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Neutralization–reionization mass spectrometry, complemented by ab initio and density-functional theory calcu-
lations, provides a powerful tool for the investigation of polyatomic radicals relevant to transient intermediates in
the process of radiation or chemically induced DNA damage. Precursor ions for analogues of DNA radicals are
prepared by gas-phase protonation of nucleobases or their heterocyclic models. The proton affinity of the gas-phase
acid is tuned to the topical proton affinity in the substrate molecule to achieve selective protonation. Femtosecond
electron transfer imprints the structure of the precursor ion on to that of the radical. Deuterium labeling, collisional
activation and variable-time measurements on a microsecond time-scale are used to study unimolecular disso-
ciations of transient heterocyclic radicals and distinguish them from ion dissociations. Ab initio and density-
functional theory calculations provide energies which are not available from neutralization–reionization
experiments. Topical proton affinities, Franck-Condon energies pertinent to vertical electron transfer, radical sta-
bilities and isomerization barriers are used to elucidate the structures and dissociations of isomeric heterocyclic
radicals. 1998 John Wiley & Sons, Ltd.(
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INTRODUCTION

DNA, the genetic material of most life forms, is suscep-
tible to assault by ionizing radiation, or reactive com-
pounds that are formed in the intracellular Ñuid or a
combination of these two factors. The chemical modiÐ-
cations that occur in the nucleobase, sugar or phos-
phate structure units are generally referred to as DNA
damage.1 DNA damage is distinguished from DNA
mutation, which alters the nucleobase sequence (the
genetic code), but does not chemically alter the building
blocks. Chemical modiÐcations in the nucleobase, sugar
or phosphate units can have disastrous consequences
for the cell. Damage in the nucleobases, adenine (A, 1),
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guanine (G, 2), cytosine (C, 3) or thymine (T, 4) disrupts
inter-strand base pairing by hydrogen bonds ; such
damage can be Ðxed by cellular repair mechanisms.
Damage in the sugar or phosphate units can lead to
strand breaks that are lethal for the cell.

Owing to the importance of DNA damage for physio-
logical processes as diverse as aging,2 oxidative stress3
and radiation damage,1 the chemistry of DNA damage
has been widely studied. It is generally accepted that
DNA is attacked by free radicals formed in the intracel-
lular Ñuid by radiolysis of water, as summarized by von
Sonntag.4 Amongst the radiolytic products formed, the
hydroxyl radical is particularly reactive and can attack
DNA at the nucleobases to give rise to [DNA] OH]~
adducts or abstract a hydrogen atom from the nucleo-
base or sugar moieties to form (Scheme 1).[DNA[ H]~
The thermochemistries of these reactions are mostly
unknown, although it is presumed that both addi-OH~
tion and hydrogen atom abstractions by radicalsOH~
are exothermic for most CÈH bonds. In the gas phase,
the branching ratios for H abstractions and addi-OH~
tions to aromatic hydrocarbons are usually \0.1,5 indi-
cating that additions should predominate. FreeOH~
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Scheme 1

hydrogen atoms from water radiolysis are thought to
add to the nucleobases whereas H abstractions are inef-
Ðcient.4 Reactions of DNA with are believed to beOH~
more or less random, although it is estimated that most
attacks occur on the nucleobases ([70%) rather than
on the sugar moieties (\10%).4 It is unknown whether
attacks also occur on the phosphate diester groups.

In addition to the chemically driven mechanisms,
DNA radiation damage triggered by direct ionization of
DNA has been studied.6 In the latter mechanism, DNA
is ionized directly by photon or electron impact to form
cation-radicals (e.g., or by thermal electronG`~)
capture to form anion radicals (e.g. Scheme 1).6T~~,
The importance of the direct ionization mechanism has
been stressed by Symons,6 who argued that the highly
reactive radicals formed in the intracellular ÑuidOH~
would not survive long enough to di†use to the rela-
tively dry cell nucleus and rather would be depleted by
reactions with cellular proteins. Since the nucleobases
are stacked on the inside of the DNA double strand, a
higher proportion of attacks on deoxyriboseOH~
should be expected.

The DNA cation and anion radicals formed by ion-
ization are thought to react further by proton transfer.
The basic anion radicals are rapidly protonated with
water to form The cation radicals can[DNA] H]~.
transfer a proton to a base to form or add[DNA[ H]~
water and then deprotonate to produce [DNA] OH]~
adducts. It has been noted4 that [DNA] OH]~
adducts formed by attack and pro-OH~ [DNA] OH]~
ducts from the cation radical-initiated pathway may not
be identical, and the same holds for the [DNA] H]~
and radicals formed by di†erent mecha-[DNA[ H]~
nisms.

The above-mentioned mechanisms point to the deci-
sive role that DNA-derived radicals play in determining
the chemistry of DNA damage. Structure elucidation of
such reactive intermediates is by no means an easy
matter. The presence in DNA of four di†erent nucleo-

bases, the variety of reactive species formed by water
radiolysis and the variety of possible sites for attack
make it almost impossible to analyze the radical inter-
mediates in situ.4 Therefore, radical reactions have been
carried out with synthetic single-strand homo-oligomers
(oligo-T, oligo-C, etc.), which contained only one type of
nucleobase. Radical intermediates have been probed by
both chemical and spectroscopic methods. Trapping
with molecular oxygen is one of the chemical methods
that converts short-lived C radicals to more stable
peroxy radicals.7 Radical sites have been probed by
redox “titrationsÏ using a series of redox couples of
known standard potentials.8h12 Alternatively, electron
spin resonance spectroscopy of samples irradiated in
solution or frozen matrices has been used to locate
radical centers in some nucleobases.6,13,14 Although
these methods are powerful, they are not free of prob-
lems. For example, radical intermediates derived from
purine nucleobases (A and G) are much less amenable
to redox titration probes than pyrimidines C and T.12
Band broadening is a commonplace problem in ESR
studies.6 In addition, neither redox nor ESR studies are
able to study the chemical reactions of DNA radicals
other than electron transfer so as to provide structure
information on the next generation products.
Rearrangements leading to unidentiÐed products have
been found to accompany radiolysis.4,12

Mass spectrometry has been instrumental in identify-
ing stable products of DNA radiation damage. In the
methodology developed by Dizdaroglu et al.,15 DNA is
exposed to free radicals generated in solution and then
exhaustively hydrolyzed by formic acid to liberate the
nucleobases. The latter are trimethylsilylated and
analyzed by gas chromatography mass spectrometry.
This approach has yielded over 30 hydroxylated pro-
ducts that survived the hydrolytic procedure and con-
tributed to our knowledge of the sites attacked by OH~
radicals in solution. However, reactive radical interme-
diates are lost upon sample work-up and cannot be
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Figure 1. Heterocyclic systems modeling nucleobases. The struc-
ture motifs within the nucleobases are highlighted in bold lines.

detected directly. In addition, some of the isolated
modiÐed nucleobases undergo rearrangements in the
acidic medium, and thus provide only an indirect
picture of the modiÐed nucleobases.15

From a chemistÏs point of view, nucleobase-centered
DNA radicals are reactive heterocyclic intermediates

that can be modeled with simpler derivatives. The struc-
ture motifs embedded in the four nucleobases can be
represented by pyridine, hydroxypyridines, pyrimidine,
hydroxy and aminopyrimidines, imidazole, purine, etc.
(Fig. 1). Investigations of transient radicals derived from
these simple nitrogen heterocycles thus provide insights
into the radical chemistry that can be extrapolated to
the more complex polyfunctional nucleobases. Some
caution in such extrapolations is in order as highlighted
by the recent debate on the role of and carbon-OH~
centered radicals in transition metal-induced oxida-
tions.16h18

METHODOLOGY

Until the advent of the neutralized beam technique19,20
and its spin-o†, neutralizationÈreionization mass spec-
trometry (NRMS),21h30 neutral intermediates could be
studied by mass spectrometry only indirectly as pro-
ducts of ion dissociations.31,32 Measurements of ioniza-
tion,33,34 appearance35 and collisionally activated
dissociation (CAD) threshold energies36,37 yielded a
wealth of energy data for a variety of unstable mol-
ecules and radicals. NRMS has been a major advance
that allowed one to synthesize unusual and highly reac-
tive neutral molecules and radicals in the gas phase,
study their dissociations and analyze the radicals and
their dissociation products “on-lineÏ by tandem mass
spectrometry. Heterocyclic radicals relevant to nucleo-
bases are just one of many structure types that have
been studied by NRMS.23h30

The basic NRMS experiment consists of several
sequential steps that rely on the methods of tandem
mass spectrometry, as illustrated with the preparation
and analysis of imidazolium ions and radicals (Scheme
2). Stable ions of known structure are Ðrst prepared,
accelerated to kiloelectronvolt kinetic energies and
selected by mass to provide a continuous beam of pre-
cursor ions. Electron impact, chemical ionization and
fast atom bombardment have been used to generate
precursor ions in NRMS. The precursor ions enter a
collision cell where a fraction undergo electron transfer

Scheme 2
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collisions with a target gas. The electron transfer effi-
ciency depends on the nature and pressure of the colli-
sion gas and the precursor ion structure. Typically, a
70È90% range of precursor ion transmittances is
employed to favor single-collision conditions. Poisson
distribution predicts that out of the precursor ions that
have undergone collisions, 83È98% collided only once
at 70È90% transmittance. Electron transfer is one of the
main processes of ion loss by which fast precursor ions
are converted to neutral species. Under the above colli-
sion conditions, the neutralization efficiency is about
1È2% of the precursor ion beam.

Two features are important for fast electron transfer
that make it a universal method for the preparation of
neutral intermediates. First, at keV ion kinetic energies,
collisional electron transfer can proceed with virtually
any energy balance (*E), as expressed by the equation

*E\ IEv(target) [ REv(ion) (1)

where is the vertical ionization energy of the targetIEvgas and is the vertical recombination energy (takenREvas a positive value) for electron capture by the precursor
ion. Examples of both exothermic (*E\ 0) and endo-
thermic (*E[ 0) electron transfer are well docu-
mented.25 The reason why endothermic electron
transfer works at high collision energies is that a small
fraction of the non-conserved (center-of-mass) kinetic
energy of the ion can be converted to the internal
energy of the system and thus make up for the negative
energy balance. This feature is of immense practical
importance, because stable molecules can be used as
electron donors for ions of very low In particular,REv.even-electron ions that are used to generate radicals
typically have low recombination energies and therefore
are not susceptible to reduction under thermal con-
ditions. In spite of the weak dependence on *E of
the collisional electron transfer, it is advisable to use
polarizable atoms or molecules as efficient electron
donors. Xe, Hg, N,N-dimethylaniline,(CH3)3N,
dimethyl disulÐde (Scheme 2) and other organic mol-
ecules have been used successfully to produce transient
radicals from even-electron cations. Even-electron
anions are also useful precursors for the formation of
radicals.38,39 Collisional electron detachment is typi-
cally accomplished with molecular oxygen as target
gas.25,38

The second important feature of collisional electron
transfer is that it occurs on an extremely short time-
scale. Interaction between the unoccupied orbitals in
the fast ion that accept the electron and the Ðlled
orbitals in the donor molecule fades away exponentially
with distance. This conÐnes the electron transfer to
occurring within a few molecular diameters. For 8 keV
ions travelling at 100 000È200 00 m s~1 and an inter-
action path of 10 the interaction times are withinÓ,
5È10 fs. Within this time frame, molecular rotations are
completely frozen, so that the ionÈtarget orientations
are Ðxed and sampled at random.28 The interaction
time for electron transfer is commensurable with the
fastest molecular vibrations. For example, a typical
OÈH stretch of l\ 3600 cm~1 has a vibrational
period of 9.3 ] 10~15 s.40 Slower stretching and
bending vibrations are practically frozen, so that the
relative positions of heavy nuclei in the nascent radical

are identical with those in the precursor ion. The net
result is that the structure and geometry of the ion are
almost exactly copied on to the nascent radical. On the
other hand, if the equilibrium geometries of the precur-
sor ion and the radical di†er substantially, the latter is
formed with distorted bond lengths, angles or dihedral
angles. This is equivalent to the radical landing on the
wall of a multi-dimensional potential energy well, and
the excessive potential energy is then rapidly converted
to vibrational excitation (FranckÈCondon e†ect).
FranckÈCondon (FÈC) e†ects are an important pheno-
menon in NRMS, because they occur in both neutral-
ization and reionization.25,41h43 Fortunately, the
magnitude of FÈC e†ects can be assessed by ab initio
calculations to estimate the magnitude and distribution
of vibrational excitation in the radicals and ions.42,43

Because of its non-resonant nature and femtosecond
duration, collisional neutralization o†ers a non-
chemical entry to a wide variety of transient neutral
intermediates. Mass spectrometric analysis of radical
intermediates and their dissociation products is per-
formed following collisional reionization. Molecular
oxygen is the usual reionization target because of its
relatively good efficiency and the soft nature of reioniza-
tion.44 Under single-collision conditions (70È90%
transmittance) the reionization efficiencies are typically
of the order of 10~3, making the overall efficiency of
NR The neutralizing and reionizing&INR/I0B 10~5.
collisions introduce some side e†ects that interfere with
NR. While the soft targets used in neutralization are
generally inefficient in promoting CAD, neutral frag-
ments from collateral CAD are reionized and detected
together with species produced by electron transfer.45
This contamination by neutral products of precursor
ion dissociations is easy to identify from standard CAD
spectra. Collisional reionization results in some excita-
tion of the ions formed, due to FÈC e†ects and/or elec-
tronic excitation. This excitation causes dissociation of
a fraction of the ions formed, so that the products of
neutral and post-reionization ion dissociations overlap.
A general method for distinguishing neutral and post-
reionization ion dissociations relies on the time depen-
dence of these processes (variable-time NRMS).46,47
Under special circumstances, e.g., neutralization of pre-
cursor anions and reionization to cations, ~NR`, a
simple subtraction of ~NR` and charge inversion
(~CR`) spectra provides a rough estimate of neutral
dissociations.39

One disadvantage of NRMS is that it does not
provide energy data for the radical intermediates.
NRMS studies are therefore complemented by ab initio
and/or density functional theory calculations.

INSTRUMENTATION

The capability for NRMS measurements is available on
most tandem sector instruments and requires two colli-
sion cells in a Ðeld-free region following ion selection by
mass. For the study of heterocyclic radicals we used the
tandem quadrupole-acceleration deceleration mass
spectrometer (Fig. 2).48 This instrument allows one to
perform several special experiments, such as neutral col-

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 779È795 (1998)



MODELING NUCLEOBASE RADICALS 783

Figure 2. Tandem quadrupole acceleration mass spectrometer for the generation and study of DNA radicals in the gas phase. (a) Ion
source ; (b) MS-1 quadrupole mass filter ; (c) acceleration lens ; (d) neutralization collision cell ; (e) conduit for variable-time measurements ;
(f) reionization collision cell ; (g) deceleration lens and energy filter ; (h) MS-2 quadrupole mass filter ; (i) off-axis channeltron electron
multiplier.

lisional activation,49 variable-time measurements,46,47
neutral photoexcitation50,51 and photoionization,52,53
in addition to standard NRMS. An important feature is
the capability to distinguish the dissociations of neutral
intermediates from post-reionization ion dissociations
even if they form chemically identical products.54 When
combined with isotope labeling, this capability provides
a powerful mechanistic tool for studying heterocyclic
radical chemistry.

PRECURSOR ION STRUCTURES AND
RADICAL SYNTHESES

Because of the vertical character of fast electron trans-
fer, the radical synthesis is reduced to the generation of
the corresponding gas phase even-electron ion. The
general approach to heterocyclic radicals, as illustrated
with pyridine (Scheme 3), consists of gas-phase proto-
nation followed by reduction by collisional electron
transfer. Formally, this is similar to the electron
captureÈprotonation pathway considered for DNA
damage (Scheme 1) except that the steps are inter-
changed. Both the precursor ion structure and internal
energy are of vital importance for the generation and
stability of the heterocyclic radical of interest. The pre-
cursor ion structure is dictated by the site of gas-phase
protonation, which must be known. Also, the energetics
of gas-phase protonation are important for assessing
the possibility of a rearrangement in the cation formed
by exothermic proton transfer. Isomer structures, rela-
tive energies and activation barriers for proton migra-
tion are often needed for safe assignment of precursor
ion structures.

A powerful methodology for the determination of
protonation site(s) combines high-level ab initio or
density-functional theory calculations with experimental
probes based on deuterium labeling and NRMS. This
two-pronged approach is demonstrated with a simple
and straightforward case of protonated pyridine serving
as a precursor for the pyridinium radical (5).

The calculated topical proton affinities for proto-
nations on N, C-2, C-3 and C-4 in pyridine are shown
in Fig. 3. MP2 calculations with the 6È311G(2d,p) basis
set have been shown to give very good estimates of
proton affinities for nitrogen heterocycles, typically

within 5È10 kJ mol~1 of reliable experimental values. In
line with both chemical intuition and pyridine behavior
in solution, the nitrogen atom is by far the most basic
site.55,56 The di†erences in the topical proton affinities
for N and C-2 through C-4 are so large that gas-phase
protonation with common chemical ionization reagents,
e.g. kJ mol~1)57 orNH4`/NH3 (PA(NH3) \ 853

(PA(2-methylpropene)\ 801 kJt-C4H9`/isobutane
mol~1)57, occur only at nitrogen. Only very strong gas-
phase acids, e.g. kJCH5`/CH4(PA(CH4) \ 542
mol~1)57 or kJ mol~1),57 canH3`/H2 (PA(H2)\ 423
attack the C-2 through C-4 positions and form tauto-
meric pyridine cations.

The internal energies of the cations sampled for col-
lisional neutralization are not known exactly, but an
educated guess is desirable in order to estimate the
internal energy distribution in the radicals to be formed.
The ion energy is bracketed from above by the com-
bination of the molecular precursor (pyridine) thermal
energy and the protonation exothermicity. However,
molecular dynamics of Uggerud58 indicated that O80%
of the protonation exothermicity follows the proton and
is deposited in the cation. In the case of a less exother-
mic protonation, where the acid-base pair remains in
contact long enough to distribute the excess energy
internally, the excitation is partitioned between the pro-
ducts in the ratio of their heat capacities. The lower
bracket for the ion internal energy is given by its
thermal vibrational and rotational enthalpy, whose
mean values and distribution are readily calculated
from the known vibrational frequencies and the ion
source temperature. The actual internal energy further
depends on the number of collisions that the vibra-
tionally excited ion undergoes with the thermal CI
reagent gas and the energy transfer per collision. The
mean number of collisions in the CI source ranges
between 50 and 100 depending on the gas pressure and
ion source potentials. The energy transferred per colli-
sion depends on the nature of the collision partners and
their internal energy, but it typically ranges between 1.2
and 2.5 kJ mol~1.59h61 The mean internal energy of a
precursor cation produced by exothermic protonation
and emerging from the ion source is often hyperthermal
with a distribution which is also broader than thermal
(Boltzmann). This is an important factor for collisional
neutralization. Soft vibrational modes in precursor ions
may be substantially excited to v[ 0 states, and these

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 779È795 (1998)
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Scheme 3

hot ions have geometries that slightly di†er in bond
lengths or angles from those in vibrationally relaxed
(v\ 0) ions.

The internal energy of radicals formed by collisional
electron transfer is further modiÐed by FÈC e†ects.62
These arise from a mismatch between the ion and
radical equilibrium geometries, as shown for the pyri-
dinium ion and radical (5) (Fig. 4). FÈC e†ects result in
an increased average excitation in the radicals, but also
lead to a broadened distribution of vibrational energies.
The magnitude of FÈC e†ects depends on the particular
system and can range from modest, e.g. 20 kJ mol~1 in
5,55 to very large, e.g. 180 kJ mol~1 in imidazolinium
radicals It should be noted that FÈC energies(17aH~).63
are not measured experimentally in NRMS and our
knowledge of their values relies entirely on ab initio or
density-functional theory calculations, which sometimes
yield di†erent results.

In addition to vibrational excitation, the radicals can
be formed in excited electronic states. Collisional elec-
tron transfer is not governed by any spin selection rules,
so that any of the virtual orbitals in the cationic electron
receptor can accept the incoming electron. The prob-
ability of the formation of excited states depends on the
coupling elements of the interaction Hamiltonian
(distorted FÈC factors), which are unknown and difficult
to calculate.64 The formation of excited states in col-
lisional transfer has been probed recently by
photoexcitation50,51 and photoionization,52,53 for a few
radical systems, but nothing is known about the forma-
tion and properties of excited states in heterocyclic rad-
icals relevant to nucleobases.

The combined e†ects of precursor ion internal energy,
FÈC energy, and the threshold energy for radical disso-
ciation determine the fraction of stable radicals to
survive the Ñight time and be reionized. The fraction of

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 779È795 (1998)
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Figure 3. Topical proton affinities (kJ molÉ1) in pyridine, 2-
hydroxypyridine and 3-hydroxypyridine from MP2/6–311G(2d,p)
single-point energies and RHF/6–31G(d,p) zero-point and thermal
corrections.

survivor ions which are actually detected is further
depleted by post-reionization ion dissociations.
However, the latter can be readily gauged from CAD
spectra.

RADICAL CHEMISTRY

Pyridinium ions and radicals

Pyridinium radicals (Scheme 3) represent one of5~È8~
the simplest models for studying the relative stabilities
and reactivity of heterocyclic radicals relevant to DNA
nucleobases. Pyridinium radicals formed by col-(5~)
lisional neutralization of protonated pyridine are stable
species that show abundant survivor ions in the NR
mass spectra (Fig. 5).55 The stability of radical 5~,
expressed as the relative abundance of the survivor

ion, depended critically on the vibrationalC5H6N`
excitation in the precursor. Precursor ions formed by
the highly exothermic protonation with CH5`(*PA\ 380 kJ mol~1) showed substantially lower frac-
tions of surviving radicals than those formed by mildly
exothermic protonation with (*PA\ 23 kJCH3NH3`mol~1). The radicals dissociated mainly by loss of
hydrogen atom to recreate stable pyridine molecules.
However, deuterium labeling at both NÈD and in the
ring positions showed mixed losses of H and D. The
loss of D from NÈD-labeled pyridinium was enhanced
in dissociations of hotter radicals prepared from high-
energy precursor ions. Likewise, time-resolved NRMS
spectra indicated increased speciÐcity of NÈD loss upon

Figure 4. Franck–Condon energies in vertical neutralization of pyridinium ion 5½.

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 779È795 (1998)
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Figure 5. Neutralization 70% T)–reionization(CH
3
SSCH

3
, (O

2
,

70% T) mass spectrum of ion 5½ and its deuterium-labeled deriv-
atives.

increasing the observation times for dissociations of
neutral intermediates. These data allowed unambiguous
interpretation that radical dissociations proceeded by
speciÐc cleavage of the NÈH(D) bonds whereas the
post-reionization ion dissociations proceeded with
hydrogen scrambling among the N and C-2 through
C-6 positions.55

The dissociation energetics for pyridinium radicals
was obtained from ab initio and density-functional
theory calculations which quantitatively agreed with
experiment. Cleavage of the NÈH bond in pyridinium
is the lowest energy dissociation pathway (Fig. 6).
Orbital analysis of the reactant transition state and(5~),
products suggested a smooth reorganization of the fron-
tier orbitals upon NÈH bond dissociation. For the
reverse reaction, addition of a hydrogen atom to pyri-
dine to give the interaction involved the semi-5~,
occupied 1s orbital on the hydrogen atom and the 3b1LUMO of pyridine that evolve into the 14a@ SOMO in
5. The NÈH bond dissociation energies calculated with
MP2 and B3LYP and the 6È311G(2d,p) basis set dif-
fered, as did the corresponding activation energies (Fig.
6). The 298 K NÈH bond dissociation energy in is5~
estimated as 108 kJ mol~1 and the energy barrier to
H-atom addition to pyridine as 26 kJ mol~1. The other
pyridinium isomers 2H 3H and 4H were(6~), (7~), (8~)
also bound but were less than (Fig. 7). The di†erences5~
between the relative energies of isomeric radicals are

much smaller than those for the isomeric cations (Fig.
3). The general trend, which is corroborated by MP2
and B3LYP calculations for several heterocyclic
systems, shows substantially smaller di†erences in the
radical relative stabilities as compared to ion stabilities.
In addition, reversals in the radical relative stabilities
occur for some systems as discussed below.

The calculations also yielded thermochemical data
for the addition and abstraction reactions in the pyri-
dine model system.65 Figure 7 summarizes the calcu-
lated 298 K reaction enthalpies (averaged over MP2
and B3LYP/6-311G(2d,p) calculations) for the forma-
tion of pyridinium and pyridyl radicals. Additions of H~
to give are highly exothermic regardless of the site5~È7~
of attack. By contrast, hydrogen atom abstractions by

are substantially endothermic for all positions inH~
pyridine. This indicates that hydrogen atom additions
should be the energetically preferred modes of pyridine
reacting with hydrogen atoms. It is unknown whether
the H-abstraction reactions in pyridine have activation
barriers above the endothermic energy thresholds.

Hydroxypyridinium ions and radicals

Introduction of a hydroxy group into the pyridine
nucleus has some major e†ects on the ion and radical
relative energies and reactivity. The parent 2-
hydroxypyridine system is known to consist of two tau-
tomeric forms, e.g. 9 and (1H)-2-pyridone (10) (Scheme
4), which have comparable stabilities in the gas phase66
and have been studied extensively as nucleobase
models.67 Theoretical calculations mostly predicted 9 to
be the more stable isomer kJ(*Hr,298(9] 10) \ 5È6
mol~1), although both the magnitude and the sign of
the energy di†erence depended on the computational
method used. QCISD(T), MP268 and DFT
calculations68,69 gave 9 as the most stable isomer,
whereas CASSCF calculations favored 10.70 Spectro-
scopic studies of the (9] 10) system in the gas phase
favored 9 as the predominant and hence more stable
tautomer.71,72 3-Hydroxypyridine exists as a single tau-
tomer 11, which was calculated to be about 40 kJ
mol~1 less stable than 9.

Protonation of hydroxypyridines, followed by col-
lisional neutralization, provides access to radicals that
can be viewed as intermediates of either hydrogen atom
attack on hydroxypyridines or hydroxyl radical attack
on pyridine. The structure of radicals prepared by
NRMS depend on (1) the position of the hydroxyl
group in the precursor molecule, (2) the tautomer com-
position and (3) the protonation site.

The protonation sites in the 2-hydroxypyridine
system depend on the topical proton affinities and the
gas-phase acid used.65 The topical proton affinities of
both tautomers are shown in Fig. 3. Protonation with
mild acids, e.g., or forms exclusivelyNH4` t-C4H9`,
the most stable ion 9aH` from both tautomers 9 and 10
(Scheme 4). Stronger acids, e.g., can attack posi-H3O`,
tions C-3 and C-5 in both 9 and 10 in addition to the
nitrogen and oxygen atoms to form a mixture of ion
isomers. Very strong acids, e.g., can exother-CH5`,
mically protonate any position in 9 and 10. Which of
the energetically accessible positions is (are) protonated

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 779È795 (1998)
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Figure 6. Potential energy profile for N—H bond dissociation in 5~.

Figure 7. Relative 298 K enthalpies for hydrogen atom additions
and abstractions in pyridine. Averaged MP2 and B3LYP/6–
311G(2d,p) relative energies with HF/6–31G(d,p) zero-point and
thermal corrections.

by strong gas-phase acids depends on the proton trans-
fer kinetics.73 Although the rate constants for proton
transfer correlate with the reaction free energy,73 local
dipole moments in a polyfunctional molecule may also
a†ect the relative rates of protonation at di†erent sites,
provided the proton transfer is exothermic and there-
fore energetically favored. In addition, under the condi-
tions existing in the chemical ionization ion source, the
less stable ion tautomers may exothermically protonate

Scheme 4
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the precursor molecules, which are always present in
large excess. This shake-up by successive protonations
is thought to eventually yield the most stable isomer
9aH`. The composition of ion mixtures produced by
exothermic protonation of polyfunctional molecules
depends on experimental conditions (reagent and
analyte partial pressure, ion residence time) and the
proton transfer kinetics. In particular, activation bar-
riers for proton transfer between tautomers can hinder
ion isomerization by ionÈmolecule reactions. It is clear
that the population of ion tautomers produced by exo-
thermic protonation will determine the initial popu-
lation of radicals formed by femtosecond electron
transfer. In addition, the radical population must be
a†ected by the relative neutralization cross-sections of
the ion isomers, which are usually unknown.

The 2-hydroxypyridinium radical produced by(9aH~)
collisional neutralization of 9aH` is a stable species as
revealed by experiment and conÐrmed by theory.65 The
NR mass spectrum of 9aH` showed an abundant sur-
vivor ion. The radical dissociates mainly by loss of a
hydrogen atom. Other dissociation products observed
in the NRMS spectrum can be attributed to post-
reionization dissociations of 9aH` and or as9`~ 10`~
deduced from the CAD spectra of these ions. The
radical and post-reionization ion dissociations were
further distinguished by combination of deuterium
labeling, CAD, NR, NCR and variable-time NR
spectra. These experiments showed that radical disso-
ciations involved speciÐc ([90%) cleavages of the
OÈH and NÈH bonds to form 9 and 10. The apparent
loss of hydrogen atoms from other ring positions was
due to hydrogen scrambling in reionized 9aH` that pre-
ceded dissociation by loss of The unimolecularH~.
chemistry of was thus established unambiguously.9aH~

One disadvantage of the protonationÈneutralization
strategy is that the structure of the ion isomer to be
formed is dictated by the topical proton affinity in the
precursor molecule. The other isomers, if inaccessible
experimentally, must be investigated by theoretical cal-
culations that provide relative energies, isomerization
barriers and dissociation energies. The energetics in the
2-hydroxypyridinium radical system are shown in
Scheme 5. Addition of to the C-2 position in pyri-OH~
dine is exothermic to form radical The latter has9bH~.
enough internal energy to dissociate by C-2ÈH bond
cleavage leading to 9 and a hydrogen atom (*Hr \ 34
kJ mol~1). However, 1,2-hydrogen migrations in 9bH~
can produce and by exothermic isomer-9aH~ 9cH~
izations. The latter can further rearrange to another
stable radical isomer The dissociation of to9dH~. 9aH~
9 and a hydrogen atom is endothermic by 74 kJ mol~1
(Scheme 5). Assessing the kinetics of the competitive
rearrangements and dissociations requires calculations
of transition states. These are difficult in radical systems
because of the imperfect treatment of correlation energy
and, in the case of perturbational calculations, substan-
tial spin contamination. Fortunately, NRMS measure-
ments of deuterium-labeled radicals provide the
complementary information at the qualitative level. Dis-
sociations of O,N-deuterium labeled proceeded9aD~
with predominant ([90%) loss of D. This implied that
structures that could have caused H,D(9cH~È9fH~)
scrambling were not involved in the dissociation and

Scheme 5

must have been separated from by substantial9aH~
energy barriers.

The 3-hydroxypyridinium system does not(11H~)
have any analogy among the purine and pyrimidine
nucleobases and was studied as a non-tautomeric model
of a heterocyclic radical.74 Gas-phase protonation of 11
was predicted by MP2 and B3LYP calculations to
occur on the nitrogen atom, which showed the greatest
proton affinity (Fig. 3). Neutralization of ion 11aH`
yielded radical as a stable species that showed a11aH~
substantial survivor ion in the NR mass spectrum. The
relative abundance of the survivor ion decreased with
the increasing internal energy of the precursor ion when
the latter was formed by increasingly exothermic proto-
nations with and Disso-NH4`, t-C4H9`, H3O` CH5`.
ciation of proceeded predominantly by loss of the11aH~
N-bound hydrogen atom, as distinguished by comple-
mentary deuterium labeling on N and in the OH group.
Radical is the most stable isomer among the 3-11aH~
hydroxypyridinium isomers. The calculated relative
energies showed that an attack at C-3 in pyridineOH~
was 59 kJ mol~1 exothermic to yield radical The11bH~.
latter can dissociate by loss of to form 11, or rear-H~
range by 1,2-hydrogen migrations to form and11cH~

The absence of H/D exchange in dissociating11aH~.
clearly indicated that the energy barrier to11aH~

hydrogen migration was greater than that for NÈH
bond cleavage (Scheme 6).74

Pyrimidinium, uracil and thymine ions and radicals

The protonationÈneutralization strategy was applied to
pyrimidine (13), uracil (14) and thymine (4) with the goal
of generating the corresponding radicals and study their
gas-phase stabilities and dissociations. Standard CI
reagents protonate pyrimidine(NH4`, t-C4H9`, H3O`)
exclusively on nitrogen, as predicted by ab initio calcu-
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Scheme 6

lations of topical proton affinities (Fig. 8).75 The pyrimi-
dinium is a stable species when generated by(13aH~)
collisional electron transfer from ion 13aH` (Scheme 7).
The main dissociation is cleavage of the NÈH bond to
form 13, as conÐrmed by deuterium labeling. The stabil-
ity of depended mainly on the internal energy of13aH~
the precursor ion. For example, NRMS of ion 13aH`,

Figure 8. Topical proton affinities (kJ molÉ1) in pyrimidine (13),
2-aminopyrimidine (14) and 4-aminopyrimidine (15) from MP2/
6–311G(2d,p) single-point energies and RHF/6–31G(d,p) zero-
point and thermal corrections.

Scheme 7

which was prepared by exothermic protonation with
(*PA\ 192 kJ mol~1), resulted in a four-foldH3O`

lower relative abundance of reionized than13aH~
NRMS of 13aH` from less exothermic protonation
with (*PA\ 29 kJ mol~1). FranckÈCondonNH4`energies in vertical neutralization of 13aH` are rela-
tively small (22È23 kJ mol~1) and alone cannot cause
radical dissociation.75

Similar conclusions were reached regarding the func-
tionalized pyrimidines uracil (14) and thymine (4).
ProtonationÈneutralization of both 14 and 4 produced
stable radicals, (Scheme 8) and respectively,14H~ 4H~,
that yielded substantial survivor ions in the NR mass
spectra. In addition to hydrogen atom loss, which was
typical of pyridinium and pyrimidinium radical disso-
ciations, and showed abundant ring cleavage14H~ 4H~
dissociations, as illustrated with the NR mass spectrum
of (Fig. 9). The dissociation energetics of and14H~ 14H~

are unknown, and their elucidation by high-level ab4H~
initio calculations will require substantial e†ort and
resources because of the size of these systems.

Aminopyrimidinium ions and radicals

2-Aminopyrimidine (15, Scheme 9) and 4-aminopy-
rimidine (16, Scheme 10) represent simple heterocyclic
compounds that were used to generate and investigate
radicals relevant to guanine and cytosine.75 The pres-
ence of the amino group in 15 and 16 a†ects the proto-
nation thermochemistry in two ways. First, the amino
group is sufficiently basic to be protonated competi-
tively under CI conditions. Second, the electron-
donating e†ects of the amino group increase the topical
proton affinities in the ring and make the ring positions
amenable to protonation. The calculated topical proton
affinities in 15 and 16 are summarized in Fig. 8. Mild
gas-phase acids and protonate 15 at(NH4` t-C4H9`)
both ring nitrogens and the amino group in a 2 :1 ratio
to form a mixture of ions 15aH` and 15bH` (Scheme
9). The ring carbon atoms are not protonated. The rad-
icals formed by collisional neutralization of 15aH` and
15bH` showed a substantial fraction of stable species
that yielded survivor ions following collisional reioniza-
tion. To distinguish which of and was15aH~ 15bH~
stable required ab initio calculations of the pertinent
structures. Radical is bound in its equilibrium15aH~
structure and stable when formed by vertical neutral-
ization of 15aH`. The electron-donating 2-amino group
does not destabilize compared with the parent15aH~
pyrimidinium Radical is much less stable(13H~). 15bH~
than and is likely to dissociate rapidly by cleav-15aH~
age of one of the NÈH bonds.

Scheme 8
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Figure 9. Neutralization 70% T)–reionization 70% T) mass spectrum of protonated uracil.(CH
3
SSCH

3
, (O

2
,

Protonation of 16 forms three tautomeric ions,
16aH`, 16bH` and 16cH`, which served as precursors
for 4-aminopyrimidinium radicals (Scheme 10). Species

and are standard heterocyclic radicals16aH~ 16bH~

Scheme 9

which are fairly stable when formed by collisional neu-
tralization. The NR mass spectrum of protonated 16
showed a prominent survivor ion by reionization of the
stable radical intermediate.75 The calculated disso-
ciation energies of the N-1ÈH and N-3ÈH bonds in

and are very similar and range between 6816aH~ 16bH~
and 76 kJ mol~1. Interestingly, the N-1ÈH and
N-3ÈH bond dissociations have energy barriers of
105È107 kJ mol~1, which increase the kinetic stability
of and Conversely, the activation barriers16aH~ 16bH~.
to the reverse hydrogen atom addition to 16 (29È40 kJ
mol~1) are sufficiently large to slow the reaction under
thermal conditions (Fig. 10).76

Radical arising by neutralization of the16cH~,
ammonium ion 16cH`, is an interesting species which
formally resembles hypervalent ammonium radicals.75
However, can be better represented as a zwitter-16cH~
ionic species consisting of a positively charged NH3`group and a negatively charged pyrimidine anion
radical. Radical exists in a shallow energy16cH~
minimum, which is separated from exothermic disso-
ciation to 16 and by a small activation barrier of 22H~
kJ mol~1. It should be noted that formation of radical

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 779È795 (1998)
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Scheme 10

by a bimolecular reaction, e.g. attack of a hydro-16cH~
gen atom at the group in 16, would be severelyNH2hampered by the reaction endothermicity (*Hr,0 \ 58
kJ mol~1).76

Caveats in computations of heterocyclic radicals

It is worth noting that calculations of heterocyclic rad-
icals yield relative energies that depend strongly on the
method and basis set used. Density-functional theory
methods, e.g., BeckeÏs B3LYP,77,78 tend to overstabilize
organic radicals relative to closed-shell molecules and
thus provide dissociation energies which are 20È30 kJ
mol~1 too high.79 This overestimation varies very little
with the size of the basis set, e.g., for the split-valence
basis sets 6È31 ] G(d,p), 6-311G(2d,p) and 6-311
] G(2d,p) that were used for the above heterocyclic
radicals.75,76 In contrast, perturbational ab initio
methods, e.g. MP2, su†er from spin contamination
problems, which are not removed completely by stan-
dard spin annihilation procedures.62,63,75 MP2 disso-
ciation energies in heterocyclic radicals are therefore
underestimated by 20È30 kJ mol~1 and improve only
slowly upon increasing the basis set. Composite pro-
cedures according to the equation

QCISD(T)/6È311 ] G(2d,p)

BQCISD(T)/6È31G(d,p)] PMP2/6È311

] G(2d,p)[ PMP2/6È31G(d,p) (2)

give more reliable data, because the quadratic con-
Ðguration interaction (QCISD(T)) energy is spin-
contamination free, and the residual spin contamination
in the projected MP2 energies (PMP2) cancel out.
However, these calculations are expensive for large

Figure 10. Potential energy profile for the dissociation of the N-1—bond in Single-point energies (kJ molÉ1) calculated with the16aH~.
6–311 ½G(2d,p) basis set and B3LYP/6–31 ½G(d,p) zero-point corrections.
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open-shell systems such as Inter-16aH~È16cH~.76
estingly, the errors inherent to the MP2 and B3LYP
calculations are almost exactly compensated upon
averaging the energies.80 This simple empirical pro-
cedure thus provides a shortcut to good quality relative
energies.

Imidazolium and pyrrylium ions and radicals

The imidazole ring is a structure motif which is built in
the purine skeleton of adenine and guanine. Radical
attack on A and G often results in the imidazole ring
cleavage.4,15 The intrinsic properties of imidazole (17)
radicals were therefore of interest and were addressed
by NRMS.63 Imidazole is protonated in the gas phase
on the imine nitrogen atom, which is by far the most
basic site (Fig. 11).63 The structure of the gas-phase ion
17aH` is therefore well deÐned. Formation of radical

by vertical neutralization accompanied by 99%17aH~
dissociation by loss of hydrogen and ring cleavage, such
that the survivor ion is very weak in the NR mass
spectrum.63 This contrasts with the behavior of other
heterocyclic radicals, pyrrylium,63 pyridinium55 and
pyrimidinium,75 which all showed substantial fractions
of non-dissociating radicals (see above). Interestingly,
deuterium labeling in 17aH` showed partial exchange
of the NÈ(H,D) and C-2È(H,D) hydrogen atoms in the
intermediate radical which occurred prior to or17aH~,
in the course of dissociation by NÈ(H,D) bond cleav-
age. The energetics of the radical formation and disso-
ciations were therefore of interest. Ab initio and
density-functional theory calculations revealed that

was only weakly bound against dissociation to17aH~
imidazole and hydrogen atom, which required

kJ mol~1 after averaging the MP2 and*Hr,298\ 30
B3LYP/6È311G(2d,p) energies. Vertical neutralization
of 17aH` is accompanied by large FÈC e†ects that
result in vibrational excitation of the radical17aH~
formed (Fig. 12). The hot radical dissociates by NÈH
bond cleavage to form imidazole, but without scram-
bling the NÈH and CÈH hydrogen atoms. Con-
currently, can rearrange by exothermic17aH~
isomerization to the more stable radical The17bH~.
latter is a bound species when formed by vertical
reduction of its ion 17bH` (Fig. 12). However, following
isomerization from radical has a sufficient17aH~, 17bH~
internal energy to dissociate to 17 by loss of either
C-2ÈH hydrogen atoms, which thus become indistin-
guishable. The existence of intermediate explains17bH~
the partial scrambling of the NÈH and C-2ÈH hydro-
gen atoms in dissociating 17aH~.

Figure 11. MP2/6–311G(2d,p) calculated topical proton affin-
ities (kJ molÉ1) in imidazole and pyrrole.

Phosphorane radicals

Transient radicals derived from phosphate esters are
perhaps the most difficult ones to detect and study in
solution. It is clear, however, that detection of phos-
phate radicals upon DNA irradiation would unam-
biguously indicate that strand breaks occurred upon
DNA damage. NRMS allows for a straightforward gen-
eration of oxygenated phosphorus radicals via two
routes.81 First, electron impact ionization of trialkyl
phosphates, R \ ethyl and higher, results(RO)3PxO,
in facile dissociation by stepwise elimination of an
alkenyl radical and two alkene molecules to form an
abundant ion at m/z 99 (18`, Scheme 11). IonP(OH)4`18` was characterized by the metastable ion and CAD
spectra and its structure was inferred from ab initio cal-
culations which showed it to be the most stable

isomer. Cation 18` served as a precursor forH4PO4`the generation of tetrahydroxyphosphorane, P(OH)4~,Second, protonation of trimethyl phosphate gave18~.
rise to the hydroxytrimethoxyphosphonium ion (19`),
which had the structure suitable for the generation of
the hydroxytrimethoxyphosphoranyl radical by col-19~
lisional neutralization. A surprising result of the NR
mass spectra of 18` and 19` was the absence of both
survivor ions and stable product molecules formed by
cleavages of the PÈO bonds, e.g., P(OH)3,and Interpretation of theP(OH)(OCH3)2 P(OCH3)3.spectrum of was aided by ab initio calculations that18~
revealed several unusual features. Radical is a stable18~
species that exists as several stereoisomers81,82 that
interconvert by conÐgurational inversion at the tetra-
coordinated phosphorus atom known as the Berry
pseudorotation.82 Dissociations of by OÈH and18~
PÈO bond cleavages must overcome activation bar-
riers, calculated at 90 and [160 kJ mol~1, respectively,
which stabilize the radical kinetically (Fig. 13).
However, vertical neutralization of 18` is accompanied
by very large FÈC e†ects which deposit D130 kJ mol~1
of internal energy in the radical formed. The ration-18~
ale for the extremely large FÈC e†ects is evident from
the optimized structures of ion 18` and radical 18~
(Fig. 14). Ion 18` has a distorted tetrahedralT

d
] D2structure with equivalent PÈO bonds. In contrast,

radical is a trigonal pyramid in which the odd18~ C
selectron assumes the Ðfth axial coordination site on

phosphorous. These large di†erences in the PÈO
bond lengths and OÈP angles account for the substan-
tial FÈC e†ects upon vertical electron capture. The vibra-
tional excitation in vertically formed exceeds the18~
energy barrier to loss of a hydrogen atom and results
in a fast, exothermic dissociation to phosphoric
acid. The latter retains most of the vibrational energy,
but it is stable enough to resist dissociation. How-
ever, the cation radical of phosphoric acid, formed
upon subsequent reionization, is much less stable and
undergoes facile and almost complete dissociation by
loss of OH and elimination of water.81 The net result
is a very weak ion of in the NR spectrum ofH3PO4`~

in spite of the fact that loss ofP(OH)4`is an important dissociation of Loss ofH~ 18~. OH~
from gives rise to the stable molecule of tri-18~
hydroxyphosphane, which was also character-P(OH)3,
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Figure 12. Potential energy profile for neutralization of imidazolium ions 17aH½, 17bH½ and dissociations of imidazolium radicals 17aH~
and 17bH~.

Scheme 11

ized by NRMS and ab initio calculations.81 Radical 18~
is one of the salient cases of radical systems whose
chemistry in NRMS is dominated by FÈC e†ects on
vertical electron transfer.41,43,81

CONCLUSIONS AND FUTURE OUTLOOK

Mass spectrometric methods based on collisional neu-
tralization of fast ions provide a general strategy for the
preparation and study of heterocyclic radicals related to
DNA damage. Deuterium labeling, neutral photoexcita-
tion and variable-time measurements are some of the
currently available and powerful methodologies to
investigate the intrinsic properties of DNA radicals in
the gas phase. In addition, the continuing progress in
computer technology allows one to address still larger
radical systems at unprecedented levels of ab initio
theory. The symbiosis of experiment and theory lends
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Figure 13. Potential energy profile for dissociations of tetra-
hydroxyphosporanyl radical 18~.

the mass spectrometrist an extremely powerful tool to
probe these interesting and otherwise inacessible radical
systems. It should be noted that preliminary studies of
ionÈmolecule reactions of cation radicals derived from
nucleobases have appeared recently,83 which will
further contribute to our knowledge of these fascinating
and important species.
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