered

in the structural change, A and B.

It is to be noted that the situation is a bit more complex when the

neutral target M is either molecular hydrogen or a hydrogenated spe-

cies. Indeed, in that case, the two steps might consist of a single con-

certed mechanism where the proton is formally transferred to the

neutral target, while another proton from the neutral target is trans-

ferred to the AB moiety. This mechanism does not formally corre-

spond to a proton transport and therefore cannot be accounted as

isomerization.

The proton transport mechanism has been evidenced on larger

molecular edifices and is involved in the catalytic keto-enol14–16 and

formic acid17 isomerization, with different polar molecules as cata-

lysts. This catalytic isomerization process was mostly studied, in mass

spectrometers, using the reactivity or dissociation strategy. We here

propose a new methodology to probe the proton transport.

The HCO+ and HOC+ isomers, hereafter referred to as CHO+

generic term, are separated by 1.7 eV, HOC+ being the less stable iso-

mer. The isomerization of HOC+ to HCO+ is restricted by a barrier of

1.5 eV19 and can be catalyzed by the presence of a neutral

molecule,9–12,19–21 using the proton transport mechanism18,19

described above. It has been shown, both theoretically12,19–21 and

experimentally,9–12 that the barrier of the catalyzed isomerization of

HOC+ is inversely proportional to the proton affinity of the neutral

collider. The barrier becomes submerged when the proton affinity of

the catalyst is higher than the one of the oxygen atom of CO. Proton

transfer, to the neutral target, becomes the favored path when the

neutral partner has a higher proton affinity than the carbon of CO.

Beyond the physicochemical interest, both CHO+ isomers have

been detected in diverse regions of the interstellar media, such as

Photon-Dominated Regions,22 interstellar clouds,23–25 or Mars iono-

sphere.26,27 The [HCO+]/[HOC+] detected ratios are in the range of

20 to 1800.22–25 This means that HOC+ can be, unexpectedly, abun-

dant in some environments, HCO+ being one of the most abundant

molecular ions in the interstellar media.28,29 In order to understand

the evolution of these two species and their impact on the formation

of complex molecules, it is of great interest to study their reactivity.

For HOC+, isomerization can act as a destruction path. It is, therefore,

relevant to describe and quantify it.

Proton transport from HOC+ to HCO+ has been studied here,

using an innovative Time-Of-Flight (TOF) methodology, inside a tan-

dem guided ion beam instrument. This methodology combines the use

of experimental TOF measurements, hereafter referred to as X_TOF,

with TOF simulation, hereafter referred to as S_TOF, performed using

the SIMION software, to interpret the results. Comparison between

the experiments and the simulation highlights a specific signature

related to the presence of catalyzed isomerization of HOC+.

2 | INSTRUMENT AND METHODS

2.1 | Experimental measurements

The experiments were done with the CERISES instrument30 associ-

ated to the DESIRS31 beamline of the synchrotron SOLEIL. This beam-

line produces VUV photons in the 5–35 eV range. The CERISES

instrument makes use of the VUV photons to produce, by dissociative

photoionization, mostly singly charged cations. This set-up is a guided

ion beam tandem mass spectrometer, composed of two octopoles

located between two quadrupoles mass filters in a QuadI-OctI-OctII-

QuadII configuration. The collision cell is a metallic cylinder of 40 mm,

in effective length, perforated at both ends by 11 mm diameter aper-

tures. It is located at the end of OctI (Figure 1). Initial kinetic energy of

the ions, related to the potential difference of the source and OctI,

was determined using the retarding potential method as illustrated in

Figure S1.32 By convenience, the retarding voltage in the following

and in figures is the opposite of VOctI. The kinetic energy of ions can

be varied in the range 0–20 eV in the laboratory frame, by changing

by a same amount the potential of all the elements between the first

octopole, included, and the detector. Conversion to the center-

of-mass (CM) frame is made to produce comparable results when con-

sidering different neutral targets.

The CERISES set-up has been designed with two octopoles in

order to describe the kinetic energy released during the reactive colli-

sion. The first octopole is 15 cm in length and the second one is

45 cm in length. OctII is set at a potential slightly attractive (�0.7 V)

compared to the collision cell (first octopole) in order to allow for ions

with slight differences in speed to exhibit measurable differences in

their time of flight to the detector. It was therefore proposed to take

advantage of this characteristic to witness the kinetic energy released

in the catalytic isomerization. To this end, TOF measurements of the

m/z = 29 HOC+ parent ions are recorded, using different kinetic

energy of the parent ions, to study the effect of a neutral target on

the kinetic energy distribution of the ions.

In order to record the time of flight of the ions in the instrument,

it is necessary to generate bunches of ions from the continuous flow

emerging from the photoionisation source (the nominal repetition rate

of SOLEIL, when we performed the measurements, was 352 MHz).

Therefore, we had to design a gating procedure in order to repel all

ions on their path to the collision cell, except for a limited time, that

would correspond to the start of a bunch of ions. To this end, and

considering that the HOC+ ions are produced by dissociative photo-

ionization, it was decided to bunch the ion flow after the mass selec-

tion in order to avoid unexpected charging effects induced by the

deflection of large ionic currents on insulators. As there is an Einzel

lens focalizing ions emerging from the first quadrupole into the first
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octopole, a digital pulser (Agilent 33220A, 20 MHz) was connected to

the first element of this lens (L1, Figure 1). The potential of this 2 cm

long cylindrical electrode giving optimal transmission of the lens is

equal to �2.8 V. Bunches of ions were generated at a frequency of

1 kHz by applying a default value of +10 V (gate closed) on that ele-

ment, and lowering the value at �2.8 V (gate opened) for a duration

of 10 μs. In these conditions, counting rates of about 1,000 ions.s�1

were measured. On average we aimed at the recording of an integral

of 1 million ions, representing roughly 15 minutes of acquisition per

X_TOF spectrum.

Thanks to the retarding potential method, it is possible to slow

down ions in the CERISES instrument to very small speeds. Therefore,

flight times up to 2 ms can be recorded. The Data acquisition module

used for this purpose is a National Instruments PCI 6602 DAQ, which

was operated at a time resolution of 0.8 μs, and used the digital pulser

trigger signal as start of its measurements. An X_TOF spectrum can

then be generated and corresponds to the histogram of all individual

flight times recorded during the acquisition. Since these flight times

are measured between the opening of the gate and the detection of

the ion by the detector (Figure 1), it corresponds to the travel time

of the ions in this part of the instrument.

A typical X_TOF spectrum is shown in Figure 2. It is composed of

two peaks: (i) a sharp artefact at short time (�100 μs) and (ii) the peak

of interest (between 150 and 600 μs). (i) The artefact is a conse-

quence of the length of the pulsed element used to generate the ion

bunch. When L1 is set back to +10 V, the ions still present in L1 will

be artificially set at the upper potential. This will result in an important

kinetic energy increase for these ions, when exiting L1, and lead to

the formation of a peak at short time, the artefact. (ii) The peak of

interest corresponds to the travel time of the ions inside the CERISES

instrument between the end of the first quadrupole and the detector.

The maxima of both peaks are shifted with the retarding voltage

applied. This effect is more important for the peak of interest than for

the artefact. Since the kinetic energy of the ions is proportional to the

retarding potential applied, there will be a decrease of resolution of

the initial kinetic energy distribution, resulting into a sharpening of the

peaks.

Target gases were introduced in the collision cell. Absolute pres-

sures were measured using a MKS398H differential manometer (bara-

tron gauge). The pressure was kept below 160 nbar, in order to

ensure the single collision regime, with a maximum of 10% of the par-

ent ion attenuation. Because the collision cell has apertures at both

ends, the neutral target gas will constantly flow out. This escaping gas

may interact with parent ions outside the collision cell, in regions of

the instrument where ions have different kinetic energies. It adds an

undesired contribution to the results. In order to remove this back-

ground contribution, identical measurements are performed with an

identical flux of neutral gas introduced in the chamber surrounding

the collision cell. The differences between the two measurements, the

one with gas in the cell and the one with gas in the chamber, thus cor-

respond to the actual reaction occurring inside the cell.33 The same

F IGURE 1 Scheme of the CERISES instrument (side view), as reproduced in the SIMION software. The dashed arrow corresponds to the
travel of ions considered for the TOF measurements. In the top left is a zoom of the source region. The grey rectangle in the zoom represents the
light beam.

F IGURE 2 Experimental TOF spectrum without gas in the cell.
The collision energy in ELAB is 0.2 eV. The sharp peak is an artefact,
and the broad one is the peak of interest. The two arrows indicate the
time range, which is used for further treatments.
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methodology will be used here after to witness the catalytic isomeri-

zation process in the cell.

HCO+ and HOC+ were produced via dissociative photoioniza-

tion using respectively: formaldehyde (H2CO)34,35 and deuterated

methanol (CD3OH).36,37 The reactivity of HCO+ and HOC+, as a

function of photon and collision energies, were studied during the

same measurement session but are not presented here. HOC+ is

known to appear at a photon energy of 14.8 eV, from the dissocia-

tive photoionization of CD3OH.37 Differential charge transfer reac-

tivity of HCO+ and HOC+ allowed us to demonstrate that the

population of m/z = 29 formed from the CD3OH precursor contains

roughly �90% of HOC+ at a photon energy of 18 eV.38 This photon

energy was selected using both the undulator and monochromator

of the DESIRS beamline. The exit slit of the monochromator was

set at 600 μm during all the experimental measurements. Second

order light from the undulator was removed using the DESIRS gas

filter39 filled with neon.

Four different neutral targets were studied as potential catalysts:

C18O, CH4, D2 and Ne. They were chosen because of their proton

affinity that provide a diversity of behaviors of the catalyzed isomeri-

zation barrier. Details are given in Table 1. C18O is used in order to

avoid mass overlap between the isomerization and the proton transfer

products.40,41 Increasing collision energy could increase the ability to

do the isomerization as there will be more energy available to over-

come the barrier, yet this effect will compete with the decreasing

probability of forming a complex (illustrated in the upper part of

Figure S1).42,43 Different collision energies were used for each target

to investigate the impact of these two effects.

The deuterated methanol was bought from Euriso-top and had an

isotopic purity above 99.5% and a chemical purity above 99%. For the

other chemicals, provider and purity are indicated in Table 1.

2.2 | Simulation of time-of-flight spectra

SIMION® is a software that simulates charged particles' behavior

inside electrostatic and magnetic fields.44 SIMION 8.0 was used to

simulate the travel time of singly-charged ions, of mass 29, inside a

reproduction of all the electrodes and elements of the CERISES instru-

ment, with a cylindrical symmetry (Figure 1). In order to simulate the

experimental results, two specific codes were developed for (i) ion

generation and (ii) gating and collision simulation.

The two codes were developed using Lua, one of the scripting

languages of SIMION. The 32 elements simulating the CERISES

instrument were set at the same potentials as in the experimental

measurements. The most important ones are summarized in Table 2.

The radiofrequency oscillations of the potential applied on the quad-

rupoles and octopoles were not simulated. Instead, when flying in

those elements, the ions were artificially kept on the x axis of the sim-

ulation at every time step. However, the kinetic energy and orienta-

tion of ions was maintained at the fixed values they had at the

entrance of the element, so that their y and z positions became free

again when exiting the elements. When operated as mass selectors,

fringe field effects in the quadrupole filters have an impact on the

kinetic energy of the transmitted ions.45 In order to mimic this effect

for the first quadrupole it appeared necessary to add a random kinetic

TABLE 1 Relative proton affinities (ΔPA = PA(X) – PA (CO*) with CO* the proton affinity of the oxygen of CO), catalyzed isomerization
barrier from HOC+ to HCO+, experimental collision energies in the center of mass frame (ECM), suppliers, purities and working pressures for the
different neutral targets used. ΔPA and barrier values are taken from (a) Chalk and Radom,19 (b) Herbst and Woon20 and (c) Fridgen and
Holmes.12

Target ΔPA (kJ�mol�1) Barrier (kJ�mol�1) Barrier (eV) ECM (eV) Supplier Purity Pressure (nbar)

Ne(a) �228.3 131 1.36 0.33 Air liquide N50 145

0.49

D2
(b) �7.8 �2.9 �0.03 0.10 Air liquide N27 150–160

115–1250.20

0.40

0.78

CH4
(c) 113.4 �106 �1.10 0.08 Alphagaz >99.99% 40–45

68–700.10

0.16

0.30

0.45

0.59

C18O(a) 158.1

0

�163

�10

�1.69

�0.10

0.11 Aldrich Isotopic: 95%

Chemical: 99%

45–52
47–750.14

0.24

0.44

4 of 12 SOLEM ET AL.

 10969888c, 2024, 7, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jm

s.5066 by Synchrotron Soleil, W
iley O

nline L
ibrary on [18/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



energy, between �0.25 eV and 0.25 eV, to the x kinetic energy, as

illustrated in Figure S2.

The generation of the ions was simulated stochastically from

the center of the source with distributions mimicking the experi-

mental ones. This includes initial kinetic energy distribution accord-

ing to a Maxwell-Boltzmann distribution, at 300 K, and reproduction

of the ion 3D formation zone resulting from the overlap between

the projection of the hole in the SI electrode, 2 mm in diameter,

and the VUV beam emerging from the DESIRS beamline (Table 3).

The distribution along the z axis is uniform because the exit slit of

the monochromator was opened at 0.6 mm and is imaged at its

focal point in the center of the ion source of the instrument with a

uniform flux of photons.31

In order to simulate the collision, two extreme cases were consid-

ered, both in the hard-sphere model: (i) a tangent long-distance

interaction (Rmax) and (ii) a head-on collision (R0) (Figure 3). These two

extreme cases were considered as approximations to simplify the

energy partition between the ion and the target at the moment of

the collision. (i) For the Rmax case, no kinetic energy partition between

the ion and the target is considered. This case corresponds to the ion

and the target getting close to one another but not colliding. On the

opposite, (ii) the R0 case corresponds to the ion and the target collid-

ing with their centers aligned. The target is considered to be at rest

before the collision. In this case, the one-dimension equation for an

elastic collision is assumed, inside the CM frame:

u0ion ¼�uion ð1Þ

with u referring to the speed in the CM frame before the collision, u’
to the speed in the CM frame after the collision.

TABLE 2 Potentials used in the SIMION simulation for the CERISES instrument. The values are in Volt. Se and Si electrodes define the
extraction field inside the 8 mm width ion source. The potentials of the elements and electrodes in the second line are floating according to the
variable retarding potential. (a) The two values for L1 correspond, respectively, to the potential when the gate is opened or closed. The Einzel
lenses 1 and 2, from Figure 1, correspond to the electrodes marked (b) and (c), respectively.

Se Source SI QuadI L1(a,b) L2(b) L3(b)

+0.4 0 �0.4 �2 �2.8/+10 �29.36 �0.67

OctI OctII 8Pex(c) Q1(c) Q2(c) Q3(c) PrefQII QuadII

0 �0.7 0.376 �2.4 �499 �76 �24 �2.4

TABLE 3 Distributions of the different parameters describing the formation of the ions in the simulation, with x, y and z as defined in
Figure 1.

Parameter x position y position z position Orientation Initial speed

Distribution Gaussian

FWHM = 1 mm

Uniform

width of 2 mm

Uniform

width of 0.6 mm

Uniform

4π steradians

Maxwell-Boltzmann at 300 K

F IGURE 3 Simulated TOF for the head-on collision (dashed line) and the long-distance interaction (full line). The top curve illustrates the R2

factor applied when interpolating between the two conditions. The circles schematize the long-distance interaction (left), or the head-on collision
(right). For long-distance interaction, the neutral and ion have their centers separated by Rmax and for the head-on collision both centers are in R0.

SOLEM ET AL. 5 of 12
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In the simulations, all ions collide and all collisions lead to isomeri-

zation, when considering exothermic interaction. Approximation of a

long-lived complex is considered, so that the kinetic energy released

in isomerization will be released in any direction. According to

Wagner-Redecker et al.,9 the formed HCO+ has very low internal

energy after proton transport catalyzed by H2. We therefore consider

that all the exothermicity of the isomerization is converted into

kinetic energy.

The S_TOF spectra are discreet histograms, where each point is

separated by 0.8 μs, as in the X_TOF spectra. It appears that S_TOF

spectra, for both extreme cases, are very similar in shape but shifted

in time, with the head-on collision case being at longer time (Figure 3).

This demonstrates that the distribution of impact position (R) is essen-

tially changing the travel time of the ions and not the shape of the dis-

tribution. It is therefore possible to interpolate all the intermediate

conditions of collision from the two extreme cases, R0 and Rmax

collisions. As it is less probable to hit a target in the center than at its

periphery, a factor proportional to R2 (the surface on the sphere), was

used (Scheme and inset curve in Figure 3).

In the simulations, CH4 was used as a proxy of the neutral target.

This choice was led by the lighter mass of CH4, m/z = 16 u, compared

to the ion, m/z = 29 u, so that the final speed of the ion will be, most

of the time, positive in the laboratory frame after the collision. It

allows for most ions to reach the detector, and have better statistics

in the same amount of time than if C18O was chosen. Between 7x105

(for the athermic interaction simulation) and 2x106 (for the exother-

mic interaction simulation) ions were launched in each simulation.

3 | RESULTS

3.1 | Experimental measurements

The X_TOF spectra of m/z = 29 ions were measured with four neu-

trals: Ne, D2, CH4 and C18O. Those targets were chosen according to

their proton affinity, and their associated ability to lower the isomeri-

zation barrier between HOC+ to HCO+. The thermodynamic data and

the collision energies used are summarized in Table 1. C18O has either

the same proton affinity or an higher proton affinity than the oxygen

of CO, so the barrier is submerged and the isomerization should be

possible.19 CH4 has a proton affinity between the one of the oxygen

and the carbon of CO. The isomerization barrier is also submerged.12

H2 and Ne have lower proton affinity than the oxygen of CO, the bar-

rier is then positive for Ne19 but for H2 it is only slightly negative.20

Similarly to the strategy used for cross-section measurements, mea-

surements were performed with gas in the collision cell and with gas

in the chamber outside the cell, in order to record X_TOF spectra in

conditions where collision was or wasn't taking place. The cell and

chamber X_TOF spectra were very similar. Indeed, to be in the single

collision regime, a pressure leading to a maximum of 10% attenuation

of the parent ions signal is used, meaning that a very small fraction of

ions is undergoing a collision, among which a part only will lead to

isomerization. In order to highlight faint effects of the presence of gas

in the collision cell, the difference between the two sets of spectra

(cell and chamber) has been made. “Cell”, the X_TOF spectrum in cell

is normalized to, “Chamber”, the X_TOF spectrum in chamber in the

time range depicted in Figure 2. For this the following equation was

used for each time bin of the X_TOF spectrum:

Δ¼Cell�

ð
peakChamberð
peakCell

0
BB@

1
CCA�Chamber ð2Þ

This leads to positive signals in X_TOF regions where signal is

more important when the gas is present in the collision cell and to

negative signals in the opposite case. As differences for individual

points in X_TOF are relatively noisy, five iterations of a binomial

smoothing were applied on difference datasets and the result is super-

imposed as continuous line with tones of grey filling (Figure 4). There

is a systematic pattern visible in Figure 4, whatever the neutral target;

the negative signal occurs at shorter time and is followed by positive

signal at longer times. This can be interpreted as due to the fact that

the interaction between the ion and the neutral target is slowing

down the ions. However, from these sole results no conclusion on the

occurrence of isomerization can be drawn.

3.2 | Simulated time-of-flight spectra

Contrary to the X_TOF spectra, the S_TOF spectrum in absence of

collision and the one produced by interpolation of the two extreme

cases of collisions are very different. This is due to the fact that we

considered that all the ions do collide. Adding the exothermicity from

the isomerization in the simulation did modify the shape of the peak

of interest, splitting the peak into two broad components, one at

smaller TOF and one at higher TOF.

Through this, we obtain two sets of S_TOF spectra, simulating

either a non-reactive collision (Figure 5, A) or a collision inducing the

exothermic isomerization (Figure 5, B) which can then be considered

as representative spectra for the process we want to highlight.

Similarly to the processing of X_TOF spectra, the difference

between reactive or non-reactive S_TOF spectra and the S_TOF spec-

trum simulating ions in absence of gas in the cell were calculated after

proper normalization (Figure 5). Comparing these differences, a spe-

cific signature appears at short times for the difference spectrum, cor-

responding to exothermic collision (Area 1). This signature is present

for every collision energy used in the simulation: 0.035, 0.28, 0.57

and 1.14 eV in the CM. It results from the general shape of the inter-

polated S_TOF spectrum for the exothermic collision. Indeed, the

S_TOF peak separates into two broad components, and it is the com-

ponent at short TOF that is responsible for the specific signature. As

the signature is not present at all for the athermic collision, conclusion

can be made that it is a marker of the isomerization. If the isomeriza-

tion induced by collision occurs in the experiments, a similar signature

should be visible in the X_TOF differences. The longer time region of

6 of 12 SOLEM ET AL.
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the S_TOF differences is also modified when considering the exother-

mic collision, but the shape at longer time range is not dramatically

modified and therefore it would be difficult to ascribe a change of

behavior by analyzing only this part of the X_TOF differences.

4 | DISCUSSION

The isomerization signature observed in the S_TOF differences for an

exothermic collision, is due to the situations where the exothermicity

is released in the forward direction, hence decreasing the travel time

of the ions.

In order to perform a quantitative evaluation of the signature for

the X_TOF differences, three different regions were identified in the

S_TOF difference spectra, and their area was extracted. They are

identified in Figure 5. Area 1 corresponds to the signature region that

becomes positive when isomerization takes place; Area 2 is always

negative and corresponds to the main peak in S_TOF spectrum with-

out gas; and Area 3 is always positive and corresponds to ions that

have been slowed down in the collision process or ions that were

released backward in the exothermic collision. Comparisons between

the area of the three different regions identified in the S_TOF and

X_TOF differences spectra have been performed.

The ratio between Area 1 and Area 2 can in particular help identi-

fying the conditions where the isomerization signature is present

(Figure 6). Let us consider first the results of the simulations. There is

a clear separation between two extreme behaviors, related to the

presence (full circle) or absence (full triangle) of the isomerization sig-

nature. As Area 1 is only positive when isomerization is present, and

Area 2 is always negative, ratios below zero strongly hint at

isomerization taking place, while ratios close to zero or slightly posi-

tive hint at a minor amount of isomerization. One can notice as well in

Figure 6 that there is a loss of sensitivity of the method when increas-

ing the collision energy. It is related to the loss of contrast due to the

constant value of 1.7 eV exothermicity, compared to the initial kinetic

energy of the m/z = 29 ions. However, as we expect catalytic isomeri-

zation to involve a long-lived complex, high collision energy is not

expected to lead to a strong isomerization signature.

Things get a bit more complicated when it comes to X_TOF

spectra.

In principle, one can consider that if an experimental Area 1/Area

2 ratio lies between the two simulations, the amount of isomerization

can be derived from the proximity to either trend observed in the sim-

ulated result in Figure 6, the negative one corresponding to 100% of

isomerization and the positive one to 0%. However, experimental

ratios close to 0 can be interpreted in two ways. Either a small amount

of isomerization happened, or the difference between the two X_TOF

spectra is too noisy. Therefore, the grey dashed zone in Figure 6 cor-

responds to ratios where it appeared difficult to determine if isomeri-

zation is present or not. The experimental points shown in Figure 6

correspond to one to four experimental measurements. When multi-

ple measurements were made, they were averaged. Nevertheless, a

general trend can be derived from Figure 6 the ratios corresponding

to the four neutral targets seem to be organized between the 100%

and 0%, and with ratios at 100% for C18O, ratios closer to average

with CH4, ratios slightly positive with D2 and ratios closest to the 0%

isomerization limit with Ne. This general result is in perfect agreement

with the anticipated catalytic activity of the targets.

For C18O, isomerization is expected as the barrier is always

submerged,19 therefore one can expect negative ratios. The ratios

F IGURE 4 Differences of
experimental TOF spectra for
different neutral targets. A) Ne, B) D2,
C) CH4, D) C18O. For all the
measurements, the photon energy
used was 18 eV. The dashed lines
represent the separation between the
three areas. Five binomial smoothing
iterations of the differences are

shown in continuous lines. The light
grey filling corresponds to negative
differences, and the darker to positive
differences.
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derived at the two lowest ion collision energies used are close to the

simulation curve derived when considering exothermic collisions. This

confirms that an important part of the HOC+ ions do isomerize when

C18O is present in the collision cell. Two other collision energies were

used for C18O target and they exhibit a ratio close to 0. It may either

be interpreted as the fact that there is a lower amount of isomeriza-

tion compared to the datasets recorded at lower collision energy. This

can be related to the expected decrease of the probability of a com-

plex formation when increasing of the collision energy, as described in

the Langevin capture model42,43 and illustrated in Figure S1. Never-

theless, the fact that isomerization occurs, with C18O as the neutral

target, is consistent with the strong barrier lowering determined

theoretically by Chalk and Radom.19

For CH4, catalytic isomerization is expected to happen, as the

barrier is submerged.12 For this potential catalyst, two behaviors are

observed. First, for the lowest collision energy used, ECM = 0.08 eV,

the TOF spectra is very broad and no Area 3 was observed. As only

one measurement was done for this experimental condition, this sin-

gular behavior cannot be ascertained. Therefore, the experimental

point has been discarded. All the other experimental conditions show

Area 1/Area 2 ratios close to 0, but almost always negative. It may

mean that the interaction between HOC+ and CH4 does form HCO+,

as expected, but to a lower extent than for the two lowest collision

energies used for C18O. Moreover, as CH4 is a hydrogenated species,

there are two mechanisms to produce HCO+ from HOC+. The first

one is the catalyzed two-step isomerization, where the hydrogen

coming from the oxygen of CO is transferred to the carbon of

CO. The second one is the concerted one where the hydrogen trans-

ferred to the carbon of CO comes from the methane itself. It is then

not the same hydrogen at the beginning and at the end of the reaction

on the carbon monoxide. Experimental ratios for CH4 could be the

result of both mechanisms and correspond to an upper limit of

the catalyzed isomerization. However, though faint, the presence of

isomerization would be consistent with the results obtained in other

experimental studies.12

For D2, the barrier is very close to 0 kJ.mol�1.20 Therefore, cata-

lytic isomerization should take place. The experimental Area 1/Area

2 ratios are close to 0, but almost always positive. Comparing these

ratios to the ones obtained for CH4, they are higher, which formally

can be interpreted as that less HCO+ is formed when using D2 as the

neutral target. With D2 as potential catalyst, the only mechanism

available to form HCO+ is the catalytic isomerization. This may

explain the higher ratios compared to CH4 that also include the chem-

istry mechanism. This suspected presence of catalytic isomerization

with D2 as the neutral target is consistent with other experimental

studies,9–11 and with the lowering of the barrier close to 0 kJ.mol�1.20

D2 and CH4 do not show any real collision energy dependency.

Because the barrier for these two neutral targets is submerged, it can

be expected that increasing collision energy will not increase the

probability to overcome the barrier. As the increase of collision energy

is decreasing the probability of a complex formation, as described by

Langevin42,43 and illustrated in Figure S1, a decrease of the probability

of the catalytic isomerization is expected. The absence of effect as a

function of the collision energy is then in contradiction with this

theory. Noisy signals could also account for this apparent absence of

collision energy dependency.

For Ne, a positive barrier of 1.36 eV remains.19 Therefore, isom-

erization is not expected a priori, since additional energy is required to

overcome this barrier. Comparing the two collision energies used for

measurements with Ne, ECM = 0.33 and 0.49 eV, the Area 1/Area

2 ratio is decreasing when the collision energy increases. Yet these

collision energies are not sufficient to promote the isomerization. This

would imply a substantial amount of internal energy to be present in

the HOC+ ion. Considering that HOC+ is formed by dissociative

photoionisation at 18 eV, and that their appearance energy is

14.8 eV,37 the HOC+ ions could have up to 3.2 eV of internal energy,

which would then be sufficient. However, this would request for no

energy to be imparted in the photoelectron and the 3 deuterium

released in the dissociative photoionisation.

The area of the positive signature observed on the S_TOF spectra

differences corresponds to 9% (� 1/11) of the total area of the

S_TOF spectra obtained considering the exothermic collision. From

F IGURE 5 Simulation of athermic collisions (A) and exothermic by
1.7 eV collisions (B). In the upper part of both A and B are the
simulated TOF spectrum, with open squares for target present and
filled circles for target absent. The lower part of both A and B is the
differences between the upper simulated TOF spectra. Hatched is
where there is more intensity in TOF spectra with gas, and in grey
where there is more intensity in TOF spectra without. The datasets
were simulated for the neutral target CH4 and a collision energy of
1.6 eV in the laboratory frame (ECM = 0.57 eV).
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this observation, it is possible to extract the area corresponding to the

isomerization from the X_TOF spectra differences where the positive

signature is observed and from this, estimate the cross-section for the

catalyzed isomerization. The estimate was made on the X_TOF spec-

trum with C18O recorded at 0.14 eV collision energy (Figure 4, D).

The cross-section was calculated with the formula:

σ¼K
P
Npro

Npar
ð3Þ

with σ the cross-section in Å2, K a constant of 91,400 x10�29 N, P the

pressure of neutral gas introduced in the cell expressed in nbar, Npro

the number of products, here the area 1 multiplied by 11, and Npar

the number of parents, here the area of the peak of interest for the

X_TOF in chamber.

This estimation leads to a cross-section of �30 Å2, which corre-

sponds to an efficient process occurring for most of the collisions.

From this estimated cross-section, a rate constant for the catalytic

isomerization can be derived, using the following equation:

ki ¼ σi10
�16 vh iwith vh i¼ κ

ffiffiffiffiffiffiffiffiffiffiffiffi
2
μ
ECM

s
ð4Þ

with ki the rate constant in cm3.s�1, σi the cross-section in Å2, vh i the
average of relative velocities, in the CM frame, of the two collision

partners centered on the mean value in cm.s�1, κ a conversion con-

stant equal to 9.8 x105 considering the neutral target at rest in the

laboratory frame,46 ECM the collision energy in CM frame and μ

the reduced mass of the ion and the neutral target.

The derived rate constant is k = 4 x10�10 cm3s�1, for C18O as

neutral target at 0.14 eV of collision energy in CM frame. This result

is consistent with values obtained by Freeman et al10 and Smith

et al11 with H2: 4.7 and 3.8 x10�10 cm3.s�1, respectively. However,

the rate constant for the isomerization catalyzed by D2 seems notably

smaller. Indeed, the Area 1/Area 2 ratios for CH4 and D2 are closer to

0 while the one for C18O at ECM = 0.14 eV is similar to the simulation

trend with 100% of isomerization. Therefore, the rate constant esti-

mated here should be rather considered as an upper limit value.

5 | LIMITATIONS OF THE CURRENT
METHOD

Results shown in Figure 6 exhibit a general trend that is in good

agreement with predicted barrier lowering effects and kinetic energy

effects vs capture. However, though we aimed at the acquisition of

1 million ion in the X_TOF measurements, the need to perform differ-

ences between spectra to highlight isomerization effects results in the

X_TOF spectra differences, which are still quite noisy. Therefore, it

can be difficult to differentiate a limited isomerization from a noisy

signal. These are synchrotron measurements, and therefore limited

time was available to perform the full exploratory program. In addi-

tion, to study the catalytic isomerization of HOC+, with only one part-

ner, we needed to be in the single collision regime. To reach this

regime, we need to work with pressure in the collision cell between

40 and 160 nbar. In these conditions, only a small fraction of parent

ions interact with the target gas (maximum 10%). Therefore, it limits

the intensity of the possible reactions, including the catalytic isomeri-

zation. Longer acquisitions time should give access to better statistics

and eliminate the possible confusion. Nevertheless, the error bars pre-

sented in Figure 6 are quite reasonable and confirm the trends and

conclusions.

F IGURE 6 Ratio between Area 1 and Area 2, as defined in Figures 4 and 5, for simulated and experimental data. The empty markers
correspond to experimental results, while filled markers to simulated results. In experimental results, markers differentiate neutral targets as
follows: circles for C18O, squares for CH4, triangles for D2, and diamonds for Ne. In the simulation with CH4 as a proxy of the neutral target,
triangles correspond to simulation without isomerization and circles to simulation with isomerization. The grey area corresponds to Area 1/Area
2 ratios range where noisy results and presence of little isomerization are difficult to distinguish. Error bars on the ratio Area 1/Area 2 are
presented for the simulated and experimental results. Error bars on the collision energies are also presented for the experimental results.
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We have been able to retrieve a quantitative information for the

cross section and rate constants, but only for the experimental point

corresponding to a ratio similar to the simulation one when consider-

ing 100% isomerization. There is a systematic presence of a small,

underlying, negative contribution in Area 1 that corresponds to

smearing signals interpretable as collision without isomerization. This

negative contribution is not constant with the collision energy, and is

therefore difficult to quantify and correct for. When the isomerization

is small, it renders the determination of cross-section or rate

constants impossible.

To obtain the S_TOF, important approximations were made.

These approximations simplify the simulation but could impact the

accuracy of the results. The approximation of the two extreme cases

is valuable considering the S_TOF spectra obtained, but is not repro-

ducing the full variability of impact parameters. For this, the classical

mechanics 3D equation for a collision should have been used. How-

ever, this would require a considerable increase of parameters to

explore that would have largely increase the time of simulations. The

hard sphere model used here to simulate the approach of the ion and

the neutral target is also a crude approximation of the impact parame-

ter and intermolecular potential. The ion-neutral model of approach

would have been more consistent. However, this model is more com-

plex and, again taking it into account would have made the simula-

tions heavy to perform. Another approximation made is the one of

the long-lived complex. The proton transport mechanism could take

place in complex with shorter lifetime, such as the osculating com-

plex.47 Nevertheless, as the catalytic proton transport requires two

steps, one can expect that the complex leading to this process

necessarily exhibits a significant lifetime.

6 | CONCLUSION

The catalytic isomerization of HOC+ has been studied, making use of

TOF measurements inside a tandem guided ion beam instrument and

simulations using SIMION. Experimental TOF measurements were

recorded, reacting HOC+ produced by dissociative photoionization of

CD3OH at 18 eV with four neutral targets: C18O, CH4, D2 and Ne,

chosen for their various proton affinities. Different collision energies

were used in order to evaluate the opposite effects of energy to over-

come the barrier and decreasing lifetime of the capture complex.

Experimental TOF measurements with and without gas in the collision

cell of the CERISES instrument were done and gave very similar

results, requesting for the use of differences of spectra to highlight

the effects of interaction with the target gas.

SIMION simulations in a reproduction of the CERISES set-up

were performed to highlight a specific signature related to the isomer-

ization process. The interaction between the catalyst and the parent

ion was simulated in a hard sphere model, considering two extreme

cases: a long-distance interaction (Rmax) or a head-on collision (R0).

The two simulations were similar in shape but shifted in time, and it

was possible to derive all the intermediate approach parameters via

an interpolation between these two cases. The approximations of a

long-lived complex and a vibrationally cool ion product allowed the

1.7 eV exothermicity of the isomerization to transform into kinetic

energy in a random direction. Comparison between athermic

interaction simulation and exothermic interaction simulation

highlighted a specific signature associated to the isomerization at

short time-of-flight.

Three time regions were identified in the simulated time-of-flight

difference spectra with alternating positive and negative signals. A

quantitative evaluation of the experimental and simulated data was

done using the ratio of the area of the specific signature to the area of

the most intense negative area. Two experimental conditions are

showing a clear presence of isomerization, when using C18O as the

neutral target and ECM = 0.11 and 0.14 eV. Ratios for other targets or

other collision energies are close to 0, either because of noise or a

small amount of isomerization. However, a general trend can be

derived with the ratios when using CH4 target closest to the isomeri-

zation simulation and the ratios when using Ne target closest to the

non-isomerization simulation, in agreement with the anticipated

catalytic activity of the targets. A quantitative estimate of the cross-

section and rate constant, from the experimental data with C18O at

ECM = 0.14 eV, gave values, σ = �30 Å2 and k = �4 x10�10 cm3s�1,

comparable to other studies of catalytic proton transfer of HOC+ into

HCO+ by with H2.
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