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Chemical ionization of glyoxal and formaldehyde
with H3O+ ions using SIFT-MS under variable
system humidity

Michal Lacko, *ab Felix Piel, cde Andreas Mauracherd and Patrik Španěla

Glyoxal (C2H2O2) is a highly reactive molecule present at trace levels in specific gaseous environments.

For analyses by chemical ionization mass spectrometry, it is important to understand the gas-phase

chemistry initiated by reactions of H3O+ ions with C2H2O2 molecules in the presence of water vapour.

This chemistry was studied at variable humidity using a selected ion flow tube, SIFT. The initial step is a

proton transfer reaction forming protonated glyoxal C2H3O2
+. The second step, in the presence of

water vapour, is the association forming C2H3O2
+(H2O) and interestingly also protonated formaldehyde

CH2OH+. Hydrated protonated formaldehyde CH2OH+(H2O) was also observed. Relative signals of these

four ionic products were studied at the end of the flow tube where the reactions took place during

0.3 ms in helium carrier gas (1.5 mbar, 300 K) as the water vapour number density varied up to

1014 cm�3. The data were interpreted using numerical kinetics modelling of the reaction sequences

and the mechanisms and kinetics of the reaction steps were characterised. The results thus facilitate

SIFT-MS analyses of glyoxal in humid air whilst drawing attention to ion overlaps with formaldehyde

products.

1 Introduction

Glyoxal (C2H2O2) is the simplest dialdehyde. It can polymerize
from an anhydrous monomeric form into a series of oligomers
and its vapour is highly reactive, contributing to aerosol formation.1,2

Glyoxal plays a role in biological processes; it is known to be a
cytotoxic metabolite of glucose, a product of lipid peroxidation and a
marker of oxidation stress.3 In addition, recent studies have shown
that glyoxal is an intermediate product in the photocatalytic
reduction of carbon dioxide to methane.4,5 It is noteworthy that
organic molecules present in the Earth’s atmosphere can be
transformed into glyoxal by oxidation or photo-oxidation.6 Such
processes were observed for toluene,7–9 xylene,8–10 trimethyl-
benzene,9,10 isoprene11 and a-pinene.12 Daytime atmospheric
glyoxal chemistry involves oxidation and may lead to the formation
of secondary organic aerosols.13

Chemical ionization mass spectrometry (CIMS) is a useful
tool for the detection of glyoxal since the high reactivity and

short lifetime of glyoxal impede the use of gas chromatography
(GC) techniques. Nölscher et al. measured the total OH reactivity
of tropical forest air and compared it to the reactivity expected
from volatile organic compounds (VOCs) determined via proton-
transfer-reaction mass spectrometry (PTR-MS).14 The measured
OH reactivity exceeded the calculated values, indicating that
either PTR-MS underestimated VOC concentrations or that not
all relevant species were accounted for. This can also be caused
by the different OH reactivity of isomers (which cannot be
separated by PTR-MS) or the presence of molecules with high
reactivity and low proton affinity (PA) compared to the PA of
water (protonated water, H3O+, is the most common reagent ion
in PTR-MS).

The PA of glyoxal was previously estimated by HF and
DFT calculations to be 675 kJ mol�1 and 690 kJ mol�1,
respectively.15 Since the PA is very similar to the PA of water
(691 kJ mol�1),16 proton transfer from hydronium (H3O+) ions
may not proceed at a collisional rate.17 In addition, the reverse
reaction could also take place:

H3O+ + C2H2O2 2 C2H3O2
+ + H2O. (1)

CIMS analysis of atmospheric glyoxal can be further hampered
by isobaric molecules, e.g. acetone or propanal. These are
typically present at much higher concentrations, causing signal
overlaps. Understanding the ion chemistry may help to distinguish
these isobars.
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180 00 Prague, Czech Republic
c IONICON Analytik GmbH, Eduard-Bodem-Gasse 3, 6020 Innsbruck, Austria
d Institut für Ionenphysik und Angewandte Physik, Leopold-Franzens-Universität

Innsbruck, Innsbruck 6020, Austria
e Department of Chemistry, University of Oslo, 0315 Oslo, Norway

Received 17th January 2020,
Accepted 14th April 2020

DOI: 10.1039/d0cp00297f

rsc.li/pccp

PCCP

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 2

/9
/2

02
6 

1:
58

:3
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0003-0612-9617
http://orcid.org/0000-0002-8191-8029
http://crossmark.crossref.org/dialog/?doi=10.1039/d0cp00297f&domain=pdf&date_stamp=2020-04-24
http://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0cp00297f
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP022018


This journal is©the Owner Societies 2020 Phys. Chem. Chem. Phys., 2020, 22, 10170--10178 | 10171

Michel et al.18 previously studied reaction (1) using a
selected ion flow tube (SIFT). The reported rate coefficient
of 1.9 � 10�9 cm3 s�1 is between the collisional values of the
two isomers trans-glyoxal (1.3 � 10�9 cm3 s�1) and cis-glyoxal
(4.9 � 10�9 cm3 s�1). In this study, C2H3O2

+ was found to
decrease with increasing concentration of water vapour in the
flow tube whilst protonated glyoxal hydrates did not increase in
concentration and minority product ions CH2OH+ (m/z 31) and
CH2OH+H2O (m/z 49) appeared. An increase in glyoxal ion
concentration led to the increase of hydrated hydronium ions
(H3O+H2O, m/z 37), presumably due to ligand switching reactions.
The authors of a reported study18 concluded that:

‘‘Further experiments are needed to unravel the complex
H3O+/glyoxal chemistry in the presence of water vapour’’.

A subsequent study19 with O2
+ and NO+ reagent ions revealed

that a combination of NO+ and H3O+ reagent ions is required to
unravel individual concentrations of acetone, propanal and
glyoxal.

In a recent PTR-MS study,20 CH2OH+ was also observed in
addition to C2H3O2

+. The ratio of these ions changed, with less
CH2OH+ produced at increasing water vapour concentrations in
the drift tube. The authors excluded the presence of neutral
formaldehyde in the reagent mixture but did not discuss the
mechanism leading to the formation of protonated form-
aldehyde. This unusual formation of CH2OH+ is a particularly
interesting ion chemistry phenomenon. In the SIFT, it increases
with water vapour concentration while in PTR-MS it decreases. It
is thus important to get insight into the sequences of ion–
molecule reactions that can be responsible for this effect.

Thus, we have carried out a detailed SIFT study with the aim
to elucidate the influence of humidity on the glyoxal hydro-
nium ion-chemistry. The experimental study was supplemented
with the theoretical modelling of ion chemistry considering a
sequence of individual ion–molecule reactions. We further
studied the ion chemistry of formaldehyde under the same

conditions to correctly account for the individual secondary
reactions.

2 Experimental
2.1 Materials

Glyoxal was prepared from a 40% glyoxal solution (Sigma-
Aldrich) using a method similar to the isolation from glyoxal
trimeric dehydrate.18–21 10 ml of glyoxal solution was placed
into a 250 ml flask and evacuated for 24 hours to remove the
bulk of water. The resulting high viscose residuum was crystallised
to bis(dioxolane) trimer.1 Crystals were crushed and covered by a
layer of P2O5 (Sigma-Aldrich), separated by a 1 cm layer of 1 mm
glass beads, to remove any remaining water, and slowly heated up
to 150 1C until the yellow-green vapour characteristic for glyoxal
appeared by thermal decomposition.22,23 Glyoxal vapour was
re-crystalized in a cold trap, and cooled by dry ice. The glyoxal
crystals were stored in a dry ice cooled box to minimise
exposure to atmospheric water vapour.

Formaldehyde was prepared by heating a closed vial contain-
ing paraformaldehyde powder (Sigma-Aldrich) up to 150 1C. 9 ml
of the released formaldehyde vapour was injected into an B4 l
Nalophan bag, filled with synthetic air (Messer).

2.2 Selected ion flow tube, SIFT

A Profile 3 SIFT-MS instrument (Instrument Science, Crewe,
UK, see Fig. 1)24–26 was used for the ion-chemistry study. Since
SIFT-MS is described in detail in the literature, only a brief
summary will be given here. A variety of reagent ions (H3O+,
NO+ or O2

+�) is generated by the introduction of a water vapour/
air mixture into a microwave discharge. Reagent ions are
selected by a quadrupole mass filter and injected into the 5 cm
long flow tube through which a He carrier gas flow was established
( p = 1.5 mbar, T = 300 K). The neutral reactant gas mixture is

Fig. 1 Scheme of the experimental setup including a PGSG and a SIFT-MS instrument.
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injected at a known flow rate into the flow tube, where the ion–
molecule reactions take place. Ions are subsequently separated
using a quadrupole mass spectrometer and detected via a single
channel electron multiplier (SCEM).

For glyoxal experiments, 2 mg of glyoxal crystals were placed
into a 2 ml glass vial closed by a septum penetrated by a 5 cm
long polyether ether ketone capillary (I.D. 0.25 mm), in a diffusion
tube configuration.27 A precision gas standard generator (PGSG;
491M, Kin-Tek) was used at 50 1C to release glyoxal vapour and
dilute it with synthetic air to reach the concentration of 15 ppmv,
which was then introduced into the flow tube. The humidity of the
carrier gas was varied using a reservoir containing 5 ml of water
connected to the supply line, thus avoiding the interaction of
water with glyoxal prior to its introduction to the SIFT. The water
reservoir temperature was slowly increased from �78.5 1C to
60 1C, releasing H2O number densities in 1.5 mbar of He
between 4 � 1012 and 1014 cm�3 (corresponding to 0.3% to
7.5% sample humidity at a typical SIFT-MS sample flow). To
study the influence of He carrier gas on the ion distribution, we
varied the flow tube pressure from 0.5 to 2 mbar. Measurements
were then carried out at two different water concentrations:
H = 0.03 (3 � 1012 cm�3) and H = 0.08 (1 � 1013 cm�3), see (4),
estimated under standard experimental conditions.

For formaldehyde experiments, a 4 l Nalophan bag containing
5 ppmv formaldehyde vapour in synthetic air was used. Humidity
was varied by adding a few millilitres of water at room temperature.

The water vapour concentration in the flow tube was determined
from the association reactions of (hydrated) H3O+ ions with H2O
molecules,

H3O+(H2O)n�1 + H2O + He 2 H3O+(H2O)n + He
(2)

where n Z 1. The H2O number density in the flow tube [H2O]
was calculated as

½H2O� ¼
1

tk2eff

ln
H3O

þ½ � þ H3O
þ �H2O½ � þ ½H3O

þ � ðH2OÞ2� þ ½H3O
þ � ðH2OÞ3�

½H3Oþ�
(3)

where k2eff is the rate coefficient for reaction (2) (n = 1), t is the
reaction time, and the symbols in brackets correspond to
respective ion count rates. Ion count rates were corrected
for mass discrimination and for differential diffusion.28 To
compare the experimental results with the numerical model,
it is useful to use the dimensionless logarithmic factor

H ¼ ln
H3O

þ½ � þ H3O
þ �H2O½ � þ H3O

þ � H2Oð Þ2
� �

þ � � �
H3Oþ½ �

� �

(4)

as a relative measure of water vapour concentration.

2.3 Numerical model KIMI

To model the ion-chemistry kinetics in a flow tube, we
developed the Kinetics of Ion Molecular Interaction software

(KIMI; using the Microsoft Visual Studio 2017, NET Framework
4.6.1). KIMI interactively solves sets of kinetic equations that
describe the change in reagent and product ion concentrations
along the axis of the flow tube and thus model ion concentra-
tions at the end of the flow tube as a function of the reactant
concentrations.

The input for the model is generated from a graphical inter-
face that allows drawing reaction pathways and systems invol-
ving multiple ionic species. Each species has a defined initial
concentration and each reaction path is described by a rate
constant k. In addition, diffusion losses of ions are char-
acterised by diffusion coefficients, De,29 and the characteristic
radial diffusion length L. Concentrations of all species in
the reaction system are calculated by solving a set of time
dependent differential equations, exemplified by the proton
transfer reaction

d MHþ½ �
dt

¼ k M½ � H3O
þ½ � � MHþ½ �De

L2
(5)

using the Runge–Kutta method.30,31 In the SIFT, the time
coordinate directly corresponds to the axial position due to a
constant ion velocity vi, estimated from the carrier gas velocity
vg as32

vi = 1.5 � vg (6)

vg can be calculated from the carrier gas flow rate, FC, its
pressure, pg, temperature, Tg (in K) and the internal flow tube
diameter dt as

vg ¼
FC

pg

4

pdt2
Tg

273 K
: (7)

Tg is assumed to be in equilibrium with the flow tube (usually
around 300 K). The pressure is measured at the end of the flow
tube. The pressure inside the flow tube is somewhat higher due
to its finite conductivity according to the Hagen–Poiseuille
equation

Dp ¼ 8ZL
pR4

F
�p
: (8)

Under conditions of the experiments (p = 1.5 mbar, T = 300 K,
F = 880 sccm, L = 5 cm, flow tube radius R = 0.5 cm, and the
dynamic viscosity of He Z = 2 � 10�5 Pa s at 300 K), the pressure
difference is about 0.3 mbar. To estimate the average flow
tube pressure, the measured pressure was thus increased by
0.15 mbar. The total flow rate was measured for several values
of pressure in the flow tube. Under typical conditions, the gas
bulk velocity according to (7) is equal to 105 m s�1 and thus the
ion velocity calculated from (6) is 157.5 m s�1. The reaction
time for the reaction length L = 4 cm corrected by a positive
‘‘end correction’’32 e = 0.5 cm

tr ¼
Lþ e
vi

; (9)

is thus 286 ms.
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3 Results and discussion
3.1 Experimental observations in the SIFT

The mass spectra (see Fig. 2) showed protonated glyoxal
(C2H3O2

+, m/z 59) and its water cluster (C2H3O2
+(H2O), m/z 77).

The second water cluster (C2H3O2
+(H2O)2, m/z 95) appeared

only at higher water vapour concentrations. The ion at m/z 31,
protonated formaldehyde (CH2OH+),20 was also observed
together with its water cluster (CH2OH+(H2O), m/z 49). A small
signal at m/z 89 corresponds to the association of protonated
formaldehyde and glyoxal (CH2OH+�C2H2O2).

The change in the relative intensities of product ions as a
function of relative water vapour concentration H is shown in
Fig. 3. For the lowest humidity (H o 0.1), protonated glyoxal
was dominant (485%). With increasing humidity H 4 0.4,
protonated formaldehyde concentration rose and became
dominant. It is interesting that both hydrated formaldehyde
(m/z 49) and hydrated glyoxal (m/z 77) concentration remained
below 20%. Water vapour thus removes the glyoxal containing
ions and leads to the production of formaldehyde containing
ions. This is in stark contrast to analogous acetone ion chemistry
that is well understood to terminate under the same conditions
in water cluster ions at m/z 77 and m/z 95.33

Fig. 3 indicates that protonated formaldehyde is formed when
H3O+ ions react with C2H2O2 at 300 K in the presence of water
molecules, without requiring additional collision energy. Glyoxal
and formaldehyde have PA(C2H2O2) = 675 to 690 kJ mol�1 15 and
PA(H2CO) = 713 kJ mol�1,16 both close to the PA of water,
PA(H2O) = 691 kJ mol�1,16 but much lower than the PA of the water
dimer, PA((H2O)2) = 808 kJ mol�1.34 Therefore, proton transfer is
only possible from H3O+ (1) but not from H3O+(H2O)1,2,3.

Protonated formaldehyde was not observed in the absence
of H2O and thus must be formed in a secondary reaction of
protonated glyoxal with water

C2H3O2
+ + H2O - H2COH+ + HCOOH. (10)

Alternatively, a reaction sequence can occur where an intermediate
glyoxal water cluster may be formed by a ligand switching reaction

H3O+(H2O) + C2H2O2 - C2H3O2
+(H2O) + H2O. (11)

It is also possible that the intermediate glyoxal water cluster is
formed by a three-body association reaction

C2H3O2
+ + H2O + He - C2H3O2

+(H2O) + He. (12)

Reaction (11) and (12) may then yield protonated formaldehyde
via dissociation in a further reaction with H2O

C2H3O2
+(H2O) + H2O - CH2OH+ + HCOOH + H2O.

(13)

Energetics of reactions (10)–(13) were calculated using the
B3LYP/6-311G(p,d) level of theory in the Gaussian 09 software
package as the change in the sum of the electronic and thermal
free energies between optimized geometries of all reactants and
products. According to this theory, reaction (10) is exergonic,
DG = �64.81 kJ mol�1, while reaction (13) is endergonic,
DG = 43.85 kJ mol�1. However, this can be overcome by internal
excitation of the product C2H3O2

+(H2O) of the highly exergonic
reaction (12), DG = �108.66 kJ mol�1. Such excitation is
unlikely for the endergonic reaction (11) (DG = 31.4 kJ mol�1).
This set of possible reactions leading to the formation of
protonated formaldehyde was numerically modelled to match
the experimental data (see below in Section 3.2).

Additional data were also obtained for the NO+ and O2
+�

reactions with C2H2O2. It was observed that the NO+ reaction
with glyoxal proceeds via charge transfer forming C2H2O2

+�

(m/z 58) and via association forming C2H2O2NO+ (m/z 88). For
H B 0.04, the relative abundance ratio was 0.3 for C2H2O2

+�

and 0.7 for C2H2O2NO+. For higher humidity (H 4 0.4),
C2H2O2NO+ was dominant (40.95). O2

+� reacts by charge
transfer, forming C2H2O2

+� (m/z 58); humidity did not have a
significant effect and, interestingly, the CHO+ fragment (present
in the electron ionisation mass spectra44) was not observed.

3.2 Numerical simulation of ion chemistry

3.2.1 Distribution of reagent ions. The H3O+ reagent ions
form H3O+(H2O)1,2,3 in a sequence of three-body association
reactions (2) with H2O in helium.37 The rate coefficients for these
reactions obtained in previous studies are given in Table 1.

Fig. 2 Mass spectra of products of H3O+ reaction with glyoxal, normalized
to 106 H3O+ reagent ions. Glyoxal concentrations are indicated by bar
colour. The data were obtained for the lowest attainable water vapour
concentration H = 0.03 (3 � 1012 cm�3).

Fig. 3 Change in the relative intensities of product ions of the reaction of
H3O+ with glyoxal for different carrier gas humidity.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 2

/9
/2

02
6 

1:
58

:3
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0cp00297f


10174 | Phys. Chem. Chem. Phys., 2020, 22, 10170--10178 This journal is©the Owner Societies 2020

The distribution of H3O+(H2O)1,2,3 in the SIFT is affected by the
presence of O2 and N2 molecules; in the present experiment,
5% of the carrier gas. A trace amount of an organic sample
(glyoxal or formaldehyde) does not affect the distribution.
Effective values of kw1,2,3,4 under experimental conditions pre-
sented herein ( p = 1.5 mbar, T = 300 K, [H2O] D 1012–1014 cm�3,
[He] = 3.62 � 1016 cm�3) were derived by fitting the data
shown in Fig. 4 and are given in Table 2. These k values were
then used for the modelling of formaldehyde and glyoxal ion
chemistry.

3.2.2 Ion chemistry of formaldehyde. Table 1 summarizes
the previous studies of the ion chemistry of formaldehyde.38–43

It is understood that the reverse reaction can take place due to
the close PA of water and formaldehyde.45 A protonated formal-
dehyde water cluster CH2OH+(H2O) can be formed by ligand switching from the hydronium water cluster H3O+(H2O) with

reaction rate kf3. As [H2O] B 1013 cm�3 is much greater than
[CH2O] B 1010 cm�3 under the typical SIFT conditions,
the reaction equilibrium favours the formation of hydronium
water clusters H3O+(H2O) even though the process is slightly
endothermic. Fig. 5 illustrates experimental and model results
based on the literature values and the model results fitted to
the data. Note that the absolute intensities of ions decrease
faster with H compared to the model prediction; this may be
due to the variation of the formaldehyde concentration with
time during the experiment. Thus, the fitting was done to the
relative ion intensities that are not affected by this instability.
The fitted values (kf1 = 3.0� 10�9 cm3 s�1, kf2 = 5.7� 10�28 cm6 s�1,
kf3 = 3.0 � 10�9 cm3 s�1, and kf-3 = 4.0 � 10�10 cm3 s�1) were
used for the modelling of formaldehyde ion chemistry observed
in the glyoxal experiment.

3.2.3 Ion chemistry of glyoxal. Ion kinetics of protonated
glyoxal was modelled by considering two possible mechanisms
leading to the formation of protonated formaldehyde: (10), or
(12) and (13).

Table 1 List of the ion–molecule reactions between hydronium ions (H3O+) and water or formaldehyde occurring in the flow tube followed by available
rate constants

Reaction Name k kreverse

Water
H3O+ + H2O + He - H3O+(H2O) + He kw1 6.65 � 10�28 a

7.2 � 10�28 b

5.8 � 10�28 c

H3O+(H2O) + H2O + He - H3O+(H2O)2 + He kw2 1.51 � 10�27 a

1.59 � 10�27 c

H3O+(H2O)2 + H2O + He - H3O+(H2O)3 + He kw3 1.50 � 10�27 a 4 � 10�15 a

1.73 � 10�27 c

H3O+(H2O)3 + H2O + He - H3O+(H2O)4 + He kw4 nd nd

Formaldehyde
H3O+ + CH2O - CH2OH+ + H2O kf1 3.4 � 10�9 de 5.6 � 10�13 d

3.3 � 10�9 f 2.3 � 10�12 h

3.0 � 10�9 gi

H3O+(H2O) + CH2O - CH2OH+(H2O) + H2O kf2 3.0 � 10�9 d 5.3 � 10�10 d

2.3 � 10�9 f 3.5 � 10�10 h

CH2OH+ + H2O + He - CH2OH+(H2O) + He kf3 2.3 � 10�27 g

5.7 � 10�28 h

Nd – no data. a From ref. 35 at 296 K. b From ref. 36 at 300 K. c From ref. 37 at 298 K. d From ref. 38 at 298 K. e From ref. 39 at 297 K in H2. f From
ref. 40 at 294 K. g From ref. 41 at 300 K. h From ref. 42 at 300 K and 0.05 eV kinetic energy. i From ref. 43 at 300 K. Rate constants of bimolecular
reactions are given in cm3 s�1 and in cm6 s�1 in the case of three-body reactions.

Fig. 4 Relative distribution of water clusters in the SIFT obtained by KIMI
(lines) and SIFT analyses (points) of the glyoxal data set. The ion distribution
calculated from literature k (dashed lines, ref. 37) does not fit the data well
while the effective values given in Table 2 give good fits.

Table 2 List of rate constants (kn, k�n for reverse reactions) relevant to the
formation of hydronium clusters as given in the literature and as obtained
by fitting the observed distributions in the present formaldehyde and
glyoxal experiments

K Literature Formaldehyde Glyoxal

kw1 5.80 � 10�28 b 6.80 � 10�28 7.10 � 10�28

kw2 1.59 � 10�27 b 1.59 � 10�27 1.59 � 10�27

kw3 1.73 � 10�27 b 1.40 � 10�27 1.50 � 10�27

kw4 1.00 � 10�28 a 2.50 � 10�29 3.00 � 10�29

kw-3 4.00 � 10�15 c 4.00 � 10�15 4.00 � 10�15

kw-4 1.00 � 10�15 a 1.00 � 10�15 1.00 � 10�15

a Data added for the initial simulation of the H3O+(H2O)4 cluster with
m/z 91. b From ref. 37. c From ref. 35.
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We were not able to determine the distribution of vibrational
energy and potential barriers of the suggested reactions. Hence,

we could not estimate whether the amount of internal energy
stored within the association product of reaction (12) is

Fig. 5 Absolute (left) and relative (right) intensities of protonated formaldehyde CH2OH+ and its water cluster CH2OH+(H2O). The dashed line represents
the reference set of selected rate constants.

Fig. 6 Numerical modelling of possible reaction channels and their influence on relative ion distribution using different reactions and rate constants. In
all presented simulations, protonated glyoxal was formed according to (1), using a reaction rate of 1.35 � 10�9 cm3 s�1 in both directions. (a): reaction (10)
fixed at 1 � 10�10 cm3 s�1 and reaction (12) variable (units cm6 s�1) (b): reaction (12) fixed at 3.7 � 10�27 cm6 s�1 and reaction (13) variable (units cm3 s�1)
(c): reaction sequence (14b) fixed at the association rate 1 � 10�10 cm3 s�1 and the dissociation rate 1 � 10�9 cm3 s�1 to (15) variable. (units cm3 s�1)
(d): reaction (13) at 1 � 10�9 cm3 s�1 followed by (16) at k = 1 � 10�10 cm3 s�1 (thick lines) and reaction (13) at 0.89 � 10�9 cm3 s�1 followed by (17) at
1 � 10�9 cm3 s�1.
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sufficient for reaction (13) to proceed. Thus, the effect of dis-
sociative association was explored numerically, testing whether
C2H3O2

+(H2O) can be formed in an excited state.
Dissociation may be unimolecular:

C2H3O2
þ þH2O! C2H3O2

þðH2OÞ� !
t
CH2OHþ þ neutrals

(14a)

or induced by a collision with water molecules:

C2H3O2
þ þH2O! C2H3O2

þðH2OÞ� !
H2O

CH2OHþ þ neutrals:

(14b)

However, C2H3O2
+(H2O)* can also be stabilized by collision

with carrier gas or other neutral molecules and thus form a
stable cluster similar to a three-body process:

C2H3O2
+(H2O)* + He - C2H3O2

+(H2O) + He. (15)

The initial increase of C2H3O2
+(H2O) concentration with H

observed in the experiments is followed by a slow decrease
for H 4 0.15 (see Fig. 3). The model explains these observations
most appropriately by combining reactions (12) and (13) with
rate constants of 10�27 cm6 s�1 and 10�10 cm3 s�1, respectively.
However, the data can also be modelled by reaction (14b),
forming a reaction intermediate C2H3O2

+(H2O)* with a rate
constant of 10�10 cm3 s�1 followed by its reaction with water
molecules at 10�9 cm3 s�1 and (15) at 10�11 cm3 s�1. Fig. 6
shows model results for several combinations of rate constants.

In addition, reactions (12) and (15) were studied under
variable flow tube pressure (see Fig. 7) thus changing the He
number density. For two different water concentrations, an
increase in the carrier gas pressure leads to a decrease in the
formation of protonated formaldehyde ions and a slight
increase of C2H3O2

+(H2O), as expected from (15). However,
the water concentration was influenced by He pressure due to
different He/H2O mixing ratios and also the diffusion of ions is
accelerated at lower pressures. Therefore, these experiments
cannot with certainty confirm three-body reactions, however
they do not exclude them, either.

The relative intensities of CH2OH+ and CH2OH+(H2O)
observed in the glyoxal experiment differ from those observed
in the formaldehyde experiment (Section 3.2.2). The association
of protonated formaldehyde and water (see kf3 in Table 1) alone
cannot explain this observation. An additional reaction channel
forming hydrated protonated formaldehyde is therefore required.
The following two reaction channels describe the relative inten-
sities observed in the glyoxal experiment:

C2H3O2
+ + H2O - H2COH+(H2O) + CO, (16)

C2H3O2
+(H2O) + H2O - H2COH+(H2O) + HCOOH. (17)

Both reactions contribute similarly to the model curve (see
Fig. 5d) using rates of 10�10 cm3 s�1 and 10�9 cm3 s�1 for (16)
and (17), respectively. Based on numerical simulations, we cannot
favour one of them and even their simultaneous contribution is
possible.

Finally, we have modelled the endothermic ligand switching
reaction (11). The high number density of neutral water mole-
cules will shift the equilibrium in the direction of the protonated
water dimer. Modelling with different reaction rate constants
showed that the reaction does not affect trends in the formation
of targeted species. However, it does affect the equilibrium
between protonated glyoxal and protonated formaldehyde (see
Fig. 8). The ligand switching reaction with water has a signifi-
cant effect on the total abundance of ions, thus this effect was
demonstrated together with the effect of different reaction
equilibrium in (1).

The aim of the study was to describe the main reaction
channels in the ion chemistry of glyoxal with hydronium in
SIFT-MS. The final model of glyoxal ion chemistry consists of
thirteen individual kinetic equations, combining the hydro-
nium and formaldehyde ion chemistry given in Table 1 with
eqn (1) and (11)–(13) extended by (16) and (17). Even though we
carefully considered each rate constant, the final set of rate
constants will not be the only solution modelling the experi-
mental observations. It is quite possible that the resulting set
can be additionally tuned to better fit the experimental data
and the model does not have to be accurate on the absolute

Fig. 7 Relative ion distribution as a function of the flow tube pressure.
Experiments were done at H = 0.03 (3 � 1012 cm�3) for (a) and H = 0.08
(1 � 1013 cm�3) for (b) at 1.5 mbar.
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scale. Nevertheless, the modelling shows the dramatic effect of
neutral water concentration on the ion chemistry of glyoxal.

4 Conclusions

We investigated the H3O+/glyoxal ion chemistry for variable
humidity using a SIFT-MS instrument. The study confirmed the
secondary formation of protonated formaldehyde with increasing
water concentration. For concentrations over 1013 water molecules
per cm3 in the flow tube, the protonated formaldehyde became the
dominant product ion. The abundance of total product ions was
very sensitive to water concentration, quickly decreasing for higher
humidity.

The observed experimental behaviour was described using
numerical simulation of ion kinetics. An additional study of
hydronium water clusters and formaldehyde ion chemistry was
carried out to supplement the study of glyoxal ion formation. The
numerical study of glyoxal ion chemistry showed that protonated
formaldehyde is formed through the reaction of C2H3O2

+(H2O)
with water molecules. Alternative reaction channels involving
water are possible, forming a protonated formaldehyde water

cluster CH2OH+(H2O) either from protonated glyoxal (16) or from
the protonated glyoxal water cluster (17).

Modifications in the glyoxal interaction with hydronium and
hydronium clusters affect the total ion abundance, while changes in
the reaction rate with hydronium clusters affect the reaction
equilibrium as well. However, in all cases, we may observe a quick
dissipation of ion signals for higher water concentration. The ion
dissipation is maintained by ligand switching between protonated
formaldehyde water cluster CH2OH+(H2O) and neutral water,
forming H3O+�H2O and neutral formaldehyde. This makes the
measurement of glyoxal in moist environments using CIMS
particularly difficult. In addition, measurements in moist environ-
ments are much more sensitive to the influence of formaldehyde.
The amount of protonated formaldehyde produced from glyoxal at
H2O concentrations greater than 1013 cm�3 corresponds to apparent
5% formaldehyde impurity in glyoxal.

Conflicts of interest

There are no conflicts to declare.

Fig. 8 Influence of (11) (top) and (1) (bottom) on the relative (left) and absolute (right) concentration of ions at the end of the flow tube. The simulation
uses (13) (k = 10�9 cm3 s�1) and (12) (k = 5 � 10�27 cm6 s�1) as the main reaction channels combined with (17) (k = 8 � 10�10 cm3 s�1). The demonstration
of (11) (top) uses a reverse rate of (1) with k = 1.35 � 10�9 cm3 s�1. The variation of (1) (bottom) does not contain (11). The absolute scale simulation was
provided using 1010 molecules cm�3 glyoxal and 2 � 107 ions per cm3 hydronium particles as an initial condition.
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29 K. Dryahina and P. Španěl, Int. J. Mass Spectrom., 2005, 244,

148–154.
30 C. Runge, Mathematische Annalen, 1895, 46, 167–178.
31 W. Kutta, Z. Math. Phys., 1901, 46, 435.
32 D. Smith and N. Adams, Adv. At. Mol. Phys., 1988, 24, 1–49.
33 D. Smith, P. Spanel and K. Dryahina, Int. J. Mass Spectrom.,

2019, 435, 173–180.
34 D. J. Goebbert and P. G. Wenthold, Eur. J. Mass Spectrom.,

2004, 10, 837–845.
35 V. Bierbaum, M. Golde and F. Kaufman, J. Chem. Phys.,

1976, 65, 2715–2724.
36 R. Bolden and N. Twiddy, Faraday Discuss. Chem. Soc., 1972,

53, 192–200.
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