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ABSTRACT
The hydration of the phenylium ion (C6H5

+) is investigated to determine whether the most abundant product structure is best

described as an oxonium (O-protonated phenol) or carbenium (ring-protonated phenol) ion. Using a combination of infrared

multiple-photon dissociation spectroscopy at the FELIX facility, collision-induced dissociation experiments, and quantum chem-

ical calculations, we have characterized the reaction products formed upon the addition of water to phenylium. The IR fingerprint

of the hydrated ion reveals dominant spectral features consistent with carbenium isomers, particularly the ortho and para forms,

rather than the oxonium isomer. Reactivity measurements and branching ratios of the reaction between water and C6H5
+ pro-

duced by vacuum ultraviolet (VUV) dissociative photoionization of nitrobenzene at the SOLEIL synchrotron facility, as a function

of internal energy show that protonated phenol forms efficiently in the gas phase. Computational modeling of the potential energy

surface supports the preferential formation of carbenium structures and maps the key isomerization and dissociation pathways.

1 | Introduction

Phenylium (c-C6H5
+, m/z 77) is a well-known intermediate in

both astrochemical aromatic chemistry and mass spectrometry.
In mass spectrometry, it is widely formed from a variety of aro-
matic precursors through electron or chemical ionization. Its
pronounced reactivity comes from its bivalency, exhibiting
features of both carbenium (trivalent carbon) and carbene
(divalent carbon) species. This dual character allows the phe-
nylium to interact efficiently with both the σ- and π-electron
systems. As a result, the ion at m/z 95—corresponding to the
water adduct of phenylium—is a classic and routinely observed
feature in mass spectrometry. This peak appears consistently in
spectra acquired on commercial instruments, which typically
operate under pressures that retain a significant background
level of water vapor.

The water adduct of phenylium initially forms protonated phenol,
the proton located on the oxygen atom, yielding an oxonium spe-
cies (Oxo-). Subsequently, the proton can migrate to the phenyl
ring, leading to different arenium ion isomers. The most stable
structure corresponds to protonation at the para (p-) position.
A slightly less stable isomer features protonation at the ortho
(o-) position. In contrast, protonation at themeta (m-) or ipso posi-
tions is significantly less stable, as calculated by Solcà and Dopfer
[1] and confirmed in the present work. Figure 1 presents these
structures.

Phenol serves as the chromophore of the amino acid tyrosine,
making it a valuable model for exploring hydrogen bonding in
biological systems [2]. As a result, its solvation by water has been
extensively studied [3–6] as a fundamental step toward under-
standing solute–solvent interactions. It has been shown that
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protonation occurs predominantly on the oxygen atom in aque-
ous solution, whereas in the gas phase it preferentially takes
place on the aromatic ring, highlighting the crucial role of the
solvent environment in determining the site of protonation [7].

The groups of Dopfer and Fujii have spectroscopically investi-
gated the structure of protonated phenol and its clusters, using
characteristic vibrational fingerprints in the CH and OH stretch-
ing regions [1, 5, 8, 9]. In both studies, protonated phenol was
generated via electric discharge in a supersonic expansion.
Their results consistently revealed the coexistence of two distinct
isomeric forms: the oxonium-type (Oxo-type) and species pro-
tonated at the para and/or ortho positions of the aromatic ring.
In the following, we refer to all isomers where the protonation
site is on the phenyl ring as Carb-type (for carbenium).

Interestingly, when phenol is protonated by CH5
+ or H+ under

high-pressure conditions (0.5 to 500 mbar), the reaction appears
to exclusively produce the global minimum structure, the para
isomer or at least Carb-type species [10, 11]. This assignment
is supported by collision-induced dissociation (CID) experiments
using isotopic labeling and comparisons between experimental
and theoretical hydration energies.

All of the aforementioned studies have used phenol as a precur-
sor. Naturally, this raises the question whether similar results
hold when starting instead from the ion-molecule reaction
between phenylium and water. Surprisingly, only two studies
have attempted to gain insight into the structure of the resulting
product. In the study by Ranasinghe and Glish [12], phenylium
reacted in a reaction cell containing a He/water mixture at a pres-
sure of 3 × 10−4 mbar. CID analysis revealed a branching ratio of
90:10 for the loss H2O versus the loss of CO. The former pathway
is believed to indicate the formation of an Oxo-type structure,
while the latter suggests a Carb-type structure. In a more recent
study by Elroby et al. [6], they investigated the formation of the
oxonium protonated phenol in the stepwise hydration of the phe-
nyl cation in the gas phase without discussing why they excluded
the Carb-type structures from their analysis.

Here, we explore for the first time the fingerprint region of pro-
tonated phenol using the free-electron laser FELIX combined with
CID analysis. Additionally, we report for the first time the reaction

cross section for the reaction between phenylium and water, and
we investigate the influence of ion internal energy on the reactivity
and branching ratios of the resulting products. The experimental
results are supported by quantum chemical calculations.

2 | Experimental Setup

2.1 | Infrared Spectroscopy

The C6H5
+ ions were generated by injecting a solution of benzo-

nitrile (Sigma-Aldrich) diluted in methanol with 1% of formic
acid into an electrospray ionization (ESI) source. The resulting
protonated benzonitrile was isolated in the ion trap and subse-
quently activated by CID to produce the fragment ion at m/z 77,
which readily reacts with water to form protonated phenol spe-
cies atm/z 95 [13]. IR spectra of protonated phenol were obtained
using gas-phase action spectroscopy at the FELIX facility,
Radboud University, Nijmegen, The Netherlands. The experi-
ments employed a modified Bruker Amazon quadrupole ion trap
mass spectrometer, allowing IR radiation from FELIX [14] to
interact with trapped ions (see Martens et al. [15] for details).
Briefly, after ESI at a flow rate of 120 μL/h, ions enter the vacuum
of the mass spectrometer through a capillary and are trapped in
the radio-frequency Paul-type ion trap. Ions of interest are mass-
isolated and irradiated with 3 - 10 FELIX macropulses of up to
140 mJ at 10 Hz repetition rate. Fragmentation mass spectra after
irradiation are averaged five times. To record IR spectra of CID
fragment ions, mass-isolated precursor ions were fragmented
using CID and fragment ions of interest were mass-isolated
and then irradiated in an MS3 stage. IR spectra were generated
by plotting the fragment fluence as function of laser frequency.
The laser is calibrated with a grating spectrometer with an accu-
racy of ±0.01 μm and the fragment fluence is corrected linearly
for variations in FELIX power over the spectral range [16].

2.2 | Ion–Molecule Reactivity

Parent ions were generated by dissociative photoionization of
nitrobenzene (Sigma-Aldrich) using vacuum ultraviolet (VUV)
light in the 11–15 eV range at the DESIRS beamline of the
SOLEIL synchrotron (Saint-Aubin, France). This method is well
known to produce a pure sample of phenylium species [17, 18].
Reactions were studied with the CERISES setup, a home-built
tandem mass spectrometer coupled to the VUV source [19, 20].
Parent ions were mass-selected, guided to the reaction cell with
controlled collision energy, and product ions were analyzed by
the second quadrupole. The typical timescale for an ion to travel
from the source region to the reaction cell is approximately 80 μs.
Absolute reaction cross sections were determined from the pres-
sure of the neutral reactant (water) and ion counts, under single-
collision conditions (pressure<100 nbar). The reaction with
water was studied at fixed collision energy (0.05 eV in the
center-of-mass frame) while varying the internal energy of the
parent ions by tuning the photon energy.

2.3 | Quantum Chemical Calculations

To interpret the experimental observations on the reaction of
C6H5

+ with H2O, we performed DFT calculations of relevant

FIGURE 1 | The five structures of protonated phenol, along with their

relative energies (in eV) with respect to the p-Ph, calculated at the

M06-2X/cc-pVTZ level of theory.
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intermediates and transition states (TSs) using the M06-2X/cc-
pVTZ level of theory. The highly nonlocal M06-2X functional,
developed by Truhlar and coworkers [21], is particularly well
suited for accurately describing the geometries and energetics
of TSs [22].

3 | Results and Discussion

Figure 2 presents the reactivity of phenylium with water. The
y-axis shows the reaction cross section (left) and the correspond-
ing rate coefficient (right) as a function of the photon energy used
to generate the phenylium ions. The internal energy of the C6H5

+

is directly related to the photon energy: specifically, the differ-
ence between the photon energy and the appearance energy
(AE) of C6H5

+ represents the maximum internal energy that
the phenylium ions can carry. The AE of phenylium derived from
nitrobenzene has been investigated in several earlier studies
[17, 23, 24]. Values reported by Panczel and Baer (11.14 eV)
[23] and by Nishimura et al. (11.08 eV) [17] are slightly lower
than the state-of-the-art value recommended by the Active
Thermochemical Tables (ATcT) database [25] of 11.49± 0.02
eV at 300 K. In line with our recent study on the reactivity of
phenylium with acetylene, we adopt the ATcT appearance
energy as the most reliable reference. The major product is
the water adduct atm/z 95 (shown in red), corresponding to pro-
tonated phenol. A minor product is also observed at m/z 94 (in
blue), corresponding to the loss of a H atom from the water
adduct. Both channels exhibit some energy dependence, peaking
at low internal energy before decreasing and reaching a plateau.
This behavior could also be influenced by isomeric effects, as
other isomers of C6H5

+ are known to be significantly less reac-
tive, as summarized by Loison et al. [18]. However, the observed
change in reactivity occurs at internal energies below the
expected isomerization barrier [26], likely too far to be accounted
for even by kinetic shift effects. It appears that a clear discrimi-
nation between these two possibilities is not feasible, and that the

dynamics of reactivity may arise from a combination of internal
energy effects and changes in the isomeric population of the
C6H5

+ species. The loss of CO from the water adduct (m/z 67),
if it occurs at all, is extremely weak, below 0.1 Å2.

Now that we have established, through quantitative analysis, that
phenylium readily reacts with water, we turn to the question of
the structure of the resulting water adduct, specifically, whether
it is of Carb- orOxo-type. To address this, we recorded the IR (IR
multiple photon dissociation (IRMPD)) spectrum of the m/z 95
ion produced from the reaction of phenylium with water in a
quadrupole ion trap. The spectrum was obtained by plotting
the ion yield of all photofragments, normalized by the total
ion count and further normalized by the photon flux, as a func-
tion of excitation wavelength. The experimental spectrum is
shown in black in Figure 3, along with the predicted spectra
of different protonated phenol isomers calculated using DFT
methods.

The IRMPD spectrum was recorded over the 700–1900 cm−1

range. However, although all isomers are expected to exhibit dis-
tinct vibrational fingerprints below 1100 cm−1, no significant
bands were observed in this region of the experimental spectrum.
This absence may be due to insufficient laser fluence at lower
wavenumbers, preventing efficient multiphoton dissociation.
Nevertheless, the simulated spectra for the Oxo and m-Ph iso-
mers can confidently rule out these structures as the reaction
product. The best, though not perfect, agreement is observed with
the blue and green spectra corresponding to o-Ph and p-Ph,
respectively. The key conclusion from Figure 3 is that the reac-
tion product formed from the addition of water to phenylium is
carbenium-type, since the two closest matching spectra corre-
spond to Carb-type structures.

A common finding in the literature, as discussed in the
Introduction, is the distinction between Oxo-type and Carb-
type structures based on the nature of the fragment produced

(b)

(a)

FIGURE 2 | Panel (a) displays the parent ion signal for the C6H5
+ ion

obtained from dissociative ionization of nitrobenzene. The arrow indi-

cates the appearance energy derived from the ATcT (11.49 eV). Panel

(b) shows the reaction cross sections (left axis) and rate constants (right

axis) with H2O as a function of photon energy. Data points in the blue

curve with an inconsistent error bar have been removed. The collision

energy in the center-of-mass frame was set to 0.05 eV.

(a)

(b)

(c)

(d)

FIGURE 3 | Comparison between the experimental IR spectrum of

protonated phenol (black solid line) and the scaled harmonic calculations

for the singlet isomers o-Ph ((a), blue), m-Ph ((b), orange), p-Ph ((c),

green), and Oxo ((d), red). The theoretical spectra were scaled by a factor

of 0.965 [27] and convolved with a Gaussian function with a full width at

half maximum (FWHM) of 35 cm−1. Asterisks indicate artefactual fea-

tures that should be disregarded.
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by CID—specifically, CO loss for Carb-type and H2O loss for
Oxo-type. Therefore, we investigated the nature of the fragments
generated by both photodissociation and CID, as shown in
Figure 4. In both cases, three fragments are observed, corre-
sponding to the loss of H2O, CO, and [2C, 2H, O]. In the follow-
ing discussion, we will focus exclusively on the losses of H2O and
CO. When fragmentation is induced using IR light, the relative
abundance of the CO and H2O loss varies by approximately a
factor of two, depending on the specific vibrational transition tar-
geted by the laser. In contrast, when fragmentation of protonated
phenol is induced by collisions, the loss of CO dominates. This
clearly indicates that the nature of the neutral loss is not a reli-
able indicator of the structure formed, as it is likely to depend
strongly on the experimental conditions. Overall, our spectro-
scopic evidence supports the formation of predominantly the
Carb-type structure, however, even in this case, approximately
one-sixth of the fragments correspond to H2O loss.

To further investigate why Carb-type structures predominantly
result from the addition of water to phenylium, we computed key
intermediates and TSs on the singlet potential energy surface
(PES) of protonated phenol (C6H7

+). Energies were corrected
for zero-point energy and a schematic representation of the sur-
face is shown in Figure 5. The C6H5H2O

+ adduct is connected to
various Carb-type isomers via two TSs, both of which lie slightly
below the energy of the C6H5

+ +H2O entrance channel. One TS
leads to isomerization into ipso-Ph, the least stable of the Carb-
type isomers, in agreement with the results reported by Solcà
et al. [1]. Note that the ipso-Ph isomer is connected to the o-
Ph isomer by a TS whose energy is below the energy of the ipso
isomer after ZPE correction, which indicates that ipso-Ph most
likely does not exist. The second TS corresponds to the isomeri-
zation of Oxo into o-Ph, a pathway not identified in the earlier
study by Solcà et al.

After formation, the C6H5OH2
+ adduct in its oxonium form pos-

sesses internal energy equal to its formation energy (2.13 eV). It
can relax either through collisions or by radiative emission of IR
photons. As noted by Herbst et al. [28], the typical timescales for
isomeric conversion are much shorter than those for relaxation
by collision or IR photon emission. Consequently, isomeric inter-
conversion occurs rapidly compared to relaxation, leading to qua-
siequilibrated isomeric abundances (i.e., Oxo⇄ o-Ph) at each
internal energy.

The final isomer distribution is governed by the effective barriers
to isomerization, corresponding to the energies of the relevant
TSs. Under these conditions, the ratios between the isomeric
forms can be approximated by the ratios of their rovibrational
densities of states at the isomerization barriers. Once the water
adduct is formed as an Oxo species, it can evolve either directly
toward the o-Ph species or via the ipso-Ph intermediate, which
lies in a shallow potential well without ZPE. Note that the energy
required to reach the o-Ph structure is also sufficient to overcome
the subsequent TSs leading to the global minimum, the p-Ph spe-
cies. Using the Beyer-Swinehart algorithm, which provides esti-
mates of the branching ratio, we find an Oxo/ipso-Ph ratio of 12
and an o-Ph/Oxo ratio of 3. These values provide additional qual-
itative support for the predominant formation of the Carb-type
product, most likely in the o-Ph and p-Ph forms, as observed
spectroscopically.

Carb-type isomers can further evolve to form C5H7
+ +CO, a

transformation that requires migration of the hydrogen atom ini-
tially bound to oxygen onto the carbon ring. We identified several
TSs enabling this hydrogen shift, all of which lie above the energy
of the entrance channel (C6H5

+ +H2O). We therefore also con-
sidered the competing loss pathways involving either H2O or CO
following infrared or collisional excitation. The loss of H2O is
more endothermic than CO loss but occurs without a barrier,
making it the more favorable dissociation pathway.

(a)

(b)

(c)

(d)

FIGURE 4 | Panels (a–c) show the mass spectra resulting from IR

multiple photon dissociation (IRMPD) of protonated phenol at 1480,

1350, and 1180 cm−1, respectively. Panel (d) displays a representative col-

lision-induced dissociation (CID) spectrum of of protonated phenol

acquired using the same instrument employed for the IR measurements

and He as colliding partner.
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necting the principal isomers of protonated phenol and the most probable
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gies are given in eV relative to the p-Ph isomer.
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In contrast, CO elimination is more challenging to rationalize,
even at higher internal energies, since it involves multiple rear-
rangement steps, most notably the migration of the H atom from
the OH group to the carbon ring. This migration constitutes the
rate-limiting step, even when various C5H7

+ isomers are consid-
ered. The fragmentation channel leading to C6H5OH

+ +H is
observed in the reactivity experiments, with an onset a few hun-
dred meV higher than adduct formation, in agreement with
quantum chemical predictions. However, this channel is absent
in dissociation processes induced by multiphoton excitation or
CID experiments.

4 | Conclusion

This study demonstrates that the hydration of phenylium does
not lead to a single dominant structure, but rather to a distribu-
tion of Carb-type isomers, composed of the ortho and para
forms. IRMPD spectroscopy confirms that the reaction product
is not an Oxo-type protonated phenol, but instead a ring-proton-
ated species. While the loss of CO in CID and photodissociation
experiments is clearly observed, our results show that the loss of
CO or H2O alone is not a reliable indicator of the underlying
structure of protonated phenol. Overall, our findings elucidate
the mechanistic details of the phenylium+water reaction and
provide a framework for understanding the structure and reac-
tivity of hydrated aromatic ions under isolated gas-phase
conditions.
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