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The vibrational spectrum of the gas-phase benzoic acid radical cation is reported in the fingerprint region
from 500 to 1800 cm-1. The benzoic acid cation is produced either via (1 + 1′) resonance-enhanced multiphoton
ionization or via chemical ionization of benzoic acid vapor. The ions are stored and mass-selectively isolated
in a quadrupole ion trap where they are irradiated with the output of a widely tunable infrared free electron
laser. Upon resonance, photodissociation occurs and recording the total fragment-ion yield as a function of
wavelength yields the infrared spectrum. The experimental spectrum suggests that the ion is effectively planar,
although a density functional theory calculation predicts a staggered structure to be the lowest in energy. In
addition, we tentatively identify the infrared spectrum of protonated benzoic acid.

1. Introduction
The infrared spectroscopy of gas-phase molecular ions has
long been impeded by the low densities in which these species
can be produced.1 Small molecular ions can be produced
relatively efficiently in electron impact and discharge sources
so that sensitive direct absorption techniques, e.g., laser absorption combined with phase-sensitive detection, can be applied.2-5
However, fragmentation becomes a serious problem for larger
molecular ions, which therefore require more gentle ionization
techniques and/or mass selective detection. A drawback of these
techniques lies in the fact that ion densities are even further
reduced so that direct absorption methods become difficult if
not impossible. Several inventive detection schemes have been
developed over the past two decades to replace conventional
infrared techniques.1
Threshold ionization techniques, most notably zero-electron
kinetic energy (ZEKE6) spectroscopy and mass analyzed
threshold ionization (MATI7) spectroscopy, have been widely
applied to obtain information on the vibrational structure of the
ionic ground state. However, no direct IR spectral information
on the ground electronic state of the cation is obtained with
these techniques, as transitions between (rovibrational levels in)
electronic states of the neutral molecules are induced and hence
different selection rules apply. Another commonly used technique, the “messenger” technique,8 employs tagging of a jetcooled molecular ion with a weakly bound messenger atom (or
small molecule). This complex dissociates upon infrared absorption, which can be monitored in a time-of-flight (TOF) mass
spectrometer. The method relies on the weak interaction between
the messenger atom and the ionic chromophore, and the
observed IR absorption spectrum of the complex is expected to
closely resemble that of the bare ion. It has also been shown
that the infrared spectrum of a neutral molecule in a long-lived
high Rydberg state, where the outermost electron is far away
from the ionic core, resembles that of the corresponding
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molecular ion very closely.9 Thus, infrared-induced ionization
of Rydberg neutrals and subsequent ion detection in a TOF mass
spectrometer can be used to obtain their IR spectra, although
the auto-ionization rate, and hence the intensities in the IR
spectrum, may show vibrational mode dependency as it relies
on (coincidental and unknown) vibronic couplings.
By use of a powerful infrared laser source, it is possible to
dissociate molecular ions stored in an ion trap in a multiple
photon-absorption process.10,11 This was first shown to be
possible using CO2 lasers,12,13 which possess only limited and
discontinuous tunability, however. Recently, we have shown
that a widely tunable free-electron laser can also be used as
infrared source,14 and later, it was shown that this method is
also applicable in various more sophisticated ion-trapping
devices.15-17 Fingerprint infrared spectra have been reported for
a variety of cationic polyaromatic hydrocarbons (PAHs),14,18,19
which were generated by nonresonant UV ionization using the
focused output of an ArF excimer laser. For more fragile species,
such as many biochemically relevant species, this ionization
scheme may cause substantial, or even complete, fragmentation.
We know from our earlier studies that UV irradiation of benzoic
acid at 193 nm causes complete photofragmentation as well.20
Alternatively, external ion production and injection into an ion
trap for IR multiple photon dissociation (IRMPD) spectroscopy
has been used for a variety of cluster ions.15,21 In the current
study, we present the infrared spectrum of the benzoic acid
cation, generated in situ in the ion trap via two different gentle
ionization methods. It is shown that two-color resonanceenhanced multiphoton ionization (REMPI) as well as chemical
ionization (CI) can produce the intact benzoic acid ion in our
trap for subsequent IRMPD spectroscopy.
Neutral benzoic acid has been intensively studied spectroscopically as it is considered a benchmark biochemical compound,22 particularly in view of its strong ability to form dimers
through a double hydrogen bond.23,24 However, to our knowledge, no infrared spectral information on the cation has been
reported to date. It is important to note that the lifetime of the
S1 electronic state of the benzoic acid monomer is extremely
short25 due to intersystem crossing, which causes sub-picosecond
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relaxation into the triplet state. Since both the messenger
technique as well as threshold ionization techniques commonly
utilize a well-defined electronically excited intermediate state,
the short S1 lifetime severely limits or even prevents recording
of the IR spectrum of the benzoic acid cation via either one of
these methods.
In addition to the benzoic acid cation, we have identified the
infrared spectrum of protonated benzoic acid in the CI experiments. Infrared spectroscopy of protonated species, which are
of obvious interest in a wide range of biochemical processes,
dates back to the late 70s and early 80s, when studies on several
small systems such as H3O+,2 H3+,3 and HCO+,4 were reported.
In recent years, infrared spectroscopy has been successfully
applied to investigate larger protonated species in the gas phase,
aiming particularly at the determination of the protonation
sites.26-29 In the case of benzoic acid presented here, comparison
of the experimental spectrum to the results of a density
functional theory (DFT) calculation, clearly indicates that
protonation occurs at the carbonyl oxygen atom.
2. Experimental Section
The experimental apparatus, as it has been used to study
cationic PAHs, is described in detail elsewhere.14 Briefly, vaporphase molecules are ionized using different methods (see below)
and are stored in a quadrupole ion trap.30-32 The parent ion
can be isolated by axial ejection of UV-induced fragments from
the ion trap using a 2-ms increase in the rf amplitude.32 The
isolated parent ions are subsequently irradiated with one or more
pulses of the Free Electron Laser for Infrared eXperiments
(FELIX). FELIX delivers 5 µs long widely tunable (5-250 µm)
high energy (∼60 mJ) laser pulses at a 5-Hz repetition rate.33
The laser beam is focused to a sub-millimeter spot in the center
of the ion trap. When the infrared wavelength is in resonance
with an absorption band of the ion, incoherent multiple photon
absorption mediated by intramolecular vibrational redistribution
(IVR) can take place.10,11 Because of the high intensity of
FELIX, internal energies may reach levels beyond the dissociation threshold so that the ion can undergo fragmentation. For
the benzoic acid cation, the dissociation energy is calculated to
be only 1.9 eV.20 After the infrared interaction, the ions are
pulse extracted from the trap and are analyzed in a 60 cm long
TOF mass spectrometer, equipped with a multichannel plate
(MCP) detector.34 The MCP transient is recorded and averaged
using a digital oscilloscope. To obtain the infrared spectrum,
the fragment yield is recorded as a function of FELIX
wavelength. Despite the complicated dependence of the IRMPD
efficiency on laser power,35 the spectra have been linearly
corrected for variations in the FELIX pulse energy, which was
measured immediately after each wavelength scan. The approximation of a linear power dependence was previously found to
be adequate,14 although particularly for species with very high
dissociation thresholds, higher order dependencies (up to
quadratic) have been found.19
Unlike PAHs, which have been efficiently ionized through
nonresonant two-photon UV excitation with a 193-nm (6.4-eV)
excimer laser,14,18,19 benzoic acid completely fragments upon
exposure to the focused ArF ionization laser, forming mainly
the benzoyl cation C6H5CO+ at m/z ) 105.20 Using an unfocused
ArF laser or using KrF (248 nm/5.0 eV) instead of ArF does
not remedy this problem. Calculated ion energetics of benzoic
acid20 predict that, upon excimer laser irradiation, the benzoyl
radical will be formed via one-photon absorption, since the
dissociation threshold of 4.7 eV is much lower than the
ionization potential (IP) of 9.1 eV. The benzoyl radical can then
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Figure 1. Timing sequences for the two experiments using REMPI
and chemical ionization. The traces indicate the dye laser pulse (278
nm), the ArF laser pulse (193 nm), the rf amplitude (Vrf), the FELIX
pulse (IR), and the ion extraction pulse (extr). Some typical time scales
are indicated.

photoionize by absorption of a second UV photon (IP ) 6.3
eV). These ion energetics, which prevent the direct formation
of benzoic acid ions, can be summarized as follows (all values
in eV)

Therefore, two different approaches are used in this study to
produce the intact benzoic acid cation in our ion trap for
subsequent recording of its infrared spectrum via IRMPD
spectroscopy.
First, we applied a two-color REMPI scheme, using the
unfocused frequency doubled output of a pulsed dye laser at
556 nm (generated using a mixture of Rhodamine 6G and
Rhodamine 575 dyes) to resonantly excite to the S1 state.25 The
(unfocused) ArF laser then one-photon ionizes the molecule
from the triplet state. The long lifetime of the triplet state makes
that the timing between the two lasers is relatively uncritical,
and in practice, the delay is kept e1 µs. The complete timing
sequence for the experiment, showing the two UV lasers, the rf
amplitude, the infrared laser pulse, and the ion extraction pulse,
is sketched in the upper panel of Figure 1. Although this
ionization method still also induced substantial fragmentation
(see upper trace in Figure 2), these UV induced fragments are
easily removed from the trap using a 2 ms long increase of the
rf amplitude (see Figure 1). This causes a temporary shift of
the low-mass cutoff of the ion trap to higher m/z values, which
axially ejects all ions with a mass lower than that of the benzoic
acid cation (middle trace in Figure 2). The lower trace shows
the mass spectrum after IRMPD at λ ) 9 µm of the isolated
benzoic acid cation resulting mainly in the appearance of the
benzoyl cation as fragment. Note that the peak at m/z ) 137 is
due to contamination of the vacuum chamber with PABA (paraamino benzoic acid, H2N-C6H4-COOH), which is known to
fragment into mass channels 120, 92, and 65,36 and its presence
should therefore have no influence on the spectra observed in
this study.
Second, it is possible to form intact benzoic acid cations via
chemical ionization, i.e., via charge transfer from trapped ionic
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Figure 2. Mass spectra of the benzoic acid cation recorded at various
stages in the experimental cycle. The upper trace shows the benzoic
acid ion (m/z ) 122) and fragment ions produced by the two-color
REMPI method. The second trace shows the effect of rf axial ejection
of fragment ions isolating the parent ion and higher mass ions. The
lower trace results from IRMPD of the benzoic acid cation with FELIX.
Note that the lower two traces are multiplied by a factor of 3.

Figure 4. Experimental IRMPD spectra of the benzoic acid cation
for ions produced via two-color REMPI and for ions produced via
chemical ionization. The vertical dashed lines refer to bands listed in
Table 1.

to occur and the proton affinity (PA) of M should be lower
than 8.5 eV, being the PA of benzoic acid,37 for reaction 3 to
occur.
To record the infrared spectrum, the extraction delay is set
to 207 ms and the ejection pulse, ejecting all species with m/z
e 120, is applied 190 ms after the UV pulse, as sketched in the
lower panel of Figure 1. Thus, the first FEL pulse is “wasted”,
and only the second pulse is used to measure the infrared
spectrum via IRMPD.
Figure 3. Abundance of the benzoic acid cation (b) and its protonated
counterpart (O) as a function of the time delay between the UV pulse
from the ArF laser and extraction from the trap into the TOF mass
spectrometer. The lines represent fits to a function of the form 1 exp(-kt). Actual mass spectra taken with 10 ms and 190 ms reaction
delay are shown in the insets; masses 122 and 123 are seen to increase
at the expense of the abundance of lighter ions. Note that the ArF laser
ionization scheme induces substantially more fragmentation than the
two-color REMPI scheme (Figure 2).

fragments to neutral benzoic acid. This is shown in Figure 3,
where the time delay between UV laser ionization and the rf
ejection pulse is scanned, while extraction from the trap into
the TOF mass spectrometer is fixed at 200 ms (no IRMPD is
applied). At ∆t ) 0, there are no benzoic acid ions due to
complete fragmentation20 and the charge-transfer reaction follows a 1 - exp(-kt) behavior. In addition, we observe that in
this process not only the benzoic acid cation at m/z ) 122 is
produced but also the protonated species at m/z ) 123. The
insets in Figure 3 show two mass spectra taken at short and
long reaction delays, clearly showing how benzoic acid cations
are formed at the expense of smaller fragment ions. Note that
charge transfer to benzoic acid does not occur from the benzoyl
cation, which is indeed not expected based on their respective
IPs (see eq 1). These processes can be summarized as

charge transfer M+ + C7H6O2 f M + C7H6O2+

(2)

proton transfer MH+ + C7H6O2 f M + C7H7O2+ (3)
where the IP of M should be higher than 9.1 eV for reaction 2

3. Results and Discussion
The infrared spectrum obtained via IRMPD represents a
multiple-photon absorption spectrum, which in general deviates
somewhat from a linear absorption spectrum. Because of
anharmonic interactions in the vibrationally highly excited
species, the infrared bands generally show a red shift as well
as substantial broadening. In the wavelength range studied here,
red shifts for various covalently bound systems were found to
be typically 5-30 cm-1, whereas line widths are on the order
of 30 cm-1.14 Furthermore, the red shift is dependent on the
dissociation threshold as was explicitly shown for the paraamino benzoyl ion.36
Upon resonant infrared irradiation, the benzoic acid cation
fragments mainly into the benzoyl cation with a mass of m/z )
105. Weak fragmentation signals are observed in the phenyl
mass channel at m/z ) 77 as well. Infrared-induced dissociation
is also observed at m/z ) 79 in the CI experiments, which is
likely due to fragmentation of protonated benzoic acid (see
below). To obtain the infrared spectrum of the benzoic acid
cation, the intensity in both fragment channels is summed and
divided by the total ion signal, while the wavelength of the FEL
is scanned.
The IRMPD spectrum of the benzoic acid cation, recorded
using the two different parent ion preparation methods, is shown
in Figure 4. The two spectra are very similar, both in terms of
line positions and relative intensities, and even weak features
such as those at 979 and 1595 cm-1 appear to reproduce
correctly. Small discrepancies are observed in the 1500-1600
cm-1 range, and a possible explanation for this is given below.
Despite the fairly broad and sometimes congested spectral
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TABLE 1: Infrared Spectrum of the Benzoic Acid Cation
DFT calculateda (Cs)
modeb

observed

ν

Irelc

ν

β′OH
β′CHβ′OH
ROCOβOH
βCH
βCH
βOH

622
691
711
976
1080
1199

0.24
0.71
0.24
0.22
0.29
0.89

0.06
0.17
0.36
0.05
0.60
0.79

βCH, βOH
βCH, βOHσCC
βCH, βOH
βCHσCC
σCC
σCO

1361
1425
1440
1535
1630
1743

0.34
0.51
0.24
0.21
0.14
1.00

604
677
709
979
1090
1173
≈1290
1362
1456
1534
1593
1738

≈0.30
≈0.20
1.00

Irel

0.57
0.79

a
B3LYP/D95(d,p). One imaginary frequency (see text). b R )
scissor; β′ ) out-of-plane bend; β ) in-plane bend; σ ) stretch. c Only
bands with Irel > 0.10 are listed.

Figure 6. Experimental IRMPD spectrum of the benzoic acid cation
(upper panel) compared to results from DFT calculations (unscaled)
assuming a planar Cs geometry and a staggered C1 geometry. The C1
geometry has the lowest energy, however, the match with experiment
appears better for the Cs geometry. The lower panel shows a comparison
of the cation spectrum (thick) to that of neutral benzoic acid (thin, data
taken from ref 24).
Figure 5. Single-point calculations along the “torsional” normal mode
coordinate of the planar (Cs) benzoic acid cation reveal a double-well
potential. The energies have been corrected for the zero-point energy
(excluding the torsional mode). The corresponding angle between the
aromatic and COOH planes is indicated.

features, band positions can still be distinguished reasonably
well and they are listed together with their relative intensities
in Table 1. The experimental spectrum is compared to results
from DFT calculations using the B3LYP functional and the
D95(d,p) basis set.38
Assuming a planar Cs geometry for the ion, the calculation
generates one imaginary frequency (105i cm-1), indicating that
the calculated equilibrium structure is actually a saddle point
on the potential-energy surface. The imaginary frequency, which
is consistently found using different basis sets (3-21G, 4-31G,
D95(d,p), 6-31G**) as well as applying the MP2 level of theory,
is associated with the torsional motion of the COOH group
relative to the benzenoid plane. Scanning the potential-energy
surface along the corresponding normal coordinate indeed
reveals a double well potential as shown in Figure 5, with the
planar configuration being at the local maximum. Reoptimization (B3LYP/D95(d,p)) of the nonplanar structure with C1
symmetry lowers the energy by about 395 cm-1 relative to the
planar Cs geometry. In this optimized structure, the angle
between the COOH plane and the aromatic plane becomes about
35°.
Both the Cs and the C1 calculated spectra are compared to
the experimental spectrum in Figure 6. Although the torsional
mode is located far outside the spectral region studied here, the
two theoretical spectra are substantially different in this range
as well. The match with the planar Cs geometry is clearly better
than with the staggered geometry, which is particularly evident

in the 1500-1800-cm-1 range. In this range, only one strong
band, the CO stretch vibration, is found in agreement with the
planar geometry calculation, whereas the C1 calculation predicts
two strong bands. Moreover, the Cs calculation yields a better
agreement in line position for this band. In addition, the Cs
calculation reproduces the double peak structure around 1100
cm-1 and the CH out-of-plane modes around 700 cm-1,
substantially better than the C1 calculation. Therefore, in Table
1, the experimental spectrum is compared to the Cs calculation,
which shows fairly good agreement. The main absorption bands
can be well recognized and assigned, although, particularly in
the congested spectral region between 1250 and 1600 cm-1,
assignments are somewhat speculative. The shape of the feature
observed around 700 cm-1 suggests that it consists of at least
two bands, in agreement with calculated bands at 691 and 711
cm-1. Relative intensities show some discrepancies, particularly
for the band calculated at 976 cm-1 and moreover in the
congested region between 1250 and 1600 cm-1, where in general
more intensity is observed than calculated. Note that the general
red shift of the experimental spectrum with respect to theory is
due to a combination of the effects of anharmonicity in the
multiple photon absorption process35 and the typical overestimation of vibrational frequencies of 2-3% by the B3LYP
functional used in conjunction with a basis set containing
polarization functions.40
As mentioned, the barrier to planarity is calculated to be
around 400 cm-1. However, from a direct count of vibrational
states (based on the calculated harmonic frequencies), the
internal energy of the benzoic acid cation at room temperature
is estimated to be around 1070 cm-1. In addition, the zeropoint-energy difference between the minimum nonplanar structure and the planar “transition-state” geometry is calculated to
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be about 160 cm-1. As seen in Figure 5, the torsional potential
exhibits two equivalent minima and therefore, at energies high
above the barrier the ion is essentially planar.
At this point, it is interesting to briefly speculate on the
discrepancies between the REMPI and CI spectra in the 15001600-cm-1 range (see Figure 4), as they could be related to
differences in the internal energy of the ions created via the
two ionization methods. The REMPI scheme involves a singlettriplet intersystem crossing after the excitation step, which
deposits energy in the vibrational levels of the triplet state.
Although the S-T energy difference is not accurately known,
it may be estimated to be on the order of 1 eV.25 On the basis
of Franck-Condon overlap arguments, it may also be assumed
that this vibrational excitation is retained in the ionic state. On
the other hand, the ions created via CI are approximately at
room temperature and hence possess a much lower internal
energy than the REMPI ions. In fact, assuming a Boltzmann
vibrational state distribution, we calculate that, at room temperature, 18% of the molecules has an internal energy lower
than 400 cm-1, i.e. lower than the barrier to planarity. At an
average internal energy of around 1 eV, this fraction is
practically zero (∼0.01%). One could then argue that in the CI
ion spectrum, some remnants of the nonplanar minimum energy
structure are still observable, particularly between 1500 and 1600
cm-1, where a strong band is predicted for the C1 structure.
However, a second explanation is conceivable: protonated
benzoic acid, which is formed by CI but not by REMPI, could
dissociate (partly) into the 105 mass channel. As shown below,
protonated benzoic acid possesses strong absorption bands in
the 1500-1600-cm-1 range. If this latter explanation is the
correct one, the amount of “cross-talk” can be estimated from
the observed intensity between 1500 and 1600 cm-1 relative to
the intensity of the CO stretch mode at 1743 cm-1. The
intensities of the corresponding bands in the calculated spectra
of the benzoic acid cation (235 km/mol) and protonated benzoic
acid (1160 km/mol, sum of 4 bands) then indicate that the
contribution of protonated benzoic acid to the spectrum of
cationic benzoic acid is less than 5%.
In the lower panel of Figure 6, we compare our spectrum
with the jet-cooled linear-IR absorption spectrum of neutral
benzoic acid,24,39 which is known to be planar. Note the
enhanced intensities in the CC stretching and in-plane CH
bending range around 1200-1600 cm-1 in the spectrum of the
cation relative to that in the spectrum of the neutral species.
This is similar to what is observed for ionic PAHs, where a
π-electron is removed.40,41
In the CI experiment, proton transfer to benzoic acid occurs
in addition to charge transfer. As seen in Figure 3, the two
processes have similar rate constants, resulting in an almost 50/
50 mixture of cationic and protonated benzoic acid. On account
of the multiplexing nature of the TOF mass spectrometer and
the fact that the protonated benzoic acid is not ejected during
the isolation step, its infrared spectrum is likely hidden in the
data. However, it is not a priori clear what the IRMPD product
mass channel is. An interesting FELIX-induced fragment peak
is found at mass 79. The infrared spectrum encoded into this
mass channel is displayed in Figure 7, and it is clearly different
from that found on the benzoic acid fragment peaks. One
obvious difference is the red shift of the CO stretching band of
almost 200 cm-1.
Assuming that protonation occurs at the most electronegative
site of the benzoic acid molecule, being the carbonyl oxygen
atom, the red shift of the CO stretching mode can be explained
in terms of the removal of electron density from the CdO bond,
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Figure 7. Infrared spectrum observed on fragment mass channel 79
(upper panel) compared to DFT calculated spectra (unscaled) of
different possible structures of protonated benzoic acid. Relative
structural energies at the B3LYP/D95(d,p) level of theory are indicated.

effectively reducing the bond order and hence the vibrational
frequency. To verify this hypothesis, DFT calculations were run
for protonation at the aromatic ring, the hydroxyl oxygen, and
the carbonyl oxygen. The resulting structures, relative energies,
and vibrational spectra are shown in Figure 7. The theory
indicates that protonation at the hydroxyl oxygen leads to a
structure with a very long hydroxyl C-O bond (2.70 Å), where
elimination of a water molecule would only cost about 0.5 eV.
Protonation of the aromatic ring occurs at one of the carbon
atoms rather than on the π cloud.27 The lowest energy structure
is indeed found to be that where the proton attaches to the
carbonyl oxygen atom. The infrared spectrum for this structure
shows a remarkable agreement with the experimental spectrum.
Only the band observed near 1330 cm-1 remains unaccounted
for. The apparent broadening of the CO stretching band is caused
by the strong coupling with the CC stretching modes between
1500 and 1600 cm-1. Although the spectral match with the
second structure appears to be reasonable in this wavelength
range as well,42 this structure can be excluded since infraredinduced dissociation would almost certainly lead to elimination
of the water molecule and hence result in a fragment mass of
105 instead of 79. Hence, these results suggest that benzoic acid
protonates at the carbonyl oxygen and that dissociation eliminates a carbon dioxide molecule, leaving behind the ion at mass
79, which likely corresponds to protonated benzene.
4. Conclusions
The infrared spectrum of the benzoic acid radical cation is
recorded via IRMPD spectroscopy, which, to our knowledge,
constitutes the first infrared spectrum of this species. Two
different gentle ionization methods, REMPI and chemical
ionization, are applied to produce the intact benzoic acid cation,
which is mass selectively stored in a quadrupole ion trap. In
general, REMPI schemes require knowledge of the electronic
structure of the parent molecule as well as the availability of a
pulsed tunable laser system. On the other hand, chemical
ionization relies on the IP of the parent ion relative to that of
the charge donor(s), which, in this study, are simply the ionic
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UV-photofragments of benzoic acid. In addition, it is shown
that this method can be used to study protonated species,
obviously depending on the relative proton affinities of the target
molecule and the proton donor(s).
The experimental spectrum indicates that the benzoic acid
ion is effectively planar under our experimental conditions,
whereas the B3LYP functional predicts a staggered geometry
to be the lowest energy structure. This can be understood from
the low barrier to planarity, which is much lower than the
thermal energy available to the ion at room temperature,
resulting in an essentially planar structure. The infrared spectrum
of protonated benzoic acid, and in particular the large red shift
of the CO stretch vibration, indicates that protonation takes place
at the carbonyl oxygen.
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