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bstract

Protonated furan (C4H5O+, furanH+) and protonated pyrrole (C4H6N+, pyrroleH+) are generated by chemical ionization of the respective parent
olecules in the cell of an FT-ICR mass spectrometer using CH5

+/C2H5
+ as protonating agents. The protonation site is investigated by resonant

nfrared multiphoton dissociation (IRMPD) spectroscopy in the 900–1700 cm−1 fingerprint range employing the free electron laser (FEL) at
he Centre Laser Infrarouge Orsay (CLIO). Comparison with quantum chemical calculations at the B3LYP/6-311G(2df, 2pd) level of theory
emonstrates unambiguously that only the C� protonated isomers are observed, which correspond to the global minima on the potential energy
urfaces of both protonated heterocyclic molecules. Spectroscopic features corresponding to protonation at the C� atom or at the heteroatom are

ot detected. The IRMPD spectra correspond to the first spectroscopic identification of both protonated heterocyclic molecules in the gas phase.
uring the course of the experiments, the IRMPD spectrum of the furan radical cation (C4H4O+, furan+) has been detected as well. Comparison of

he IR spectra of the neutral molecules with the IRMPD spectra of the radical cation and the protonated species reveals the effects of both ionization
nd protonation on the structural properties of these fundamental heterocyclic molecules.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Proton transfer constitutes one of the most elementary chemi-
al reactions, with the proton being the conceivably most simple
eagent [1]. Protonation steps and protonation equilibria play a
rucial role in a variety of organic reaction mechanisms, ranging
rom simple ester hydrolysis to complex metal organic reactions,
s well as in biomolecular processes, such as protein folding and
cid-catalyzed enzymatic reactions [2,3].

In addition, protonation is one of the major ionization tech-

iques in mass spectrometry and thereby represents the most
imple gas phase reaction that can be realized in a mass
pectrometer. The relevance for solution phase chemistry, the

∗ Corresponding author. Tel.: +49 30 314 23017; fax: +49 30 314 23018.
E-mail address: dopfer@physik.tu-berlin.de (O. Dopfer).

t
m
i
[
e
h
i

387-3806/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2007.02.017
Reactive intermediate; Carbocation

ossibility to study protonation in a solvent free environment
ith clearly defined protonating agents and unsolvated prod-
cts, and the opportunity to use potent protonating agents for
he generation of high-energy species that would possess short
ifetimes in solution has lead to numerous studies, in which gas
hase basicities and proton affinities have been determined. An
xhaustive and frequently used compilation of these fundamen-
al thermodynamic quantities has been provided by Hunter and
ias [4].

Although thermodynamic and kinetic properties of protona-
ion and deprotonation processes are readily accessible for many

olecules by mass spectrometric studies, structural information
s often more difficult to obtain and is in some cases ambiguous

5]. An interesting problem arises for molecules with differ-
nt competing protonation sites, as in the case of the simple
eterocyclic molecules investigated in the present work. These
nclude furan and pyrrole, for which protonation can occur at

mailto:dopfer@physik.tu-berlin.de
dx.doi.org/10.1016/j.ijms.2007.02.017
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ig. 1. Structures of furan and pyrrole, their radical cations, and their protona
engths (X = C, O, N) are listed in Å to illustrate the influence of ionization and

he heteroatom or at one of the two nonequivalent carbon atoms
Fig. 1). Proton exchange in these heterocyclic molecules can
e considered as a fundamental example of the electrophilic
romatic substitution mechanism, with the proton being the elec-
rophile [2]. This reaction is known to proceed in the condensed
hase through a high-energy intermediate, namely the so-called
complex (Wheland intermediate), in which the entering elec-

rophile forms a chemical bond to one of the ring carbon atoms,
ith the concurrent loss of aromaticity [2,6,7]. Five-membered

romatic heterocycles and their derivatives are also interesting
iomolecular building blocks [3,8,9] and play an important role
n organic synthesis [10,11], polymer chemistry, and material
cience [12–14].

The challenge of characterizing protonated heterocyclic
olecules in the condensed phase has been addressed in NMR

pectroscopic studies, which generally agree that the C� proto-
ated species of furanH+ (2) and pyrroleH+ (7) correspond to
he most stable isomers [2,11,15]. For pyrroleH+, although C�

rotonation is thermodynamically favored, kinetic NMR stud-
es also reveal protonation at both N and C�, with the relative
eaction rates for proton exchange strongly depending on the sol-
ent [16–18]. In the gas phase, both C� and C� protonation has
ndirectly been evidenced from isotopic labeling and reactivity
tudies, with the ratio of both isomers strongly depending on the
xperimental conditions [19–22]. Quantum chemical calcula-
ions demonstrate that the C� protonated species corresponds to
he global minimum of the potential energy surface, whereas the

� and O/N protonated isomers are higher-energy local minima
22–27].

The aim of the present study is to gather for the first time
pectroscopic information for furanH+ and pyrroleH+ in the
as phase by means of IR spectroscopy, in order to provide
nambiguous information about the protonation site(s) observed
nder isolated conditions. Two major IR spectroscopic strategies
ave recently been developed to address the question of the struc-
ure and energetics of protonated aromatic molecules (AH+)

y direct comparison of experimental IR spectra with those
alculated by quantum chemical techniques. Both successful
pproaches rely on infrared photodissociation (IRPD) schemes
erformed in tandem mass spectrometers and details of their

d
d
m
g

olecules evaluated at the B3LYP/6-311G(2df, 2pd) level of theory. C–X bond
nation on the geometry of the aromatic ring.

pplication to (microsolvated) protonated aromatic molecules
re described in a recent review [28]. Briefly, the first method-
lgy involves single photon IRPD spectroscopy of either isolated
H+ ions or microsolvated AH+–Ln cluster ions (L = ligand) in a

andem quadrupole mass spectrometer using optical parametric
scillator laser systems in the 2500–4000 cm−1 range, in order
o probe the X–H stretch vibrations (X = C, N, O, F). Applica-
ions include the characterization of AH+(–Ln) with A = benzene
29–31], fluorobenzene [32,33], (para-halogenated) phenols
34–38], aniline [39], imidazole [40], and pyridine [31]. The
econd approach utilizes IR multiphoton dissociation (IRMPD)
pectroscopy in a Fourier transform ion cyclotron resonance
FT-ICR) mass spectrometer or a quadrupole ion trap using
igh-intensity free electron lasers (FEL) in the complemen-
ary 500–2500 cm−1 fingerprint range [41,42]. The AH+ ions
nvestigated with this technique include A = benzene [41], flu-
robenzene [43], toluene [44,45], indazole [46], phenylsilane
47], benzaldehyde [48], and benzoic acid [49]. The present
ork applies IRMPD spectroscopy to obtain the first spec-

roscopic data of isolated furanH+ (C4H5O+) and pyrroleH+

C4H6N+). In fruitful combination with quantum chemical cal-
ulations, the observed IRMPD spectra are unambiguously
ssigned to the C� protonated isomers. During the course of the
xperiments, the IRMPD spectrum of the furan radical cation
C4H4O+) has been detected as well. Comparison of the IR
pectra of the neutral molecules with the IRMPD spectra of the
adical cation and the protonated species unravels the effects of
oth ionization and protonation on the structural properties of
hese fundamental heterocyclic molecules.

. Experimental and computational methods

IRMPD spectra of mass-selected ions are recorded in a
obile FT-ICR mass spectrometer analyzer (MICRA) using

uneable IR radiation provided by the FEL at CLIO. Details
f the coupling of MICRA [50] with the FEL [51] have been

escribed previously. Briefly, furanH+ and pyrroleH+ are pro-
uced in the ICR cell by chemical ionization of the parent
olecules using methane. For this purpose, a 50 ms pulse of

aseous furan or pyrrole at pressures of 1–4 × 10−6 mbar is
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parent ion channel and the appearance signals detected in the
respective fragment ion channel(s). In addition, the positions of
the peaks in the IRMPD signals of furanH+ and furan+ are differ-
ent, indicating that there is no interference between the IRMPD
U.J. Lorenz et al. / International Journ

njected into the FT-ICR cell together with a 200 ms pulse of
H4 (10−6 mbar). The mixture is then ionized by a 100 ms elec-

ron pulse (70 eV) and left for 600 ms to equilibrate. Previous
xperiments for the reaction of protonated furan with acetone
arried out under similar FT-ICR conditions suggest that this
eaction time should be sufficient to reach equilibrium for com-
arable proton transfer reactions [23]. Mass spectra recorded
00 ms after the electron pulse indicate that C2H5

+ is by far the
redominant protonating agent, although contributions of fast
eacting CH5

+ cannot be ruled out. The species of interest is
ass-selected and then irradiated with FEL radiation for 5–10 s,
hich corresponds to a significantly longer irradiation time

roughly one order of magnitude) compared to most previous
tudies using the same experimental setup [43,44,47,48,52]. In
n attempt to record simultaneously the IRMPD spectra of both
he radical cations and the protonated species, i.e., furan(H)+ or
yrrole(H)+, both species are mass-selected in this step. There
s no interference in their IRMPD spectra because the pho-
odissociation channels of the two parent species are different
vide infra). A similar strategy has recently been applied to
btain the IRMPD spectra of indazole(H)+ and benzoic acid(H)+

46,49]. The FEL radiation is composed of 8 �s macropulses
25 Hz), each divided into 500 micropulses with a spacing of
6 ns and a width of a few ps. The mean power of typically 1 W
orresponds to micropulse and macropulse energies of 80 �J
nd 40 mJ, respectively, and to a peak power of the order of
0 MW. The FEL is operated at 45 MeV providing radiation in
he 900–1700 cm−1 spectral range, with a typical bandwidth of
.5% for the central wavelength. After irradiation, mass spec-
ra are recorded at each wavelength of the IR laser in order
o monitor parent and fragment ions. For each wavelength, the

ass spectrum is obtained as the Fourier transform of the sig-
als accumulated over five sequences. The IRMPD efficiency
s evaluated as R = −ln[Iparent/(Iparent + Ifragments)]. The R val-
es are not corrected for laser intensity variations. However, the
pectral dependence of the laser power as a function of the laser
requency is shown along with the experimental IRMPD spec-
ra. For further details of the IRMPD technique along with some
heoretical considerations of the process, the reader is referred
o a recent review article [42].

Quantum chemical calculations are performed for furanH+

nd pyrroleH+ at the B3LYP/6-311G(2df, 2pd) level of theory
n order to evaluate their potential energy surfaces (PES) [53].
revious calculations revealed that this theoretical level reliably
escribes the PES of protonated aromatic molecules, with an
ccuracy similar to the MP2/6-311G(2df, 2pd) level [32,35]. Par-
icular attention is paid to molecular structures, relative energies,
nd IR spectra of relevant potential minima, as well as feasi-
le paths for isomerization and fragmentation. For comparison,
dditional calculations are carried out at the same theoretical
evel for the corresponding neutral molecules and their radi-
al cations. All energies of stationary points are corrected for
ero-point energies determined from harmonic vibrational wave

umbers. For comparison with experimental IRMPD spectra,
alculated harmonic vibrational wave numbers are scaled by a
actor of 0.979 to account for anharmonicity. This scaling factor
s derived from optimizing the agreement between experimental

F
v
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54] and calculated frequencies of neutral furan and pyrrole in
he 900–1800 cm−1 range.

. Results and discussion

.1. IRMPD spectra

Fig. 2 reproduces the IRMPD signals recorded for furanH+,
yrroleH+, and furan+. The IRMPD signals of furanH+

m = 69 u) and pyrroleH+ (m = 68 u) are exclusively observed
n a single fragment channel, corresponding to elimination of
O (m = 41 u) and [HNC] (m = 41 u), respectively. In contrast,

RMPD signals of the furan radical cation (m = 68 u) are detected
n three different fragment channels, corresponding to loss of CO
m = 40 u), C2H2 (m = 42 u), and [HCO] (m = 39 u), with inte-
rated branching ratios of 92:5:3. In general, there is a good
orrespondence between the signal depletion observed in the
ig. 2. IRMPD signals of furanH+ (a), pyrroleH+ (b), and furan+ (c) recorded in
arious fragment channels. The laser power as a function of the IR wave number
s shown in (d).
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ig. 3. Schematic potential energy surfaces of protonated furan and protonated
ndicate the excess energies for protonation with CH5

+ and C2H5
+. More detail

pectra of both species, although they are recorded simultane-
usly. In addition to the IRMPD signals, Fig. 2 displays the
aser power as a function of the IR wave number. The transi-
ions observed in the IRMPD spectra have a typical width of
he order of 50 cm−1, although the widths of single transitions
re as narrow as 30 cm−1 after peak deconvolution of partially
verlapping vibrational absorptions.

Efforts in recording an IRMPD spectrum of the pyrrole
adical cation have failed, probably due to the low IRMPD
fficiency arising from inefficient intramolecular energy redis-
ribution and/or its high dissociation energy. Similarly, efforts
n recording IRMPD spectra of imidazoleH+ and pyridineH+

ave been unsuccessful, despite the relatively long irradiation
imes of 5–10 s.

.2. FuranH+

Furan is a planar heterocyclic aromatic molecule (C2v) offer-
ng three distinguishable protonation sites. Protonation can
ccur at the C� and C� atoms (2, 3) as well as at the O atom (1).
heir structures obtained at the B3LYP/6-311G(2df, 2pd) level
re shown in Fig. 1. Their relative energies as well as other parts
f the PES of furanH+ relevant for isomerization and fragmen-
ation processes are displayed in Fig. 3. In contrast to the three �
omplexes (1–3), stable � complexes of a proton and furan could
ot be located as minima on the PES [29,55]. In agreement with
revious theoretical studies [23–27], the relative energies of the
omplexes increase in the order 2 < 3 < 1 (0 < 48 < 123 kJ/mol).
he derived proton affinities of 826, 778, and 703 kJ/mol for C�,
�, and O protonation are in reasonable agreement with recent
alues derived at the G3 level (815, 771, and 699 kJ/mol) [23],
emonstrating that the B3LYP/6-311G(2df, 2pd) level chosen in
he present work reliably describes the properties of these hete-
ocyclic species. The proton affinity calculated for protonation
t C�, 826 kJ/mol, is in fair agreement with the experimental
alue of 812 kJ/mol determined by FT-ICR mass spectrometry
19,20,23], which is somewhat higher than the recommended
nd tabulated value obtained from high pressure mass spectrom-

try (803 kJ/mol) [4]. The calculated difference in the proton
ffinities for C� and C� protonation, 48 kJ/mol, is somewhat
arger than the experimental estimate, 16 ± 5 kJ/mol [20]. The
arriers for interconversion between the three minimum struc-

m
w
d
v

le evaluated at the B3LYP/6-311G(2df, 2pd) level of theory. The dashed lines
ut the stationary points are given in the supplementary material.

ures are larger than 50 kJ/mol, suggesting that, in principle,
hey could all be produced in noticeable abundances in suit-
ble ion sources [32,35]. The PES in Fig. 3 also shows that
rotonation of furan is energetically feasible at all three proto-
ation sites using CH5

+ and/or C2H5
+ as protonating agent. In

he condensed phase, protonation of furan occurs predominantly
n C� position, which is particularly relevant in electrophilic
ubstitution reactions [2]. In the gas phase, mass spectromet-
ic studies have demonstrated preferred protonation at the C�

osition [19,20]. Interestingly, preferentially C� protonation of
uran was observed in a radiolytic study using very exothermic
rotonation with 3He3H+ and rationalized by kinetic rather than
hermodynamic arguments [21].

Comparison of the structural parameters of furan and the vari-
us furanH+ isomers (Fig. 1) demonstrates the massive effects of
rotonation on the geometry of the heterocyclic molecule, which
rastically depend on the protonation site [24,26,27]. Signifi-
antly, protonation destroys the aromaticity of the six available

electrons, in particular for the C protonated species. The
ffects most relevant for the present work are the protonation-
nduced changes in the C–C and C–O bond lengths. For example,

� protonation (at C2) induces large elongations of the C2–O,
2–C3, and C4–C5 bonds, and corresponding contractions of

he C3–C4 and C5–O bonds. These structural changes translate
irectly into modifications of the force constants of the associ-
ted vibrational coordinates, and thus lead to clearly different IR
pectra predicted for the various furanH+ isomers. Fig. 4 com-
ares the linear IR absorption spectra calculated for the three
avorable furanH+ isomers in the fingerprint range of the skeletal
ing stretching and bending modes (900–1800 cm−1). Inspec-
ion of Fig. 4 reveals that the IR spectra of all three isomers
re very different in this spectral range, indicating that IR spec-
roscopy provides an unambiguous diagnostic tool to distinguish
etween them. Comparison with the measured IRMPD spectrum
n Fig. 4 leads to the straightforward conclusion that the carrier
f the band observed in the experimental spectrum is clearly
he most stable C� protonated furanH+ isomer (2). No spectral
ignatures of the other two isomers are visible in the experi-

ental spectrum. The IRMPD spectrum displays a single band
ith a maximum at 1398 cm−1, a total width of 65 cm−1, and a
epletion of the parent ion signal of the order of 45%. Decon-
olution of the feature in two partly resolved bands assuming
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Fig. 4. Comparison of experimental IRMPD spectra (R) of furanH+ (a),
pyrroleH+ (b), and furan+ (c) to linear IR absorption spectra (km/mol) of possi-
ble isomers calculated at the B3LYP/6-311G(2df, 2pd) level of theory (scaling
factor of 0.979, convolution width of 50 cm−1).
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ig. 5. Selected normal coordinates of furan(+), pyrrole, furanH+ (2), and
yrroleH+ (7) along with symmetries and scaled wave numbers.

aussian line shapes and using a convolution width of 39 cm−1

esults in two components centered at 1374 and 1407 cm−1 with
elative weights of 1:1.15. These contributions can readily be
ssigned to the two unresolved overlapping fundamentals of 2
redicted to occur at 1391 cm−1 (89 km/mol) and 1444 cm−1

134 km/mol). The 1444 cm−1 mode corresponds mainly to a
tretching motion of the C4–C5 bond, whereas the 1391 cm−1

ode is best described as a scissoring motion of the two H atoms
f the aliphatic CH2 group (Fig. 5). The asymmetric band profile
bserved in the experimental spectrum is consistent with the two
redicted close-lying fundamentals featuring similar IR inten-
ity. Other peaks occurring in the linear IR absorption spectrum
f 2 are not present in the IRMPD spectrum, probably because
heir IR oscillator strengths (<40 km/mol) are below the critical
hreshold for efficient IRMPD (Ith, ∼50 km/mol). The suppres-
ion of weakly IR-active modes in IRMPD spectra recorded

ith the same experimental setup has previously been reported

or a variety of molecular ions with similarly high fragmenta-
ion thresholds [41,43]. Systematic studies for strongly bound
ystems, such as Fe(CH3OCH3)2

+ [51], demonstrated that the
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elative intensities of the IRMPD signals can strongly vary with
he laser power and the IR oscillator strengths of the considered
ibrational resonances. Another important factor influencing the
RPMD efficiency of a particular vibrational mode is the rate of
ntramolecular vibrational energy redistribution (IVR), which is
n essential requirement for the IRMPD process to occur [42].
t is thus conceivable that for small molecular ions with high
issociation thresholds and low IVR rates after absorption of
he first few IR photons, the IRMPD efficiency may converge to
ero for weakly IR-active modes with intensities below a criti-
al threshold Ith (typically of the order of 50 km/mol), even for
he largest IR laser power available (∼1 W) and the relatively
ong irradiation time applied in the present work (up to 10 s).
s a consequence, it is possible that any O protonated species
f furanH+ (1) may have escaped IRMPD detection, because
he most intense transitions have calculated IR intensities of
ess than 50 km/mol in the considered spectral range, whereas
he C� protonated furanH+ isomer (3), which features a suffi-
iently intense band at 1261 cm−1 (102 km/mol) to be detected
y IRMPD, is clearly absent in the experimental spectrum.

The exclusive observation of C� protonated furanH+ (2) in
he IRMPD spectrum may be rationalized by exothermic proton
ransfer reactions of the higher-energy furanH+ isomers 1 and

with neutral furan molecules. As the gas mixture in the ICR
ell has not been irradiated for 600 ms after the chemical ioniza-
ion process, it can be assumed that by the time of the IRMPD

easurement a thermodynamic equilibrium between the dif-
erent furanH+ isomers has been established through collisions
etween protonated and neutral furan molecules [23]. According
o the calculated proton affinities of 1–3 and an effective temper-
ture of the order of 350–400 K in the ICR cell [56], any initially
roduced isomers 1 and 3 will be converted into 2 [23,43]. In
act, the proton affinity of furan, as determined in similar ICR
xperiments, agrees well with the proton affinity calculated for
� protonation, confirming that in ICR experiments only the
ost stable furanH+ isomer is present after equilibration [23].
In a next step, possible photodissociation mechanisms of

uranH+ are considered. Interestingly, the dissociation pathways
f even small protonated heterocyclic molecules are not well
haracterized. The elimination of CO from furanH+ is the only
ragmentation process observed upon IRMPD under the present
xperimental conditions. Two major classes of mechanisms
ppear to be feasible and they are investigated and discussed
n more detail for isomer 2. The first type (A) involves a 1,2 H
hift followed by ring opening and subsequent CO dissociation,
hereas in the second type (B) the ring opening precedes the
,2 H shift. Following mechanism A, a 1,2 shift of the olefinic
5 atom of the nonprotonated C5 atom of 2 toward the neigh-
oring C4 atom is required to create a CO moiety ready for
limination. The activation barrier for this shift in 2 is calcu-
ated to be rather high (439 kJ/mol), because the corresponding
ntermediate can be formulated either as a carbenoid or as a
iradical species with high energy content. Any other possible

� shift in 1 or 3 will also result in a species with these char-

cteristics, which altogether renders mechanism A unlikely to
ccur. Mechanism B starts with ring opening by breaking one
f the C–C or C–O bonds. Calculations demonstrate that only

t
u

t
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hose compounds resulting from ring opening of 1–3 can real-
stically appear as intermediates that do not possess carbenoid
haracter. Cleavage of the C3–C4 bond in 1–3 is not considered
ecause it leads to an open-chain product, which necessarily
as to undergo a number of further substantial rearrangements
efore CO can be eliminated. Cleavage of either the C2–C3
r the C4–C5 bond in 2 results in carbenoid or diradical com-
ounds, which are calculated to possess a similarly high energy
ontent as the product of the H5 shift in 2 (in mechanism A).
nly cleavage of the O–C2 bond in 2 leads to a relatively sta-
le intermediate, whereas rupture of the O–C5 bond results in
nergetically unfavorable species. Fig. 3 illustrates the dissoci-
tion pathway with the lowest barrier found in the present work
see supplementary material for details of the stationary points).
ing opening of 2 requires 184 kJ/mol to give an open-chain
roduct 4 (H2C–CH–CH–CHO+). In accord with Hammond’s
ostulate, the transition state closely resembles 4, and the barrier
or the reverse reaction is only 1 kJ/mol. The positive charge is
elocalized in the � system of the H2C–CH–CH moiety, and the
ormyl group is rotated out of the plane of the molecule in order
o avoid allylic strain. In a second step, a shift of the former H5
tom involving a barrier of 36 kJ/mol leads to 5, which is best
escribed as a strongly bound complex of the allyl cation and CO
H2C–CH–CH2

+–CO) with a dissociation energy of 95 kJ/mol.
ence, the overall barrier for dissociation of 2 into C3H5

+ and
O requires 220 kJ/mol, which corresponds to approximately
3 IR photons with 1400 cm−1.

.3. PyrroleH+

Similar to furan, pyrrole is a planar heterocyclic aromatic
olecule (C2v) offering three nonequivalent protonation sites.
rotonation can occur at C� and C� (7, 8) as well as at N (6).
heir structures are compared in Fig. 1, and their relative ener-
ies as well as other relevant parts of the PES of pyrroleH+

re displayed in Fig. 3. In agreement with previous theoretical
tudies [22,24,26,27], the relative energies increase in the order
< 8 < 6 (0 < 22 < 87 kJ/mol). The proton affinities of 881, 859,
nd 794 kJ/mol are close to values derived at the G3 level (874,
55, and 797 kJ/mol) [25]. The proton affinity calculated for
� protonation, 881 kJ/mol, is in fair agreement with the rec-
mmended experimental value of 875 kJ/mol [4]. The predicted
ifference in the proton affinities for C� and C� protonation,
2 kJ/mol, is smaller than for the case of furanH+, in line with the
xperimental value, 6 ± 6 kJ/mol [20]. The barriers for intercon-
ersion between the three minimum structures are again large,
uggesting that they could all be produced in noticeable abun-
ances [32,35]. The PES in Fig. 3 also shows that protonation
f pyrrole at all three protonation sites is an exothermic pro-
ess using CH5

+ and/or C2H5
+ as protonating agent. In fact,

rotonation of pyrrole at both C atoms has been inferred for pro-
onation with C4H9

+ and NH4
+ in a neutralization–reionization

ass spectrometric study [22]. Similar to furanH+, C� protona-

ion of pyrrole was predominantly observed in a radiolytic study
sing protonation with 3He3H+ [21].

Comparison of the structural parameters of pyrrole and
he various pyrroleH+ isomers (Fig. 1) emphasizes again the
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ignificant effects of protonation on the geometry of the hetero-
yclic molecule [22,26,27]. In analogy to furan, C� protonation
at C2) induces large elongations of the C2–N, C2–C3, and
4–C5 bonds, and concurrent contractions of the C3–C4 and
5–N bonds. Fig. 4 compares the linear IR absorption spec-

ra calculated for the three considered pyrroleH+ isomers in the
ngerprint range (900–1800 cm−1). The IR spectra of all three

somers are clearly very different in this spectral range, indicat-
ng that they can readily be distinguished by IR spectroscopy.
omparison of the theoretical spectra with the measured one

uggests the most stable C� protonated pyrroleH+ isomer (7) to
e the carrier of the features in the IRMPD spectrum (Fig. 4). The
ost intense transitions predicted for the other two isomers (6,

) in the investigated spectral range are absent in the experimen-
al spectrum. The IRMPD spectrum exhibits a broad and intense
ransition with a maximum at 1426 cm−1, a width of 50 cm−1

nd a parent depletion efficiency of 17%. Motivated by the com-
arison to the theoretical spectrum of 7, the IRMPD feature is
econvoluted into three components centered at 1372, 1426, and
470 ± 11 cm−1 with a width of 50 cm−1 and relative weights of
.0, 3.4, and 0.1 ± 0.05. Only the calculated IR spectrum of C�

rotonated pyrroleH+ (7) can account for the observed feature.
he two high-frequency components at 1426 and 1470 cm−1 are
ttributed to the two overlapping fundamentals of 7 predicted to
ccur at 1457 cm−1 (94 km/mol) and 1495 cm−1 (40 km/mol).
he 1495 cm−1 mode corresponds mainly to a symmetric stretch
f the C3–C4 and C5–N bonds, whereas the 1457 cm−1 vibra-
ion is dominated by the in-plane N–H bend motion (Fig. 5).
he 1372 cm−1 shoulder is assigned to the scissoring motion of

he aliphatic CH2 group, which compares well with the cal-
ulated frequency of 1369 cm−1 (45 km/mol). Weaker peaks
redicted in the linear IR absorption spectrum of 7 are not
resent in the IRMPD spectrum due to their low IR oscillator
trengths (<25 km/mol). The predicted IR spectra of C� (8) and

(6) protonated pyrroleH+ feature absorptions near 1303 cm−1

48 km/mol) and 1224 cm−1 (61 km/mol), respectively, which
re clearly absent in the experimental IRMPD spectrum. As
hese intensities are close to the limit for IRMPD detection, it is
nclear at present whether 6 and/or 8 could have escaped spectro-
copic detection due to inefficient IR multiphoton absorption or
hether they are of low concentration in the assayed pyrroleH+

ample. Similar to furanH+, the exclusive observation of C� pro-
onated pyrroleH+ (7) may also be rationalized by exothermic
roton transfer from the higher-energy pyrroleH+ isomers 6 and
to neutral pyrrole to yield 7.
[HNC] elimination is the only fragmentation process

bserved upon IRMPD of pyrroleH+. In analogy to CO loss
f furanH+ (Fig. 3), the proposed fragmentation path for [HNC]
limination of pyrroleH+ (7) corresponds to initial ring opening
y rupture of the N–C2 bond (barrier of 270 kJ/mol) leading to 9
H2C–CH–CH–CHNH+). This step is followed by a shift of the
ormer H5 atom (barrier of 67 kJ/mol) leading to 10, a strongly
ound complex of the allyl cation with HNC (dissociation energy

f 218 kJ/mol). The overall reaction requires 349 kJ/mol, which
orresponds to 21 IR photons with 1400 cm−1. Hence, HNC
limination of pyrroleH+ is much more endothermic than CO
limination of furanH+, which is consistent with the signifi-

n
a
m
m

Mass Spectrometry 267 (2007) 43–53 49

antly lower IRMPD efficiency of the former molecule (17%
ersus 45%) under otherwise comparable conditions.

.4. Furan+

The structure and the vibrational properties of furan in its
lanar neutral ground electronic state (1A1, C2v) are well charac-
erized by microwave and IR spectroscopy [54,57]. A plethora of
ow-resolution photoelectron spectroscopic studies have estab-
ished that the ground electronic state of the planar furan radical
ation (2A2) results from removal of a � electron out of the
ighest occupied molecular orbital, which is of a2 symmetry
58–63]. From the analysis of the vibrational substructure of
he first photoelectron band, the frequencies of three vibrational

odes in the 2A2 state of furan+ have been determined as 104,
33, and 176 meV (839, 1073, and 1420 cm−1) [59,60]. Their
ssignments have been confirmed by theoretical calculations,
aking into account Franck–Condon factors and vibronic cou-
ling [64–67].

The energetics and dynamics of the (photo)dissociation
rocess of furan+ have also been investigated by various
ass spectrometric and spectroscopic techniques, including

harge exchange [68], resonance-enhanced multiphoton ioniza-
ion [69,70], photoionization [59,63], photoelectron–photoion
oincidence [71,72], and fixed frequency IRMPD using a CO2
aser [73]. The main result from this work is the existence of
hree relevant low-lying dissociation channels of furan+, leading
o C3H4

+ (CO loss), C2H2O+ (C2H2 loss), and C3H3
+ ([HCO]

oss), with appearance energies of 2.72 < 2.92 < 3.22 eV as mea-
ured by photoionization [71]. The measured appearance energy
or CO elimination (2.72 eV, 262 kJ/mol) is close to the ther-
ochemical threshold for the generation of propyne+ (2.61 eV,

52 kJ/mol) but significantly higher than the one for allene+

2.00 eV, 193 kJ/mol) [71]. As the mechanism for CO elimi-
ation is complex [63,74], the structure of the generated C3H4

+

on is unclear at present, although the lower-energy allene+ has
een favored from both experimental and theoretical arguments
63,71]. Preliminary investigations of the potential energy sur-
ace suggest that CO elimination involves in both cases initial
ydrogen migration followed by C–C bond fission, with slightly
ower barriers for the production of allene+ [63]. The appear-
nce energy for C2H2 loss (2.92 eV, 282 kJ/mol) is merely 0.2 eV
19 kJ/mol) higher than the one for CO loss [71], and calculations
uggest that the product ion is ketene+, generated by a dissocia-
ion path similar to the one leading to allene+ [63]. In contrast, the
ppearance energy for [HCO] loss (3.22 eV, 311 kJ/mol), most
ikely leading to cyclopropenyl+ rather than propargyl+, is sub-
tantially higher than for CO elimination (by 0.5 eV, 48 kJ/mol)
71]. Interestingly, although these three fragmentation channels
re relatively close in energy, the recent IRMPD study of furan+

sing a high power CO2 laser (1000 mW) with hν = 0.13 eV
ν = 1025 cm−1) demonstrates the predominant production of
3H4

+, which corresponds to the lowest-energy fragment chan-

el [73]. Almost no signal was detected in the C2H2 loss channel,
lthough this process requires just the absorption of one or two
ore IR photon(s) [71,73]. This behaviour was rationalized by
odeling of the IRMPD process at typical experimental condi-
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Fig. 6. Linear IR absorption spectra of furan, furan+, furanH+ (2), pyrrole, pyrrole+, and pyrroleH+ (7) calculated at the B3LYP/6-311G(2df, 2pd) level of theory
(scaling factor of 0.979, convolution width of 50 cm−1) are compared to the IR absorption spectra of furan and pyrrole (taken from Ref. [81]) and IRMPD spectra
( tral m
c ot inc
p 1).
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R) of furan+, furanH+, and pyrroleH+. The vibrational assignments for the neu
ombination bands and hot bands in the experimental IR spectra, which are n
osition of the CO2 laser frequency used in Ref. [73] for IRMPD (ν = 1025 cm−

ions, with the main result that the ion undergoes fragmentation,
s soon as it has absorbed enough IR photons (>20) required
or reaching the lowest limit for dissociation [73]. Under these
pparently slow heating conditions, the dissociation rate is faster
han the rate of photon absorption.

Fig. 2 shows the IRMPD signals of the furan+ radical
ation recorded in the three lowest-energy fragment chan-
els. No other laser-induced fragment ions are observed upon
RMPD under the present experimental conditions. The spectral
epletion observed in the parent ion signal shows good cor-
espondence with the appearance signals in all three fragment
on channels, although the fragmentation branching ratios are
trongly in favor of the lowest dissociation channel (C3H4

+).

n the investigated 900–1700 cm−1 range, the IRMPD spec-
rum (Fig. 4) displays a single feature with a maximum at
363 cm−1, a width of 43 cm−1, and a depletion efficiency of
2%. Deconvolution of the feature into two components using

s
I
s
f

olecules are taken from Ref. [54]. Asterisks indicate assignments to overtones,
luded in the theoretical spectra. The arrows in the furan+ spectra indicate the

convolution width of 31 cm−1 yields two transitions cen-
ered at 1354 and 1377 cm−1 with relative weights of 1.8:1. In
eneral, the observed IRMPD spectrum is consistent with the
inear IR absorption spectrum predicted for furan+. Comparison
etween both spectra suggests an assignment of the more intense
354 cm−1 component of the IRMPD feature to the asymmetric
tretch of the C2–C3 and C4–C5 bonds, ν17(b2), calculated at
379 cm−1 (143 km/mol), whereas the less intense component
iving rise to the high-frequency shoulder of the IRMPD fea-
ure is attributed to the corresponding symmetric stretch, ν3(a1),
redicted to occur at 1415 cm−1 (53 km/mol). Less intense tran-
itions in the calculated furan+ spectrum, such as the feature
t 1043 cm−1 (48 km/mol), are not observed in the IRMPD

pectrum, because of low IRMPD efficiency (I < 50 km/mol).
nterestingly, the frequency of ν3(a1) extracted from the IRMPD
pectrum (1377 cm−1) is significantly lower than the one derived
rom He(I) photoelectron spectroscopy (1420 cm−1) [60]. It is
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nclear whether this discrepancy results from the low resolu-
ion of the photoelectron spectrum or from a frequency red shift
rising from the subtle details of the IRMPD process. Previ-
us IRMPD studies of molecules featuring two close-lying IR
bsorptions, like in the case here for furan+, demonstrated that
he multiphotonic character of IRMPD affects both the posi-
ion and relative intensity of the two transitions [56,75–78]. An
lternative explanation might be that the ν3(a1) mode is in fact
ot observed in the IRMPD spectrum due to low IR intensity
53 km/mol) and that the shoulder of the 1354 cm−1 band arises
rom an asymmetric IRMPD profile of the ν17(b2) alone.

It is interesting to compare the structures and IR spectra of
uran, furan+, and furanH+ in order to derive the changes in
he chemical bond properties upon both ionization and proto-
ation (Figs. 1 and 6). As a general trend, the IR spectra of all
hree species in their ground electronic states are rather different
n appearance with respect to both frequencies and IR intensi-
ies. The same is true for the corresponding pyrrole species.
emoval of a single bonding � electron out of the a2 orbital of

uran weakens the C2–C3 and C4–C5 bonds. This observation is
onsistent with the shape of the a2 molecular orbital, featuring
node in the symmetry plane bisecting the C3–C4 bonds and

o nodes along the C2–C3 and C4–C5 bonds. As a result, the
2–C3 and C4–C5 bonds elongate considerably on ionization

Fig. 1), and the frequencies of the symmetric and antisymmet-
ic stretches of both C–C bonds are reduced from ν3(a1) = 1481
o 1415 cm−1 and from ν17(b2) = 1563 to 1379 cm−1, respec-
ively [54]. In addition, the B3LYP calculations predict a switch
n the order of the frequency and IR intensity of ν3(a1) and
17(b2), indicating the substantial influence of ionization out
f the a2 orbital on the coupling between the two C–C stretch
odes. All these theoretical predictions are fully consistent with

he experimental IR spectra. Protonation at any of the C atoms
as a rather dramatic effect on the geometry and on the vibra-
ional mode structure in the fingerprint range. Thus, although the
RMPD spectra of furan+ and furanH+ look similar, the type of
ibrations giving rise to the strong IR absorptions are rather dif-
erent. For example, in contrast to furan+, the IRMPD spectrum
f furanH+ features the CH2 scissoring mode, which is char-
cteristic of the C protonated species and frequently observed
s strongly IR-active mode in IRMPD spectra of protonated
romatic molecules (AH+). The frequencies of the scissoring
ode can strongly vary as a function of AH+, with values

f 1374 cm−1 (furanH+), 1372 cm−1 (pyrroleH+), 1225 cm−1

benzeneH+) [41,43], 1260 cm−1 (fluorobenzeneH+) [43], and
252 cm−1 (tolueneH+) [44]. It appears that the scissoring
requency is slightly higher for the five-membered hetero-
yclic molecules than for the six-membered benzene derivatives.
his observation is mainly attributed to different degrees of

ocal mode mixing with in-plane ring vibrations occurring in
he same frequency range and possessing the same symmetry
Fig. 5).

In a previous study, Wu and Stace employed IRMPD of

uran+ to investigate experimentally and theoretically the com-
etition between the different decomposition channels [73]. In
his study, a CO2 laser was employed with a fixed frequency
f ν = 1025 cm−1, a typical average power of around 1000 mW

a
f
c
w
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nd an irradiation time of the order of 1 s. The main dissociation
hannel observed under these relatively slow heating conditions
f the molecule corresponded to CO elimination, whereas the
igher lying dissociation channels were largely suppressed. For
xample, almost no C2H2 loss could be detected, although the
ppearance threshold for this channel is only 0.2 eV higher than
he one for CO loss, that is C2H2 elimination requires one to two
hotons more than CO elimination (23 photons [71]). From this
esult, the authors concluded that under their conditions stepwise
hotoexcitation leads to prompt fragmentation once the thresh-
ld for dissociation into the lowest-energy channel is exceeded.
n contrast to this previous IRMPD study using a fixed frequency
O2 laser, the present study employs a tuneable FEL laser with

imilar average power (1 W) but rather different peak power
rising from different pulse sequences. This change in radiation
ource has the following important consequences. First, as can be
een from the calculated spectrum in Fig. 6, furan+ has no strong
R-active resonance at the CO2 laser frequency (1025 cm−1,
arked by an arrow), i.e., the IRMPD process in Ref. [73] largely

elies on nonresonant or only near resonant processes. Interest-
ngly, no IRMPD could be detected in the present FEL study at
025 cm−1, although similar average IR laser power and 5–10
imes longer irradiation times have been used. This observation
s attributed to significantly less efficient overlap between the
on cloud in the MICRA cell and the FEL laser beam as com-
ared to the previous study using an ion trap and a CO2 laser
73]. Previous IRMPD studies on the same molecular ion using
he CLIO FEL and two different ion traps, namely the FT-ICR

ICRA and a Paul-type ion trap, indeed confirm that the overlap
f the FEL with the ion cloud in MICRA is less optimal lead-
ng to reduced IRMPD efficiencies [52]. Second, the structure
f the FEL pulses at CLIO appears to heat the molecule faster
han the CO2 laser, because resonant absorption of furan+ near
he strongly IR-active modes ν3/17 at around 1370 cm−1 allowed
or the significant detection of the higher-energy C2H2 (5%) and
HCO] loss (3%) channels, in addition to the predominant CO
oss channel (92%). Hence, comparison of both IRMPD stud-
es clearly demonstrates that the branching ratios for competing
issociation channels strongly depend on the time structure of
he IR laser source, and not only on the average IR power. More-
ver, the branching ratios may also sensitively depend on the IR
aser frequency. While slow nonresonant heating using the CO2
aser may strongly favor the lowest-energy fragment channel
73], fast resonant heating using the FEL increases the proba-
ility to promote dissociation into higher lying fragmentation
hannels [78]. This is in line with the recent observations made
n an IRMPD study of the protonated dimers of simple alco-
ols, where two reaction channels with different barriers are
ompeting [79].

.5. Dissociation energies and IRMPD yields

According to Ref. [71] and the present calculations, the

ppearance energies for photofragmentation rise in the order
uranH+ < furan+ < pyrroleH+ (219 < 262 < 349 kJ/mol), which
orrespond to the absorption of around 13 < 16 < 21 photons
ith 1400 cm−1. This result is consistent with the decreasing
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fficiency (45 > 32 > 17%) observed for resonant IRMPD
ear 1400 cm−1 for transitions with comparable IR oscillator
trengths.

In contrast to furan+, furanH+, and pyrroleH+, efforts in
ecording IRMPD spectra of the related heterocyclic molecules
yrrole+, imidazoleH+, and pyridineH+ were unsuccessful under
imilar experimental conditions, despite the application of
elatively high laser intensities (∼1 W) and relatively long
rradiation times (∼10 s). The failure cannot be attributed to
nsufficient ion concentrations, as all ions could be produced
ith similar yields by chemical ionization in the ICR cell. As the

R-active modes of N protonated pyridineH+ and imidazoleH+

ave calculated oscillator strengths below 50 km/mol in the
nvestigated spectral range [40], these ions may simply not
ragment due to inefficient multiphoton absorption. In con-
rast, pyrrole+ possesses sufficiently strong absorptions to be
etectable with IRMPD in the investigated spectral range, with
ntensities larger than 100 km/mol (Fig. 6). Hence, the failure for
bservation of IRMPD of pyrrole+ must arise either from slow
ntramolecular vibrational energy redistribution rates and/or its
arge binding energy (331 kJ/mol [80]). Both reasons may also
pply to imidazoleH+ and pyridineH+. N containing heterocyclic
ons have usually large thermodynamic thresholds for disso-
iation, as the lowest dissociation channel often involves the
limination of the relatively unstable HNC molecule [81,82]. In
his context, it is interesting to note that several attempts to record
n IRMPD spectrum of benzene+ have failed [41], whereas
RMPD spectra could readily be obtained for a large variety of
arger polycyclic aromatic hydrocarbon radical cations (PAH+)
42,77]. Consequently, the IR spectrum of benzene+ could so far
nly be inferred from IRPD of weakly bound C6H6

+–Ln clusters
83–90].

. Conclusions

For the first time, the protonation sites of the fundamental
eterocyclic aromatic molecules furan and pyrrole have been
haracterized in the gas phase by spectroscopic tools. Protonated
uran and pyrrole have been generated by chemical ionization
sing CH5

+ and/or C2H5
+ in a FT-ICR mass spectrometer and

haracterized by IRMPD spectroscopy in the fingerprint range
sing the FEL at CLIO. Comparison with B3LYP/6-311G(2df,
pd) calculations demonstrates unambiguously that only the C�

rotonated isomers are observed, which correspond to the global
inima on the PES of both protonated heterocyclic molecules.
o signatures of the less stable isomers corresponding to pro-

onation at the C� atom or the heteroatom are detected. The
RMPD spectrum of the furan radical cation has been detected
s well. Comparison of the IR spectra of the neutral molecules
ith the IRMPD spectra of the radical cation and the protonated

pecies are consistent with the geometrical changes predicted for
onization out of the a2 orbital and protonation at C�, respec-
ively. Future experiments aim at the investigation of isolated and
icrosolvated furanH+ and pyrroleH+ ions in the X–H stretch
egion (X = C, O, N) by IRPD spectroscopy [91–93] in order to
haracterize both the less stable C� and O/N protonated isomers
generated in a supersonic plasma expansion) and the effects of

[
[

[
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tepwise solvation on the properties of the protonation process
f these fundamental heterocyclic molecules [29–40].

upporting information

The supporting information supplies energetic, structural and
ibrational data of relevant stationary points on the PES of furan,
yrrole, furan(H)+ and pyrrole(H)+.
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