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Abstract
Selected Ion Flow Tube Mass Spectrometry (SIFT-MS) is routinely used for real-time detection of 
volatile organic compounds (VOCs), including amines that are relevant in pharmaceutical, 
environmental, and food safety applications. As VOC monitoring in SIFT-MS depends on the 
knowledge of the underlying ion-molecule reactions, a comprehensive understanding of the 
ionisation processes is key for robust analyte identification and accurate quantitation. This study 
investigates the product ion formation of selected primary and secondary amines with H3O+, NO+ 
and O2+• reagent ions. All reactions proceed at or near the collisional limit. While proton transfer 
from H3O+ yields the intact protonated molecule, charge transfer from O2+• predominantly leads 
to fragment ions. Notably, NO⁺ reactions with all investigated amines yield an unusual product 
ion at nominal mass + 32, with its observed product ion ratio exhibiting substantial differences 
between compounds. The experimental data indicate an equilibrium reaction, initially suggestive 
of adduct formation between the radical cations and O2. However, quantum chemical modelling 
shows that simple van der Waals adducts are thermodynamically unstable at the instrument 
temperature (393 K). Instead, the results support a reaction mechanism in which the nascent 
radical cation undergoes an intramolecular hydrogen shift to form a distonic ion that 
subsequently binds O2. This pathway is exergonic for all four amines studied, and the computed 
Gibbs energy changes agree closely with values derived from observed experimental equilibrium 
constants under quasi-steady-state conditions, explaining the observed differences in product 
ion ratios. These results provide more detailed mechanistic insights into the O2 addition of amine 
radical cations.

Introduction
Detection and monitoring of amines is critical in several pharmaceutical and environmental 
applications due to their wide occurrence and potential health implications. In pharmaceutical 

Page 1 of 24 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

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
25

/2
02

5 
12

:5
0:

52
 A

M
. 

 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

DOI: 10.1039/D5CP03987H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp03987h


2

manufacturing, amine impurities can arise from synthetic intermediates and reagents.1 
Secondary and tertiary amines can undergo nitrosation reactions with nitrous acid or other 
nitrosating agents to form N-nitrosamines.1-3 Many N-nitrosamines have been shown to be 
genotoxic in animal studies, and several are classified by the International Agency for Research 
on Cancer (IARC) as probable or possible human carcinogens and therefore the International 
Council for Harmonisation (ICH) guidance designates these as “cohort of concern”.1, 4-6 Their 
discovery in pharmaceutical products has triggered product recalls and new regulatory guidance, 
including reassessment of synthesis routes and controls.3 Accurate identification and 
quantification of amines are therefore essential to ensure product safety. 

Beyond pharmaceuticals, amines are also important in environmental and food quality 
monitoring. Many volatile amines are odorous volatile organic compounds (VOCs), contributing 
to air pollution and nuisance odours. Furthermore, in post combustion CO2-capture systems, 
amines are widely used for chemical absorption to remove CO2 and can therefore be emitted 
through the cleaned exhaust gas, necessitating environmental monitoring.7, 8 In food, biogenic 
amines are formed via decarboxylation of amino acids or transamination of ketones and 
aldehydes.9, 10 Elevated levels can indicate spoilage, microbial contamination, or degradation, 
thereby serving as valuable indicators for freshness and safety.11, 12 At sufficient doses, several 
biogenic amines can cause adverse health effects.13, 14

To address these needs, different chromatographic techniques have been developed. Gas 
chromatography (GC)11, 15, 16 offers high sensitivity for volatile amines, whereas liquid 
chromatography (LC) is preferred for non-volatile and polar amines and is routinely used in 
environmental17 or pharmaceutical analysis.18, 19 However, in GC analysis, amines often exhibit 
peak tailing or loss due to adsorption on active sites within the inlet or column, often requiring 
derivatisation.20 In addition, many conventional chromatographic methods require additional 
sample preparation steps, are time-consuming, and do not provide real-time data. To overcome 
these limitations, selected ion flow tube mass spectrometry SIFT-MS has emerged as a robust 
and versatile technique for monitoring VOCs.21, 22 SIFT-MS enables direct, real-time, and 
quantitative VOC analysis at trace levels without requiring complex sample preparation. In SIFT-
MS, mass-selected reagent ions react with neutral compounds in a flow tube under controlled 
conditions. The known product ion formation mechanisms (i.e., product branching ratios and 
reaction rate coefficients) enable accurate VOC quantitation. The ion-molecule reactions 
initiated by the positive reagent ions H3O+, NO+ and O2+• under SIFT conditions are typically well 
understood.23 For sufficiently exothermic reactions, H3O+ usually transfers a proton to yield the 
protonated molecule MH+ as depicted in reaction (1). 

H3O+ + M→MH+ + H2O (1)
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With NO+, often charge transfer generates the radical cation M+ (reaction (2)), although 
alternative channels such as hydride ion transfer (reaction (3)), producing (M-H)+, or adduct 
formation (reaction (4)), producing (M∙NO)+, are also possible. 

NO+ + M→M+• + NO• (2)
NO+ + M→(M ― H)+ + HNO (3)

NO+ + M→(M ∙ NO)+ (4)
O2+• typically ionizes molecules via charge transfer as well as depicted in reaction (5), but the high 
ionisation energy of O2 often results in dissociative charge transfer, producing fragment ions 
(reaction (6) or (7)). 

O+•
2 + M→M+• + O2 (5)

O+•
2 + M→[M ― R]+• + R + O2 (6)

O+•
2 + M→[M ― R]+ + R• + O2 (7)

Gas-phase amine radical cations display distinctive behaviour. Initially, both the positive charge 
and the radical site reside on nitrogen, but intramolecular hydrogen shifts can generate distonic 
ions in which the charge remains on nitrogen but the radical site is relocated to a carbon atom 
(reaction (8)).24, 25 These distonic ions may revert to the conventional radical cation,26, 27 fragment 
to NH4+ or alkyl cations (reaction (9) or (10)), rearrange nitrogen-containing groups between 
carbon atoms,27 or undergo O2 addition at the carbon-centred radical site (reaction (11)).28, 29 

M+•⇌M+•
dist (8)

M+•
dist→[M ― R]+• + R (9)

M+•
dist→[M ― R]+ + R• (10)

M+•
dist + O2⇌(M + O2)+• (11)

As ground-state O₂ is itself a triplet diradical, it can readily couple with the carbon-centered 
radical site of such a distonic ion, facilitating adduct formation. Such O2 addition is not unique to 
amines and has been reported for other distonic cations as well.30-33 The intramolecular hydrogen 
shift from the conventional radical cation to the corresponding distonic radical cation proceeds 
entirely on the doublet potential energy surface and does not involve any change in spin 
multiplicity. In contrast, the subsequent addition of molecular oxygen is spin-restricted, because 
the reactants initially reside on different spin manifolds (doublet radical cation and triplet 
ground-state O2). The O2 addition, therefore, requires a transition between spin surfaces via 
intersystem crossing (ISC) or surface hopping at a crossing point, rather than being strictly spin-
forbidden by multiplicity rules. The rate and feasibility of such reactions are governed by the spin-
orbit coupling matrix elements and the energetics of the minimum energy crossing point (MECP) 
between spin surfaces.34, 35

To gain comprehensive understanding of the underlying ion-molecule reactions of amines under 
SIFT conditions and the behavior of the formed product ions, this work investigates the reactions 
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of the primary amines n-propylamine and n-butylamine and the secondary amines dipropylamine 
and dibutylamine with the three positive reagent ions H3O+, NO+ and O2+•, reporting observed 
product ion ratios and reaction rate coefficients under SIFT conditions. 

Experimental

Instrumentation
All experiments in this work were conducted on the Syft Tracer instrument (Syft Technologies 
Limited, Christchurch, New Zealand). The three positive reagent ions H3O+, NO+, and O2+• were 
generated in a microwave discharge ion source and individually injected into the flow tube via a 
quadrupole mass filter in a fast sequence. The negative reagent ions did not produce any 
meaningful product ions and were therefore not investigated further. Nitrogen (purity 5.0, 
Messer Technogas, Prague, Czechia) was used as the carrier gas. The sample inlet cone and 
capillary were maintained at a constant temperature of 393 K to prevent analyte vapor 
condensation. The sample gas was introduced into the flow tube (393 K, 457 mTorr) at a constant 
sample gas flow of 18.5 sccm.

Chemicals and Sample Introduction
For the determination of product branching ratios and reaction rate coefficients, gaseous 
mixtures of n-propylamine, n-butylamine, dipropylamine and dibutylamine were prepared in 
Nalophan bags filled with either dry, clean air (from a zero-air generator UHP-10ZA-S, Parker, 
Gateshead, United Kingdom) or nitrogen. Several millilitres of analyte headspace were injected 
using plastic gas-tight syringes (Omnifix®, B. Braun, Bad Arolsen, Germany). All samples were at 
room temperature during the experiments. 

For experiments investigating the effect of oxygen concentration on ion formation, individual 
diffusion tubes containing one of the four amines were prepared and placed individually in a 
laboratory bottle. The bottle was flushed with a constant total flow of zero-air and nitrogen in 
varying proportions to adjust the oxygen concentration.

Dibutylamine (purity 99 %), dipropylamine (purity 99 %), n-butylamine (purity 99 %), and 
n‑propylamine (purity 98 %) were purchased from Sigma-Aldrich. All chemicals were used 
without further purification.

Determination of reaction rate coefficients and observed product ion 
ratios
To determine the product ion ratios, full scan (FS) mass spectra were acquired over m/z 10 - 300 
from gaseous samples of the four amines, alongside blanks from Nalophan bags containing zero-
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air or nitrogen only, for all three positive reagent ions. During FS acquisition, the Nalophan bag, 
initially spiked with the analyte vapor headspace, was then continuously flushed with zero-air or 
nitrogen, respectively, causing the analyte vapor concentrations to decrease over time. FS were 
collected with a measurement time limit of 200 ms and an ion count limit of 10 000. The m/z 
range was chosen to capture secondary products such as dimers and adducts. The main product 
ions were assigned from the FS mass spectra. 

For each reagent ion, the product ion ratios were calculated as individual product ion count rates 
divided by the sum of all product ion count rates and extrapolating plots of observed product ion 
ratios versus the count rates of the known major product ions to the limit of zero concentration 
(standard extrapolation procedure).

The reaction rate coefficients were determined relative to the proton transfer from H3O+, which 
is assumed to proceed at the collisional rate, kc,36 given the high exothermicity of the reactions 
above at least 226 kJ/mol.37, 38 For the remaining reagent ions, the relative rates were derived 
from the slopes of [P+]/[R+] versus analyte vapor concentration in the limit of zero 
concentration,39, 40 where [P+] is the total product ion count rate and [R+] is the total reagent ion 
count rate (including all hydrates). The slopes were normalised to H3O+ to obtain relative rate 
coefficients, which were then converted to absolute values by multiplying the relative rate 
coefficients by kc for H3O+, calculated from the parametrisation from Su and Chesnavich. 41

Determination of equilibrium constants for the association reaction
For amine radical cations, adduct formation with O2 after initial hydrogen shifts is a possible 
reaction mechanism (see reaction (11)), as also observed in this work (see below). As such 
adducts can potentially dissociate again, it is useful to determine the equilibrium constants for 
such reactions to provide insights into the reaction thermodynamics.

The equilibrium constant 𝐾eq,n for this reaction can be determined from the (M+O2)+•/M+• 
intensity ratio versus the local O2 molecule density. Under the SIFT operating conditions (𝑝SIFT = 
457 mTorr, 𝑇SIFT = 393 K), the O2 molecule density is calculated from the dilution of the sample 
gas (𝑉Sample = 18.5 sccm) into the carrier gas (𝑉Carrier = 128 sccm), multiplied by the total 
particle density inside the flow tube according to eq. (12), where 𝜙O2  is the oxygen volume 
fraction in the sample gas 𝜙O2  (0 - 21 %). A linear fit of (M+O2)+•/M+• versus [O2] yields the 
equilibrium constant 𝐾eq,n (in m3 per particle) given by eq. (). To convert this to a dimensionless 

equilibrium constant 𝐾Ref
eq  referenced to standard pressure according to IUPAC 

recommendations (𝑝Ref = 1 bar) at the temperature of the experiment (𝑇Ref = 393 K), 𝐾eq,n is 
multiplied by the total particle density at the reference state. The change in Gibbs free energy is 
then calculated from eq. (13) using the gas constant 𝑅. 
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[O2] = 𝜙O2

𝑉Sample

𝑉Sample + 𝑉Carrier
⋅

𝑝SIFT

𝑘B𝑇SIFT (12)

𝐾eq,n =
(M + O2)+•

[M+•] [O2]
()

𝐾Ref
eq = 𝐾eq,n𝑁Ref = 𝐾eq,n ⋅

𝑝Ref

𝑘B𝑇Ref = exp ―
Δ𝐺Ref

𝑅𝑇Ref
(13)

DFT calculations
All quantum chemistry calculations based on DFT were carried out using the ORCA 6.1 program 
package.42-44 To assess the reaction mechanism and gas-phase structure of observed (M+O2)+• 
adducts (see below), initial structures for the radical cations of n-propylamine, n-butylamine, 
dipropylamine, and dibutylamine as well as the oxygen molecule and all possible reaction 
products from intramolecular hydrogen rearrangement and subsequent O2 addition, or 
alternatively, adducts between the radical cations and O2 bound by van der Waals interactions, 
were drawn using the AVOGADRO software.45 Geometries were then optimised using the B3LYP 
functional and the 6-311++G(d,p) basis set and a D4 correction.46-48 All open-shell species, 
including the conventional amine radical cations, the distonic radical cation isomers, and the 
(M+O₂)⁺• adducts, were treated as doublets. Quartet states were not explicitly explored, as the 
experimentally observed product ions correspond to singly charged radicals and the lowest-
energy peroxyl-type adducts of organic radicals with O₂ are expected to have doublet multiplicity. 
Although B3LYP is not the most recent general-purpose functional, it has been widely and 
successfully applied in gas-phase ion chemistry to describe conventional and distonic radical 
cations as well as related peroxyl systems. For example, Flammang et al. used B3LYP/6-31+G(d,p) 
and B3LYP/6-311++G(3df,2p) to characterise the energetics of ionised benzonitrile and its 
distonic isomers in the gas phase, obtaining reliable relative stabilities and ionisation energies.49 
Tomazela et al. likewise employed B3LYP/6-311+G(d,p) in their definition and analysis of 
‘distonoid’ radical cations.50 Kirk et al. combined B3LYP with higher-level (U)CCSD(T) calculations 
to model charge-tagged phenylperoxyl radicals and their O₂ reactivity.31 In the present work, our 
focus is on relative energies and qualitative trends between conventional and distonic amine 
radical cations and their (M+O₂)⁺• adducts. For all open-shell species, ⟨S²⟩ values below 0.755 
confirm negligible spin contamination and support the reliability of the chosen level of theory for 
describing these double states. Conformers were generated with CREST51 and re-optimised. 
Gibbs energies were derived from harmonic frequencies within the rigid-rotor-harmonic-
oscillator (RRHO)52 approximation at 393 K. The same level of theory was used to compute 
normal-mode vibrational frequencies and thermodynamic quantities of all product ions. For each 
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ion, plausible conformers were considered, and the lowest energy structures were selected. For 
all reactions, the enthalpy, entropy and Gibbs energy changes were evaluated at 393.15 K and 
standard pressure (1 bar). Polarizabilities and dipole moments were determined for the neutral 
amine molecules at the same level of theory.

Results and Discussion 
The data that support the findings of this study are openly available in the National Data 
Repository at https://data.narodni-repozitar.cz/heyrovsky/datasets/zkt15-an280.53

Compound properties
Table 1 lists the proton affinity (PA) and ionisation energy (IE) of the four amines, as well as their 
polarizabilities (α), dipole moments (D), and calculated kc for H3O+, NO+ and O2+• at 393 K. 

Since all proton affinities substantially exceed that of water (691 kJ/mol),38 proton transfer from 
H3O+ is strongly exothermic for each amine. Likewise, all ionisation energies are below those of 
NO (9.26 eV) and O2 (12.07 eV),38 making charge transfer exothermic for all compounds. 

Table 1. Proton affinities (PA),37 ionisation energies (IE),54 polarizabilities (α), dipole moments (D) and ion-molecule collisional rate 
coefficients (kc) calculated from the parametrisation of Su and Chesnavich41 for a temperature of 393 K.

Compound PA 
(kJ/mol)

IE (eV) α (10-24 cm3) D (Debye) kc(H3O+) 
(10-9 
cm3/s)

kc(NO+) 
(10-9 
cm3/s)

kc(O2+•) 
(10-9 
cm3/s)

n-Propylamine 
(59)

917.8 8.78 7.21 1.27 2.21 1.88 1.84

n-Butylamine 
(73)

921.5 8.71 9.07 1.42 2.42 2.04 1.99

Dipropylamine 
(101)

962.3 7.84 12.63 1.08 2.44 2.03 1.98

Dibutylamine 
(129)

968.5 7.69 16.51 0.90 2.59 2.14 2.08

Reaction rate coefficients and observed product ion ratios
The observed relative reaction rate coefficients and observed product ion ratios for the reactions 
of n-propylamine, n-butylamine, dipropylamine and dibutylamine with H3O+, NO+ and O2+• are 
shown in Table 2 and Figure 1. All reaction rate coefficients have been determined in both dry 
and humid air.

Table 2. Observed reaction rate coefficients for the reactions of the investigated amines with H3O+, NO+ and O2+• in dry or humid 
air.
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k(H3O+) in 10-

9 cm3/s
k(NO+) in 10-9 

cm3/s
k(O2+•) in 10-9 

cm3/s
Compound

dry humid dry humid dry humid
n-propylamine 2.21 1.97 1.88 1.88 1.61 2.06
n-butylamine 2.42 1.96 2.20 2.42 2.03 2.42
Dipropylamine 2.44 2.17 2.17 2.44 2.27 2.44
Dibutylamine 2.59 1.84 2.59 2.59 2.28 2.54

Figure 1. Observed product ion ratios of the reactions of the investigated amines with H3O+, NO+ and O2+• using either air or 
nitrogen as sample make up gas.
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H3O+ reactions 
Under dry conditions, the reactions of H3O+ are fastest among the three positive reagent ions. 
This aligns with the established observation that sufficiently exothermic proton transfer reactions 
(typically > 25 kJ/mol) proceed at the collisional rate.36 In humid air, however, the observed 
reaction rate coefficients decrease by about 5 - 30 % due to the hydration of H3O+. Under such 
conditions, H3O+(H2O) is the predominant reagent ion, accompanied by both H3O+ and 
H3O+(H2O)2, resulting in slower reactions compared to dry conditions. 

For all four amines, the dominant product ion is the protonated molecule. In addition, all amines 
yield NH4+ at m/z 18, likely from fragmentation of the protonated molecule, consistent with the 
large difference in proton affinities between water and the neutral amines. Similar fragments 
have been reported before for n-propylamine, 2-propylamine and n-butylamine in SIFT-MS.55

Notably, both secondary amines form the (M-H)+ ion, that is an uncommon product ion for the 
proton transfer channel. Nevertheless, such product ions have also been reported for 
dimethylamine and trimethylamine in PTR-MS studies.56 In agreement with the present study, 
methylamine as a primary amine does not form such ions in PTR-MS.

No substantial differences are observed between the reactions in air and in nitrogen.

NO+ reactions
The reactions of NO+ with all four amines proceed at or close to the collision rate. In contrast to 
the H3O+ reactions, no significant effect of humidity on the observed reaction rate coefficients is 
evident, since NO+ remains the dominant reagent ion even under humid conditions. The reaction 
rate coefficient for the reactions with n-butylamine even exceed the theoretical collisional limit, 
which has been reported before in selected ion flow-drift tube SIFDT-MS for charge transfer from 
NO+ and O2+• to isoprene at elevated interaction energies.57

In nitrogen, n-propylamine and n-butylamine product ions are dominated by the radical cation 
M+• (45 – 50 %) and (M-H)+ from hydride ion transfer (50 – 55 %), both of which have been 
reported in SIFT-MS before for primary amines.55 Both secondary amines also produce a single 
prominent fragment alongside M+• and (M-H)+: C4H10N+• (m/z 72) for dipropylamine, 
corresponding to ethyl loss, and C5H12N+• (m/z 86) for dibutylamine, corresponding to propyl loss. 
No stable adducts between NO+ and the neutral amines are observed, consistent with the large 
differences in ionisation energies between the amines and NO.

When air is used as sample make up gas instead of nitrogen, notable shifts in observed product 
ion ratios occur. For the primary amines, observed M+• ion ratios decrease as that of (M-H)+ 
remains constant and substantial formation of an additional product ion (M+O2)+• can be 
observed. In the secondary amines, dipropylamine exhibits only a slight increase in the observed 
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fragment C4H10N+• ion ratio, with a corresponding decrease in M+• and little (M+O2)+• formation. 
In contrast, dibutylamine forms (M+O2)+• in substantial amounts alongside its dominant fragment 
C5H12N+•. In all cases, the observed (M+O2)+• ion ratio is < 1 % in nitrogen, suggesting that the 
reaction mechanism depends on the presence of molecular oxygen. While adducts with polar 
molecules such as water, or adducts of the neutrals with NO+, are often observed in SIFT 
experiments,23 O2 adducts are typically short-lived and therefore not observed. Their detection 
in the present work is therefore notable and discussed in more detail below.

Note that the neutral products of reactions between reagent ions NO⁺ and the 
amines are present in the flow tube at a negligible concentration (<104 cm-3).58 
Even if NO thus formed were oxidised to NO₂, it would still react only with one ion 
(or fewer) in a million. Therefore, no NO₂-related ions were observed in the mass 
spectra, as secondary reactions involving neutral products can be 
disregarded.O2+• reactions
The reactions of O2+• with all four amines proceed at or close to the collisional rate, with modest 
increases under humid conditions. Except for the reaction with n-propylamine in dry air, all 
reaction rate coefficients again exceed the theoretical collisional rate.

In contrast to NO⁺ and H₃O⁺, the strong exothermicity (3.3–4.3 eV) of charge transfer from O₂⁺• 
causes extensive fragmentation, and only minor amounts of M⁺• or (M–H)⁺ are observed even in 
nitrogen. In nitrogen, for the primary amines n-propylamine and n-butylamine, the most 
abundant fragment occurs at m/z 30, isobaric with residual NO+ reagent ions but clearly 
correlated with amine vapour concentration, which is thus assigned as a product ion. As also a 
small contribution from m/z 31, that is also concentration-dependent, can be found, the 
observed product ions are assigned as CNH4+• and its 13C-isotologue, which is a typical fragment 
of distonic amine radical cations27, 59 and has been observed as fragment of n-propylamine and 
n-butylamine in reactions with O2+• before.55 These are accompanied by NH3+• and smaller 
contributions form alkyl-containing fragments, with (M+O2)+• essentially absent. For the 
secondary amines, dipropylamine fragmentation yields mainly C4H10N+• (m/z 72), with CNH4+• 
(m/z 30) as minor product ion, while dibutylamine fragmentation yields almost exclusively 
C5H12N+• (m/z 86) alongside a minor C2NH6+• (m/z 44) fragment. The latter, like CNH4+•, is a 
common fragment of distonic amine radical cations. 27, 59

When air is used as the sample make up gas, only minor (M+O2)+• signals can be detected. This 
aligns with the observations from the NO+ reactions, where the sum of M+• and (M+O2)+• remains 
almost constant upon switching from nitrogen to air. Since the amount of M+• is already very 
small in nitrogen when using O2+• as reagent ion, only minor contributions from (M+O2)+• result 
when switching to zero-air.
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Oxygen adduct formation
The formation of the oxygen adduct (M+O2)+•, particularly in the NO+ reactions, is notable as it 
represents an unusual product ion under SIFT conditions. Substantial ion yields are observed only 
when zero-air is used as the sample make up gas, as shown by the two exemplary mass spectra 
of dibutylamine in Figure 2. In nitrogen, the mass spectra contain only M+•, (M-H)+, and the 
characteristic fragments such as C5H12N+• (m/z 86). This behaviour indicates that the formation 
of (M+O2)+• depends on the availability of molecular oxygen.

Figure 2. Comparison of SIFT mass spectra of dibutylamine using NO+ as reagent ion in a) nitrogen and b) zero-air. 

To investigate this further, the mixing ratio between air and nitrogen was varied and the 
intensities of (M+O2)+• and M+• were monitored in selected ion monitoring (SIM) mode. The 
oxygen concentration is calculated in this experiment from the mixing ratio of air (containing 21% 
O2) and nitrogen (containing 0% O2). Figure 3 shows that for increasing oxygen concentrations, 
the ratio of (M+O2)+• to M+• in the NO+ reactions strongly increases, with dipropylamine showing 
only small amounts of (M+O2)+• even in air. The other three amines also differ markedly in the 
observed product ion ratio of (M+O2)+•: in pure zero-air (i.e., 21% O2), dibutylamine yields about 
ten times more (M+O2)+• than M+•, n-butylamine about 2.7 times more, and n-propylamine only 
about 1.3 times more. In comparison, the (M+O2)+• signal for dipropylamine is only about 10% of 
the corresponding M+• signal. 
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The total amount of M+• + (M+O2)+• remains approximately constant, indicating that (M+O2)+• is 
formed from M+• in the presence of molecular oxygen. The linear increase of the (M+O2)+•/M+• 
ratio in Figure 3 with increasing oxygen concentration aligns with an equilibrium reaction rather 
than a simple first-order reactions, which would yield an exponential decay of M+• with increasing 
oxygen concentration. This assumption is supported by the semilog plots of M+• and (M+O2)+• 
intensities versus oxygen concentrations in Figure 4, where the experimental data deviate from 
linearity (i.e. exponential decay) at high oxygen concentrations.

Figure 3. Ratio of (M+O2)+• to M+• depending on oxygen molecule density in the flow tube for all four amines at T = 393 K. The red 
dashed line represents a linear fit to the mean values of the ratio of signal intensities. The error bars depict the standard deviation 
of five measurements. 
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Figure 4. Dependence of (M+O2) +• (green) and M+• (blue) signal intensity on oxygen molecule density in the flow tube for all four 
amines at T = 393 K. The red dashed line represents an exponential fit to the mean values of M+• (i.e. the reagent) signal intensities. 
The error bars depict the standard deviation of five measurements. 

Using the procedure described in the Methods section, the equilibrium coefficient 𝐾Ref
eq  and Gibbs 

energy Δ𝐺Ref values for all four amine reactions can be obtained for the reference state of 1 bar 
and 393 K (see Table 3). The obtained Gibbs energy changes are negative for all four amines 
(‑30.25 kJ/mol to ‑43.68 kJ/mol), substantially exceeding the mean translational kinetic energy at 
393 K (about 5 kJ/mol). However, these observed experimental Δ𝐺Ref values do not align with 
those from quantum chemical calculations (see Methods section) for van der Waals-bound 
adducts between the radical cation and O2 (Figure 5). The computed Gibbs energies show that 
such adduct formation is exothermic for all four amines, but the reaction entropies are strongly 
negative, favouring the separate radical cation and molecular oxygen. This pronounced negative 
entropy contribution arises because the reaction reduces the number of independent gas-phase 
particles: two reactants combine to yield a single product. Such a decrease in entropy is typical 
for association reactions in the gas phase, and it can significantly affect the equilibrium even 
when the reaction is energetically favourable.

Thus, the overall Gibbs energy changes for the formation of a van der Waals-bound adduct are 
strongly positive, suggesting that such ions are an unlikely explanation of the occurring (M+O2)+• 
signals. We emphasize that the secondary reaction with O2 should be regarded as a quasi-steady 
state rather than true thermodynamic equilibrium during the flow tube residence time. As 
described above, the O2 addition involves ISC, which is often slow in light-atom organic 
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systems.34, 35 Therefore, the spin restriction can further slow the secondary O₂ addition reaction, 
reinforcing a quasi-steady-state behavior rather than full equilibration. Although we did not 
explicitly compute spin–orbit coupling (SOC) matrix elements for the present systems, previous 
theoretical studies on radical reactions report SOC values sufficient to enable intersystem 
crossing under thermal, collisional conditions.34, 35 In view of the millisecond residence time and 
the collision frequency in the SIFT flow tube, surface crossing and subsequent O₂ addition should 
therefore be kinetically feasible within the present experiment. As a result, the observed product 
ion ratios may underestimate the true equilibrium constant, and the Δ𝐺Ref values derived from 
these ratios may appear slightly too endergonic compared to the true thermodynamic values. 
Therefore, these represent effective, apparent thermodynamic parameters under kinetic 
constraints. 

Table 3. Observed equilibrium constants under quasi-steady-state conditions obtained from the slope of the experimentally 
determined (M+O2)+•/M+• ratio depending on oxygen concentration and calculated Gibbs energy changes at T = 393.15 K and 
standard pressure of 1 bar.

Compound Obtained 
equilibrium 
constant 𝐾Ref

eq  at 
393 K and 1 bar

Gibbs energy 
change Δ𝐺Ref at 
393 K and 1 bar in 
kJ/mol

n-Propylamine 86000 -37.13
n-Butylamine 170000 -39.42
Dipropylamine 10000 -30.25
Dibutylamine 640000 -43.68

Figure 5. Reaction enthalpies 𝛥𝐻𝑅𝑒𝑓. reaction entropy terms T∙ 𝛥𝑆𝑅𝑒𝑓 and Gibbs energy changes 𝛥𝐺𝑅𝑒𝑓 for the formation of an 
adduct between the radical cation and molecular oxygen bound by van-der-Waals interactions at T = 393.15 K.

While the thermodynamic analysis rules out a simple adduct from van der Waals interactions as 
the dominant contributor to the (M+O2)+• signal, it does not explain the different observed 
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product ion ratios of M+• and (M+O2)+• for the four amines. To address this, we next consider a 
mechanistic pathway supported by literature results: an intramolecular hydrogen shift in the 
radical cation followed by O₂ addition at the carbon-centered radical site. Amine radical cations 
can undergo a hydrogen shift from a carbon atom to the nitrogen atom - where the positive 
charge remains - according to R1 in Figure 6.24, 25 The resulting distonic radical cation can then 
react with molecular oxygen at the carbon-centred radical site according to R2 in Figure 6. 28, 29

Figure 6. Reaction scheme of intramolecular 1,3-hydrogen shift (R1) followed by addition of O2 (R2) to the distonic n-propylamine 
radical cation as an example. 

For the primary amines studied here, optimised geometries with negative Δ𝐺Ref for the hydrogen 
shift step were found (see Figure 7), indicating a thermodynamically favourable rearrangement. 
In contrast, no such exergonic rearrangements were found for the secondary amines: for 
dipropylamine and dibutylamine, the lowest energy structure corresponds to a 1,3-H shift, lying 
at least 3 and 7 kJ mol-1, respectively, above the initially formed radical cation. Nevertheless, for 
all four amines, the addition of molecular oxygen to the distonic radical cation (R2) is exergonic, 
rendering the combined reaction (R1 followed by R2) exergonic. Attempts to find stable N-bound 
oxygen adducts without an H-shift were unsuccessful, supporting a mechanism in which (M+O2)+• 
arises from hydrogen rearrangement followed by O2 addition. For the secondary amines, the 
computed differences in the Gibbs energy between the conventional radical cation and the 
lowest energy (M+O2)+• structure are -25.48 kJ/mol (dipropylamine) and -39.50 kJ/mol 
(dibutylamine), both for the 1,3-H shift. These values reasonable agree with the Gibbs energy 
changes from the observed experimental equilibrium constants under quasi-steady-state 
conditions. For the primary amines, the lowest-energy structures (-46.75 kJ/mol for n-
propylamine; -68.83 kJ/mol for n-butylamine), exceed those observed experimental Δ𝐺Ref 
values. In these cases, the lowest energy adduct may not establish the equilibrium with the 
conventional radical cation but with the distonic ion due to its lower Gibbs energy. The Δ𝐺Ref 
differences for these equilibria (‑37.90 kJ/mol for n-butylamine, 1,4-H shift; ‑44.07 kJ/mol for n-
propylamine, 1,2-H shift) align better with the experiment. Dipropylamine shows the smallest 
computed Δ𝐺Ref, indicating that O2 adduct formation is least favoured, consistent with its low 
(M+O2)+• yield. 
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Note that Shiels et al. have shown that addition reactions of distonic radical ions can proceed via 
weakly bound pre-reactive complexes (PRCs), with the kinetics governed by the forward PRC to 
transition state (TS) barrier. This barrier depends on a multidimensional interplay of electrostatic 
and geometric factors, including charge-radical separation, the orientation of the TS dipole 
relative to the internal electric field, and, in related systems, properties such as the electron 
affinity of the radical cation or the ionisation energy of the neutral molecule.33, 60 In the present 
system, the ionisation energy of the neutral (O2) remains constant, and only the magnitudes of 
the dipole moments of the neutral precursors are available,  which do not show a consistent 
trend in the (M+O₂)⁺• formation efficiencies. The particularly low O₂ reactivity of dipropylamine 
may therefore result from a comparatively high forward barrier for the PRC to adduct conversion. 

However, kinetic effects might also contribute to the less efficient formation of (M+O2)+• in 
dipropylamine. The intramolecular H-shift barrier is higher for secondary than for primary 
amines.24 Furthermore, the hydrogen shift usually proceeds via cyclic transition states (e.g. six-
membered rings in 1,5-H shifts and five-membered rings in 1,4-H shifts), with 1,5-H shifts typically 
having lower activation barriers due to reduced ring strain. 24, 61 Dipropylamine can undergo only 
a 1,4-H shift, whereas dibutylamine can also undergo a 1,5-H shift, potentially explaining that 
dipropylamine has lower rearrangement efficiency within the experimental timescale. Such 
kinetic hindrance could also account for residual discrepancies between computed and observed 
experimental Δ𝐺Ref values (see Table 3), if the equilibrium is not fully established. Furthermore, 
a more complex reaction mechanism involving additional intermediates such as adducts with 
NO⁺ or another intermediate oxygen adducts cannot be excluded. Nevertheless, the collective 
data supports a reaction mechanism in which (M+O2)+• forms via hydrogen shift followed by O2 
addition rather than via a simple van der Waals-bound adduct.

Additional insights on this reaction mechanism could be obtained from exposing the amine 
radical cations to varying, but – in the timescale of the experiment – homogeneous electric fields. 
This could probe whether ion heating substantially affects the formation of M+• and (M+O2)+•. 
Also, experimental determination of their ion mobilities, benchmarked against ion mobility 
calculations (e.g. from MobCal-MPI62 or IMoS63) on both the conventional and possible distonic 
radical cations and their O2 adducts, could provide more insight into the actual gas-phase 
structures of radical cations formed by the studied amines. For both experiments, selected ion 
flow-drift tube SIFDT-MS64, 65 studies would be suitable due to the similar setup to the SIFT-MS 
ensuring similar operating conditions and ionisation settings. Such studies, however, are out of 
the scope of this work.
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Figure 7. Relative Gibbs energy levels of independently optimised species for all four amines at 393 K and 1 bar. For each amine, 
three stationary points are shown as horizontal energy levels: the conventional radical cation (I1, set to 0), the corresponding 
distonic radical cation (I2), and (M+O2)+• after addition of molecular oxygen to the distonic radical cation (I3) . The optimised 
structures are displayed alongside their corresponding energy levels only for visualisation. I1 and I2 were optimised without O2, 
whereas I3 included one bound O2molecule. The diagram illustrates the relative thermodynamic ordering of these stationary 
points only: no transition states, pre-reactive complexes, or continuous reaction pathways are implied. 

Conclusion
In this study, the product ion formation of selected primary and secondary amines in SIFT-MS 
was investigated using the three positive reagent ions H3O+, NO+ and O2+•. Across all three 
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reagent ions, the reaction rate coefficients are at or close to the collisional limit, consistent with 
the high exothermicity of these reactions. With H3O+, proton transfer predominantly yields the 
protonated molecule. Charge transfer with O2+• produces mainly fragment ions of the radical 
cation. In contrast, NO+ reactions in zero-air as sample make up gas generate unusual product 
ions (nominal mass + 32) for all amines with different observed product ion ratios, suggesting 
adduct formation between the radical cation and molecular oxygen. While the experimental data 
suggest an equilibrium reaction, quantum chemistry modelling indicates that van der Waals-
bound adducts are not thermodynamically stable at the instrument temperature (393 K). Instead, 
a possible reaction mechanism involves intramolecular hydrogen shift within the radical cation 
followed by O2 addition. The trend in computed Gibbs energy changes for these reactions aligns 
well with those obtained from the observed experimental equilibrium constants under quasi-
steady-state conditions, explaining the different observed product ion ratios for (M+O2)+• 
formation. The remaining differences may reflect higher activation barriers for certain 
intramolecular hydrogen shifts, although a more complex reaction mechanism involving other 
adducts cannot be excluded.

Future follow-up experiments in SIFDT-MS could provide more detailed mechanistic insights 
about the reaction mechanism of (M+O2)+• formation. The homogeneous axial electric field 
across the entire flow tube enables control of ion kinetic energy and, via collisional heating, 
internal energy. Systematically varying the electric field strength could reveal whether ion 
heating leads to either dissociation of (M+O2)+•, or even more efficient reactions due to 
excitation, allowing them to overcome an activation barrier. Complementary ion mobility 
calculations on feasible structures for the radical cation may provide more insights into their 
structures and thus into possible arrangement reactions. While such studies are beyond the 
scope of the present work, they would substantially advance understanding the reaction 
mechanism that governs product ion formation of the investigated amines.
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