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Gas-phase Protonation of Pyridine. A
Variable-time Neutralization–Reionization and Ab
Initio Study of Pyridinium Radicals
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was studied by variable-time neutralization–reionization mass spectrometry and ab initio calculations. N-
Protonation was found to occur exclusively for through and predominantly for TheCH

3
NH

3
‘ H

3
O‘ CH

5
‘.

calculated MP2/6–311G(2d,p) energies gave the proton affinities of N, C-2, C-3 and C-4 in pyridine as 924, 658,
686 and 637 kJ mol—1, respectively, which were in good agreement with previous experimental and theoretical
results. Vertical neutralization of the N-protonated isomer (1H‘) was accompanied by moderate Franck–Condon
e†ects that deposited 20–21 kJ mol—1 in the 1H-pyridinium radicals formed. was calculated by(1H~) 1H~
UMP2/6–311G(2d,p) and B3LYP/6–311G(2d,p) to be a bound species in its ground electronic state. A substantial
fraction of stable was detected in the spectra, which depended on the precursor ion internal energy. Deuterium1H~
labeling showed a speciÐc loss of the N-bound hydrogen or deuterium in the radicals. The speciÐcity increased with
increasing internal energy in the radicals and decreasing contribution of ion dissociations following reionization.
Variable-time measurements established speciÐc loss of the N-bound deuterium also in dissociating low-energy

Loss of hydrogen from 1H‘ cations following reionization was highly endothermic and was accompanied by1D~.
rearrangements that partially scrambled the ring hydrogens.
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INTRODUCTION

Pyridine (1) and its substituted derivatives have been
used as reference bases in numerous gas-phase basicity
measurements and their proton affinities are well
known.1,2 Protonation of gaseous pyridine presumably
takes place at the nitrogen atom rather than in one of
the ring positions, by analogy with the formation of
pyridinium salts in solution.3 Experimental proton
affinities of the C-2, C-3 and C-4 ring carbons in pyri-
dine are unknown. However, recent ab initio calcu-
lations showed convincingly that the nitrogen atom is
by far the most basic site in gaseous pyridine, followed
by C-3, C-2 and C-4 in order of decreasing proton affin-
ities.4 Equilibrium gas-phase basicity measurements
probe the most basic site in the molecule, e.g. the nitro-
gen atom in pyridine. In contrast, chemical ionization
with gas-phase acids much stronger than pyridinium
(1H`) can result in proton transfer to the less basic C-2
through C-4 positions to form the less stable tautomers
2H` through 4H`. For example, protonation of these
positions with of proton affinityCH5` PA(CH4) \
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kJ mol~1 (Refs 2 and 5) is estimated to be [90545È552
kJ mol~1 exothermic4 and could occur under chemical
ionization conditions.

We have shown recently, having followed a previous
study by Harrison and co-workers,6 that protonation
sites in gaseous heterocycles can be determined by com-
bining neutralizationÈreionization mass spectrometry
(NRMS)7 with deuterium labeling.8 Our approach was
to distinguish by labeling the hydrogen atoms present in
the gaseous molecule from the proton introduced by the
gas-phase acid and to use unimolecular dissociations of
radical intermediates, generated by vertical reduction,
to determine the site of proton or deuteron attachment
in the ion (Scheme 1). For pyridine in particular, gas-
phase deuteronation at the nitrogen atom creates a
stable aromatic cation 1D`. Vertical neutralization con-
verts 1D` to the anti-aromatic radical which has1D~,
the same bond connectivity and initial geometry as the
precursor cation. Assuming that dissociates by1D~
simple NwD bond cleavage to recreate pyridine, the
latter should not contain the label introduced by deu-
teronation. In case of C-deuteronation, the intermediate
radical (e.g. can lose either H or D from the methy-2D~)
lene group to regenerate labeled or unlabeled neutral
pyridine. A complementary experiment involving proto-
nation of a labeled pyridine is necessary to assess the
kinetic isotope e†ects on the loss H and D from the ring
positions.8
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The foregoing simple scheme was shown to work rea-
sonably well for protonation of pyrrole and imidazole.8
Other systems, e.g. aniline9 and glycine,10 were also
shown to be amenable to neutralizationÈreionization
studies. However, with less favorable systems com-
plications may occur owing to (i) unimolecular tauto-
merization in the precursor cations, (ii) isomerization in
the intermediate radicals, (iii) isomerization in the reion-
ized cations and (iv) CwH bond dissociations that
produce isomeric structures, e.g. pyridine ylides.11

In this work, we used the recently introduced
variable-time NRMS12,13 to distinguish isomerizations
and dissociations of intermediate pyridinium radicals
from those of cations induced by collisional reioniza-
tion. In this method, the observation times for neutral
and ion dissociations are varied simultaneously, but in
an opposite sense.13 This allows not only detection of
short-lived species of sub-microsecond lifetimes,14 but
also determination of unimolecular rate parameters in

neutral intermediates and ions following reionization.15
Ab initio calculations are employed to gauge the rela-
tive stabilities of ions and radicals and to assess
FranckÈCondon e†ects in vertical neutralization of
pyridinium cations.

EXPERIMENTAL

Measurements were carried out on a tandem quadru-
pole accelerationÈdeceleration mass spectrometer, as
described previously.16 Cation-radicals were produced
by 70 eV electron impact ionization. Protonation and
deuteronation were carried out, respectively, with
methane (Matheson, 99.9%), water, isobutane
(Matheson, 99.9%), anhydrous ammonia (Matheson),
methylamine (Matheson), (Matheson, 99%D),CD4(Cambridge Isotope Laboratories, 99.9% D) andD2O (Matheson, 99% D) in a tight ion source ofammonia-d3our design. Pyridine (Fisher, reagent grade) and

(Cambridge Isotope Laboratories, 99.5%D)pyridine-d5were used as received. The samples were degassed
by several freezeÈpumpÈthaw cycles before the
measurements. The ionization conditions were elec-
tron energy 100 eV, emission current 1 mA and tem-
perature 180È200 ¡C. The reagent gas pressure in the
ion source was adjusted to 0.1È0.2 Torr (1 Torr \
133.3 Pa) to achieve [M] H,D] in`/[M`~][ 10
most instances. Prior to deuteronation experiments,
the ion source and the inlet system were treated with

at 10~5 Torr for 30È40 min. Stable precursorD2Oions with lifetimes of 30È40 ls were accelerated to
8140È8160 eV kinetic energy and neutralized by col-
lisions with dimethyl disulÐde, which was admitted
to the collision cell at a pressure to achieve
70% transmittance of the precursor ion beam.

Scheme 1.
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Reionization of the fast neutral intermediates was
carried out at oxygen pressures such as to achieve
70% transmittance of the ion beam. For standard
NRMS,16 reionization in a Ðxed collision cell sampled
neutrals with lifetimes of 4.3È4.4 ls. In variable-
time NRMS,12,13 the observation times for neutral
dissociations were varied in three steps between 0.4
and 2.0 ls ; 40È60 scans were collected per spec-
trum at a scan rate of 1 u s~1, corresponding to
75 data points per peak. The spectra were repro-
duced on di†erent days over a period of several
months.

CALCULATIONS

Standard ab initio calculations were carried out using
the Gaussian 92 and Gaussian 94 suites of programs.17
Geometries were fully optimized with HartreeÈFock
level calculations that employed the 6È31G(d,p) basis
set. Spin-unrestricted HartreeÈFock calculations (UHF)
were used for all open-shell species. Local potential
energy minima were characterized by analytical harmo-
nic frequencies calculated with HF/6È31G(d,p) to give
all positive values. The calculated frequencies were
scaled by 0.893 and used to obtain zero-point vibra-
tional energies.18 To account in part for electron corre-
lation, perturbation theory,19 truncatedMÔllerÈPlesset
at second order, MP2 (frozen core), was used for single-
point calculations with the larger 6È311G(2d,p) basis set
using the HF/6È31G(d,p) optimized geometries. UHF
calculations of radicals showed SS2T values around 1.1,
indicating spin contamination by low-lying quartet
states. This was corrected in part by annihilating the
higher spin states20 by SchlegelÏs spin projection
method.21 The energetics of radical dissociations were
also addressed by density-functional theory
calculations22 that were recently shown to give good
results for a variety of radicals while avoiding spin con-
tamination problems.23,24 A hybrid method was
applied that used BeckeÏs three-parameter functional
(B3LYP)25 in the form AExSlater ] (1[ A)ExUHF ]BEcVWN

where is Vosko et al.Ïs local cor-] CEcnonvlocal, EcVWN
rection functional26 and is given by the expres-Ecnonvlocalsion of Lee et al.27 These B3LYP/6È311G(2d,p) single-
point calculations used the UHF/6È31G(d,p) optimized
geometries, frequencies and 298 K enthalpy corrections.

RESULTS

Pyridine is the presumed product of NwH,D bond
cleavage in pyridinium radicals (Scheme 1). NR mass
spectra of and [pyridine- were therefore1`~ d5]`~(5`~)
obtained for reference (Fig. 1). Both and gave1`~ 5`~
substantial survivor ions, consistent with the stability of
pyridine molecules and cation-radicals. The NR spectra
are similar to the standard 70 eV electron impact
spectra of 1 and 5 and show ions due to loss of H or D
(m/z 78 and 82, respectively), products of HCN or DCN
elimination (m/z 52 and 56, respectively) and their dehy-

Figure 1. Neutralization–reionization ÍCH
3
SSCH

3
(70%T)/O

2
(70%T)Ë mass spectra of (top) and (bottom)pyridine½~ (1½~)
pyridine-d

5
½~ (5½~).

drogenation products, and ringC3H0h2` C2H0h2N`
fragments and or (Fig. 1). Interestingly,HCN`~ DCN`~
the NR spectrum obtained by slightly exothermic neu-
tralization with dimethyl disulÐde, for which *IE \

eV,28 showed less dis-IEv(1) [ IEv(CH3SSCH3) \ 0.64
sociation than did the spectrum obtained with endo-
thermic neutralization with cyclopropane, *IE \ [0.6
eV;11 however, the trends in ring fragmentations were
similar for both neutralization targets. Compared with
electron impact ionization, the NR spectra showed
slightly enhanced relative abundances of C4H2`~,

and as distinguished by deuteriumC3HN`~ HCN`~
labeling. These corresponded to reionization of stable
molecules and may indicate dissociations of neutral
pyridine caused by vertical electron transfer. Pyridine
has a dense manifold of n ] n, n ] n and Rydberg
excited states29,30 that can be accessed by photon
absorption or low-energy electron excitation.29,30 In
vertical neutralization, electron capture in a vacant
orbital, followed by internal conversion of the excited
state to the ground state, may provide a mechanism1A1for excitation of pyridine molecules and cause their
unimolecular dissociations, as discussed recently for
aromatic amines.31

NeutralizationÈreionization of protonated pyridine,
here denoted as 1H` regardless of its structure, also
gave substantial survivor ions attesting to the stability
of the intermediate pyridinium radicals (Fig. 2). The NR
fragmentations of 1H` comprised loss of (m/z 79)H~
and HCN (m/z 53) and formation of HCNH` (m/z 28),
in addition to the dissociations also observed in the NR
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Figure 2. Neutralization–reionization (CH
3
SSCH

3
(70%T)/O

2
(70%T)) mass spectra. Top, 1H½ from protonation with NH

4
½ ;

middle, 1D½ from deuteronation with bottom, 5H½ fromND
4
½ ;

protonation with Insets show the ÍM½HË½ or ÍM½DË½NH
4
½.

regions in the chemical ionization spectra.

spectrum of (Fig. 1). Deuterium labeling showed1`~
HÈD exchange prior to ring cleavages. For example,
1D` and 5H` eliminated HCN and DCN in 1 : 1 and
1 : 3 ratios, respectively (Fig. 2). The [m/z 78]/[m/z 79]
ratio from NR of 1H` (0.18) was slightly higher than
that in the NR spectrum of (0.15, see above). This1`~
was due to the combined contributions of H loss from
high-energy formed by NR and elimination of1`~ H2from reionized 1H`. However, these e†ects were rather
small.

The NR spectra clearly depended on the gas-phase
acid used to protonate 1 (Fig. 3). The relative abun-
dances of survivor ions markedly decreased with the
increasing protonation exothermicity, expressed as the
di†erence in proton affinities, *PA.2 In the series
methylamine (*PA\ 23 kJ mol~1), ammonia
(*PA\ 70 kJ mol~1), isobutane (*PA\ 122 kJ mol~1)
and methane (*PA\ 380 kJ mol~1), the respective
abundances of reionized [MH`], relative to the sum of
integrated NR ion abundances were 7.8, 7.6, 3.7(&NR),and 0.9%. Hence, the precursor ion internal energy
a†ected the stability of the intermediate radical and/or
the reionized cation. Note, however, that ions 1H` are
very stable and their dissociations should not be suscep-
tible to small internal energy variations. The disso-
ciation by loss of H to give requires 505 kJ mol~11`~
(from the ion heats of formation2,28) and could thus
occur only in a fraction of highly excited ions. The
above-mentioned protonation exothermicities alone

Figure 3. Survivor ion regions in the NR spectra of 1H½ from
protonation with (a) (b) (c) and (d)CH
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9
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½

Collision conditions as in Fig. 2.CH
3
NH

3
½.

were insufficient to promote ion unimolecular disso-
ciations.

Deuteronation of 1, followed by NR of 1D`, gave the
spectra shown in Figs 2 (middle) and 4. Clearly, loss of
both H and D occurred on neutralizationÈreionization
and the relative abundances of and [1D[1D [ H]`~

depended on the precursor ion internal energy,[ D]`~
as limited by the deuteronation exothermicity. The
more exothermic deuteronation with causedD3O`
more dissociation on NR of 1D` than did deu-
teronation with (Fig. 4). However, the [1DND4`ratio expressing the loss of the original[ H]`~/[1D]`
C-bound hydrogen atoms decreased upon increasing
the precursor ion internal energy, e.g. 0.30 and 0.26 for
deuteronation with and respectively. InND4` D3O`,
contrast, the extent of D loss, expressed by the [1D

ratio, was greater, both absolutely and[ D]`~/[1D]`
relatively, following deuteronation with (1.7)D3O`
than with (0.8). Hence the speciÐcity for the lossND4`of the deuteron introduced by the gas-phase acid was
greater for the more exothermic deuteronation with

than with the milderD3O` ND4`.
Exothermic protonations of 5, followed by NR, gave

results similar to those from deuteronation of 1 (Fig. 5).
The loss of D from 5H` was comparable for the ions

Figure 4. Survivor ion regions in the NR spectra of 1D½ from
protonation with and Collision conditions as in Fig.ND

4
½ D

3
O½.

2.
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Figure 5. Survivor ion regions in the NR spectra of 5H½ from
protonation with (a) (b) and (c) CollisionCH

5
½, t-C

4
H

9
½ NH

4
½.

conditions as in Fig. 2.

generated by protonation with and asNH4` t-C4H9`,
shown by the ratios, which were[5H [ D]`~/[5H]`
0.18 and 0.17, respectively. The highly exothermic
protonation with gave a ratio of 0.3. However,CH5`NR of the high-energy 5H` from protonation with

gave the greatest ratioCH5` [5H [ H]`~/[5H[ D]`
(5.5) compared with those for the less excited 5H` from
protonations with and which were 4.1t-C4H9` NH4`,
and 4.3, respectively. Hence, the loss of the C-bound
deuterium was least important in the highest energy
radicals or ions.

To assess the contributions of neutral and ion disso-
ciations in NR, we obtained variable-time NR spectra
of pyridine (1D`) at 0.4, 1.2 andND4`-deuteronated
2.0 ls observation times for the neutrals and the respec-
tive 3.9, 3.1 and 2.3 ls observation times for the ions
after reionization (Fig. 6). The spectra showed that the

ratios, which gauged the[1D[ D]`~/[1D [ H]`~
speciÐcity of the N-deuteron loss, increased with
the increasing observation time for radical and the1D~

Figure 6. Survivor ion regions in the variable-time NR spectra of
1D½ for neutral observation times (a) 0.4, (b) 1.2 and (c) 2.0(q

n
) :

ks.

decreasing observation time for reionized 1D`. Hence,
increasing the reaction time for neutral dissociations
increased the speciÐcity for the loss of the N-bound
deuterium from as discussed later.1D~,

The energetics of the ionic and radical isomers was
addressed by MP2/6È311(2d,p) ab initio calculations for
1H`È4H` and by UMP2 and B3LYP/6È311G(2d,p)
calculations for (Table 1). We8 and others41H~È3H~
have shown previously that this intermediate level of
theory provided excellent proton affinities of nitrogen
bases and thus represented a good compromise of accu-
racy and economy.8 The HF/6È31G(d,p) optimized
structures of 1 and 1H`-4H` are given in Fig. 7. The
optimized structure of 1 was similar to those from pre-
vious ab initio calculations11,32 and showed a reason-
able agreement with experimental data.33 The
calculated proton affinities for N, C-2, C-3 and C-4
(Table 2) agreed closely with those reported by Hill-
ebrand et al.4 and showed that the nitrogen atom must

Table 1. Ab initio energies of 1, 1H‘–4H‘ and 1H~–3H~

Species HF/6-31G(d,p)a MP2/6-311G(2d,p)a,b SS2T ZPVEc H
298

ÉH
0

c

1 É246.704 612 É247.647 935 0 223 13.9

1H‘ É247.083 907 É248.013 331 0 258 14.3

2H— É246.988 631 É247.908 364 0 247 15.7

3H‘ É247.006 471 É247.919 064 0 247 16.1

4H‘ É246.971 800 É247.899 503 0 244 16.1

1H~ É247.252 595 É248.163 798 1.1 242 16.5

É248.186 744b 0.81b

1H~ (VN)d É248.158 508 1.1

É248.178 665b 0.83b

2H~ É247.253 681 É248.147 217 1.2 241 16.3

É248.176 599b 0.88b

3H~ É247.254 414 É248.149 165 1.2 239 16.3

É248.178 348b 0.88b

3H~ (VN)d É248.149 091 1.1

É248.175 737b 0.85b

a In units of hartree ; 1 hartree ¼2625.5 kJ molÉ1.
b After annihilation of higher spin states.
c Zero-point vibrational energies corrected by 0.893 and 298 K enthalpy corrections
in kJ molÉ1.
d Single-point calculations on optimized ion geometries.
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Figure 7. RHF/6–31G(d,p) optimized structures of 1 and 1H½, 2H½, 3H½ and 4H½. Bond lengths in a- ngstroms, bond and dihedral angles
in degrees. Values in parentheses are experimental data from the microwave spectra of 1.

be the preferred protonation site in 1. The proton affin-
ity of 1 was in excellent agreement with the tabulated
value (924 kJ mol~1).2 The data also showed that pyri-
dine should be protonated exclusively at N with gas-
phase acids of PAP 690 kJ mol~1 to give the single
pyridinium isomer 1H`. Protonation with H3O`

kJ mol~1] could yield a small fraction[PA(H2O)\ 690
of 3H`, but not 2H` or 4H`. Protonation with CH5`was exothermic for all positions in 1 and could produce
mixtures of isomers.

Electron attachment to pyridinium ions yields the
corresponding radicals that were investigated by UMP2
and B3LYP calculations for and (Fig. 8,1H~, 2H~ 3H~

Table 1). Isomer corresponding to the least stable4H~
cation 4H` was not studied. In contrast to the cations,
radicals and showed much smaller di†er-1H~, 2H~ 3H~
ences in their relative stabilities (Table 2). Both the
UMP2 and B3LYP calculations showed that the pyri-
dinium radicals were bound against dissociations to
pyridine and hydrogen atom. The B3LYP reaction
endothermicities were about 40 kJ mol~1 greater than
those from UMP2, indicating higher stabilities for the
pyridinium radicals. This probably reÑects incomplete
corrections of spin contamination in the radicals by the
spin projection method used.21 A higher level treatment
of electron correlation would probably result in further
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Table 2. Relative enthalpies from MP2 and B3LYP/6–
311G(2d,p) calculations

Reaction Proton affinitya

1 ] 1H½ 924

1 ] 2H½ 658

1 ] 3H½ 686

1 ] 4H½ 637

DH
r, 0

DH
r
,298

MP2 B3LYPb MP2 B3LYP

1H~] 1 ½H~ 83 126 87 130

1H~ (VN)c ] 1 ½H~ 62 106 66 110

2H~] 1 ½H~ 58 98 62 102

3H~] 1 ½H~ 64 100 68 104

3H~ (VN)c ] 1 ½H~ 57 61

a At 298 K in kJ molÉ1.
b The B3LYP/6–311G(2d,p) total energies were É248.352 754,
É248.910 272, É0.502 156, É248.902 469, É248.898 856 and
É248.899 337 hartree for 1, and1H~, H~, 1H~(VN), 2H~ 3H~,
respectively.
c Vertically neutralized radicals.

stabilization of the pyridinium radicals. was the1H~
most stable isomer, which was bound by 87È130 kJ
mol~1 against dissociation to 1 and hydrogen atom.
Vertical neutralization of 1H` was calculated to be
accompanied by moderate FranckÈCondon e†ects, esti-
mated at 20È21 kJ mol~1, that were deposited in 1H~
(Table 2). Hence, formed by vertical reduction of a1H~
vibrationally relaxed (all v\ 0) 1H` should be thermo-
dynamically and kinetically stable. The reaction path
for the NH bond dissociation was not studied in detail
for the pyridinium radicals. Clearly, the possible pres-
ence of an activation barrier would provide further
kinetic stabilization for the radical as found previously
for imidazole radicals.8

The FranckÈCondon e†ects in neutralization of 1H`
are due to di†erences in the cation and radical geome-
tries (Figs 7 and 8). The equilibrium structure of 1H~
shows C-2wN and C-3wC-4 bonds which are longer
than those in 1H`. The nitrogen atom in is pyrami-1H~
dal, while the bond is deÑected 31.4¡ out of theHNwN
C-2wNwC-6 plane. These geometry di†erences
between 1H` and indicate that the vibrational exci-1H~
tation on vertical neutralization will be initially stored
in the ring-breathing and HwN out-of-plane deforma-
tion vibrations. These modes are relatively soft in 1H`,
e.g. 592 and 973 cm~1 for the ring breathing (a@) and
380, 732 and 836 cm~1 for the NwH and CwH out-of-
plane (aA) deformation modes and should be readily
excited in the ion. This means that FranckÈCondon
e†ects will be diminished in vertical neutralization of
vibrationally excited 1H`. Vibrational excitation in pre-
cursor ions has been shown previously to broaden the
distribution of internal energies in neutrals formed by
collisional electron transfer.34

Radicals and were also calculated to be2H~ 3H~
bound against hydrogen loss (Table 2). FranckÈCondon
e†ects in vertical reduction of 3H` amounted to only 7
kJ mol~1, attesting to the good match of the cation and
radical equilibrium geometries (Figs 7 and 8). The small
di†erence in the radical stabilities caused large di†er-
ences in the ion vertical recombination energies (REv)

Figure 8. UHF/6–31G(d,p) optimized structures of and1H~, 2H~
3H~.

and radical adiabatic ionization energies The(IEa).MP2 data in Table 1 allow one to estimate forIEa 1H~
and as 4.71 and 7.04 eV, respectively, whereas the3H~
corresponding values for 1H` and 3H` are 4.48REvand 6.97 eV, respectively. Vertical electron transfer from
dimethyl disulÐde eV)28 is thus 4.47 and(IEv \ 8.96
1.99 eV endothermic for 1H` and 3H`, respectively.
Since the neutralization cross-sections generally
decrease with increasing di†erences between the

and collisional neutralizationREv(ion) IEv(target),7,15
with dimethyl disulÐde could be more efficient for 3H`
than for the more stable 1H`.
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DISCUSSION

The behavior of pyridinium ions and radicals on neu-
tralization and reionization is now discussed in the light
of the energy data provided by ab initio calculations.
The energy data showed clearly that, under thermal
conditions, protonation of pyridine with CH3NH3`,

and must have occurred at the nitrogenNH4` t-C4H9`atom. This requirement is not mitigated by the thermal
energy in 1 undergoing protonation at 473 K. Analysis
of the vibrational energy distribution in thermal 1,
according to Dunbar,35 showed a negligible (\10~3)
fraction of molecules with kJ mol~1 at 473 K.Evib[ 40
The species sampled for collisional neutralization was
therefore pure pyridinium 1H` or its isotopomers,
because the other ion isomers were energetically inac-
cessible. Protonation with and could formH3O` CH5`3H` or the other ion isomers. However, bimolecular
reactions, e.g. 3H`] 1] 1H`] 1, are substantially
exothermic and can be expected to deplete the popu-
lation of the C-protonated isomers in the ion source.
Such reactions are difficult to avoid in a standard
chemical ionization ion source even at a large excess of
the reagent gas. Protonations with di†erent gas-phase
acids evidently produced ions of di†erent internal ener-
gies. The ion internal energy was passed on to the
radical and modiÐed by the FranckÈCondon e†ects in
vertical neutralization.34 The experiments showed that,
in the absence of large FranckÈCondon factors predict-
ed by theory, the stability of the neutralized was1H~
mainly determined by the internal energy of the precur-
sor ion.

In contrast, the selectivity for loss of N-bound H or
D showed two trends. First, increasing the internal
energy of 5H` and 1D` resulted in an increased speci-
Ðcity for the loss of the N-bound proton or deuteron,
while at the same time depleting the fraction of sur-
viving ions. This e†ect can be unequivocally attributed
to speciÐc loss of N-bound H or D in the radicals (1H~,

and which are much less stable than their cor-1D~ 5H~),
responding ions. It also suggested that unimolecular
isomerizations of to did not compete with1H~ 2H~È4H~
the hydrogen loss at higher internal energies. The slight-
ly increased total but not relative loss of D from 5H`
by protonation may be due to a minor fractionCH5`of C-protonated isomers ; however, this evidence is not
fully conclusive, because of the large e†ect on the disso-
ciations of the ion internal energy. The results also
showed that speciÐc losses of C-bound H or D from

or did not occur to produce pyridine ylides.111H~ 5H~
These have been calculated11 to be D200 kJ mol~1 less
stable than 1 and their formation thus would be
expected to become competitive at higher energies only.

Second, at low radical excitation, resulting from less
exothermic protonation with or a sub-NH4` ND4`,
stantial fraction of and survived to be reion-1H~ 1D~
ized. The variable-time NR measurements showed that
increasing the observation time for neutral dissociations
increased the contribution of the speciÐc loss of the
N-bound D. This strongly indicated that even at low
excitation, the dissociating radicals preferred to lose the
nitrogen-bound deuterium. One may conclude that the
latter dissociation is also kinetically preferred over

hydrogen rearrangements in low-energy dissociating
radicals.

The inverse correlation between the speciÐcity for H
or D loss on the one hand and the fraction of survivor
ions and the observation time for their dissociations on
the other strongly indicates that the non-speciÐc loss
was due to ion dissociations. Collisional reionization is
always accompanied by energy deposition, which results
in a broadened internal energy distribution in the ions
formed.34,36 Although the internal energy distribution
in reionized 1H` was not determined, deposition of up
to several electronvolts was possible by analogy with
other systems.34,36 The energy barriers to isomer-
izations that would scramble the N- and C-bound
hydrogens, e.g. 1H` 2H`, were unknown, but could be
estimated at 250È300 kJ mol~1 based on calculations
for other heterocyclic systems.8,11 Hence, the high endo-
thermicity for hydrogen loss (505 kJ mol~1) should
make such hydrogen migrations energetically possible
and kinetically competitive in high-energy dissociating
pyridinium cations.8 In an alternative mechanism, pyri-
dine ylide ions have been calculated11 to be only 20È30
kJ mol~1 less stable than and could be accessible by1`~
loss of C-bound H from 1H`. Unfortunately, the m/z 28
signature fragment ion for the pyridine-2-ylide ion11
was completely obliterated in the NR spectra of 1H`,
leaving the question of ylide ion formation open. From
a di†erent point of view, the presence of highly endo-
thermic ion dissociations revealed by the variable-time
measurements conÐrmed that there must be a substan-
tial fraction of ions that acquired [5 eV internal energy
on collisional reionization.

CONCLUSIONS

The results of ab initio calculations and variable-time
neutralizationÈreionization measurements showed that
gas-phase protonation of pyridine under thermal condi-
tions formed exclusively the most stable N-protonated
cation. The highly exothermic protonation with CH5`may form a small fraction of C-protonated isomers that
were difficult to characterize. NeutralizationÈ
reionization spectra showed superposition of radical
and ion dissociations that were deconvoluted to provide
unequivocal structure information. Theory and experi-
ment were in accord in showing that the 1H-pyridinium
radical was a stable species when formed by vertical
neutralization of N-protonated pyridine.
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APPENDIX

Corrected harmonic frequencies (cm—1)

Pyridine (1) : 390, 414, 588, 643, 695, 750, 882, 959, 976,
1002, 1006, 1011, 1035, 1053, 1056, 1171, 1198, 1341,
1431, 1478, 1598, 1607, 2984, 2984, 2995, 3012, 3019.

1H-Pyridinium (1H`) : 380, 392, 592, 616, 647, 732,
835, 877, 973, 1003, 1005, 1009, 1033, 1036, 1044, 1104,
1176, 1188, 1282, 1367, 1471, 1532, 1619, 1623, 3024,
3041, 3043, 3054, 3055, 3405.

2H-Pyridinium (2H`) : 219, 313, 414, 842, 862, 920,
921, 957, 1002, 1037, 1055, 1111, 1132, 1178, 1272, 1305,
1376, 1387, 1432, 1511, 1627, 2802, 2821, 3008, 3010,
3019, 3040.

3H-Pyridinium (3H`) : 183, 287, 386, 548, 603, 648,
787, 841, 936, 940, 965, 999, 1032, 1074, 1129, 1171,
1181, 1295, 1333, 1354, 1370, 1410, 1534, 1609, 2810,
2834, 3001, 3015, 3019, 3043.

4H-Pyridinium (4H`) : 144, 310, 428, 550, 593, 683,
808, 844, 854, 940, 951, 989, 1021, 1031, 1068, 1129,
1163, 1171, 1234, 1321, 1390, 1426, 1479, 1550, 2777,
2794, 3023, 3024, 3045, 3048.

1H-Pyridinium radical 221, 383, 432, 544, 569,(1H~) :
597, 600, 668, 669, 862, 863, 879, 925, 944, 997, 1045,
1135, 1180, 1286, 1325, 1406, 1444, 1477, 1525, 2990,
2995, 3011, 3020, 3025, 3437.

2H-Pyridinium radical 141, 340, 477, 533, 575,(2H~) :
610, 708, 815, 871, 885, 910, 929, 935, 975, 1058, 1099,
1197, 1234, 1310, 1354, 1377, 1415, 1441, 1461, 2807,
2819, 2961, 2978, 2994, 3010.

3H-Pyridinium radical 139, 347, 496, 534, 581,(3H~) :
614, 714, 735, 816, 879, 902, 913, 927, 974, 1087, 1110,
1144, 1220, 1307, 1341, 1388, 1419, 1451, 1455, 2789,
2798, 2962, 2980, 2994, 3009.


