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Abstract

The mid-infrared vibrational spectra of the cationic and protonated forms of the molecule indazejl{Care recorded in the gas phase,
applying the method of free electron laser induced multiple photon dissociation spectroscopy in a quadrupole ion trap. The spectra are comp
to density functional theory calculations, which for the protonated species suggests that the proton attaches to the pyridine-like nitrogen at
The spectrum of the indazole cation raises the question whether indazole undergoes an N1-N2 H atom shift upon ionization. The spectre
the charged species are further discussed in comparison with the spectrum of neutral indazole. Although the spectral range probed in this s
600-1800 cm?, does not cover the hydrogen stretching modes, the spectra are found to be very distinct, indicating how a subtle change in elect
distribution can have major effects on the vibrational spectrum of a conjugated system.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction or even complete fragmentation of those species. The use of
more gentle and/or mass-selective methods of ionization, inher-
In recent years, there has been a growing interest in the speently decreases the ion densities and therefore generally pre-
troscopic investigation of biologically relevant molecules in thecludes the application of direct absorption spectroscopy. Re-
gas phas§l-12], aiming at a characterization of their intrinsic cently, however, several spectroscopic studies of gas-phase pro-
structural properties, free from any environmental effects. Partonated species have been repoitEs-24] based mainly on
ticularly the “fingerprint” mid-infrared wavelength range of the infrared photo-dissociation spectroscopy. Among others, these
spectrum is effective to obtain structural information. Elegantstudies have been very successful in determining the protona-
UV-IR pump-probe methods have been developed to obtain cottion site. In addition, IR spectra of some proton-bound dimers,
former specific infrared spectra. Systems studied include nucleimost notably the protonated water dimey®3*, have recently
acid basefb] and base pairfd], amino acid$6,7], saccharides been reportef4—28] Other recent exciting studies are the in-
[8], small peptide$9—11], neurotransmittergl2], et cetera. frared spectrum of protonated methane §CH obtained using
Evidently, protonation is a process of key biochemical in-laser induced reaction in a low-temperature ion 2], and
terest. Obtaining infrared spectra of protonated species, hovthe infrared spectra of multiply protonated prot€ig8,31]
ever, involves the study of ionic species in the gas phase, and Initially, most of these studies were performed in the wave-
this is, in general, not a sinecUiE3]. Several small, prototypi- length region around 3m (where table-top laser systems are
cal, protonated molecules such asHH3O", and HCO™ [14] widely available) as the hydrogen stretching modes in this range
have been investigated with IR spectroscopy in the 1970s anake obviously very sensitive to protonation. Since the coupling
1980s. In these studies, mainly discharge and electron impaof ion trapping devices to infrared free electron lasers at our
ionization sources have been used, which are not well suiteithstitute [32,33] as well as at Orsay, Fran§&4], the mid/far-
for larger, biologically relevant molecules as they induce severanfrared range became accessible and multiple photon dissoci-
ation spectroscopy of several protonated systems has been re-
ported[18,20,22,23,25,26Although not directly probing the H
stretching modes, these experiments allow, in combination with
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The IR photo-dissociation studies can roughly be divided To the best of our knowledge, no infrared data for the charged
into two groups: one where with a relatively low intensity laserspecies have been reported to date. A mass-analyzed threshold
a weakly bound messenger atom is detached, and one whdamnization (MATI) spectrum of indazole, giving information on
with the use of powerful lasers, the ionic molecule itself is dis-the vibrational structure in the cation, was very recently reported
sociated through the absorption of multiple photons. The exf45]. Here, we presentinfrared spectra for protonated indazole as
periments belonging to the second group are almost exclusivelyell as for bare cationic indazole and compare these to the spec-
carried out in ion traps, where the parent ion is first mass serum of neutral indazolg89]. Despite the fact that the hydrogen
lectively isolated and IR induced fragments are subsequentlgtretching modes, which would obviously be quite different for
detected in the mass analyzer. This strategy is similar to ththe protonated species, are not probed in this study, the spectra
one used in extenso by Lifshitz and co-workers, in her studieare found to be very distinct. The mid-infrared spectral range
of the dissociation behavior of molecular ions following elec-investigated mainly contains the more delocalized heavy atom
tronic excitation[35,36] The rate of internal energy conver- stretching modes of the C/N skeleton, as well as some hydro-
sion plays an extremely important role in this behavior; whengen bending modes. Apparently, the relatively small changes
it is relatively slow, dissociation may occur on electronically in electron densities leave a strong imprint on the vibrational
excited potential energy surfaces, which may be markedly difspectrum.
ferent from those originating from the electronic ground state.

The understanding of the resulting non-statistical dissociatio. Experimental

behavior has been one of the major achievements of the work of

Lifshitz [37]. Unlike electronic excitation, pure vibrational ex-  Theinfrared spectra are obtained via free electron laser (FEL)
citation, as is used in IR multiple photon dissociation (IRMPD),induced multiple photon dissociation spectroscopy of the ions
involves only the ground electronic state. Here, energy randomstored in an ion trap. The experimental apparatus, described in
ization is governed by intramolecular vibrational redistributiondetail elsewherg32], consists of a Paul-type quadrupole ion
(IVR) and the associated relaxation rates are in general veryap[46] coupled to a time-of-flight mass spectrometer. It fol-
fast for polyatomic molecules. Therefore, IR induced fragmen{ows the original design of Lubman and co-work@g] that
tation is commonly believed to follow statistical unimolecular was also used in many of the studies of Lifshitz and co-workers
dissociation behavior. In IRMPD spectroscopy, this is of im-[35]. Vapor-phase indazole is non-resonantly ionized using an
portance since it allows one to assume that dissociation ratesF excimer laser, which is focused in the center of the ion trap,
depend only on the internal energy distribution obtained andvhere the indazole ions and its ionic photo-fragments are instan-
not on the particular vibration that was excited. Thus, relativeianeously trapped. A mass spectrum taken immediately after the
intensities in the observed spectrum can be considered to ¢V laser pulse, shown iRig. 2A, indicates that extensive frag-
meaningful. mentation occurs. Storing the ions for longer times, e.g., 100 ms,

There has been much interest in the spectroscopy and strugie amount of indazole ions recovers due to charge transfer from
ture of nitrogen containing aromatic heterocycles (5/6 ringsthe low-mass ionic fragments to the abundantly present neutral
mainly because of their close resemblance to various biochemindazole (sedrig. 2B). Moreover, a peak at mass 119, corre-
cally relevant compounds, particularly to the nucleic acid basesponding to protonated indazole idazolium, arises due to
adenine and guanine and to the amino acid tryptophane. Thgroton transfer from ionic fragments to neutral indaZd#].
gas-phase spectrum of indazoleHgN> (seeFig. 1), has been As the ions with mass 118 and 119 are the heaviest species
studied throughout the microwave, infrared, visible, and ultrapresent in the trap, they can be easily isolated from the lower
violet wavelength rangel88—-42] A central question in these mass peaks by temporarily (2ms) increasing the amplitude of
studies has been the 1H-2H tautomerization, i.e., the N1-Nthe RF trapping voltage, which raises the low-mass cut-off of
hydride shift (see structuressandB in Fig. 1). Based on these the trap to just below mass 118 (sE&. 2C). The ions are
spectroscopic studies as well as on thermodynamical studiglen irradiated with a pulse from the Free Electron Laser for
[43], the 1H-tautomer was determined to be more stable both itnfrared eXperiments (FELIX49]). FELIX delivers high energy
the electronic ground state as well as in the first electronicallf~100 mJ) infrared pulses ofits duration, continuously tunable
excited rm*) state. This was rationalized by the higher aro-from 3 to 250um and with a bandwidth of approximately 0.4%
maticity of 1H-indazole, making this form energetically more of the central wavelength. Here, we record spectra in the 600—
favorable than 2H-indazole by 2—4 kcal/nj88,43,44] 1800 cnt? range.

® ¢ (€) P

Fig. 1. Computed structures of cationic indazole species considered in this styydy4-indazole, B) 2H-indazole, and() protonated indazole. The heavy atom
numbering used in this work is given. We refer to N2 as the pyridine-like nitrogen and to N1 as the pyrrole-like nitrogen.
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which is subsequently used to scale the theoretical spectra of
the charged species as well. Atomic charges in the molecules
are calculated using the Atoms in Molecules (AIM) method as
implemented in Gaussian98.

3. Results and discussion

The mass resolution of the ion trap, which is just sufficient to
resolve the 118 and 119 mass peaks in the TOF trace{gee
2), is insufficient to selectively isolate one of the two species.
Therefore, the IR photo-dissociation spectra of the protonated
and cationic indazole molecule are recorded simultaneously,
where it is assumed that the cationic molecule dissociates solely
into mass channel 91 and the protonated molecule solely into
mlz = 92, and that there is no cross-talk between the two chan-
nels. This assumption can be justified by the observation that
the two fragment channels show independent spectral responses
(vide infra) and the identification of the fragment channels is a
posteriori justified by comparison to DFT calculated spectra of
the respective species. Below, we will first discuss the IR spectra
of the two species individually and then compare them to each
other and to the spectrum of the neutral indazole molecule.

3.1. Cationic indazole

The spectrum of the indazole cation together with the
DFT calculated spectrum, convoluted with a 30¢nFWHM
Lorentzian line shape, is showniig. 3. Band positions listed
in Table 1were determined by (manually) deconvoluting the
40 80 120 spectrum with a Lorentzian lineshape function. This procedure

m/z is estimated to give IRMPD band positions to approximately

—1
Fig. 2. Mass spectrum of cationic indazole and UV induced fragment ions.j:3 cm = accuracy. . . .
taken directly after the ionization laser pulse (A) and after a reaction delay of A reasonable agreement with the 1H-indazole calculation

100 ms (B). Isolation of/z = 118 and 119 corresponding to the indazole cation iS obtained for the high-frequency end of the spectrum above
(INDZ™) and protonated indazole (INDH), respectively (C). Wavelength- 1000 cnt. The strongest band in the spectrum observed at
dependent _IR multiple photon_ dissociation at @88 (D) and at 9.5um (E), 1207 cntl can be assigned to the asymmetric breathing mode
corresponding to resonances in IND2nd INDH? of the two rings. Toward the blue end of the spectrum, a fairly
broad asymmetrically shaped feature is observed, which is due
Upon resonance, the ions are able to absorb multiple into overlapping modes of mainly in-plane hydrogen bending and
frared photons, so that their internal energies reach levels b&eavy atom stretching character. The NN stretching mode can
yond the dissociation threshold. Fragmentation is observed intstill be discerned at 1078 cm, but further to the red, the DFT
mass channels 91 and 92, presumably corresponding to loss of aalculation apparently fails to accurately predict the experimen-
HCN unit from cationic and protonated indazole, respectivelytal spectrum. In the 800—1000 cthrange, two weak bands are
Different spectral responses are found in the two mass chambserved, which may be due to three partly overlapping modes as
nels (seerig. 2D and E). Although the fragmentation yield is calculated, however, the observed intensity ratio is not in agree-
relatively small, a reasonable signal-to-noise ratio is achievechent with theory. Finally, a strong feature is observed around
on account of the background free nature of the experiment&30 cnm 2, which seems to consist of more than one band. As-
method. signment of this feature to overlapping CH and NH out-of-plane
The experimental spectra are compared to theoretical spectbeending modes is questionable, particularly for the latter mode
calculated using the B3LYP density functional and the D95(d,p)721 cn ! observed versus 669 crhcalculated). This discrep-
basis set. This method has been shown to give reliable resultsicy may be speculated to be due to problems of harmonic DFT
for a number of cationic polyaromatic spec[82]. The spec- calculations with out-of-plane NH bending modes, as has pre-
trum of the neutral indazole molecule is also calculated, at theiously been noted for neutral indazdig9,41] as well as for
same level of theory, and the resulting spectrum is compared teveral aniline-like systeniS0]. However, another assignment
the experimental vapor-phase spectrum of&€etal.[39]. The  of the entire spectrum is possible.
strongest bands in the spectra are used to scale the DFT calcu-The substantial discrepancies between experiment and theory
lated frequencies, giving an empirical scaling factor of 0.972may raise the question whether ionization has induced rearrange-
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Table 1
Infrared spectrum of the indazole cation
Observed 1H-indazole 2H-indazole
v P Cs vP ed Descriptioff Cs vo mf Descriptioff
~538 0.10 a’ 601 0.16 Benn a’ 558 0.13 Benn
721 0.37 a' 669 0.51 Brw a' 699 0.87 Brw
754 0.38 a’ 740 0.37 Bey a’ 752 0.92 Ben
892 0.22 a 833 0.28 Sring a 895 0.31 B5ring
d 898 0.18 Jring
950 0.12 a 931 0.56 Sring a 1004 0.68 ONN
1078 0.18 a 1090 0.58 oNNBCH a 1063 0.19 BCHONN
a 1085 0.39 BcH
1207 1.00 a 1211 1.00 Asym. breath a 1204 0.56 BcHoce
a 1235 1.00 BcHoeN
a 1266 0.23 BcHOCNBNH
1380 0.62 a 1383 0.40 BNHOCCBCNN a 1367 0.40 BcHoccPeNN
1435 0.35 a 1417 0.31 BcH a 1404 0.71 occBcHBNH
a 1425 0.19 BcHBNHOCNOCC a 1433 0.63 BNHBCH
1530 0.17 a 1589 0.28 ocNBNHBcH a 1525 0.54 occBeH
a 1555 0.64 occBeH
2 Relative.
b Scaled by 0.972.
¢ Intensity relative to 1211 cmt band (144 km/mol).
d Only bands with/ > 0.13 are listed.
€ g/, out-of-plane bends, in-plane bend§, deformationp, stretch.
f Intensity relative to 1235 cr band (78 km/mol).
Table 2

1H-Indazole cation

2H-Indazole cation

1200
wavenumber (cm')

1500 1800

Calculated energiésf neutral and cationic indazole in 1H- and 2H-tautomeric
forms

Neutral Cation

E (Hartree) AE (eV) E (Hartree)  AE (eV) 24’ (eV)P
1H —379.8979 0 —3796015 +0.215 0.93
2H —3798906 +0.199 —3796094 0 1.47

a At the B3LYP/D95(d,p) level.
b Time-dependent DFT calculation. Relative to the respe@i/é ground
states.

ment, and in particular an N1-N2 hydride shift. Since the relative
stability of neutral 1H-indazole with respect to 2H-indazole is
believed to be due to its higher aromaticity and since the dif-
ference in energy is only a few kcal/midl3,44], removal of an
electron from the aromatic system may well change this delicate
balance. A calculation of the 2H-indazole cation was therefore
carried out giving an energy that is about 0.2 eV (5.0 kcal/mol)
lower than that of the 1H-indazole cation, indicating that the rel-
ative stabilities of the 1H- and 2H-tautomers may indeed reverse
upon ionizatiof (seeTable 9. For both cationic tautomers, a
time-dependent DFT calculation was performed to reassure the
correctness of théA” electronic ground states found by the
B3LYP calculation. The first electronically excited state4’}

are on the order of 1 eV higher in energy (Sedble 2, which
appears to be far enough to conclude that the correct ground
state configurations are considered.

Fig. 3. Experimental IR spectrum of cationic indazole (grey) compared to the
DFT calculated spectra for the 1H- and 2H-indazole cation tautomers (black).
Vibrational energies obtained from MATI experiments (grey) and computed at 1 , __
the Hartree—Fock level (black), as reported by Su ef4dl], are indicated as

sticks above our spectra.

1 A calculation of the neutral species at the same level of theory favors the
1H-indazole by 0.21eV (4.6 kcal/mol), which is fairly close to the value of
3.6 kcal/mol obtained at the MP2 level of theory by Cateét al[44].
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The computed spectrum for the 2H-indazole cation is plotted Atomic charges calculated using the AIM method actually
onto the experimental spectrum in the second panéiigf3. indicate that the pyrrole-like nitrogen atom N1 is more neg-
It appears to give a better match than the spectrum calculateative than N2. However, this is mainly due to attraction of
for the 1H-indazole, e.g., for the low intensity modes in theelectron density from the H atom. If the charges of the H
800-1100 cm? range and for the position of the bands in theatoms are summed into the heavy atoms, the net charges on
1500-1600 cm?! range. More importantly, the out-of-plane NH N1 and N2 become-0.37¢ and —0.70e, respectively, which
bending mode, which is likely one of the most diagnostic modesationalizes the N2 protonation site to yield the lowest energy
distinguishing the two tautomers, observedrat21cnt?, is  structure.
much better reproduced. On the other hand, however, the 2H- The experimental spectrum of protonated indazole is shown
indazole calculation predicts a band at 1004 éimaving mainly  in Fig. 4, and is compared to frequency calculations performed
NN stretching character, which is not observed experimentallyfor the optimized structures @lable 3 The two main bands in
Hence, although both theory and experiment seem to suggette experimental spectrum, at 749 and 1046 trappear to be
that the indazole cation is in the 2H tautomeric form as opposeuery diagnostic in determining the protonation site: the only cal-
to the neutral indazole molecule, it is difficult to definitively culated structure that matches these two bands simultaneously
make this conclusion based on the present data. is the N2 protonated structure. The rest of the spectrum also

A MATI spectrum of indazole, yielding the vibrational en- matches this structure reasonably well, except for the intensity
ergies in the ground electronic state of the cation, was recentlgf the band at the red end of the spectrum. Inspecting the calcula-
reported[45]. Comparison of the present infrared spectrum totions carefully, this mode is found to possess mainly out-of-plane
the MATI spectra is difficult since in the MATI spectra, the NH bending character, which may be particularly anharmonic as
observed intensities strongly depend on Shéntermediate vi-  discussed above. We therefore conclude that protonation occurs
bronic level used. Furthermore, intensities are influenced by thpredominantly on the pyridine nitrogen atom, N2, yielding the
overlap integral (Franck—Condon factor) and by the efficiencystructure depicted ifig. 1
of the pulsed field ionizatiofd5]. We have nonetheless plotted  Spectral assignments for protonated indazole based on the
the level positions observed in the MATI spectra as stickSgn N2 protonated calculated spectrum are giverTable 4 The
3. We should also mention apparent discrepancies in the com-
puted spectra, obtained at the B3LYP level in this study and a* X X
the Hartree—Fock level in refd5]. It may be noted here that, in indazolium
order for the overlap to be non-vanishing, the MATI technique
likely probes the 1H-tautomer cation spectrum, even if the 2H
would be lower in energy. This is opposed to our method, where
non-resonant ionization, charge transfer reactions, as well a
collisions allow for rearrangement processes.

fragment yield

3.2. Protonated indazole

\
Various sites of protonation have been theoretically inves- 5 L L
tigated and the relative energies at the B3LYP/D95(d,p) level '
are given inTable 3 Clearly protonation at the pyridine-like X
nitrogen (N2 inFig. 1) appears to be favored over all other pro- 3
tonation sites, which all lie about 1eV (or about 100 kJ/mol)

higher in energy. Protonation at the face of the aromatic ring il

(m-interaction) was also attempted but no stable minimum was 4
found. Although many metal cations, e.g., alkali metal cations,f;j& M
are known to form stabler-bound complexes with aromatic !

molecules, protonation at the-cloud is known to yield only 5
saddle point structurd46,18] b M
Table 3 6\ I T T T T ' T T T T T T I
able
Computed energies (B3LYP/D95(d,p)) for different protonation sites ];V\/FSN M

N
Site? E (Hartree) AE (eV) 7‘ — = s
N1 —3802249 0.94
N2 —380.2595 0
c3 —3802242 0.96 ‘ Ll ATl G AT s ol TN
c4 —3802155 1.20 600 800 1000 1200 1400 1600 1800
c5 3802258 0.92 wavenumber (cm-1)
c6 —3802183 1.12
c7 —3802251 0.94

Fig. 4. IR spectrum of protonated indazole compared to DFT calculated spectra
a SeeFig. 1for atom numbering. for different protonation sites.
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Table 4
Infrared spectrum of protonated indazole indazole
Observed DFT calculated
v I r(cy) VP cd Descriptiorf
552 035 ' 517 134 (100) By
a' 534 53 (040)  BlBen
749 1.00 a:: 744 60 (045) ﬂé:H
832 010 « 837 5(004) By
890 0.30 a”’ 864 26 (019) Bcy T T
. . +
1046 0.92 a 1071 52 (039) ocNONN lindazolium
1130 0.10 d 1112 12 (009) Bch B
1168 040 d 1147 16 (012)  Bch !
1230 026 d 1234 30 (022)  BcHBNH !
1375 042 d 1362 39 (029)  BcHBnH
a 1370 16 (012)  BcHocc
1
1422 025 d 1419 8 (006)  BcHANHOCNOCC '
d 1435 13 (010)  BnHBcH !
1523 0.24 a 1520 32 (024) ocnoccBeHBNH M
1595 0.48 a 1625 79 (%9) UCCUCNISCH,BNH |I inuazcle+
2 Relative. _:
b Scaled by 0.972. ;
¢ In km/mol. Relative in parentheses. :
d Only bands with/ > 5 km/mol are listed. !
€ g/, out-of-plane bendg, in-plane bend§, deformationp, stretch. !
two strongest bands in the spectrum at 749 and 1046 @re
associated with the collective CH out-of-plane bending mode
and the mode having mainly CN and NN stretching character,

600 800 1000 1200 1400 1600 1800

respectively. The remainder of the spectrum shows basically five >
wavenumber (cm” ')

relatively weak and broader features, of which the ones around
1200 and 1400 cmt can clearly be seen to consist of more than_ _ _ -

. Fig. 5. Comparison of the infrared spectra of neutral, protonated, and cationic
one band. These s_omewhat unres_()lved structures ar_e In qu"‘l azole. CH out-of-plane bending modes in the neutral and protonated molecule
good agreement with the computations so that the assignmernd& connected by dotted lines. The observed trend in band positions of the
of mainly heavy atom stretching modes around 1600tand  mode(s) containing CC stretching character is indicated by the dashed line.

mainly in-plane hydrogen bending modes around 1200 and

1400 cnt! seem justified. spectrum, three weaker features, roughly around 1400, 1500, and
1600 cnt! are observed in both spectra (the central one is only
3.3. Comparison weakly observed in the protonated indazole spectrum). Finally,

the band around 650 cr in the neutral spectrum, which is due
The spectra for the neutral, protonated, and cationic indazole the out-of-plane NH bending is not reflected in the protonated
molecule are compared to each otheFig. 5. For the neutral species. As already mentioned, this may be due to the increased
species, the DFT calculation is shown, which has been checkexhharmonicity of this vibratiof89,41], which not only makes a
to be in good agreement with the experimental gas-phase spdtarmonic frequency calculation unreliable but which may also
trum of Care et al.[39]. Making spectral comparisons based severely limit the efficiency of multiple photon excitation in our
on the calculated normal modes one should be cautious becauseperiment§51].
the modes have in general a quite delocalized character, partic- The spectrum of the cationic species is quite different with
ularly the in-plane skeletal modes abev@800 cnm !, and there-  a strong mode appearing around 1200¢mAt the very blue
fore, a clear one-to-one correlation is often not possible, even faend of the spectrum, there is clearly less intensity than in the
such similar systems. Some general trends can nonetheless fm®tonated and neutral species, as if the bands were shifted to-
noticed. ward lower frequencies. The modes in this range have mainly
Particularly for the neutral and protonated species, which ar€C stretching character and their frequencies depend sensitively
of courseiso-electronic, spectral similarities can be recognized.on the electron density in the aromatic cloud. Thus, the removal
In the low energy range, the bands with CH out-of-plane bendef an electron from ther-cloud[41,42]upon ionization causes
ing character can be fairly easily correlated, as indicated by tha red-shift of those modes on the order of 50¢miThis ob-
dotted lines irFig. 5. To the blue, in the 900-1100 cthrange,  servation correlates nicely with the DFT computed average CC
bands have NN and CN stretching and bending character, aribnd length in the six-membered ring, which is 1.408, 1.410, and
here clear differences are observable due to the attachment bf414A for the neutral, protonated, and (2H-)cationic molecule,
the proton to one of the N atoms. In the high energy range of theespectively.
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