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Abstract. We report the use of ion mobility mass
spectrometry (IMMS) and energy-resolved colli-
sional activation to investigate gas-phase reac-
tions of protonated aniline and protonated phenol.
Protonated aniline prototropic tautomerization
and nucleophilic substitution (SN1) to produce
phenol with traces of water in the IMMS cell are
reported. Tautomerization of protonated phenol
and its ability to form protonated aniline in pres-
ence of ammonia in the gas phase are also ob-

served. These results are supported by energy landscapes obtained from computational chemistry. These
structure modifications in the IMMS cell affected the measured collision cross section (CCS). A thorough
understanding of the gas-phase reactions occurring in IMMS appears mandatory before using the experimental
CCS as a robust descriptor which is stated by the recent literature.
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Introduction

Acollision cross section (CCS) is usually experimentally
obtained from ion mobility spectrometry (IMS). Ion mo-

bility coupled to mass spectrometry (IMMS) provides both CCS
values and mass spectra (m/z) in a single experiment. Analytical
chemistry applications recently found interest in the use of
IMMS to increase peak capacity, thus resulting not only in a
better signal-to-noise ratio in mass spectra [1, 2], but also in the
use of the CCS as a new ion descriptor for the identification of

compounds such as pesticides or metabolites [3–6]. To play that
role, IMMSmust provide a unique and reproducible CCS value.
Nonetheless, several authors already suggested that the observed
arrival time distribution (ATD) or equivalent quantities (e.g.,
ramping voltage profile) leading to the CCS could be affected
by ion diffusion and gas-phase reactions occurring in-source or
during the separation of ions in the mobility devices [7–10].
Understanding gas-phase reactions and their effects on ion mo-
bility profiles is then pivotal to enhance confidence in the CCS
values as a unique ion descriptor. Most of the gas-phase reac-
tions reported in literature are tautomerism reactions. Among
them, the most common form of tautomerism is prototropy,
which refers to the relocation of proton(s) within the same
organic compound [11]. Prototropic tautomers, also known as
“protomers”, are a set of ions sharing the same empirical formu-
la, electron parity, and total charge but characterized by different
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protonation sites [12]. The most published studies of prototropic
tautomers concern protonated aromatic compounds, especially
aniline and phenol [13]. Most of these experimental and theo-
retical studies were carried out in the gas phase with notable
disagreements concerning the result interpretation even in recent
papers [13–19]. In the case of aniline, the major controversial
issue was the determination of the preferred protonation site in
the gas phase. Experimental evidence obtained by Fourier-
transform ion cyclotron resonance mass spectrometry (FT-
ICR-MS) and deuterium labeling of aniline suggested a prefer-
ential protonation at the amino group [15], while ion mobility
mass spectrometry (IMMS) showed the detection of two ion
mobility distributions with relative intensities of 90% and 10%
[14, 20]. These two distributions were attributed to Cpara-proton-
ated (protonation at the para-position of the aromatic ring) and
N-protonated aniline (protonation at the nitrogen of the amino
group) tautomers, respectively (see Scheme 1) [15, 18]. Ab initio
calculation studies were also used to elucidate this issue but the
results were very sensitive to the choice of the computational
method [16, 17]. The theoretical approaches were based on
density functional theory (DFT) using the highest calculation-
level methods available. The results suggest that Cpara-protonat-
ed aniline is favored by only 0.5–0.7 kcal/mol (estimated com-
putational error is around 1 kcal/mol) compared N-protonated
aniline. Consequently, the protonation of aniline should provide
both species in roughly equal amounts instead of the experimen-
tal 9:1 ratio obtained from IMMS experiments. It was therefore
stated that the N-protonated isomer was kinetically preferred.

Similar experimental investigations of the protonation sites
of phenol in the gas-phase suggested that the protonation
occurs on the aromatic ring [21, 22]. However, the protonation
could also take place on the hydroxyl group (O-protonated
phenol). Theoretical calculations suggested that the carbon in
para-position is the favored protonation site of the phenol
(Cpara-protonated phenol) [23]. The ratio of tautomers observed
in IMMS was affected by tautomerization in the gas phase and
was strongly dependent on the experimental settings [19, 24],
affecting the experimental CCS determination. Moreover, the
fragmentations of aniline and phenol lead both to the formation
of phenyl cations, a highly reactive intermediate towards the
addition of N- or O-containing compounds [25], which could
also affect the experimental CCS determination.

In this study, we propose the use of ion mobility and energy-
resolved ion activations to improve our understanding of the
gas-phase reactions affecting the experimental arrival time
distributions of aniline and phenol. We also report the detection
of protonated phenol when a solution of pure aniline is infused
in a TWIMS (Synapt G2 HDMS Waters, UK). We point out
that IMMS is well-suited for experimentally identifying and
investigating gas-phase reactions (i.e., tautomerization and nu-
cleophilic substitution). The evolution of relative intensities
corresponding to the signals of the ionic species as a function
of the activation energy suggests mechanisms of reaction sup-
ported by computational chemistry.

Experimental
Samples

Aniline, phenol, formic acid, and tetraalkylammonium bromides
were purchased from Sigma-Aldrich (Belgium). UPLC MS
grade methanol and acetonitrile were purchased from Biosolve
(France). Ultrapure water was freshly prepared from a milliQ
Millipore system (Millipore, Molsheim, France). Aniline and
phenol were respectively dissolved in pure acetonitrile and pure
water, respectively, to obtain stock solutions of 0.1 M.
Tetraethylammonium bromide, tetrapropylammonium bromide,
tetrabutylammonium bromide, and tetrapentylammonium bro-
mide were separately dissolved in ultrapure water to prepare
stock solutions of 1 mM. Tetrahexylammonium bromide,
tetraheptylammonium bromide, and tetraoctylammonium bro-
mide were dissolved in methanol to obtain stock solutions of
1 mM. A total of 10 μM of aniline in acetonitrile/water (50/50,
v/v) solution and 100 μM of phenol in acetonitrile/water (50/50,
v/v) solution were infused in the ESI-IMMS Synapt G2 HDMS
spectrometer. One percent of formic acid was added to these
infusion solutions to promote the protonation. A mixture of
1 μM of each tetraalkylammonium in acetonitrile/water (50/50,
v/v) solution was infused for calibrating the CCS and the trav-
eling wave IMS (TWIMS) diffusion [7]. N50 grade (99.999%)
carbon dioxide compressed gas including ≤ 50 ppm of water
content, and Alphagas2 grade (≤ 0.5 ppm of water content) of
helium, argon, and nitrogen was purchased from Air Liquide
(Belgium). Alphagas2 grade specifies water and contaminant
volatile contents below 0.5 ppm per mole and a global purity
of more than 99.9999%. Ammonia gas was purchased from Air
Liquide (Belgium) at grade 5.0 (i.e., 99.999% including ≤ 3 ppm
of water content). Ion mobility drift gas spiked with ammonia
using a micro-valve and a stainless steel tee connector to reach
approximately 1–2% of the drift gas flow rate.

Ion Mobility Mass Spectrometry and Energy-
Resolved Collision-Induced Dissociation
Experiments

Tandemmass spectra and ATD presented in this paper were all
acquired using a Waters Synapt G2 HDMS (UK). Pressures
were measured using independent capacitance gaugesScheme 1. N-protonated aniline and Cpara-protonated aniline
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(Oerlikon Q5 Leybold Vacuum, CERAVAC CTR 90) linked
to a vacuum controller (Vacom, MVC-UVH Multichannel
Vacuum Controller). The ion mobility cell of the Synapt G2
HDMS is a traveling wave ion mobility cell (TWIMS cell)
[26]. The source voltage was set to + 3 kV. The sampling cone
and extraction cone voltages were set to 25 V and 4 V, respec-
tively. The source temperature was 100 °C. The drift gas was
carbon dioxide (CO2) at an apparent pressure of 2.8 mbar. The
mass-to-charge ratio (m/z) range was set from 50 to 1200. CO2

was used in most measurements reported in this work to
enhance the separation of tautomers based on their interactions
with the polarizable drift gas [27, 28]. N2 was also tested as
drift gas (see discussion for details). The IMMS separation is
therefore enhanced if, as expected, dipole moments of the
tautomers are noticeably different. The experiments involving
ammonia drift gas were performed using a stainless steel tee
and a precision valve. Note that this experiment could probably
damage the N2 mass flow controller of the ion mobility spec-
trometer. The TRAP and the TRANSFER collisional-induced
dissociation (CID) collision cells, which are placed before and
after the IMS cell respectively (see Figure S1 in supplemental
information), were filled with 5.8 × 10−1 mbar of Ar. Velocity
and height of the traveling waves were respectively fixed at
1000m s−1 and 40V. No experimental CCS values are reported
from TWIMS data due to the lack of CCS calibrant ions in
CO2. IMS peak deconvolutions were assisted using the
TWIMS diffusion calibration strategy previously published
[7]. Data were processed using MassLynx V4.1 and peak
deconvolutions were achieved using Peakfit v4.11 (Peakfit
settings were baseline = linear D2, peak type = spectroscopy
and Gauss Amp, peak diffusion references were
tetraalkylammonium). MSMS and breaking curves experi-
ments used LMQuad = 15. The trapped ion mobility spectrom-
eter (TIMS, timsTOF HD from Bruker, Germany) was used to
obtain high-resolution ion mobility separation of aniline
protomers. The TIMS cell was operated with N2 as drift gas.
ESI and end plate voltages were respectively set to 4 kV and −
500 V. Dry gas was 3 L min−1 at 200 °C. The TIMS ramp
duration was 50 ms. The 1/K0 start and end ramp values were
fixed to 0.45 and 0.55 V s cm−2, respectively. Quadrupole
windows selection was set to m/z = 94.06 ± 0.5. The m/z range
was set from 50 to 1500. The TIMSCCSN2 values reported in
Figure 2 were obtained from a CCS calibration using the
Agilent Tune Mix (Part No: G1969-85000). TIMS data were
processed using Data Analysis v.5.1.

Computational Chemistry

Five protonation sites were investigated for phenol and aniline:
the protonation of the heteroatom (oxygen for phenol and
nitrogen for aniline, later referred as O-protonated and N-
protonated, respectively), the protonation of the aromatic ring
in ipso- (Cipso-protonated), ortho- (Cortho-protonated), meta-
(Cmeta-protonated), and in para- (Cpara-protonated) positions.
ChemDraw software (ChemOffice 2013 suite, Perkin Elmer)
was used to design the 2D chemical structures. Stable

structures and zero-point energies of the protonated aniline
and phenol tautomers, of the phenyl cations, were obtained
from density functional theory (DFT) optimizations using
Gaussian09d [29]. The global minimum structures were vali-
dated by verifying the absence of imaginary values of vibra-
tional frequencies. The transition states of the tautomerization
and of the nucleophilic substitution structures were obtained
using the synchronous transit-guided quasi-Newton (STQN)
method implemented in Gaussian09d software [30]. The struc-
tures of the optimized transition states were confirmed by the
presence of only one imaginary frequency per structure. All
atoms were described using the CAM-B3LYP functional [31]
and the 6-31g++(d,p) basis set. IMoS v1.06e software was used
to calculate the theoretical CCS in N2 (polarization volume =
1.7 Å3, gas radius = 1.50 Å) and CO2 (polarization volume =
3.0 Å3, gas radius = 1.98 Å) using the trajectory method (TM)
at 300 K [32–34]. IMoS parameters were Ngas = 50,000, 92%
Maxell remission velocity and 92% Maxwell distributed. TM
was preferred for CCS calculations instead of the projection
approximation (PA) or exact hard sphere scattering (EHSS)
algorithms to take into account ion-induced dipole interactions
between the CO2 drift gas molecules and the partial charges
from the ions of interest through Lennard-Jones potential pa-
rameters [35–37]. ParsIMoS was used to convert the output
files from Gaussian to the input files for IMoS [38].

Results and Discussion
Protonated Aniline to Protonated Phenol
Conversion

The arrival time distribution (ATD) obtained from the traveling
wave instrument of protonated aniline ([C6H8N]

+,m/z 94.07) is
reported in Figure 1A.

This ATD, as well as all the others met in this article, was
deconvoluted using the previously published diffusion calibra-
tion method [7]. Briefly, the peaks’ FWHM of the species of
interest was accurately determined considering the ion diffu-
sion in IMMS cell using tetraalkylammonium as diffusion
calibrants. These FWHM values were then used to fix the
parameters of ATD deconvolution assuming Gaussian peak
shapes. The aniline signal deconvolution led to three distribu-
tions. Peaks at 5.15ms and 6.01mswere identified as the Cpara-
protonated aniline and N-protonated aniline, respectively, both
in agreement with literature [14, 15, 18, 19]. In this work, the
use of ion mobility mass spectrometry (Synapt G2 HDMS)
with a higher resolving power than the Synapt G1 and CO2 as
drift gas provided slightly better tautomer separation than the
previous studies. In Figure 1A, an intermediate distribution at
5.41 ms was added to better fit the experimental data. It could
be explained by the presence of other tautomers (ortho, meta, or
ipso position, see Figure 5A) or gas-phase tautomerization of
aniline during IMS analyses. This was confirmed by the detec-
tion of a specific fragment from protonated aniline (m/z 64.93)
after precursor selection and CID activation between the mo-
bility peaks of Cpara-protonated and N-protonated aniline using
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the Synapt G2 instrument (see Figure S2 in supplemental
information). The intermediate distribution of aniline (detected
by this specific fragment) was supported by using a higher
resolution IMMS instrument (trapped ion mobility spectrome-
ter with an experimental resolving power up to 150) as reported
in Figure 2. The specific fragment at m/z 64.93 was also
detected between the mobility peaks of Cpara-protonated and
N-protonated aniline. These data provide new evidence that the
presence of other tautomers or gas-phase tautomerization led to
an intermediate distribution having an experimental CCS of
114 Å2. This value is compatible with the computed CCS of
ortho (111Å2), while meta- and ipso-proton positions were 110
and 109 Å2 respectively. Note that the ortho-protonated aniline
is also more stable than the meta- or ipso-protonated aniline
according to theoretical calculation (Figure 5). Moreover, these
calculations also suggested that Cortho-protonatated aniline is a
probable reaction intermediate of the Cpara-protonated aniline
and N-protonated aniline conversion.

Two other mass peaks were also detected in the ATD
(Synapt G2 HDMS) of protonated aniline at 5.15 ms
(Figure 1A). These ions were attributed to a specific fragment
of Cpara-protonated aniline (C6H7N

+, m/z 93.06) and to proton-
ated phenol ions (C6H7O

+,m/z 95.05). Them/z 93.06 fragment
ion was already reported in literature and is characteristic of a
hydrogen loss from Cpara-protonated aniline [18]. Interestingly,
the m/z 93.06 fragment from aniline was sparsely detected

between the ATD of Cpara-protonated aniline and N-
protonated aniline, supporting the isomerization (actually
tautomerization) of aniline during the IMS separation or the
presence of another protonated aniline tautomer. Indeed, the
detection of a specific fragment of Cpara-protonated aniline in
the ATD corresponding to N-protonated aniline requires the
presence of the Cpara-protonated aniline ion at this specific
ATD. The detection of protonated phenol in MS spectra while
infusing a standard solution of pure aniline strongly suggests a
gas-phase substitution of the amino group from the protonated
aniline (leaving group as NH3) by a hydroxyl group inside the
ion mobility mass spectrometer.

To confirm this gas-phase substitution reaction hypothesis,
ATD of 100 μM of pure phenol solution infusion (Figure 1B)
was compared with the ATD of the protonated phenol formed
during the infusion of the pure aniline solutions (Figure 1C).
The infused pure phenol solution led to only one ion distribu-
tion at 5.10 ms (see Figure 1B), which was assigned to Cpara-
protonated phenol based on previously published results [23].
Contrary to the phenol infusion, the deconvolution of ATD of
protonated phenol from aniline infusion led to at least three
ATDs (see Figure 1C). The first distribution has a similar
average drift time (5.10 ms) as the ATD of the Cpara-protonated
phenol obtained during the infusion of the pure phenol solution
(Figure 1B, C). The two other distributions at 5.41 ms and
5.89 ms could be attributed, respectively, to other protonated

Figure 1. (a) ATD of protonated aniline in CO2 from pure aniline dissolved in acetonitrile/water (50/50, v/v). (b) ATD of protonated
phenol in CO2 from pure phenol dissolved in acetonitrile/water (50/50, v/v). (c) ATD of protonated phenol formed during IMMS
analysis from pure aniline solution. In red: extracted ion ATD of protonated aniline (m/z 94.07). In blue: extracted ion ATD of
protonated phenol (m/z 95.07)
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phenol tautomers such as O-protonated phenol (which is the
secondmost stable tautomer according to computational chem-
istry) and protonated phenol formed from protonated aniline
(nucleophilic substitution) during IMS separation (see
Figure 1A and C), or a combination of both hypotheses.

The protonated aniline to protonated phenol substitution
hypothesis was confronted with experimental results, especial-
ly from energy-resolved collision-induced dissociation per-
formed after the ion mobility separation using the Synapt G2
HDMS instrument. This nucleophilic substitution requires the
intervention of a hydroxyl donor such as water. The reaction
can be explained by two mechanisms of nucleophilic substitu-
tion involving either N-protonated aniline or O-protonated
phenol as reported in Scheme 2. The first mechanism (SN1)
relies on a two-step nucleophilic substitution reaction. First, a
stable phenyl cation (C6H5

+, m/z 77.07) is formed by neutral
loss of ammonia from protonated aniline. Then, a hydroxyl
donor (e.g., a water molecule or water cluster present in the gas
phase) bonds to the phenyl cation to form the protonated
phenol ion as already suggested by the works of Ranasinghe,
Glish, and Begala [25, 39]. Alternatively, the second mecha-
nism (SNAr) is a one-step reaction involving protonated aniline
and water. In this mechanism, the C–N bond of aniline is
simultaneously broken while the C–OH bond of phenol is
being formed. Both mechanisms are in agreement with the
formation of O-protonated phenol as experimentally suggested
by the presence of different distributions of protonated phenol
in the ATD from a pure infused aniline solution (Figure 1C). It

is important to notice that the SNAr mechanism requires an
excess of water, which can be reasonably discarded as a major
constituent of the gas phase. Tautomerism and nucleophilic
substitution are thus two competitive reactions for N-
protonated aniline. The left part of Scheme 2 shows the
tautomerization and Cpara-protonated aniline formation,
explaining the presence of the H-loss fragment (m/z 93.06)
detected in the ATD of Cpara- and N-protonated aniline. The
center and right parts of Scheme 2 show the nucleophilic
substitutions (SN1 or SNAr) and protonated phenol formation,
explaining the detection of protonated phenol from aniline
infusion.

The presence of (at least) a water molecule is mandatory for
the nucleophilic substitution (SN1 or SNAr). The water could be
supplied by the feed gases, i.e., the ion source, and the traveling
wave ion mobility cell. To investigate the reaction mechanisms
occurring during the ion mobility separation, pure solutions of
aniline and phenol were separately infused into the Synapt G2
HDMS. The presence of water molecules in the instrument
after ion desolvation can therefore be confirmed by comparing
the pre-IMS activation and the post-IMS activation by colli-
sional induced dissociation (CID). The Synapt G2 HDMS
allows gas-phase activation of ions by collisions before (in
the so-called TRAP cell) and after (in the so-called TRANS-
FER cell) the IMS cell. If traces of water are present in the IMS
cell, product ions produced in the TRAP cell would be in
contact with these water molecules in the IMS cell contrary to
the ions formed in the TRANSFER cell. The positions of these
two CID cells are provided in the schematic representation of
the Synapt G2 HDMS (see Figure S1 in supplemental
information).

Relative ion intensities of protonated aniline, phenol, and
phenyl cation as a function of the CID energy (i.e., acceleration
voltage in volts) and the selected cell for activation are reported
in Figure 3. Protonated aniline (m/z 94.07), protonated phenol
(m/z 95.05), and phenyl cation (C6H5

+, m/z 77.07) are reported
in red, blue, and gray, respectively.

The relative intensities of the most abundant ions from an
infused 10 μM pure aniline solution as a function of the CID in
the TRANSFER cell are reported in Figure 3A. The quadrupole
of the Synapt G2 HDMS was used to isolate the ions with m/z
of 94.05 (protonated aniline) before the CID activation. As
expected, the relative intensity of protonated aniline decreased
while the intensity of phenyl cation rose with the increase of
CID voltage. This supports the hypothesis that the CID activa-
tion of protonated aniline ions in the TRANSFER cell leads to
the formation of phenyl cations by ammonia (NH3) loss. The
inflection point of the curve (which corresponds to 50% sur-
vival yield of ions that can be converted, also called V50) is
15 V for protonated aniline. The presence of protonated phenol
(m/z 95.06, relative intensity of 20% at 0 V) after the quadru-
pole selection of the m/z 94.05 precursor ion (protonated ani-
line) is due to the poor selection of the quadrupole of the Synapt
G2 HDMS. The relative intensity of phenyl cation reached
approximately 60% when only 45% of protonated aniline
was converted. This supports that protonated phenol could also

Figure 2. High-resolution ion mobility mass spectrometry
(timsTOF) of protonated aniline (red line, m/z 94.07) and its
fragments formed after IMS separation (m/z 93.06) in green (H
loss), m/z 77.07 (phenyl cation) in gray, and m/z 64.93 (NHCH2

loss) in blue line. Fragments were detected with the elution
voltage of the precursor ions (CID performed after IMS separa-
tion). Protonated aniline was isolated by the quadrupole mass
filter (m/z 94.06 ± 0.5). Experimental CCSN2 values of the two
distributions of protonated aniline (red line) are 111 ± 2 Å2 and
120 ± 2 Å2 which are in good agreement with the theoretical
™CCSN2 of, respectively, Cpara-protonated aniline (111 Å2) and
N-protonated aniline (119 Å2). Effective resolving power = 50
(CCS/FWHM)
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form phenyl cation through the loss of water after CID activa-
tion in the TRANSFER cell. The phenyl cation formation from
protonated phenol is confirmed by the relative intensities of the
most abundant ions from an infused 10 μM pure phenol solu-
tion as a function of the CID voltage (Figure 3B). Indeed, the
relative intensity of protonated phenol decreased while the
relative intensity of phenyl cation increased with the increase
of the TRANSFER CID voltage. The V50 value for protonated
phenol is 13 V suggesting that the C–O bond of protonated
phenol is weaker than the C–N bond of protonated aniline.
Interestingly, both protonated aniline and protonated phenol
ions could never be totally converted to phenyl cations by CID
activation (Figure 3A, B). This further underlines the fact that
the tautomerization could be induced by CID activation, lead-
ing to the formation of prototropic tautomers which cannot
form phenyl cations by fragmentation as suggested in Scheme
2. The randomization of tautomer population (of both proton-
ated aniline and protonated phenol) is thus assumed to be faster
than the fragmentation by CID.

The formation of phenyl cation from protonated aniline by
CID activation in the TRANSFER cell is observed for both
Cpara-protonated aniline and N-protonated aniline. The relative
intensities of the most abundant ions at 5.15 ms (corresponding
to the average arrival drift time of Cpara-protonated aniline) and
6.01 ms (corresponding to the average arrival drift time of N-
protonated aniline) as a function of the CID voltage in the

TRANSFER cell are respectively reported in Figure 3C, D.
The quadrupole of Synapt G2 HDMS was again used to isolate
the m/z 94.05 precursor ion (i.e., protonated aniline) before CID
activation. The increase of phenyl cation intensity with the CID
voltage revealed that both prototropic tautomers of aniline can
lose NH3 by CID activation. The presence of phenol (60% at 0 V
for Figure 3C and 2% at 0 V for Figure 3D) was again due to the
poor selection of the Synapt G2 quadrupole. Nevertheless, the
relative intensity of phenyl cation at high CID voltages (above
20 V) was greater than the initial relative intensity of protonated
phenol (in both figures), confirming that both tautomers of
protonated aniline provide a phenyl cation during the fragmen-
tation. This also supports the randomization of tautomers during
CID process. The measured V50 value is 15 V regardless of the
considered tautomer ion. These similarities between V50 values
imply that the required fragmentation energy to form the phenyl
cation does not depend on the protonation site. However, these
similar fragmentation energies also indicate that the same bond
was involved during the dissociation. This strongly suggests that
a Cpara-protonated aniline must be converted into an N-
protonated aniline by tautomerization before the neutral loss of
NH3 to produce a phenyl cation, as depicted in Scheme 2.

Protonated aniline was converted into protonated phenol
when the CID activation occurred before the IMS separation.
Indeed, the relative intensity of protonated aniline decreased
while the relative intensity of protonated phenol increased with

Scheme 2. The SN1 (blue arrows) and SNAr (red arrows) mechanisms of nucleophilic substitution on protonated aniline. Compet-
itive reactions are also reported in this scheme (the tautomerization with black double arrows and specific fragmentation of Cpara-
aniline in green arrow). “adt” is the acronym of average arrival drift time.
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the TRAP CID voltage (Figure 3E). These observations strong-
ly suggest that the nucleophilic substitution occurs during the
IMS separation, revealing the presence of water inside the IMS
cell. The same V50 values of the protonated aniline (15 V) are
obtained from CID performed in both the TRAP and the
TRANSFER CID cells. This similarity suggests that the re-
quired energies (activation energy barriers) to form the phenyl
cation (by CID fragmentation) or the protonated phenol (by
nucleophilic substitution) are very close. We might conclude
that the CID activation always leads to the formation of the
phenyl cation, regardless of the activation cell (i.e., in TRAP or
TRANSFER cells). Then, this phenyl cation easily produces

protonated phenols by the addition of a water molecule (or water
cluster) present in the IMS cell. In our case, if the phenyl cation
was produced before the IMS cell (TRAP CID cell), it would
interact with a water molecule from the drift gas impurities and
convert back to a protonated phenol ion. Alternatively, the lower
apparent pressure in the TRANSFER cell (5.8 × 10−1 mbar)
compared with the IMS cell (2.8 mbar) reasonably reduces the
probability to encounter water, therefore limiting the formation
of protonated phenol. This mechanism pathway is further sup-
ported by the high reactivity of the phenyl cation, as shown by
its almost complete conversion to protonated phenol when the
phenyl cation was intentionally produced by CID before the

Figure 3. Relative intensity of protonated aniline (red dots), protonated phenol (blue dots), and phenyl cation (gray dots) as a
function of the precursor ion and the CID voltage (in the TRAP and TRANSFER CID cells). (a) Product ions from protonated aniline
(Cpara-protonated aniline and N-protonated aniline) formed in the TRANFER cell. (b) Product ions from total protonated phenol
formed in the TRANSFERT cell. (c) Product ions from Cpara-protonated aniline (extract at 5.15 ms) formed in the TRANSFER cell. (d)
Product ions from N-protonated aniline (extract at 6.01 ms) formed in the TRANSFER cell. (e) Product ions from protonated aniline
(Cpara-protonated aniline and N-protonated aniline) formed in the TRAP cell. (f) Product ions from protonated phenol form in the
TRAP cell
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IMS cell (Figure 3E). This two-step mechanism, i.e., neutral
loss of NH3 and the water addition, fits with the SN1 reaction
mechanism where the phenyl cation acts as an intermediate
product ion during the reaction pathway (Scheme 2). On the
other hand, we assume that the SNAr mechanism would lead to
the observation of different V50 values in TRAP and TRANS-
FER cells because the fragmentation and SNAr nucleophilic
substitution are two independent reactions. Moreover, The
SNAr nucleophilic substitution is a competitive reaction be-
tween NH3 and H2O additions, which should require higher
water content concentration to favor the formation of protonated
phenol instead of protonated aniline (contrary to SN1
mechanism).

A similar result was observed for the infusion of a pure
phenol solution. The intensity of protonated phenol does not
decrease when the CID activation occurs in the TRAP cell
(Figure 3F). This result can still be explained by an SN1 reaction,
as observed for protonated aniline. The protonated phenol is
converted into a phenyl cation when the CID energy activation
reaches the fragmentation energy. Then, the phenyl cation inter-
acts with a water molecule present in the IMS cell to form the
protonated phenol. The protonated phenol is then converted to a
new protonated phenol through a phenyl cation intermediate,
leading to the detection of a stable amount of protonated phenol,
independent of the applied TRAP CID energy.

We also report that the use of nitrogen (alphagas2 grade)
containing a lower amount of water than carbon dioxide N50
(as claimed by the manufacturer specifications) provided
roughly similar IMS and CID results (data not shown). This
difference in water content affects the relative intensity of
detected protonated phenol from 2% in N2 to 15% in CO2.

This result suggests that aniline infusion could be used to
estimate the amount of moisture present in the gas phase.

Protonated Phenol to Protonated Aniline
Conversion

To confirm the SN1 mechanism hypothesis, the conversion of
protonated phenol to protonated aniline in the presence of
ammonia (NH3) was investigated. As expected, the infusion
of a pure phenol solution in the absence of NH3 in the gas phase
does not allow the detection of protonated aniline in the mass
spectrum (Figure 4A). NH3 was provided inside the Synapt G2
HDMS using two different approaches. First, 100 μM gluta-
mine was co-infused with phenol solution to act as a neutral
NH3 donor (obtained by CID activation with a TRAP CID
voltage of 10 V) [40]. The presence of NH3 in gas phase led to
the formation of protonated aniline from protonated phenol
(Figure 4B). The second approach consisted of the direct
introduction of NH3 in the CO2 drift gas and CID activation
before IMS cell ((TRAP CID voltage of 10 V). In this exper-
iment, protonated aniline ions were also observed in the mass
spectrum of pure phenol solution (Figure 4C). These two
results support the formation of protonated aniline from pro-
tonated phenol by an SN1 mechanism involving the phenyl
cation as reaction intermediate.

Investigation of Protonated Aniline and Protonated
Phenol Interconversion Using Computational
Chemistry

All possible prototropic tautomers were computed using DFT.
The transition states were determined using the synchronous

Figure 4. (a) Mass spectrum of pure phenol dissolved in acetonitrile/water (50/50, v/v). (b) Mass spectrum of a mixture of glutamine
(ammonia donor) and phenol solution using a CID voltage of 10 V applied in the TRAP cell. (c) Mass spectrum of pure phenol
dissolved in acetonitrile/water (50/50, v/v) injected inside the IMS cell filledwith CO2 spikedwith NH3 as drift gas andCID activation in
the TRAP cell (10V). The m/z 94.07 and 95.05 correspond to protonated aniline and protonated phenol, respectively
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transit-guided quasi-Newton method for assessing the activa-
tion energies. These resulting values allowed building the
potential energy diagram provided in Figure 5. The reported
energies for the mechanism pathways in Figure 5A, B are
Gibbs free energy variations (ΔG° in kJ mol−1) relative to the
Cpara-protonated aniline or Cpara-protonated phenol, respective-
ly. Stable structure energies are represented with black marks
and transitions state energies are represented with red spots.
The reportedΔG° values of the phenyl cationwere corrected by
the addition of the G° values of the fragment lost (NH3 for
protonated aniline tautomerization mechanism and H2O for
protonated phenol tautomerization mechanism). These
corrected ΔG° values considered all steps of the mechanism

with identical elemental composition to allow the direct com-
parison between all reported ΔG° values. The Cpara-protonated
and N-protonated prototropic tautomers of aniline shared sim-
ilar ΔG° values (difference of 5 kJ mol−1), which is in excellent
agreement with the experimental detection of the two tauto-
mers during IMMS experiments (Figure 1A). In the case of
phenol, Cpara-protonated phenol was by far the most stable
tautomer as experimentally confirmed by the presence of only
one Gaussian ATD (Figure 1B). Concerning the phenyl cation
formation by fragmentation, it was assumed that the proton was
initially located on the heteroatom (N-protonated aniline and
O-protonated phenol), leading to the phenyl cation formation
by direct bond dissociation (i.e., Aryl-NH3

+ or Aryl-OH2
+).

Figure 5. Reaction coordinate diagrams of protonated aniline tautomerization (a) and protonated phenol tautomerization (b).
Relative Gibbs free energies (in kJ mol−1, computed for 298.15 K and 1 atm using DFT with the cam-B3LYP pseudopotential and
the 6-31++G(d,p) basis set) reported are relative to the most stable tautomers in each case (Cpara-protonated aniline and Cpara-
protonated phenol). Stable and transition states are respectively represented with black lines and red spots. Stable structures are
reported with green spots indicating the protonation site. Dissociation energy values to form a phenyl cation are indicated in red
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The dissociation energies of Aryl-NH3
+ (calculated by Eq. (1))

and Aryl-OH2
+ calculated by Eq. (2)) are 290 and 211 kJ mol

−1, respectively. A higher dissociation energy for Aryl-NH3
+

than for Aryl-OH2
+ is in perfect agreement with the experi-

mental V50 values of protonated aniline and protonated phenol
(see Figure 3). In both cases, the dissociation energies are still
higher than the required activation energies for tautomerism,
suggesting that proton transfers can occur before the dissocia-
tion energy is reached similarly to the mobile proton model of
peptide fragmentation [41]. These proton transfers suggested
by the theoretical calculations also support the detection of the
phenyl cation as a fragment from Cpara-protonated aniline.
Indeed, Cpara-protonated aniline can be converted to N-
protonated aniline, which in turn fragments to form a phenyl
cation with a subsequent neutral loss of ammonia (black double
arrow in Scheme 2).

ΔG0
diss;C−N ¼ G0

phenyl cation þ G0
NH3

−G0
N−protonated aniline ð1Þ

ΔG0
diss;C−O ¼ G0

phenyl cation þ G0
OH2

−G0
O−protonated phenol ð2Þ

The reaction pathway of N-protonated aniline to O-
protonated phenol conversion is reported in Figure 6. The
tautomerization (black lines) and the two hypothetical mecha-
nisms, SN1 (blue line) and SNAr (red line), were investigated.
For the SN1 mechanism, a blue trace is used to represent the
phenyl cation as a stable intermediate of the nucleophilic
substitution. For SNAr, a red trace is used to represent the
activation energy barrier of the transition state. The reported
energies in Figure 6 are Gibbs free energy variations (ΔG° in
kJ mol−1) relative to the Cpara-protonated. The Gibbs free

energy variation (ΔG°) values were again corrected to impose
an identical element composition for all investigated states and
compare their energies. In details, G°H2O is added to the ΔG°
protonated aniline, the G°NH3 is added to the ΔG° of proton-
ated phenol and both G°H2O and G°NH3 are added to the ΔG°
of phenyl cation. The reported energy barriers for
tautomerization (in black line) correspond to the higher activa-
tion barrier calculated for the tautomerization process
(Figure 5A, B). At first glance, these calculations suggest that
the SNAr mechanism is the preferential pathway for the forma-
tion of protonated phenol. However, since NH3 is a better
nucleophile than H2O, the formation of N-protonated aniline
from the transition state is favored. In the SNAr mechanism, the
formation of protonated phenol requires a large amount of
water molecules. In this context, the SN1 mechanism should
occur in the TRAP, TRANSFER (CID cells), and IMS cells
where only traces of water are available while the SNAr should
be favored in solution and possibly during the desolvation
process (i.e., in the ion source). The attachment of a water
molecule to N-protonated aniline, such as for the SNAr mech-
anism, might also favor the tautomerization by assisting the
proton transfer as suggested by Attygalle and coworkers for the
tautomers of aminobenzoic acid [42].

Interestingly, Figure 6 shows that the N-protonated aniline
substitution to O-protonated phenol (295 kJ mol−1) is more
favorable than the tautomerization of O-protonated phenol to
Cpara-protonated phenol (312 kJ mol−1). This suggests that the
population of O-protonated phenol would be kinetically
trapped and barely converted to Cpara-protonated phenol, which
should experimentally lead to the presence of different distri-
butions of protonated phenol tautomers. This assumption is in
good agreement with the different experimentally observed
ATDs provided in Figure 1B, C for the phenol and aniline
infused during electrospray mass spectrometry experiments as
pure aniline or pure phenol solution.

Theoretical CCS in CO2 for the most stable aniline and
phenol protomers were calculated with the trajectory method.
Due to the lack of IMS calibrating substances in CO2, we
compared the sequence of the migration times with those
obtained from theoretical CCS. The ascending migration order
of these protomers was Cpara-protonated phenol (5.10 ms) =
Cpara-protonated phenol (5.15 ms) < O-protonated phenol
(5.41 ms) < N-protonated aniline (6.01 ms). That was in good
agreement with the theoretical CCS values computed in CO2,
which were 119 Å2 for Cpara-protonated phenol, 120 Å2 for
Cpara-protonated aniline, 124 Å2 for O-protonated aniline, and
128 Å2 for N-protonated aniline.

Conclusion
As suggested by our aniline and phenol IMMS results, the use
of the CCS as a unique descriptor requires a thorough under-
standing of the gas-phase reactions that can occur during ion
mobility experiments. The activation of the ions before or after
the ion mobility cell allowed strong evidence of these gas-

Figure 6. Reaction coordinate diagram of the protonated an-
iline to protonated phenol conversion. Relative Gibbs free en-
ergies are given in kJ mol−1 and computed for 298.15 K and
1 atm using DFT with the cam-B3LYP pseudopotential and the
6-31++G(d,p) basis set. SN1 and SNAr mechanisms are respec-
tively reported in blue and red. Only the highest energy barriers
obtained from Figure 5 for the tautomerization are reported
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phase reactions leading to the proposal of reactionmechanisms.
In this context, the Synapt G1/G2 traveling wave ion mobility
mass spectrometers are particularly well suited for this kind of
experimental studies. IMMS has successfully been applied to
investigate gas-phase reaction occurring on the protonated
aniline and the protonated phenol such as tautomerization and
nucleophilic substitution. The benefit of ATD peak width and
peak shape data allowed the detection of various tautomers and
their gas-phase reactions. Tandem mass spectrometry applied
before and after the ion mobility separation was optimized to
measure the different populations of aniline and phenol tauto-
mer ions (precursors and product ions) as a function of the
applied CID activation energy. The observed variations in
these populations provided valuable information concerning
the gas-phase reaction mechanism. The IMMS and tandem
mass spectrometry data analysis allowed the determination of
a reaction pathway of N-protonated aniline to O-protonated
phenol by an SN1 reaction with the phenyl cation as a reaction
intermediate. This gas-phase conversion led to the detection of
the O-protonated phenol (as a kinetically trapped species) while
this tautomer was not observed by direct phenol infusion,
probably due to the presence of high energy barriers. The
reverse reaction (protonated phenol to protonated aniline) is
also observed if ammonia is added in the IMMS drift gas and
the phenyl cation is first formed by CID. Theoretical calcula-
tions were used to support the proposed reaction mechanisms.
The involvement of phenol also completes the models pro-
posed by Attygalle and coworkers, Begala, as well as
Ranasinghe and Glish [19, 25, 39] including the prototropic
tautomers and nucleophile addition (formally via SN1 and
SNAr reactions) to the phenyl cation intermediate.

We also showed that the formation of protonated phenol
from aniline depends on the water amount present in the drift
gas. For this reason, we suggest the use of aniline infusion as a
promising tool to estimate the amount of gas moisture. The
experimental settings also potentially affect the ATD of target
compounds. We therefore recommend the use of internal stan-
dard compounds such as aniline or other aromatic compounds
to estimate the harshness of the IMMS settings. Nonetheless, a
deeper investigation of the gas-phase reactions involving these
internal standards as a function of the IMMS settings (e.g.,
moisture content, traveling wave settings, and ion activations)
should be considered for this purpose.
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