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The infrared (IR) spectrum of protonated azulene (AzuH*, C;gH,") has been measured in the
fingerprint range (600—1800 cm™') by means of IR multiple photon dissociation (IRMPD)
spectroscopy in a Fourier transform ion cyclotron resonance mass spectrometer equipped with an
electrospray ionization source using a free electron laser. The potential energy surface of AzuH* has
been characterized at the B3LYP/6-311G™ level in order to determine the global and local minima
and the corresponding transition states for interconversion. The energies of the local and global
minima, the dissociation energies for the lowest-energy fragmentation pathways, and the proton
affinity have been evaluated at the CBS-QB3 level. Comparison with calculated linear IR absorption
spectra supports the assignment of the IRMPD spectrum to C4-protonated AzuH*, the most stable
of the six distinguishable C-protonated AzuH* isomers. Comparison between Azu and C4-AzuH*
reveals the effects of protonation on the geometry, vibrational properties, and the charge distribution
of these fundamental aromatic molecules. Calculations at the MP2 level indicate that this technique
is not suitable to predict reliable IR spectra for this type of carbocations even for relatively large
basis sets. The IRMPD spectrum of protonated azulene is compared to that of isomeric protonated
naphthalene and to an astronomical spectrum of the unidentified IR emission bands. © 2009
American Institute of Physics. [doi:10.1063/1.3262720]

I. INTRODUCTION

The protonation of aromatic molecules is a central pro-
cess in biology and organic chemistry. Protonated aromatic
molecules, denoted AH*, are frequently invoked as reactive
intermediates in fundamental organic ionic reaction
mechanisms.' For example, they are widely accepted to oc-
cur as transient o complexes in electrophilic aromatic substi-
tution, the most important reaction class of aromatic
molecules.? It is well recognized that fundamental proper-
ties of ion-molecule reactions, such as energetics and dynam-
ics, sensitively depend on the solvation environment, be-
cause 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 re-
quires the characterization of AH* ions under isolated and
controlled microsolvation conditions. Other fundamental
fields, in which AH"* plays a crucial role, are combustion,’
interstellar chemistry (vide infra),‘lf6 and biochemistry.7’8

Until recently, experimental information about isolated
AH* ions was almost exclusively based on mass
spectrometry,9 which provides only indirect and often am-
biguous structural information. Spectroscopic information to
determine, for example, directly the preferred protonation
sites in isolated AH* ions have been lacking because of the

9 Author to whom correspondence should be addressed. Electronic mail:
dopfer@physik.tu-berlin.de. Telephone: ++49 30 314 23017. Fax: ++49
30 314 23018.
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difficulties encountered in the production of sufficient ion
concentrations. The notable exception has been the pioneer-
ing work by Beauchamp and Freiser, who obtained low-
resolution electronic photodissociation spectra of a variety of
AH* ions."’ However, these spectra were broad and unstruc-
tured and did not provide any information about the geom-
etry of the AH* ions, in particular about the protonation site.
Recent progress in the development of sensitive infrared (IR)
photodissociation (IRPD) schemes allowed for the first time
to spectroscopically  characterize isolated"! and
microsolvated'? AH* ions in the gas phase.

Two major IR photodissociation strategies have success-
fully been applied to AH' ions as has been reviewed
recently.13 The first technique employs modern, relatively
low-intensity, optical parametric oscillator laser systems in
the frequency range 800-4000 cm™! to drive one-photon
IRPD of AH*-L, 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),]4 and has been applied to a variety of AH*-L,
cluster ions, including A=benzene,” '8 phenol,lz’19
fluorobenzene,” para-halogenated phenols,21 toluene,'”
pyridine,18 aniline,22 imidazole,23 various amino acids and
peptides,24 and neurotransmitters.”> The IRPD 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. This limitation is overcome by
the second technique, which utilizes high-intensity IR free
electron lasers (IR-FELs) in the frequency range

© 2009 American Institute of Physics
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500-2500 cm™! to drive IR multiple photon photodissocia-
tion (IRMPD) processes of AH* ions in the fingerprint
range.27 This IRMPD approach has recently been applied to
a range of simple AH* ions with, for example, A:benzene,27
ﬂuorobenzene,28 phenylsilane,29 toluene,30 benzaldehyde,31
furan,32 pyrrole,32 indazole,33 benzoic acid,34 naphthalene,35
and several DNA bases.>® The IR(M)PD studies of isolated
and microsolvated AH* ions mainly addressed the questions
of the preferred protonation site(s), the photofragmentation
behavior, and the influence of stepwise microsolvation in a
polar and nonpolar environment.

The IRMPD mechanism and its effects on the appear-
ance of the IR spectrum of a molecular ion have been dis-
cussed previously.37’38 The sequential absorption of multiple
IR photons required to dissociate the ion results, via vibra-
tional anharmonicities, in broadening and frequency shifts of
the transitions compared to those observed in linear IR ab-
sorption spectra.”’37’38 The redshifts and widths observed in
IRMPD spectra are, however, typically below 20 cm™!, al-
lowing for an assignment of the IRMPD bands by direct
comparison with calculated linear IR absorption spectra. To
this end, the IRMPD technique has successfully been applied
to the IR spectroscopy of a broad variety of ions and ionic
complexes, and the interested reader is referred to recent
reviews for further details.'>*7*

The present work reports the IRMPD spectrum of proto-
nated azulene, AzuH*. AzuH" is an isomer of protonated
naphthalene, which is the prototypical polycyclic aromatic
hydrocarbon molecule (PAH). Laboratory IR and electronic
spectra of isolated protonated PAH molecules, H'PAH, are
also of interest for comparison with astronomical spectra, in
particular the so-called unidentified IR (UIR) emission bands
observed in the 3-20 um ranges’40 and the yet unassigned
diffuse interstellar bands (DIBs) occurring in the 400-1300
nm range.41 Although it is now widely accepted that PAH
and PAH" are present in the interstellar medium and mainly
responsible for the UIR bands,5’6’42 H*PAH molecules have
recently also been invoked to contribute to both the UIR and
the DIB spectra,43 in particular since protonation of PAHs via
rapid H-atom attachment to PAH* was found to be an effi-
cient process.4’44 To test this hypothesis, laboratory IR and
electronic spectra of isolated H'PAH molecules are required.
However, these spectra are largely lacking, with the notable
exception of the recently reported IR spectrum of protonated
naphthalene obtained by IRMPD.* Significantly, the IRMPD
spectrum of protonated naphthalene,35 obtained in the finger-
print range, is rather different from that of benzene,'"*"
indicating that the appearance of the IR spectrum strongly
depends on the number of aromatic rings (at least for small
PAH size). Hence, IR spectra of larger H'PAH are required
in order to follow the evolution of the IR spectrum as a
function of the PAH size. Interestingly, whereas the IR spec-
trum of protonated benzene differs considerably from the
UIR spectrum,m‘3 > the IRMPD spectrum of protonated naph-
thalene shows striking coincidences with the UIR
spectlrum.35 Therefore, we initiated a program to investigate
the IR spectra of further H'PAH molecules, and the present
work reports results on AzuH*. IRMPD spectra of larger
H*PAH obtained up to size of protonated coronene are com-
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FIG. 1. Structures of azulene (C,,) and the most stable isomer of protonated
azulene (C4-AzuH*, C,) in their electronic ground states ('A;, 'A’) calcu-
lated at the B3LYP/6-311G™ level. The structural parameters are listed in
Table IV.

pared with the UIR bands elsewhere.*” The spectra of these
larger H*PAH ions are also of fundamental importance in
light of various astrochemical models, which suggest PAH
molecules consisting of 20-80 C atoms to be photochemi-
cally most stable in interstellar clouds.>%4¢

In the following, we briefly review the knowledge of
neutral and protonated azulene relevant for the present work.
High-level quantum chemical calculations yield a planar C,,
symmetric structure for Azu in its ground electronic state
(Fig. 1),"* in agreement with microwave,”*~* vibrational
Raman and IR, and rotationally resolved electronic
spectra.54 In contrast with neutral Azu, theoretical and ex-
perimental information on AzuH* is extremely scarce.8358
The only experimental information available comes from
mass spectrometry, yielding values for the proton affinity in
the range between 925 and 931 kJ/mol.¥~* Quantum
chemical calculations® suggest preferred protonation at C4
(Fig. 1), although difficulties have been noted in the evalua-
tion of precise and reliable values for the proton affinity at
this site, with differences of the order of 20 kJ/mol between
DFT, MP2, and experimental results.®®

To the best of our knowledge, the gas-phase IR spectrum
of AzuH™* reported here corresponds to the first spectroscopic
detection of this fundamental molecular ion (in gas and con-
densed phase). It provides unambiguous information about
the preferred protonation site and facilitates comparison with
the astronomical UIR spectrum. Accompanying quantum
chemical calculations are performed for both Azu and AzuH*
in order to evaluate the effects of protonation on the struc-
ture, vibrational properties, and charge distribution of the
aromatic molecule. The characterization of the potential en-
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ergy surface of AzuH* is investigated in some detail to de-
termine the proton affinities for the various protonation sites,
the corresponding barriers for interconversion between the
isomers, and the low-energy dissociation channels.

Il. EXPERIMENTAL AND THEORETICAL TECHNIQUES

The IRMPD spectrum of AzuH™* is obtained using a Fou-
rier transform ion cyclotron resonance (FTICR) mass spec-
trometer coupled to the IR beamline of the Free Electron
Laser for Infrared eXperiments (FELIX) in the
Netherlands.” AzuH* ions are generated by electrospray ion-
ization (ESI) using a micromass Z-spray source. For this
purpose, Azu is dissolved in pure methanol. To enhance the
protonation efficiency, a few drops of a 1M solution of am-
monium acetate was added. This procedure was found to be
much more efficient for protonation than using formic or
acetic acid, and PAHs with a proton affinity higher than that
of ammonia could readily be protonated (PA=853.6 and
925.2 kJ/mol for NH; and Azu, respectively).57 The ESI
source operated with about 3.8 kV on the spray capillary and
a 200 V cone voltage. Ions are accumulated in a hexapole
trap for about 4 s prior to being injected into the ICR cell
through a 1 m long octopole ion guide. AzuH* ions are then
mass isolated and irradiated with 12 macropulses from
FELIX at a 5 Hz repetition rate. The macropulse energy was
measured to be around 45 ml, although it leveled off at
wavenumbers larger than 1400 cm™!. The full width at half
maximum (FWHM) bandwidth of the radiation is typically
0.5% of the central wavelength, which corresponds to
5 cm™' at 10 wm (1000 cm™). The wavelength is cali-
brated using a grating spectrometer and is believed to be
accurate to within =0.02 um, corresponding to *0.5 and
+8 cm™! at frequencies of 500 and 2000 cm™!, respectively.
The step size varies between 2 and 8 cm™!, depending on the
laser frequency. The main fragmentation channels observed
under the present experimental conditions are the loss of
atomic and molecular hydrogen. After the irradiation, a stan-
dard excite/detect sequence is used to monitor parent and
fragment ion intensities. The fragment yield is then calcu-
lated as the integrated intensity of the fragment ions divided
by that of parent and fragment ions. At each laser frequency,
three mass spectra are averaged and the resulting fragment
yields are plotted as a function of photon energy to obtain an
IRMPD spectrum.

Quantum chemical calculations have been performed for
Azu and AzuH* using the GAUSSIANO3 package.60 Initial test
calculations have been carried out for the most stable isomer
of AzuH* at the B3LYP and MP2 levels of theory in order to
establish a suitable method and basis set for the structural,
energetic, and vibrational characterization. These test calcu-
lations reveal that the MP2 level fails to reproduce the fre-
quencies and relative IR intensities of the IRMPD spectrum
observed, using a variety of basis sets ranging from 6-31G”
to 6-311+G™ (vide infra). In contrast, the B3LYP level
nicely reproduces the experimental IR spectrum for basis sets
larger than 6-311G™. On the basis of this observation, it was
decided to employ the efficient CBS-QB3 technique61 for
calculating the properties of Azu and AzuH*, which is found
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FIG. 2. Ton currents of the AzuH* parent ion (m=129 u) and the two
fragment channels corresponding to the loss of H (m=128 u) and H, (m
=127 u, multiplied by 4). Also shown is the IRMPD spectrum of AzuH*
recorded in the fingerprint range (6001800 cm™'). The IRMPD yield is
obtained by taking the H and H, loss channels into account and normalizing
linearly for IR laser power (dashed line).

to be a convenient compromise between the efficient calcu-
lation of reliable IR spectra and the accurate determination of
energies. The CBS-QB3 model obtains optimized geometries
and IR spectral properties at the B3LYP/6-311G™ level,
whereas the energies including contributions from zero-point
energy are evaluated via extrapolation to the complete basis
set (CBS) limit using correlation energy contributions deter-
mined at the MP4(SDQ)/6-31+G™* and CCSD(T)/6-31G*
levels and further corrections. The harmonic vibrational fre-
quencies presented in the tables and figures are determined at
the B3LYP/6-311G™ level and scaled by an empirical factor
of 0.9679.%% Theoretical stick spectra are convoluted with a
Gaussian line profile using a width of 20 cm™' (FWHM), in
order to facilitate convenient comparison with the experi-
mental IRMPD spectra. The “intrinsic reaction coordinate for
maximum of energy” technique63 has been applied for the
search of transition states, and the final optimization and
evaluation of isomerization barriers has been conducted at
the B3BLYP/6-311G™ level. Charge distributions in Azu and
AzuH* were determined using the natural bond orbital
(NBO) analysis at the same level.

lll. RESULTS AND DISCUSSION
A. Mass and IRMPD spectra

Two fragment channels are detected upon IR activation
of AzuH* (m=129 u), namely the loss of H (m=128 u) and
the loss of Hy (m=127 u). Figure 2 shows the ion currents
of the parent ion and both fragment ions as a function of the
IR laser frequency. All major vibrational transitions are ob-
served as depletion in the parent channel and as positive
signal in the two fragment channels. The ratio of the signals
detected in the H and H, loss channels is independent of the
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TABLE 1. Band maxima and widths (FWHM, in parentheses) of the transitions observed in the IRMPD spectrum of protonated azulene (Figs. 2 and 6,

assignments are given in Table V).

Band A B C D E F G H K L M N
viem™ 770 (22) 791 962 (22) 1182 (28) 1240 (~30) 1282 (20) 1325" 1353 (37) 1439 (25) 1461 (~50) 1555 (20) 1577 (20)
“Shoulder of a strong band.

laser frequency and roughly 4:1, suggesting that H loss is (n=1,2,4) or C,, (n=3,5) symmetry. In contrast,

energetically favorable. This conclusion is supported by the
calculations presented below. The depletion on the strongest
resonance at ~1450 cm™' amounts to roughly 30%, indicat-
ing efficient IRMPD under the present experimental condi-
tions (~40 mJ macropulse energy). Figure 2 displays the
IRMPD spectrum of AzuH* recorded in the fingerprint range
(600—1800 cm™!). The IRMPD yield is derived by consid-
ering both the H and the H, loss channels, and subsequent
linear normalization for IR laser power (also shown in Fig.
2). The band maxima and widths (FWHM) of the transitions
observed are listed in Table I. The linewidth of isolated tran-
sitions is of the order of 20 cm™'. The observed
IRMPD linewidth is a convolution of the finite laser band-
width of 0.5% (corresponding to Av=2.5-7.5 cm™' for
vr=500—1500 cm™"), unresolved rotational structure, and
spectral broadening arising from the multiple photonic char-
acter of the IRMPD process.3 738

B. Potential energy surface and proton affinity

Figure 3 summarizes the salient parts of the potential
energy surface of AzuH* evaluated at the B3LYP/6-311G™
level. Only o complexes corresponding to protonation at the
six distinguishable C atoms of azulene are considered, be-
cause 7 complexes of protonated aromatic molecules are
saddle points on the potential.ls’64 The o complexes are de-
noted Cn-AzuH*, according to protonation at the C atom
with number n (see Fig. 1 for the atom labeling scheme). The
Cn-AzuH* minima with n=1-5 have planar aromatic mo-
lecular frameworks except for the two out-of-plane protons

of the aliphatic CH, group, resulting in either C,
E [kJ/mol]
250
215 212
200+
151
150+ ca 135
100} 91
C5
50+
0
ol L |
C4
reaction coordinate
FIG. 3. Potential energy surface of AzuH* evaluated at the

B3LYP/6-311G* level. The transition state for 1,2 H-atom shift from C6 to
C7 lies at 227 kJ/mol.

C6-AzuH* has C; symmetry to satisfy tetrahedral bonding
corresponding to sp’ hybridization of the C6 atom. The rela-
tive energies of the Cn-AzuH* minima calculated at various
theoretical levels are collected in Table II. The relative CBS-
QB3 energies of the isomers, which are considered to be
most accurate, vary in the order C4<C2=C5<C6<C3
~Cl (0<94<102<121<167=175 kJ/mol), that is
C4-AzuH"* is clearly by far the lowest-energy isomer. The
same energetic order is obtained at the B3LYP and MP2
levels using various basis sets, ranging from 6-31G* to
6-311+G™" (Table II). While the B3LYP relative energies at
various basis sets are all the same to within 5 kJ/mol, they
are slightly lower than the CBS-QB3 energies by 5-15 kJ/
mol. Interestingly, the relative energies at the MP2/6-31G*
are systematically higher than the CBS-QB3 energies by
15-30 kJ/mol. Protonation at the a-position of the five-
membered ring is expected, as it implies the lowest loss in
aromaticity.65 The barriers for the 1,2 H-atom shifts of the
excess proton between two neighboring minima occur at
bridged transition states, in which the excess proton lies
above the C—C bond and is roughly symmetrically shared
between the two adjacent C atoms. These barriers are rather
high for C4-AzuH* (>100 kJ/mol). Also the second most
stable isomer, C2-AzuH*, is trapped in a potential well of
similar depth. In contrast, the isomerization barriers of the
other local minima are significantly lower, suggesting more
facile isomerization toward the two deep C4-AzuH* and
C2-AzuH" minima.

The proton affinity for C4-AzuH* calculated at the CBS-
QB3 level of 913.8 kJ/mol is lower than the experimental
values of 925-931 kJ/mol by about 15 kJ/mol,**>® although
the mass spectrometric experiments were not sensitive to the
protonation site. Moreover, the experimental error in
proton affinity determinations is typically of the order of
*10 kJ/mol. In any case, it is clear from the calculated en-
ergies for the other protonation sites that the experimental
proton affinity is due to the C4-AzuH* isomer.® Table III
compares the proton affinities obtained for this protonation
site at various theoretical levels, ranging from 6-31G™ to
6-311+G™. The values at the B3LYP level are systemati-
cally slightly higher than the experimental data, while those
at the MP2 level show very good agreement. At the present
stage, the large discrepancy between our B3LYP/6-311G™
value (939 kJ/mol) and that of Ref. 8 obtained at the same
level (914.2 kJ/mol) is unclear. It may arise from the fact that
thermal and zero-point corrections in Ref. 8 are taken from
scaled HF calculations and not directly from the
B3LYP/6-311G™" data as in the present work. The adiabatic
ionization energy of azulene of 7.51 eV obtained at the CBS-
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TABLE II. Relative energies (in kJ/mol) of various isomers of protonated azulene (Cn-AzuH*) evaluated at

several theoretical levels.

Cl-AzuH* C2-AzuH* C3-AzuH* C4-AzuH* C5-AzuH* C6-AzuH*
CBS-QB3 175.0 94.1 167.0 0 102.1 120.6
B3LYP/6-311+G™ 162.5 86.5 150.8 0 90.5 116.7
B3LYP/6-311G™ 163.3 87.1 151.4 0 91.1 117.3
B3LYP/6-31G* 166.1 89.0 155.0 0 92.6 122.0
MP2/6-31G* 200.1 114.5 194.3 0 118.1 135.6

QB3 level agrees well with the tabulated experimental value
of 7.42 eV, again demonstrating the reliability of the cho-
sen theoretical level to evaluate energies.

C. Isomer identification

Although the energetically less favorable AzuH* isomers
are significantly less stable than C4-AzuH" (by more than 80
kJ/mol, Table II, Fig. 3), the barriers separating these isomers
from C4-AzuH* are rather high. Thus, while thermodynami-
cally less stable, these isomers might be formed in the ESI
source and kinetically trapped in the potential well of the
respective local minima due to the high isomerization barri-
ers. If this were the case, they would be present in the AzuH*
ion cloud assayed in the ICR by IRMPD. In fact, such high-
lying isomers have unambiguously been detected for related
protonated aromatic molecules by IRPD spectroscopy of ions
generated in an electron impact cluster ion source, such as
phenol,19 para—ﬂuorophenol,26 and fluorobenzene.”® For this
reason, the IRMPD spectrum is compared to the IR spectra
calculated for all six available AzuH* isomers in Fig. 4. Sig-
nificantly, all six isomers can readily be distinguished by
their rather different IR spectrum in the fingerprint range
investigated. Moreover, the comparison with the experimen-
tal spectrum provides convincing evidence that the
C4-AzuH" isomer is the predominant carrier of the IRMPD
spectrum. Only for this isomer, rather satisfactorily agree-
ment between the experimental and theoretical IR spectra is
observed in the whole fingerprint range, with respect to both
positions and intensities of the transitions. For all other iso-
mers, the agreement is drastically worse. Thus, the compari-
son of the IR spectra in Fig. 4 clearly indicates that the less
stable isomers provide at most a minor contribution to the
observed spectrum. As a consequence of the predominant
observation of the C4-AzuH* isomer, the discussion of the
geometric and vibrational structure, as well as the possible
dissociation pathways given below is restricted to this par-
ticular AzuH* isomer.

At this stage, it is interesting to note that vibrational
spectra calculated at the MP2 level using various basis sets
fail to reproduce the experimental IRMPD spectrum. Figure
5 compares IR spectra of C4-AzuH* calculated at the MP2
and B3LYP levels using a variety of basis sets, ranging from
6-31G™ to cc-pVTZ. The number of basis functions (primi-
tive Gaussians) are 168 (316), 185 (393), 234 (392), 274
(432), and 426 (683) for 6-31G*, cc-pVDZ, 6-311G™,
6-311+G™, and cc-pVTZ, respectively. Clearly, at the
B3LYP level excellent agreement is observed for the
6-311G™" basis set. While for smaller basis sets, the agree-

ment is less satisfactory, the spectra for larger basis sets es-
sentially do not change anymore. Hence, the
B3LYP/6-311G™ level implemented in the CBS-QB3
model chemistry has been considered as the appropriate
method to obtain reliable IR spectra. In contrast, the IR spec-
tra calculated at the MP2 level show large deviations from
both the B3LYP spectra and the experimental IRMPD spec-
trum, indicating that it is the MP2 level that is not suitable
for predicting reliable IR spectra of this type of molecules,
even when using basis sets as large as 6-311+G™*. This con-
clusion is independent of the scaling factor, which has been
chosen as 0.97 for the MP2 calculations in an attempt to
optimize the agreement with experiment. In fact, the recom-
mended scaling factors for this level are much smaller
(0.94-0.95),%” which would make the disagreement between
MP2 and IRMPD spectra even worse. The major discrepancy
arises from the wrong prediction of the IR spectrum in the
C—C stretch range (1400—1700 cm™') at the MP2 level with
respect to both vibrational frequencies and IR intensities.
Also, the frequency of the intense out-of-plane C-H bend in
the 700—800 cm™! range appears to be significantly under-
estimated at the MP2 level.

D. Dissociation energies

In the next step, the lowest-energy dissociation pathways
of C4-AzuH* are considered. Similar to collisional activa-
tion, IRMPD involves stepwise heating via sequential ab-

TABLE III. Proton affinities (AH in kJ/mol at 298.15 K) of azulene for
protonation at the C4 position (C4-AzuH*) evaluated at several theoretical
levels.

Method* C4-AzuH* Reference
B3LYP/6-31G* 957.3 This work
B3LYP/6-311G** 914.2° 8
B3LYP/6-311G™ 939.2 This work
B3LYP/6-311+G** 933.0 This work
MP2/6-31G* 935.2 This work
MP2/6-311G™ 922.1 This work
CBS-QB3 913.8 This work
Experimental 930.9° 56
925.2 57
927.6 8
928.9 55

*The number of basis functions (primitive Gaussians) are 168 (316), 185
(393), 234 (392), 274 (432), and 426 (683) for 6-31G*, cc-pVDZ, 6-311G™,
6-311+G™, and cc-pVTZ, respectively.

"Thermal and zero-point corrections evaluated at the HF level.

“Measured at 600 K.
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FIG. 4. IRMPD spectrum of AzuH* compared to linear IR absorption spec-
tra of various isomers (Cn-AzuH*, n=1-6) calculated at the
B3LYP/6-311G** level, using a convolution width of 20 cm™' (FWHM)
and a scaling factor of 0.9679. Relative energies of the Cn-AzuH* isomers
are given in kJ/mol (Table II).

sorption of multiple IR photons, eventually leading to disso-
ciation on the ground electronic state as the dissociation
threshold is reached.”’*® As IR activation reveals only de-
tectable signals in the H and H, loss channels, only the elimi-
nation of atomic and molecular hydrogen from C4-AzuH* is
considered. The lowest-energy fragmentation channel corre-
sponds to H atom loss at the C4 atom, with a dissociation
energy of 326.8 kJ/mol (CBS-QB3). In analogy to isomeric
protonated naphthalene, it is expected that this process oc-
curs without barrier.*®® The elimination of molecular H,
from C4-AzuH*, with both H atoms coming from the C4
atom and generating C,oH," in its singlet state,” requires
403.6 kJ/mol, and is also expected to occur along a barrier-
less reverse reaction.”””’" A similar energy of 413.4 kJ/mol is
required to eliminate H, from C4-AzuH* with one H atom
being abstracted from C4 and one from C5 in a concerted
reaction. Another option for the appearance of the
m=127 u channel is the abstraction of two individual H at-
oms, which can happen in two different ways. First,
C4-AzuH" absorbs enough photons to eliminate 2 H atoms.
This rather energy-demanding fragmentation is endothermic
by 840.6 kJ/mol (assuming both H atoms being abstracted
from C4) and thus rather unlikely to occur. The second sce-
nario involves initial IRMPD of C4-AzuH* into the Azu*
radical cation, which can further absorb multiple IR photons
to expel the second H atom. This process is also unlikely to
be observed, as the IR spectra of C4-AzuH* and Azu™ are
different so that the relative IRMPD yields observed in the
m=128 and 127 u mass channels should depend on the pho-
ton energy, which is in contrast with the experimental mea-
surement. The two H, loss channels considered above are
significantly more energy demanding than H loss (by

J. Chem. Phys. 131, 184307 (2009)
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FIG. 5. Linear IR absorption spectra of the most stable isomer of protonated
azulene (C4-AzuH") evaluated at the MP2 and B3LYP levels of theory
compared to the IRMPD spectrum. The number of basis functions (primitive
Gaussians) are 168 (316), 185 (393), 234 (392), 274 (432), and 426 (683)
for 6-31G*, cc-pVDZ, 6-311G™, 6-311+G™, and cc-pVTZ, respectively.
The scaling factors employed are indicated in parentheses. They are recom-
mended values for the B3LYP level (Refs. 62 and 67) and 0.97 for the MP2
level.

~80 kJ/mol), consistent with the latter fragmentation reac-
tion being the dominant IRMPD channel observed. Despite
this large energy difference, still 20% of the IRMPD yield is
detected in the H, loss channel. For isomeric protonated
naphthalene, the difference between the dissociation energies
for H and H, loss (260 and 290 kJ/mol)* is smaller than for
AzuH* (30 versus 80 kJ/mol) but only 3% of the IRMPD
yield was detected in the higher-energy H, loss channel in a
comparable experiment using the IR-FEL at the Centre Laser
Infrarouge d’Orsay (CLIO).” The branching ratios for com-
peting fragmentation channels depend on the rates for disso-
ciation and heating by IR activation. Hence, the observed
branching ratios are sensitive to the details of the experimen-
tal IRMPD conditions (pulse sequence, duration, and energy
of the FEL) and the molecular parameters (anharmonic cou-
plings, intramolecular vibrational energy redistribution).”’ As
can be seen from Fig. 2, the branching ratio for the two
competing fragment channels is independent of the photon
energy. Moreover, also the peak positions and widths of the
resonances are the same in both channels within experimen-
tal uncertainty. This is an interesting and perhaps surprising
observation®™" as the number of photons required for disso-
ciation varies substantially over the spectral range investi-
gated and the dissociation channel considered (one has to
bear in mind that at equal power, the laser pulses contain
twice as many photons at a twice longer wavelength). For
example, H loss (27 315 cm™!, 326.8 kJ/mol) requires at
least 36 photons at 770 cm™! (band A) and 19 photons at
1460 cm™' (band K), whereas for H, loss (33 734 cm™,
403.6 kJ/mol) 44 photons at 770 cm™' and 24 photons at
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TABLE 1V. Selected structural parameters of azulene and the most stable isomer of protonated azulene (C4-AzuH*) evaluated at the B3LYP/6-311G™ level.
(Distances of C—C and C—H bonds are given in Angstrom. C—-C—C bond angles are listed in degrees. A corresponds to the structural changes upon

protonation.)

fce Azu AzuH* A Rey Azu AzuH* A acce Azu AzuH* A
r 1.3895 1.3821 —0.0074 R, 1.0879 1.0865 —0.0014 a, 129.0 128.2 -0.8
I, 1.3956 1.4035 0.0079 R, 1.0855 1.0852 —0.0003 a, 128.7 128.7 0
I3 1.3953 1.3873 —0.0080 R, 1.0868 1.0852 —0.0016 as 129.9 128.8 —1.1
i 1.4040 1.5070 0.1030 Ry 1.0810 1.0984 0.0174 ay 108.5 103.6 —-4.9
I's 1.4026 1.4925 0.0899 Rs 1.0824 1.0818 —0.0006 as 109.9 110.7 0.8
T 1.4988 1.4277 —0.0711 Ry 1.0810 1.0814 0.0004 ag 106.5 107.7 1.2
ry 1.4040 1.4494 0.0454 Ry 1.0879 1.0859 —0.0020 a; 106.5 108.3 1.8
Ig 1.4026 1.3508 —0.0518 Ry 1.0855 1.0854 —0.0001 ag 108.5 109.8 1.3
Iy 1.3956 1.3857 —0.0099 ay 129.0 128.2 -0.8
o 1.3953 1.4040 0.0087 a 128.7 129.1 0.4
I 1.3895 1.4047 -0.0152 ap, 127.3 127.9 0.6
ap, 127.3 129.0 1.7

1460 cm™' are needed. The fact that the ratio is independent
of the photon energy indicates that the heating rate via IR
absorption is fast compared to the fragmentation rate. Fi-
nally, it is noted that for protonated benzene elimination of
H, is calculated to be energetically more favorable than H
atom loss,” and indeed the only fragmentation channel ob-
served upon IR activation.”” On the other hand, for H'PAH
with more than two rings the loss of atomic hydrogen is the
only IRMPD channel detected,® indicating that the H, loss
channel becomes energetically even more demanding for in-
creasing H'PAH size. This observation indicates that the
radical cation becomes relatively more stable for the larger
PAH molecules.

E. Structures and charge distributions

After the energetics, the impact of protonation at the C4
atom of azulene on the structural parameters is considered by
comparing the geometries of Azu and C4-AzuH* evaluated
at the B3LYP/6-311G™ level (Fig. 1). Table IV summarizes
the salient parameters, namely, the C—C bond lengths (r;), the
C-H bond lengths (R;), and the C—~C—C bond angles (¢;). In
agreement with previous high-level calculations””™ and
spectroscopic evidence,”*>* azulene is found to have a pla-
nar geometry with C,, symmetry and quite regular five- and
seven-membered aromatic rings in its 'A; electronic ground
state. All C—C bond lengths are similar (1.3895—1.4040 A),
with the notable exception of the significantly longer C—C
bond fusing both rings (rs=1.4988 A). This result is consis-
tent with the view that the aromatic stabilization by the 10 7
electrons is mainly coming from the conjugating peripherical
C-C bonds, whereas the ring fusing bond is essentially a
single C—C bond. Similarly, all C-H bonds of Azu are rather
similar (1.0810—1.0879 A), as are the C—C—C bond angles
within the five- and also within the seven-membered ring
(106.5°-109.9°, 127.3°-129.1°). The deviations of the equi-
librium rotational constants (A.=0.095 246, B.=0.041 870,
C.=0.029 084 cm™!) from those measured”>* for the
ground vibrational state (Ay=0.094 797, B;=0.041 857,
Cy=0.028 639 cm™') are rather small (AA=0.5%,
AB=0.03%, AC=1.6%), confirming the suitability of the
chosen theoretical level.

As expected, the largest impact of protonation at the C4
atom on the Azu geometry occurs in the five-membered ring.
Although the aromatic character of the molecule is removed,
the C4-AzuH" isomer has a planar structure with C; symme-
try in its ' A’ electronic ground state (Fig. 1). Only the two H
atoms of the methylenic CH, group are out of the symmetry
plane. As the C4 atom changes from sp? to sp? hybridization
upon protonation, the C6-C4-C5 bond angle «, decreases by
5°, whereas all other angles of this ring open up by 0.8°-
1.8°. The C-C bond lengths adjacent to the CH, group
(r4,r5) substantially increase by ~0.1 A. This reduction in
bond order through protonation is compensated by a contrac-
tion of the adjacent C—C bonds of the five-membered ring by
0.05-0.07 A (rg,rg) and an elongation of the C7-C8 bond (r;)
by 0.05 A. In contrast, the changes in C—C bonds in the
seven-membered ring are minor and below 0.015 A. The
CH, bond angle in C4-AzuH* of 105.7° is typical for sp’
hybridization, and the aliphatic C-H bond lengths (R,) are
significantly longer than that of Azu (by 0.0174 A). In con-
trast, the other C—H bond lengths are nearly unaffected
(JAR;|<0.002 A). In general, the structural parameters of
Azu and C4-AzuH* obtained at the MP2 level are similar to
those at the B3LYP level, with comparable protonation-
induced changes. Thus, it is not obvious to extract from the
calculated geometries any simple explanation for the failure
of the MP2 level to describe the IR spectra of AzuH*.

Analysis of the NBO charge distribution reveals that all
H atoms in azulene are uniformly positively charged
(+0.20e), whereas the C atoms bear the negative partial
charges (q/e=-0.12, —0.23, —0.15, —0.25, —0.17, —0.05,
for C1-C6). The dipole moments of 0.4 D (NBO) and 1.0 D
(Mulliken), respectively, compare reasonably well with the
experimental value of 0.8 D.% The excess charge introduced
by protonation at the C4 atom is distributed rather uniformly
over the whole molecule. The positive partial charge on the
aromatic CH protons increases on average from 0.03e to
0.23e, which is slightly lower than on the two aliphatic CH,
protons (0.27¢). The CH, group is quite neutral (+0.08¢),
and the main increase in positive charge is on every alternat-
ing C atom by approximately 0.le (i.e., C2, C6, C5, C7, and
C10).
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F. Vibrational assignments

The structural changes upon protonation translate di-
rectly into modifications of the vibrational properties. Vibra-
tional frequencies and IR intensities of Azu and C4-AzuH*
are listed in Table V, and the calculated and experimental IR
spectra of both species are compared in Fig. 6. The experi-
mental IR spectrum of azulene is taken from the NIST
database.® The 48 normal modes of azulene can be classified
in the C,, point group into 17a;+6a,+9b,+16b,, and their
description can be found in the literature. 74> Nearly all
fundamental frequencies have been measured and assigned
by IR and Raman spectroscopy.53 Good agreement is ob-
tained with the calculated values (Table V), confirming the
conclusion that the B3LYP/6-311G™ level provides a reli-
able description of the vibrational properties of this type of
molecules. Protonation at the C4 atom reduces the symmetry
from C,, to C,, and introduces three additional normal
modes, namely, the antisymmetric aliphatic CH, stretch
(2944 cm™), the CH, torsion (1120 cm™), and the CH,
scissoring motion (1359 cm™'). In total, there are 17 out-of-
plane (a”) and 34 in-plane (a’) normal modes of C4-AzuH*.
The symmetry reduction and the geometry changes induced
by protonation change the composition of the normal modes
in terms of their internal displacement vectors. This mixing
influences the frequencies and IR intensities and complicates
the direct comparison of the vibrational modes of Azu and
C4-AzuH* for certain vibrations, in particular the C-H
stretch, C—C stretch, and C-H bend modes with large contri-
butions from atoms of the five-membered ring.

A detailed comparison of the IRMPD spectrum of
AzuH* with the simulated spectrum of C4-AzuH* is shown
in Fig. 7. The gray line in the theoretical spectrum indicates
the threshold of 10 km/mol for the IR intensity. Apparently,
transitions with IR intensities lower than 10 km/mol are too
weak to be observed by IRMPD. This threshold behavior of
the IRMPD mechanism arises from the multiple photon ab-
sorption process and is well documented in the literature.”’
In the present case, this threshold is rather low, indicating
high sensitivity of the experimental approach, which is partly
due to a combination of a relatively low dissociation thresh-
old of AzuH* (327 kJ/mol, 3.4 eV) and the low symmetry of
the medium-size molecule, giving rise to fast intramolecular
vibrational energy redistribution rates.

Band A of AzuH* centered at 770 cm™' can readily be
assigned to the C-H out-of-plane bending vibration of
C4-AzuH", in which all C atoms vibrate in phase against all
H atoms. This isolated and strongly IR active mode is pre-
dicted at 775 cm™! with an intensity of 79 km/mol. The cor-
responding mode of neutral azulene with b; symmetry is also
strongly IR active and observed at slightly lower frequency
(764 cm™), in good agreement with the theoretical spectrum
(757 cm™!, 116 km/mol). The predicted blueshift upon pro-
tonation of 18 cm™' is somewhat smaller than the experi-
mental one (6 cm™), likely due to the 10-20 cm™' redshift
induced by the IRMPD mechanism.

The theoretical spectrum of C4-AzuH* shows a weak
transition at 816 cm™! (12 km/mol), corresponding to an in-
plane C-C bending mode of the five-membered ring. The

J. Chem. Phys. 131, 184307 (2009)

TABLE V. Theoretical frequencies (cm™') of azulene (C,,) and the most
stable isomer of protonated azulene (C4-AzuH*, C,) evaluated at the
B3LYP/6-311G™ level are compared to experimental values (Figs. 6 and
7).

Azu C4-AzuH*
Calc® Exp” Calc® Exp
In-plane 3119 (12, a;) 3087 3129 (1, a’)
3111 (14, by) 3076 3112 (2, a’)
3093 (7, a,) 3080 3085 (0, a’)
3066 (25, a,) 3063 3078 (0, a’)
3058 (35, b,) 3058 3070 (0, a’)
3039 (7, a;) 3032 3062 (0, a’)
3031 (14, by) 3042 3058 (0, a’)
3029 (0, a;) 3022 2921 (9, a’)
1591 (3, by) 1587 1590 (5, a’)
1581 (59, a;) 1576 (N) 1566 (14, a’) 1577 (N)
1529 (7, a,) 1533 (M) 1549 (19, a’) 1555 (M)
1483 (9, b,) 1477 1519 (13, a’)
1441 (9, b,) 1454 (K2) 1469 (148, a’) 1461 (L)
1439 (18, a;) 1447 1438 (30, a’) 1439 (K2)
1382 (0, b,) 1429 (68, a’) 1439 (K1)
1359 (15, a’) 1353 (H2)
1375 (91, a;) 1408 (K1) 1347 (53, a’) 1353 (H1)
1293 (2, b,) 1301 1316 (23, a’) 1325 (G)
1279 (2, b,) 1288 (F) 1269 (15, a’) 1282 (F)
1259 (2, a;) 1264 (D) 1236 (10, a’) 1240 (E2)
1203 (1, a;) 1211 (E1) 1227 (7, a’) 1240 (E1)
1198 (7,b,) 1204 (E2) 1183 (39,a') 1182 (D)
1148 (0, b,) 1153 1117 (0, a')
1046 (7, a,) 1054 1095 (9, a’)
1030 (1, b,) 1047 1030 (1, a’)
990 (13, b,) 968 (C) 951 (15, a’) 962 (C)
930 (2, a,) 942 934 (0, a')
886 (2, a;) 899 873 (2, a’)
806 (6,a) 821 (B)  816(12,a) 791 (B)
720 (0, b,) 709 722 (4, a’)
658 (1, a,) 675 651 (1, a')
482 (2, b,) 483 485 (0, a’)
398 (1, a;) 404 394 (0, a’)
327 (1, b,) 333 327 (0, a")
Out-of-plane 2944 (1, a")
1120 (1, a”)
976 (0, b;) 968 1032 (0, a")
961 (0, a,) 1020 (0, a”)
944 (5, b;) 954 980 (3, a")
910 (0, b;) 899 958 (0, a”)
847 (0, a,) 915 (9, a")
770 (0, a,) 773 860 (0, a")
757 (116, b)) 764 (A) 775 (79, a") 770 (A)
717 (3, b)) 759 702 (1, a")
701 (0, ay) 702 660 (15, a")
592 (1, b)) 593 558 (1, a")
556 (10, b)) 558 407 (7, a")
415 (0, a,) 418 334 (10, a")
310 (11, by) 311 285 (2, a")
165 (2, b)) 181 149 (2, a")
158 (0, a,) 171 132 (0, a”)

“Calculated at the B3LYP/6-311G** level and scaled by 0.9679. IR inten-
sities (in km/mol) and symmetry species are listed in parentheses.
PReferences 53 and 49.
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FIG. 6. (Top) IRMPD spectrum of AzuH* compared to the experimental IR
absorption spectrum of azulene (Ref. 66). (bottom) Linear IR absorption
spectra of C4-AzuH* and Azu calculated at the B3LYP/6-311G™ level,
using a convolution width of 20 cm™ (FWHM) and a scaling factor of
0.9679.

IRMPD spectrum displays indeed a weak shoulder of band A
at 791 cm™' (B), which is tentatively assigned to this mode.
The corresponding fundamental of neutral azulene is pre-
dicted at 806 cm™' (a,) and observed at 821 cm™'. Thus, the
predicted protonation-induced shift of =10 cm™' is some-
what smaller than the measured shift of =30 cm™!, which is
again attributed to the IRMPD mechanism.

The tentative detection of band C at 962 cm™' in the
IRMPD spectrum correlates with the weakly IR active mode
of C4-AzuH* (15 km/mol) predicted as an isolated transition
at 951 cm™!. This mode has significant stretching character
of the C4-C5 bond (rs), which is elongated upon protonation.
Thus, the frequency of this mode is significantly redshifted
from the corresponding vibration of neutral Azu predicted at
990 c¢cm™! (b,, 13 km/mol) and observed at 968 cm™.

Band D centered at 1182 c¢cm™! in the IRMPD spectrum
is assigned to the isolated fundamental predicted at
1183 cm™ (39 km/mol) of C4-AzuH*. This in-plane mode
involves C-H bending and C7-C8 and C4-C6 stretch charac-
ter (r7,14). As both C—C bonds substantially elongate upon
protonation, the corresponding mode of neutral Azu occurs at
much higher frequency (1259 cm™!, a;). However, as its IR
intensity is rather low, this mode is hardly visible in the IR
spectrum of the neutral molecule. The predicted protonation-
induced redshift of 76 ¢cm™! is consistent with the measured
one of 82 cm™'.

The weak and somewhat broader band E at 1240 cm™!
in the IRMPD spectrum is attributed to two overlapping tran-
sitions of C4-AzuH* predicted at 1227 and 1239 cm™!, with
intensities of 7 and 10 km/mol, respectively. The 1227 cm™!
(denoted E1) corresponds to an in-plane C-H bend localized

J. Chem. Phys. 131, 184307 (2009)
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FIG. 7. IRMPD spectrum of AzuH* (bottom) compared to the linear IR
absorption spectrum of the most stable isomer of protonated azulene
(C4-AzuH*, top) calculated at the B3LYP/6-311G** level, using a convo-
lution width of 20 cm™' (FWHM) and a scaling factor of 0.9679. The
dashed line indicates corresponding transitions. Transitions with a calculated
IR intensity larger than 10 km/mol (indicated by the gray line) are listed in
em™!,

at the seven-membered ring, whereas the 1239 cm™' mode

(denoted E2) is a C-H bend of both rings, in particularly
involving also the CH, group. In the neutral molecule, both
modes with a; and b, symmetries are predicted at signifi-
cantly lower frequency (1203 and 1198 cm™), in agreement
with the experimental observations (1211 and 1204 cm™).

Band F at 1282 cm™' in the IRMPD spectrum is as-
signed to an isolated transition of C4-AzuH" calculated at
1269 cm™' (15 km/mol). This mode is again mainly an in-
plane C-H bend localized on the seven-membered ring, and
is thus hardly shifted from the corresponding transition of
neutral azulene predicted at 1279 cm™' (2 km/mol, b,) and
observed at 1288 cm™.

Band G in the IRMPD spectrum identified at around
1325 cm™ in the shoulder of the intense band H is attributed
to the predicted transition at 1316 cm™' (23 km/mol) of
C4-AzuH*. This mode is described by C-H bending with
contribution of the CH, group. Due to mode mixing, it is
difficult to correlate this vibration with a corresponding nor-
mal mode of the neutral molecule.

The intense and somewhat broader band H with a maxi-
mum at 1353 cm™' the IRMPD spectrum arises from two
overlapping fundamental transitions of C4-AzuH*, namely,
the intense C—H bend (denoted H1) localized on the five-
membered ring predicted at 1347 ¢cm™' (53 km/mol) and the
approximately three times weaker CH, scissoring mode at
1359 cm™' (15 km/mol) denoted H2. The corresponding
neutral C—H bend is predicted at slightly higher frequency
(1382 cm™!, b,) and is experimentally not observed due to
vanishing IR activity. The scissoring mode of C4-AzuH* is
unique to the protonated molecule. Hence, the intense band
H of the IRMPD spectrum of C4-AzuH* has no correspond-
ing transition in the IR spectrum of Azu.
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The next intense transition in the convoluted IR spec-
trum calculated for C4-AzuH" is band K, which is composed
of two overlapping transitions at 1429 and 1438 cm™' (de-
noted K1 and K2) with large and medium IR intensities of 68
and 30 km/mol, respectively. Experimentally, both transi-
tions are observed in the IRMPD spectrum as a single unre-
solved shoulder at 1439 cm™' occurring in the low-
frequency wing of the intense band L. The more intense
1429 ¢m™! band (K1) corresponds largely to the C6-C7
stretch. As the strength of this bond (r4) increases drastically
upon protonation, the corresponding mode of neutral Azu is
calculated at much lower frequency at 1375 cm™' and also
with high IR intensity. The experimental frequency shift of
this mode upon protonation, 1439-1408=31 cm™!, com-
pares favorably with the theoretical shift, 1429-1375
=54 cm™!, when taking the 10-20 cm™' redshift of the
IRMPD mechanism into account. The weaker theoretical
1438 cm™' component (K2) is mainly an in-plane bend of
the seven-membered ring and thus not shifted much by pro-
tonation from the corresponding neutral value (1441 cm™!, 9
km/mol, b,). Again, the experimental frequency shift of this
mode upon protonation, 1439—1454=-15 cm™!, compares
favorably with the theoretical shift, 1438—1441=-3 cm™,
when including the 10-20 cm™' redshift of the IRMPD
mechanism.

The most intense band in the IRMPD spectrum (L) oc-
curs with its maximum at 1461 c¢cm™' and is assigned to an
isolated transition of C4-AzuH* calculated at 1469 cm™!
(148 km/mol). Due to a strong change in character of this
coupled C—C stretch mode upon protonation, it is difficult to
identify a corresponding normal mode in the neutral mol-
ecule. Significantly, there is no mode with comparable IR
intensity in the calculated and experimental IR spectrum of
Azu.

The weak band M at 1555 cm™! in the IRMPD spectrum
is attributed to the calculated transition of C4-AzuH* at
1549 ¢cm™' (19 km/mol), corresponding to a coupled C—-C
stretch fundamental. The analogous mode in neutral Azu is
predicted at 1581 c¢m™! with higher IR intensity (59 km/mol)
and observed at 1576 cm™!. Thus, the measured redshift
upon protonation of 21 cm™' is compatible with the pre-
dicted shift of 32 cm™'.

The highest-frequency transition detected in the IRMPD
spectrum, band N at 1577 cm™!, has its theoretical counter-
part at 1566 cm™' (14 km/mol), which is again a coupled
C—C stretch mode. The corresponding neutral frequency is
calculated as 1529 cm™ (7 km/mol) and measured as
1533 cm™!. The measured protonation-induced blueshift of
44 cm™' is consistent with the predicted value of 37 cm™'.

In general, the protonation has quite significant effects
on the vibrational IR spectrum, both on the frequencies and
IR intensities (Fig. 6). The calculations at the B3LYP level
reproduce these IR spectra and the protonation-induced
changes well and enable the assignment of all experimental
features. In total, 15 vibrations of C4-AzuH* could be iden-
tified in the IRMPD spectrum, with an average deviation of
9 cm™' between measured and calculated frequencies
(Table V).
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AzuH+* C4-AzuH+
NapH+ C1-NapH+
UIR UIR
1 1 1 1 1 1 L 1 1 1 1 1
800 1200 1600 800 1200 1600

v [em—1] v [em=1]

FIG. 8. IRMPD spectra of protonated azulene (AzuH*) and naphthalene
(NapH*) (Ref. 35) are compared to linear IR absorption spectra of
C4-AzuH* and C1-NapH* calculated at the B3LYP/6-311G™ level. For
comparison, the UIR spectrum representative of a highly ionized region
(Orion Bar) is shown as well (Ref. 5). The asterisk marks a transition, for
which the IRMPD efficiency was lowered probably due to atmospheric wa-
ter absorption in the FEL beam path.

G. Comparison with protonated naphthalene
and the UIR spectrum

In Fig. 8 the IRMPD spectra of AzuH* and protonated
naphthalene (NapH*) (Ref. 35) are compared with linear IR
absorption spectra of C4-AzuH* and C1-NapH* calculated at
the B3LYP/6-311G™ level. The IRMPD spectrum of NapH*
was recorded previously with the IR-FEL at CLIO, whereby
the ions were produced by chemical ionization. The condi-
tions were such that only bands with intensities larger than
50 km/mol could be detected, which explains the absence of
any transition below 1100 cm™' in the IRMPD spectrurn.35
Moreover, the laser power dropped significantly above
1400 cm™! so that the predicted intense 1600 cm™' band
was observed only weakly in the experiment. Attempts to
record the IRMPD spectrum of NapH* under the present
experimental conditions at FELIX failed due to low ion cur-
rents generated in the ESI source. The latter observation is
rationalized by the low proton affinity of naphthalene (802.9
kJ/mol), which is considerably lower than that of NHj
(PA=853.6).>7 As can be seen in Fig. 8, the calculated IR
spectra of both CjoH," isomers are quite different and this
result is largely confirmed by the experimental IRMPD
spectra.

Figure 8 compares also the IR spectra of AzuH" and
NapH* with an astronomical UIR spectrum representative of
a highly ionized region of the interstellar medium. The UIR
spectrum chosen originates from the Orion Bar region in the
M42 nebula and was recorded with the short wavelength
spectrometer onboard the Infrared Space Observatory
satellite.” As mentioned in the Introduction, there are reason-
able chemical arguments for predicting protonated PAH mol-
ecules in this environment® and in highly ionized regions of
the interstellar medium in general. H'PAH molecules can be
efficiently generated by protonation of PAH or by H atom
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attachment to PAH'. Once formed, H'PAH molecules are
found to be quite unreactive toward both H and H2.4 Al-
though most chemical models predict PAH molecules in the
size range of 20-80 C atoms to be (photo-)chemically most
stable,” there have been claims that the naphthalene cation
has been identified in the interstellar medium via its elec-
tronic spectrum.72

The UIR bands are emission bands of vibrationally hot
species. Thus, the vibrational transitions observed are shifted
in frequency from the frequencies of fundamental transitions
due to vibrational anharmonicities. Similarly, the multiple-
photon nature of the IRMPD process also shifts the frequen-
cies to lower values in comparison with fundamental transi-
tions, again via the effect of anharmonicities. Thus, it is
indeed meaningful to compare IRMPD spectra with the UIR
bands, as both processes and the resulting IR spectra are
affected by the same type of vibrational anharmonicity.38 As
was noted previously,35 the IRMPD spectrum of NapH*
shows indeed good agreement with the UIR spectrum when
taking into account the deficiencies of the experimental spec-
trum described above. This conclusion is supported by a very
recent report of the IR spectrum of cold NapH*—Ar
complexes.73 For AzuH", the agreement is much less favor-
able, indicating that the AzuH" is not a major carrier of the
UIR spectrum. This conclusion is not surprising, as naphtha-
lene is calculated to be more stable than isomeric azulene by
145 kJ/mol, and thermal isomerization from azulene to naph-
thalene has been observed under elevated temperatures.

IV. CONCLUSIONS

In the present work, protonated azulene has been char-
acterized by IR spectroscopy and quantum chemical calcula-
tions. The IRMPD spectrum of AzuH* was obtained in the
informative fingerprint range by coupling an ESI-FTICR
with the IR-FEL FELIX. Significantly, this IR spectrum cor-
responds to the first spectroscopic detection of this funda-
mental carbocation. The potential energy surface of AzuH*
has been investigated for the first time in some detail at the
B3LYP/6-311G™ and CBS-QB3 levels, providing energies
of global and local minima, barriers for isomerization, disso-
ciation energies, and proton affinities. The observed IRMPD
spectrum was obtained in the H (80%) and H, (20%) loss
channels, which correspond to the two lowest energy frag-
ment channels with calculated appearance energies of 327
and 404 kJ/mol, respectively. Comparison with IR spectra of
all six conceivable AzuH* isomers calculated at the B3LYP
level demonstrates unambiguously that protonation occurs
predominantly at the C4 atom of Azu, which is by far the
most stable isomer (by >80 kJ/mol). No clear sign of the
less stable isomers is observed. Interestingly, the MP2 level
fails to predict reliable IR spectra even when relatively large
basis sets (up to 6-311+G**) are employed. In general, pro-
tonation has a profound impact on the geometry of azulene
and, as a consequence, quite significant effects on the vibra-
tional IR spectrum, both on the frequencies and the IR inten-
sities. Calculations at the B3LYP level reproduce the
protonation-induced changes well and enable the assignment
of all experimental transitions observed in the IRMPD spec-
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trum. In total, 15 vibrations of C4-AzuH" are identified and
assigned, with an average deviation of less than 10 cm™
between measured and calculated frequencies. Comparison
of the IRMPD spectrum of AzuH* with that of protonated
naphthalene (NapH*) shows that both isomers can be clearly
distinguished by their IR spectra in the fingerprint range.
Whereas the IRMPD spectrum of NapH™ reveals good agree-
ment with the astronomical UIR spectrum characteristic for
highly ionized regions of the interstellar medium, the agree-
ment with the IRMPD spectrum of AzuH" is less favorable.
Clearly, IRMPD spectra of larger H'PAH are required to
further test and confirm the hypothesis that these species are
present in interstellar space. Indeed, first IRMPD spectra of
protonated coronene support this proposition.45
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