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Protonated fluorobenzene ions (C6H6F+) are produced by chemical ionization of C6H5F in the cell of a FT-
ICR mass spectrometer using either CH5

+ or C2H5
+. The resulting protonation sites are probed by IR

multiphoton dissociation (IRMPD) spectroscopy in the 600-1700 cm-1 fingerprint range employing the free
electron laser at CLIO (Centre Laser Infrarouge Orsay). Comparison with quantum chemical calculations
reveals that the IRMPD spectra are consistent with protonation in para and/or ortho position, which are the
thermodynamically favored protonation sites. The lack of observation of protonation at the F substituent,
when CH5

+ is used as protonating agent, is attributed to the low-pressure conditions in the ICR cell where
the ions are produced. Comparison of the C6H6F+ spectrum with IR spectra of C6H5F and C6H7

+ reveals the
effects of both protonation and Hf F substitution on the structural properties of these fundamental aromatic
molecules.

1. Introduction

The protonation of aromatic molecules is a central process
in biology and organic chemistry. In particular, protonated
aromatic molecules (henceforth denoted AH+) are frequently
invoked as reactive intermediates in fundamental organic ionic
reaction mechanisms.1,2 For example, they appear asσ com-
plexes (Wheland intermediates) in electrophilic aromatic sub-
stitution (EAS) reactions, namely the most important reaction
class of aromatic molecules. It is well recognized that funda-
mental properties of ion-molecule reactions, such as energetics
and dynamics, sensitively depend on the solvation environment,
because of the strong interaction between the charge of the
reacting ionic species and the surrounding solvent molecules.
The detailed understanding of the impact of solvation on the
properties of such ion-molecule reaction mechanisms requires
the characterization of AH+ ions under isolated and controlled
microsolvation conditions. In contrast to the large body of
spectroscopic information acquired in the condensed phase,3,4

until recently, all experimental information about isolated AH+

ions was almost exclusively based on mass spectrometric
experiments,5-7 which provide only indirect and often ambigu-
ous structural information. The radiolytic approach to the
characterization of arenium ions in the gas phase at atmospheric
pressure is more informative but still relies on reactivity
probes.5,6 Spectroscopic information to determine, for example,
directly the preferred protonation sites in isolated AH+ ions have
been lacking because of the difficulties encountered in the
production of sufficient concentrations. Recent progress in the
development of sensitive IR photodissociation schemes8-10

allowed for the first time to spectroscopically characterize
isolated11,12and microsolvated13 AH+ ions. The systems inves-
tigated so far include AH+ ions with A)benzene,12,14-16 (para-
halogenated) phenols,13,17-20 fluorobenzene,11,21phenylsilane,22

and benzoic acid.23 These studies mainly addressed the question
of the preferred protonation site(s), the photofragmentation
behavior, and the influence of stepwise microsolvation in a polar
and nonpolar environment.

Two major IR photodissociation strategies have successfully
been applied to AH+ ions. The first technique employs modern,
low-intensity, optical parametric oscillator (OPO) laser systems
in the frequency range 2500-4000 cm-1 to drive one-photon
IR photodissociation (IRPD) of AH+-Lm cluster ions. This
approach is based on the evaporation of one or more of the
weakly bound ligands upon resonant absorption of a single
photon (messenger technique).13,15 This method can also be
applied to break weak chemical bonds in certain AH+ isomers
but usually fails to dissociate common AH+ ions because the
energy of a single IR photon is insufficient to break strong
covalent bonds.11 This shortcut is overcome by the second
technique, which utilizes high-intensity free electron lasers
(FEL) in the frequency range 50-2500 cm-1 to drive IR
multiphoton photodissociation (IRMPD) processes of AH+

ions.12 This IRMPD approach has recently been applied to AH+

ions with A) benzene,12 phenylsilane,22 and protonated benzoic
acid,23 and is used in the present work to characterize protonated
fluorobenzene.

The potential energy surface (PES) of protonated fluoroben-
zene (C6H6F+) has been studied in detail by quantum chemical
techniques.11,24-32 The minimum structures and the PES cal-
culated at the B3LYP/6-311G(2df,2pd) level are shown in
Figures 1 and 2, respectively.11 Protonation can occur at the
aromatic ring (1-4) or at the F atom (5), leading to the
formation of carbenium and fluoronium ions, respectively. Their
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relative energies increase in the order1 < 2 , 3 , 4 , 5,
reflecting the ortho/para directing nature of the F substituent in
EAS reactions.5 is separated from1-4 by a high barrier,
whereas the barriers between1-4 are small. All minima on
the PES areσ complexes and no stableπ complex could be
located. As protonation at the F substituent considerably
destabilizes the strong C-F single bond of C6H5F, 5 is best
described as a weakly bound ion-dipole complex between the
phenyl cation and HF, C6H5

+-FH, with a relatively low
dissociation energy of the order of 50 kJ/mol. Consequently,
dehydrofluorination is by far the lowest dissociation channel
for 1-5, whereas H2 loss is significantly higher in energy
(Figure 2).

Early experimental information about the structure of pro-
tonated fluorobenzene isomers was provided by1H and 19F
NMR spectroscopy in superacid solutions.33,34 A static σ
complex1 was found at low temperature, whereas complete
scrambling of all ring protons was observed in the high-
temperature limit due to rapid intramolecular 1,2 H-shift. Only
the carbenium isomers1-3 were detected in these solutions,
and no experimental evidence was presented for the existence
of a π complex or the fluoronium isomer5.

Until recently, all experimental information about C6H6F+

isolated in the gas phase came from the radiolytic approach35,36

and mass spectrometric techniques,24,26,27,31,32,37-41 including
high-pressure mass spectrometry, proton-transfer equilibria
measurements, metastable decay analysis, kinetic energy release
measurements, and collision-induced dissociation (CID) experi-
ments. The protonation sites of C6H6F+ generated by either
chemical ionization (CI) or electron ionization (EI) were found
to strongly depend on the experimental ion source conditions,

such as temperature, pressure, and the protonating agent and
precursor used for the CI and EI processes, respectively. Both
thermodynamic and kinetic factors strongly influence the
observed isomer ratios. The proton affinities (PA) of C6H5F for
generating1 and 5 were determined as 755.9 and 577( 24
kJ/mol, respectively,24,42 in good agreement with the calcula-
tions. Although5 is substantially less stable than1-4, signifi-
cant concentrations of5 could be generated by near resonant
proton transfer, that is, using a Brønsted acid for protonation
with similar or slightly smaller PA, such as CH5

+ (PACH4 )
544 kJ/mol).42 Once stable5 is formed, its conversion into the
more stable isomers1-4 is strongly hindered by a high
isomerization barrier (Figure 2). In contrast,5 cannot be
produced in significant abundance using protonating agents with
significantly lower or higher PA, such as H3

+ or C2H5
+ (PAH2

) 422 kJ/mol, PAC2H4 ) 681 kJ/mol).42 In the first case, the
large excess energy involved in the proton-transfer step creates
internally hot 5, which results in quantitative unimolecular
dissociation via HF loss. In the latter case, the proton-transfer
reaction generating5 is endothermic, preventing direct proto-
nation at the F atom (e.g., Figure 2 for C2H5

+).
Recently, the protonation sites of C6H5F have spectroscopi-

cally been characterized under isolated and microsolvated
conditions by single-photon IRPD of either bare C6H6F+ or
weakly bound C6H6F+-(N2)2 clusters and monitoring the
following fragmentation reactions:11,21

Cold C6H6F+ ions were prepared in a supersonic plasma
expansion created by electron impact in the high-pressure region
of a molecular beam. As the C6H6F+ ions were generated by
CI using CH4, significant concentrations of both5 and the
carbenium isomers1 and/or2 were present in the generated
C6H6F+ beam. In the first experiment,11 IRPD spectra of C6H6F+

were obtained in the C-H and F-H stretch ranges (2540-
4050 cm-1) by coupling an OPO laser with a tandem quadrupole
mass spectrometer. The low intensity of the available OPO laser
(I < 200 kW/cm2; E < 1 mJ/pulse) enabled only one-photon
absorption processes to be observed. Consequently, isomer5
of C6H6F+ could selectively be detected in the IRPD spectrum,
because only for this isomer the available photon energy (3000
cm-1 ∼ 36 kJ/mol) was sufficient to drive the dehydrofluori-
nation reaction (Figure 2). Spectroscopic signatures of the more
stable carbenium isomers, although certainly present in high
concentrations in the prepared C6H6F+ ion beam, were not
detected.11 The analysis of the C-H and F-H stretch spectrum
of 5 yielded detailed information about its structure, distribution
of the excess charge, and bonding mechanism.11 In particular,
it provided unambiguous spectroscopic confirmation of the
C6H5

+-FH structure of5 predicted theoretically.
In an effort to selectively detect the more stable carbenium

isomers1 and2, IRPD spectra of weakly bound C6H6F+-(N2)2

clusters were recorded in a separate experiment.21 For this
purpose, microsolvated C6H6F+ cluster ions were generated by
CI using H2 to significantly suppress the production of5. The
attachment of N2 ligands had the following two major implica-
tions (messenger approach).15,43,44First, the required energy to
drive the IRPD process is substantially reduced because the
lowest dissociation channel corresponds to the rupture of the
weak intermolecular bonds of C6H6F+ to the inert N2 ligands
(D0 ∼ 10 kJ/mol) rather than breaking intramolecular bonds.

Figure 1. Isomeric structures of protonated fluorobenzene (C6H6F+).
Protonation can occur at the para (1), ortho (2), meta (3), and ipso (4)
positions as well as at the F atom (5).

Figure 2. Schematic energy profile displaying the relevant stationary
points of the potential energy surface of protonated fluorobenzene
(C6H6F+) calculated at the B3LYP/6-311G(2df,2pd) level.11 Experi-
mental excess energies for protonation with CH5

+ and C2H5
+ are

indicated by dotted lines.11,42

C6H6F
+ + hν f C6H5

+ + HF (1)

C6H6F
+-(N2)2 + hν f C6H6F

+ + 2N2 (2)
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As a consequence, the carbenium isomers of C6H6F+ could
selectively be detected by single photon IRPD via the process
described in eq 2. Second, the C6H6F+-(N2)2 clusters are rather
cold, because their internal energy has to be below the lowest
dissociation energy (Eint < D0) to survive the passage from the
ion source to the octopole trap where IRPD is performed. The
analysis of the IRPD spectra of C6H6F+-(N2)2 in the C-H
stretch range revealed absorptions characteristic for the aliphatic
CH2 group (sp3 hybridization of C,σCH ∼ 2840 cm-1) and the
aromatic CH groups (sp2 hybridization of C,σCH ∼ 3120 cm-1).
Detailed comparison with quantum chemical calculations dem-
onstrated that mainly1 and2 contributed to the C6H6F+-(N2)2

spectrum, consistent with the ortho/para directing nature of the
F substituent in EAS reactions.

The present work reports IRMPD spectra of C6H6F+ gener-
ated in an ion cyclotron resonance (ICR) instrument using the
free electron laser at CLIO (Centre Laser Infrarouge Orsay). It
extends the previous spectroscopic interrogations of C6H6F+ in
various aspects.11,20,21First, the spectral range covered in the
present study (600-1700 cm-1, so-called fingerprint region) is
complementary to the previous work using an OPO laser (2540-
4050 cm-1), yielding valuable new information on vibrational
frequencies. In particular, comparison with the corresponding
spectra of neutral fluorobenzene45 and protonated benzene12,46

will reveal the effects of both protonation and Hf F substitution
on the structural properties of the arenium ion. Second, the much
higher intensity of the FEL (∼1 W) compared to that of the
OPO laser (<20 mW) opens the possibility to drive multiphoton
absorption processes, which are exploited in the present work
to observe IRMPD. Hence, in contrast to the previous OPO
studies, all C6H6F+ isomers produced can be detected by
monitoring the following two relevant IRMPD processes:

Third, whereas most previous studies employed high-pressure
ion sources for C6H6F+ generation, the ions are created in the
present approach in a low-pressure ICR cell (typically 5× 10-9

to 5 × 10-8 mbar) via CI using mass-selected CH5
+ or C2H5

+

ions. This is an important aspect, as the ion source conditions
are crucial for the produced C6H6F+ isomer ratio. In addition
to the protonation site and its spectroscopic consequences, the
present study will also address the differences in the fragmenta-
tion branching ratios observed for collisional and infrared
activation (CID versus IRMPD).

2. Experimental and Computational Methods

The experimental setup couples a mobile FT-ICR mass
spectrometer analyzer (MICRA) with tuneable IR laser radiation
from the FEL at CLIO. Details of the coupling of MICRA47

with the FEL48 were described previously.10,49The C6H6F+ ions
are generated in the ICR cell by chemical ionization of C6H5F
using mass-selected CH5

+ or C2H5
+ ions. To this end, a 200

ms CH4 pulse atp ) 9 × 10-7 mbar is introduced into the cell
and ionized by a 200 ms electron pulse. After mass selection
of either CH5

+ or C2H5
+, a C6H5F pulse with 200 ms length

andp ) 2 × 10-7 mbar is injected into the cell. The C6H6F+

ions generated by exothermic proton transfer are mass selected
and subsequently irradiated for 1 s with the FEL radiation (∼1
W), which is composed of 8µs macropulses (25 Hz), each
divided into 500 micropulses (few picoseconds long, 16 ns
apart). Finally, a mass spectrum is recorded at each wavelength

of the IR laser to collect the parent ions as well as the daughter
ions, which arise from either IRMPD or unimolecular dissocia-
tion. At the present experimental conditions, fragmentation of
C6H6F+ occurs mainly into the lowest energy fragment channel,
corresponding to HF loss, but loss of H2 is also observed as a
minor fragment channel (eq 3).

Density functional theory calculations are carried out at the
B3LYP/6-311G(2dp,2df) level to characterize the PES of
protonated fluorobenzene,50 with the main focus on the stability
and IR spectral properties of isomers1-5.11 Previous calcula-
tions revealed that this theoretical level reliably describes the
PES of C6H6F+, with a quality similar to that of the MP2/6-
311G(2dp,2df) level.11 All coordinates are allowed to relax for
the search of stationary points on the PES. Energies are corrected
for the effects of zero-point energy. Harmonic frequencies are
scaled by a factor of 0.96 to account for anharmonicity. For
comparison, similar calculations are carried out for C6H5F and
C6H7

+.

3. Results and Discussion

Figure 3a compares the C6H6F+ parent ion signal with that
of the strongest fragment ion signal (C6H5

+, HF loss) as a
function of the IR laser frequency. Clearly, there is a 1:1
correspondence between the C6H6F+ depletion and C6H5

+

appearance signals with respect to both the positions and the
widths of the resonances. For the strongest resonance near 1450
cm-1, the depletion is as large as 40%, indicating the high
efficiency of the IRMPD process. Figure 3b demonstrates that
the ratio for the C6H5

+ and C6H4F+ fragment ion channels is
of the order of 25:1, clearly showing the dominance of HF loss
over the energetically less favorable H2 loss under the present
experimental conditions. In addition, the ratio appears to be
roughly independent of the IR frequency. Similar observations
were previously reported for IRMPD of Fe+(CH3OCH3)2, where
dissociation into the two major fragment channels (loss of CH3

and CH4) occurred in a constant ratio, independent of the
vibrational resonance excited in the parent ion.10 In current
models to describe the IRMPD process, sequential heating of
the parent ion occurs via the successive absorption of single IR
photons intermediated by intramolecular vibrational relaxation.
This relatively slow heating process favors dissociation into the
lowest energy fragment channel with branching ratios indepen-

Figure 3. (a) C6H6F+ parent ion and C6H5
+ fragment ion signal (HF

loss) in arbitrary units as a function of the IR laser frequency. (b)
Comparison of the C6H5

+ (HF loss) and the C6H4F+ (H2 loss) fragment
ion signals as a function of the IR laser frequency. The H2 loss channel
is about a factor 25 less intense than the HF loss channel. All spectra
are obtained using CH5+ as protonating agent.

C6H6F
+ + nhν f C6H5

+ + HF (3a)

f C6H4F
+ + H2 (3b)
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dent of the laser frequency.51 According to the dissociation
energies given in Figure 2, HF (H2) loss for cold1 requires the
absorption ofn ) 13 (n ) 18) photons withν ) 1450 cm-1,
respectively. Similarly to IRMPD, both CID experiments of ring-
protonated C6H6F+ (1, 2) at low collision energies and uni-
molecular dissociation favor HF loss over H2 elimination.26,32,39

On the other hand, CID at high collision energies induces
preferentially H2 loss rather than HF loss.27,31,40Apparently, high
excitation of1 and2 via a single excitation event leads to direct
ejection of H2, which is fast on the time scale required for
isomerization via the high barrier toward HF elimination (Figure
2). On the other hand, heating of1 and2 in the IRMPD process
via the sequential absorption of multiple IR photons appears to
be slow enough to facilitate isomerization and subsequent
fragmentation into the lowest energy fragmentation channel.
Figure 3a also shows that there is a significant frequency-
independent background signal in the C6H5

+ channel (4% of
parent ions). This background is large only when CH5

+ is used
for C6H6F+ generation. It can be ascribed to unimolecular decay
of hot C6H4F+ ions, which is fast (τ ∼ 10-5 s)32 on the time
scale of the present experiment (∼1 s). Unimolecular dissocia-
tion may arise from both the fluoronium isomer5 (vide infra)
and the carbenium isomers1 and2.

Figure 4 compares the experimental IRMPD spectrum of
C6H6F+ in the investigated spectral range (600-1700 cm-1)
with linear IR absorption spectra calculated for isomers1-5.
As the observed IRMPD spectrum is relatively independent of
the Brønsted acid employed for formation of C6H6F+ (CH5

+ or
C2H5

+), only the one recorded using CH5
+ is shown. The

positions and widths of the transitions observed (A-F) are
collected in Table 1. The suggested vibrational and isomer
assignments are based on the comparison with the calculated
spectra. For comparison, Table 1 also lists the calculated
frequencies and IR intensities as well as the symmetry species
of the involved normal modes.

First, the isomer assignments are considered. Inspection of
Figure 4 immediately reveals rather convincing agreement
between the IRMPD spectrum and the spectra predicted for
isomers1 and2 with respect to both the band positions and the
relative band intensities. On the basis of the calculations, it is
difficult to decide whether both isomers or only one of them
contributes to the experimental spectrum (vide infra). Both
isomers are by far the most stable minima on the C6H6F+ PES
and are therefore expected to be generated in significant
abundances. In contrast, the IR spectra of isomers3-5 differ
qualititatively from the measured IRMPD spectrum, as is
evidenced by the lack of the intense theoretical transitions
(marked by filled circles in Figure 4) in the experimental
spectrum. Hence, the abundances of isomers3-5 are concluded
to be small and below the detection limit.

The absence (or low concentration) of3 and 4 in the ion
source may be rationalized by (i) their smaller stabilization
energies compared to those of1 and 2 and (ii) their low
isomerization barriers toward1 and/or2 (Figure 2). The absence
of 5 in the IRMPD spectra when C2H5

+ is used for C6H6F+

production is expected, because the PA of C6H5F at the F atom
is smaller than that of C2H4 (Figure 2), preventing efficient
generation of5 in the ion source. On the other hand, the lack
of detection of5 in IRMPD spectra when CH5+ is used for
C6H6F+ production may, at first glance, be somewhat surprising
because this isomer was previously produced in significant
abundance in high-pressure CI ion sources using this Brønsted
acid. However, our efforts in creating substantial amounts of
cold species5 in the low-pressure ICR cell have not been

successful when CH5+ is used as protonating agent. This
observation may be rationalized by the low pressure in the ICR
cell, which prevents efficient cooling of5 via three-body
collisions. Apparently, most of5 produced in the early stage of
the ion-molecule reaction sequence decays via unimolecular

Figure 4. Comparison of the experimental IRMPD spectrum of C6H6F+

(using CH5
+ as protonating agent) monitored in the HF loss channel

with linear IR absorption spectra of isomers1-5 calculated at the
B3LYP/6-311G(2df,2pd) level using a convolution width of 20 cm-1

and a scaling factor of 0.96. The lack of detection of the intense bands
predicted for isomers3-5 (indicated by filled circles) in the measured
spectrum strongly suggests that mainly isomers1 and/or2 contribute
to the experimental spectrum. The positions, widths, and assignments
of the transitions observed in the IRMPD spectrum (A-F) are listed
in Table 1.

TABLE 1: Maxima, Widths (fwhm), and Assignments of the
Transitions Observed in the IRMPD Spectra of C6H6F+

(Figure 4) along with the Theoretical Predictions (in cm-1)

band position width p-C6H6F+ (1)a o-C6H6F+ (2)a

A 1583 36 1591 (177/a1) σCC 1589 (169/a′) σCC

B 1451 56 1450 (183/b2) σCC 1439 (425/a′) σCC

1447 (190/a1) σCC

C 1308 54 1300 (86/a1) σCF 1290 (42/a′) σCF

D 1260 32 1257 (86/a1) âCH2 1262 (109/a′) âCH2

E 1161 30 1143 (47/a1) âCH 1154 (23/a′) âCH

1134 (23/a′) âCH

F 881 31 876 (55/b1) ring 909 (13/a′) ring
860 (20/a1) ring 902 (7/a′′) ring

a IR intensities (km/mol) and symmetry species of the vibrations
are listed in parentheses.
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dissociation before interacting with the IR irradiation, giving
rise to the constant background in the HF loss channel (Figure
3a). Mass spectra obtained at short delay times after ion
generation feature a large unimolecular decay peak for HF loss,
supporting the conclusion of fast decay of hot5.32 The fact that
the unimolecular dissociation background is low when C2H5

+

is used for C6H6F+ generation confirms this interpretation,
because under these conditions5 is not produced in measurable
abundance in the ion source. In addition to HF loss, proton
transfer of 5 with background C6H5F may also deplete the
population of5. The possibility that the intense low-frequency
features predicted for5 between 600 and 800 cm-1 are not
observed in the experimental spectrum due to the nature of the
IRMPD process is unlikely, because the low dissociation energy
of 5 requires the absorption of onlyn ) 7 photons withν )
700 cm-1. This should give rise to a relatively high IRMPD
efficiency, even though IVR rates might be expected to be small
in the early stage of the multiple photon absorption process for
vibrations with low frequency. Indeed, the lack of detection of
5 in the present ICR experiments should not be unexpected. A
quite similar behavior has been found in the dissociative proton
transfer ofR,R,R-trifluorotoluene that is triggered under ICR
conditions by protonation at a fluorine atom, namely, the most
basic site in this molecule.52

After assigning the transitions A-F observed in the IRMPD
spectrum of C6H6F+ to isomers1 and/or2, we consider their
vibrational interpretation. In general, the good agreement
between the observed and calculated spectra with respect to both
band positions and relative IR intensities enables straightforward
vibrational assignments (Table 1, Figure 4). On the other hand,
the intense features in the IR spectra calculated for1 and2 are
rather similar in frequency and IR intensity (Figure 4, Table 1)
within the resolution of the experimental approach (∼30 cm-1),
preventing an unambiguous separation of the contributions of
both isomers to the IRMPD spectrum. The high-frequency
transitions A and B occurring at 1583 and 1451 cm-1 are
attributed to C-C stretch vibrations,σCC. Band C at 1308 cm-1

corresponds to the C-F stretch mode,σCF, whereas band D at
1260 cm-1 arises from the scissoring motion of the methylene
group,âCH2. Band E at 1161 cm-1 can be assigned to in-plane
C-H bending motions,âCH, whereas band F at 881 cm-1 mainly
arises from an out-of-plane ring deformation. The width of the
most narrow transitions in the IRMPD spectrum is of the order
of 30 cm-1 (Table 2), which is typical for isolated transitions
observed in IRMPD spectra of related molecules in this size
range.12 Contributions to the width arise from both unresolved
rotational structure and cross anharmonicities associated with
sequence transitions involved in the IRMPD process. Several
bands may additionally be broadened due to overlapping

transitions arising from isomers1 and2. The deviations of the
calculated from the experimental frequencies (12( 9 cm-1)
are less than 28 cm-1 and significantly smaller than the
experimental widths of the transitions.

In an effort to unravel the effects of both protonation and H
f F substitution, Figure 5 compares the structural parameters
and the charge distributions of C6H5F, isomer1 of C6H6F+, and
C6H7

+. Major effects of (para-)protonation on C6H5F include a
contraction of the C-F bond (∆R ) -0.049 Å), a deformation
of the aromatic ring toward a 1,4-cyclohexadienyl-type structure,
and an elongation of the C-H bond at the protonation site (∆R
) 0.023 Å). The excess charge of the attached proton in1 is
largely delocalized over the whole molecule. The six protons
carry around 70% of the positive charge (qH ∼ 0.12 e), whereas
the C atoms and the CF group are less charged (∼0.05 e).
Comparison between C6H7

+ and 1 demonstrates that Hf F
substitution slightly enhances the deformation of the aromatic
ring induced by protonation. In general, the arenium ions are
best described as (substituted) pentadienyl cations bridged by
a methylene group.25

The structural implications upon protonation and Hf F
substitution are directly transferring into the corresponding IR
spectra. Experimental IR spectra of C6H5F,45,53,54C6H6F+, and
C6H7

+,46 recorded in the fingerprint region are compared in
Figure 6 and Table 2 along with simulated linear IR absorption
spectra (isomer1 is selected for C6H6F+). The IRMPD spectrum
of C6H7

+ is similar in appearance to the one recorded previously
with the same experimental approach12 but displays a somewhat
better spectral resolution and more spectral features. The
nomenclature for the vibrational modes employed in Table 2
and Figure 6 follows the Wilson notation for vibrations of
benzene and its derivatives.53,55In line with the predicted trend,
the frequency of the in-plane bend,ν9a, increases in the order
C6H5F f 1 f C6H7

+. The substituent-sensitive in-plane bend,
ν15, overlaps withν9a for C6H7

+ at around 1190 cm-1. However,
H f F substitution transforms this mode into the in-plane C-F
bend and shifts its frequency down to around 400 cm-1 for both
C6H5F and 1. The contraction of the C-F bond upon para-
protonation of C6H5F results in a significant increase in the C-F
stretch frequency,ν7a, from 1239 to 1308 cm-1. As predicted
by the calculations, the frequency of the scissoring mode of
the aliphatic methylene group in the arenium ions increases
substantially upon Hf F substitution from 1225 to 1260 cm-1.
According to the calculations, para-protonation of C6H5F nearly
removes the splitting between the two C-C stretch modesν19a

and ν19b, leads to an IR enhancement of the weakerν19b

component, and keeps the average frequency of theν19 doublet
roughly constant. This trend appears to be confirmed by the
experimental IR spectra when taking into account that the blue
part of the broadν19a/b band (band B) in the experimental
C6H6F+ spectrum arises from isomer1. The red part of band B
at 1451 cm-1 is ascribed to the corresponding contribution of
isomer 2 with slightly lower frequency (Table 1). As an
alternative scenario, the broad band B may be explained as the
ν19a and ν19b modes of only isomer1, with an experimental
splitting larger than predicted. In this case, isomer2 would not
contribute to the observed IRMPD spectrum. As the stabilization
energies of1 and2 are quite similar (∆E ) 10 kJ/mol, Figure
2) and both isomers are separated by large isomerization barriers
(V ∼ 70 kJ/mol), the interpretation that both1 and2 are detected
in the measured IRMPD spectrum in Figure 4 is presently
favored. Both the calculations and the experimental spectra
reveal that Hf F substitution slightly increases the frequency
of ν19a/b. The highest frequency C-C stretch modes in these

TABLE 2: Comparison of Experimental and Calculated
Frequencies (in cm-1) of Selected Normal Modes of C6H5F,
C6H6F+ (Isomer 1), and C6H7

+ a

modeb C6H5F p-C6H6F+ (1) C6H7
+

expc calc exp calc expd calc

9a (a1) âCH 1156 1130 (10) 1161 1143 (47) 1190 1166 (24)
15 (b2) âCH/âCF 405 391 (2) 410 (8) 1190 1160 (18)
7a (a1) σCF 1239 1213 (88) 1308 1300 (86)
scissor âCH2 1260 1257 (86) 1225 1228 (112)
19a (a1) σCC 1499 1470 (77) 1451 1447 (190) 1425 (27)
19b (b2) σCC 1460 1431 (2) 1451 1450 (183) 1438 1426 (180)
8a (a1) σCC 1603 1575 (46) 1583 1591 (177) 1585 1640 (76)
8b (b2) σCC 1597 1578 (9) 1494 (6) 1512 (2)

a IR intensities (in km/mol) are listes in parentheses.b Symmetry
species in theC2V point group are listed in parentheses.c References
53 and 54.d References 46 and 12.
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simple benzene derivatives correspond to theν8a/b doublet, of
which only the ν8a component has significant IR intensity.
Interestingly, this is the only vibration in the investigated spectral
range, for which the predicted protonation effect is opposite to
the observed trend: the protonation shifts calculated for both1
and2, ∆ν8a ) +16 and+14 cm-1, substantially deviate from
the measured shift,∆ν8a ) -20 cm-1. In addition, also the
relative IR intensity of this band is significantly lower in the
IRMPD spectrum. Both effects are attributed to the details of
the IRMPD process, which results in an underestimated
frequency and IR intensity compared to the predicted linear IR
absorption spectrum data. The fact thatν8a can hardly be seen
in the IRMPD spectrum of C6H7

+ despite its relatively large
IR intensity confirms the conclusion that the efficiency for the
IRMPD process is relatively low for this particular mode.12

Finally, it is noted that the spectroscopic implications of

protonation and Hf F substitution in the F-H and C-H stretch
ranges were described in detail previously.11,20,21

4. Concluding Remarks

The IR spectrum of protonated fluorobenzene ions (C6H6F+),
produced by chemical ionization using either CH5

+ or C2H5
+

in a FT-ICR mass spectrometer, has been recorded for the first
time in the 600-1700 cm-1 fingerprint range, utilizing IRMPD
spectroscopy employing the free electron laser at CLIO.
Comparison with density functional calculations reveals that the
IRMPD spectrum is consistent with protonation in the para and/
or ortho position (1 and/or2), which are the thermodynamically
favored protonation sites. Despite considerable effort to proto-
nate fluorobenzene at the F substituent by near-resonant proton
transfer using CH5+, F-protonated C6H6F+ isomers (5) could
not be detected. The lack of5 in the IRMPD spectrum is
attributed to the low-pressure conditions in the ICR cell, which
prevent efficient collisional stabilization prior to fast uni-
molecular decay of this isomer. In general, good agreement is
observed between the linear IR absorption spectra simulated
for 1 and 2 (employing a scaling factor of 0.96) and the
measured IRMPD spectrum of C6H6F+, with average deviations
of around 12 cm-1 between calculated and experimental
vibrational frequencies. Comparison with the IR spectra of
C6H5F and C6H7

+ has unravelled the effects of both protonation
and H f F substitution on the structural properties of these
aromatic molecules. The combined experimental and theoretical
strategy will be employed soon to probe the chemical properties
of a variety of protonated aromatic molecules to elucidate subtle
substitution effects of isolated reactive intermediates with
relevance to fundamental organic reaction mechanisms.
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