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bstract

Gas-phase cytosine molecules and cation–radicals represent a complex system of several nearly isoenergetic tautomers within each group.
omputational methods differ in ordering the relative enthalpies of neutral cytosine tautomers. At our highest level of theory, CCSD(T)/aug-cc-
VTZ calculations find an enol form, anti-2-hydroxy-4-aminopyrimidine (2), to be the most stable neutral tautomer in the gas-phase, followed by
ts rotamer, syn-2-hydroxy-4-aminopyrimidine (3), the canonical oxo-form, 4-amino-1,2-dihydropyrimidin-2(1H)-one (1), imino-forms, 2-oxo-4-
minodihydro(1H,3H)pyrimidine (4 and 5), and another oxo-form, 4-amino-dihydropyrimidin-2(3H)-one (6). Other tautomers, such as anti-anti,
yn-syn and syn-anti-2-hydroxy-4-iminodihydro(3H,4H)pyrimidines (7–9), are less stable. The adiabatic ionization energies of the major cytosine
automers have been calculated to be 8.71, 8.64, 8.62, 8.58, 8.64, and 8.31 eV for 1, 2, 3, 4, 5, and 6, respectively. Cytosine cation–radicals show
ery close relative energies that increase in the order of 6•+ (most stable) <2•+ ≈ 3•+ < 4•+ ≈ 7•+ ≈ 1•+ < 5•+. In addition, distonic ions having
adical centers at C-5 (10•+) and C-6 (11•+ are found as low-energy isomers of 1•+–7•+. Metastable cytosine cation–radicals undergo ring-cleavage
issociations by eliminations of CO (major) and HN C O (minor). The energetics of these and other higher-energy dissociations, including the
ertinent transition states, have been established by high-level ab initio and density functional theory calculations and plausible mechanisms have
een proposed. Collisional neutralization of cytosine cation–radicals with trimethylamine and dimethyldisulfide as electron donors forms stable

olecules that are detected as cation–radicals following collisional reionization. The dissociations observed upon neutralization–reionization
ainly include ring-cleavages followed by loss of N C O, HN C O, and formation of C2H3N, C2H2N, and CO neutral fragments that are

ssigned to ion dissociations following reionization.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Ionization of DNA is the primary event that triggers pro-
esses contributing to DNA damage via the so-called direct
echanism [1]. The �-electronic systems in the nucleobases

re the most likely sites of ionization, and the electron defi-

iency is presumed to progress along the DNA strand according
o the nucleobase ionization energies (IE) that follow the
rend IE(thymine) > IE(cytosine) > IE(adenine) > IE(guanine),

∗ Corresponding authors. Tel.: +1 206 685 2041; fax: +1 206 685 3478.
E-mail address: turecek@chem.washington.edu (F. Tureček).
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s established by photoionization measurements [2–6] and
heory [7–9]. While bimolecular reactions of nucleobase
ation–radicals have been studied extensively by radiolytic
ethods in solution or solid state [10–14], relatively lit-

le is known about unimolecular dissociations of nucleobase
ation–radicals in the gas-phase [15–17]. Density functional
heory calculations have been reported for the canonical tau-
omers of nucleobase cation–radicals, and structure changes
pon ionization have been discussed [8]. Ionization energies

ave been reported by both experiment [2–6] and theoretical
alculations [7–9], as reviewed recently [18]. There is also a
ealth of computational data on the structures and relative sta-
ilities of nucleobase molecules in the gas-phase and clusters

mailto:turecek@chem.washington.edu
dx.doi.org/10.1016/j.ijms.2007.02.016


al of

w
t
v
e
I
a
t
e
c
a

2

2

t
d
5
w
w
s
C
s
E
B
a
1
w
m
a
k
t
N
s
a
c
(
T
t
−
d
p
b
l
t
o
t
a
r
(
b
d
a
s
w
t

i
w
w
t

2

G
t
u
6
n
u
t
u
s
q
(
i
h
a
s
t
(
f
t
e
a
m
h
o
e
c
t
t
6
s
M
b
[
c
c
b
3

F
a
b

J.K. Wolken et al. / International Journ

ith water molecules [19]. Cytosine, in particular, has been
he subject of detailed computational studies that were moti-
ated by the existence of four tautomers of very similar relative
nthalpies that posed a challenge to computational methods.
n spite of this wealth of data, there are no studies aimed
t the unimolecular reactivity of cytosine cation–radicals and
heir interactions with electrons. We now report a combined
xperimental and theoretical study of cytosine molecules and
ation–radicals in the gas-phase using high-level ab initio theory
nd neutralization–reionization mass spectrometry [20–23].

. Experimental

.1. Materials

Cytosine (Sigma–Aldrich) was used as received and sampled
o the mass spectrometers from heated solid probes. Cytosine-
3 was prepared by dissolving cytosine (100 mg, 0.9 mmol) in
mL D2O and allowing to stand at 20 ◦C for 3 days. D2O
as evaporated in vacuo and the solid cytosine-d3 was used
ithout further purification. A 70 eV electron ionization mass

pectrum showed 6% d1, 29% d2, 61% d3 and 4% d4 species.
ollisionally-activated dissociation (CAD) spectra were mea-

ured on a JEOL HX-110 double focusing mass spectrometer of
B geometry (electrostatic analyzer E precedes magnetic sector
). Air was admitted to the first field free region at pressures to
chieve 70% or 50% transmittance of the precursor ion beam at
0 keV. The CAD spectra were recorded by scanning E and B
hile maintaining a constant B/E ratio (B/E linked scan). The
ass resolution in these linked scans was >500. Metastable ion

nd CAD spectra (collisions with He) were also obtained as
inetic energy scans on the VG-Autospec tandem mass spec-
rometer at the University of Akron operating at 8 keV [24].
eutralization–reionization (+NR+) mass spectra were mea-

ured on the University of Washington (UW) tandem quadrupole
cceleration–deceleration mass spectrometer [25]. Cytosine
ation–radicals were produced in an electron-impact ion source
200 ◦C, 1 mA emission current) that was floated at 75–80 V.
he ions were transmitted by a wide-open quadrupole mass fil-

er (55–60 V bias) onto an acceleration lens that was floated at
8150 V. A 8225 eV ions were discharged by collisions with

imethyl disulfide that was admitted to the vacuum system at
ressures to achieve 70% transmittance of the precursor ion
eam. Residual ions were reflected by a special electrostatic
ens and the neutral products were allowed to drift to a reioniza-
ion cell where they were reionized by collisions with molecular
xygen at 70% beam transmittance. The ions were decelerated
o 70–75 eV and mass analyzed by a second quadrupole mass
nalyzer that was floated at 70–75 V and scanned at unit mass
esolution. Neutralization–collisional–activation–reionization
+NCR+) mass spectra were measured by admitting He at 50%
eam transmittance into the conduit of the UW instrument, as
escribed previously [26]. Typically, 50–60 scans were collected

nd averaged to provide the NR and NCR mass spectra pre-
ented here. Additional neutralization–reionization mass spectra
ere measured at 8 keV ion kinetic energy on the VG-Autospec

andem mass spectrometer. Ions were prepared by electron ion-
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zation at 200 ◦C, selected by mass, and neutralized by collisions
ith trimethylamine at 70% ion beam transmittance. Oxygen
as used for reionization at 70% beam transmittance. The spec-

ra were obtained as kinetic energy scans.

.2. Calculations

Standard ab initio calculations were performed using the
aussian 03 suite of programs [27]. Optimized geome-

ries were obtained by density functional theory calculations
sing Becke’s hybrid functional (B3LYP) [28–30] and the
-31+G(d,p) basis set. Another set of structures for several
eutral cytosine tautomers were obtained by optimizations that
sed the Møller–Plesset theory [31] with all-electron exci-
ations (MP2(FULL)) and the 6-31+G(d,p) basis set. Spin
nrestricted calculations were performed for all open-shell
ystems. Stationary points were characterized by harmonic fre-
uency calculations with B3LYP/6-31+G(d,p) as local minima
all real frequencies) and first-order saddle points (one imag-
nary frequency). The optimized geometries and uncorrected
armonic frequencies are available from the corresponding
uthor (F.T.) upon request. The calculated frequencies were
caled with 0.963 and used to obtain zero-point energy correc-
ions, enthalpies, entropies. The rigid-rotor harmonic oscillator
RRHO) model was used in thermochemical calculations except
or low frequency modes where the vibrational enthalpy terms
hat exceeded 0.5RT were replaced by free internal rotation terms
qual to 0.5RT. It has been shown previously [32] that enthalpies
nd entropies based on the RRHO and free rotation approxi-
ations bracket the more accurate values calculated with the

indered internal rotor model, and the small differences cancel
ut in calculations of relative enthalpies and entropies. Improved
nergies were obtained by single-point calculations that were
arried out at several levels of theory, including split-valence
riple-� basis sets of increasing size furnished with polariza-
ion and diffuse functions, e.g., 6-311G(d,p), 6-311+G(3df,2p),
-311++G(3df,2p), and 6-311G(3df,2pd), and correlation con-
istent basis sets cc-pVTZ and aug-cc-pVTZ. The B3LYP and

P2 energies calculated with the large basis set were com-
ined according to the B3-MP2 scheme, as described previously
33,34]. Second, single-point energies were calculated with
oupled-cluster theory [35] including single, double, and dis-
onnected triple excitations (CCSD(T)) [36] and the 6-31G(d,p)
asis set. These were then extrapolated to effective CCSD(T)/6-
11++GG(3df,2p) using the standard formula (Eq. (1))

CCSD(T)/6-311 + +G(3df, 2p) ∼= CCSD(T)/6-31G(d, p)

+ MP2/6-311 + +G(3df, 2p) − MP2/6-31G(d, p) (1)

or selected systems, single-point CCSD(T) calculations were
lso carried out with Dunning’s correlation consistent triple-�
asis set, cc-pVTZ and aug-cc-pVTZ [37].

RRKM calculations were performed using Hase’s program

38] that was recompiled for Windows NT [39]. Unimolecular
ate constants were obtained by direct count of quantum states
t internal energies that were increased in 2 kJ mol−1 steps
rom the transition state up to 350 kJ mol−1 above the reactant.
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otations were treated adiabatically, and the calculated k(E, J,
) rate constants were Boltzmann-averaged over the thermal
istribution of rotational states at 473 K, corresponding to the
on source temperature.

. Results and discussion

.1. Cytosine tautomers

Neutral cytosine is known to exist as a mixture of tau-
omers in the condensed [40,41] and gas-phase [42]. Previous
omputational studies reported the relative enthalpies and free
nergies for several tautomeric structures that pointed out the
anonical oxo-form, 4-amino-1,2-dihydropyrimidin-2(1H)-one
1), and the enol tautomers, anti-2-hydroxy-4-aminopyrimidine
2), and syn-2-hydroxy-4-aminopyrimidine (3), as the most sta-
le isomers [43–52]. The relevant structures are shown in Fig. 1
hich also shows the C, N, and O atom numbering in cyto-

ine. The structures of 1–4 that were optimized with B3LYP and

P2(FULL) show very similar bond lengths and angles. Some
inor differences are observed in the C-2 O bond lengths that

re consistently shorter in the B3LYP-optimized structures com-
ared to the MP2(FULL) ones [52]. This indicates that B3LYP

d
h
r
b

Fig. 1. B3LYP/6-31 + G(d,p) optimized structures of cy
Mass Spectrometry 267 (2007) 30–42

alculations favor C O bonds that have more carbonyl-like char-
cter and thus are shorter. Another small difference is in the
engths of the C-4 Nexo bonds that are consistently shorter by
3LYP. This may be connected with the generally flatter NH2
roups in 1–3 in B3LYP-optimized structures compared to those
rom MP2(FULL) [52] as illustrated by the pertinent dihedral
ngles (Fig. 1). Flattening of the NH2 group favors �-interaction
f the nitrogen lone pair with the ring �-electronic system,
esulting in shorter C-4 Nexo bonds. These small differences in
he optimized structures have very small effects on the calculated
elative energies of the cytosine isomers. For example, the rela-
ive energies calculated with effective CCSD(T) and comparable
asis sets, e.g., 6-311+G(3df,2p) and 6-311++G(3df,2p), show
he relative energies of 1–4 to be within 1 kJ mol−1 between the
wo sets when based on B3LYP and MP2(FULL) geometries
Table 1).

There has been a consistent discrepancy in the energy order-
ng of 1 relative to 2 and 3, as perturbational and coupled-cluster
alculations prefer 2 as the most stable structure [49,51], whereas

ensity functional theory calculations, performed with Becke’s
ybrid B3LYP functional, prefer 1 [45,49]. Our calculations
eflect this trend in that MP2 and CCSD(T) calculations with all
asis sets we used favored 2 as the most stable isomer, whereas

tosine tautomers 1–9. Bond lengths in angstroms.
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Table 1
Relative energies of cytosine tautomers

Method Tautomer relative energy (�H0
0,g)a

1 2 3 4 5 6

B3LYP/6-31+G(d,p) 0 2.7 6.0 10.2 17.4 29.0
B3LYP/6-311++G(3df,2p)b 0 5.2 8.4 9.9 17.0 29.2
B3LYP/cc-pVTZb 0 4.2 7.3 8.3
B3LYP/aug-cc-pVTZb 0 4.5 7.6 9.6
MP2/6-31G(d,p)b 0 −6.0 −3.2 4.7 10.9 28.9
MP2/6-311++G(3df,2p)b 0 −2.8 0.1 8.5 15.5 31.2
MP2/cc-pVTZb 0 −7.6 −4.7 6.5
CCSD(T)/6-31G(d,p)b 0 −5.4 −2.6 0.6 6.4 28.7
CCSD(T)/6-311++G(3df,2p)b,c 0 −2.2 0.7 4.4 11.0 31.0
CCSD(T)/cc-pVTZb 0 −5.6 −2.9 2.7

MP2(full)/6-31+G(d,p) 0 −4.8 −1.7 9.6
MP2/6-311G(d,p)d 0 −8.8 −5.8 5.1
MP2/6-311+G(3df,2p)d 0 −3.1 −0.1 8.5
MP2/6-311++G(3df,2pd)d 0 −4.7 −1.8 8.0
MP2/6-311G(3df,2pd)d 0 −5.0 −2.1 6.2
MP2/aug-cc-PVTZd 0 −5.8 −2.9 8.2
CCSD(T)/6-311G(d,p)d 0 −7.3 −4.4 2.0
CCSD(T)/6-311G(3df,2pd)c,d 0 −3.4 −0.7 3.1
CCSD(T)/6-311+G(3df,2p)c,d 0 −1.6 1.3 5.4
CCSD(T)/6-311++G(3df,2pd)c,d 0 −3.2 −0.3 4.9
CCSD(T)/aug-cc-pVTZd 0 −3.9 −1.1 4.5

B3-MP2/6-311++G(3df,2p)e 0 1.2 4.2 9.2 16.2 30.2
B3-MP2/cc-pVTZe 0 −1.7 1.3 7.4
B3-MP2/aug-cc-pVTZe 0 −0.6 2.3 8.9

CCSD(T)/inf + ZPVEf 0 −4.9 −2.1 5.3

a In units of kJ mol−1 at 0 K and including B3LYP/6-31+G(d,p) zero-point
vibrational energy corrections.

b Single-point energies on B3LYP/6-31+G(d,p) optimized geometries.
c Effective energies from linear basis set extrapolation: E[CCSD(T)/large basis

set ≈ E[CCSD(T)/small basis set] + E[MP2/large basis set] − E[MP2/small
basis set].

d Single-point energies on MP2(FULL)/6-31+G(d,p) optimized geometries.
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Fig. 2. Relative free energies (�G0
g,T, top panel) and equilibrium molar fractions

(lower panel) of cytosine tautomers 1–4 in the gas-phase as a function of tem-
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e E(B3-MP2) = 0.5{E[B3LYP] + E[MP2]}.
f From ref. Trygubenko et al. [52].

3LYP calculations consistently favored 1 (Table 1). The dif-
erences are in part cancelled in the B3-MP2 calculations that
lace 1 very close to 2, whereby the actual ordering depends on
he basis set and tends to prefer 2 in calculations with the largest
asis sets (Table 1). In general, the relative energies are sensi-
ive to the type of the basis set used, although convergence is
ndicated in calculations using the largest basis sets. For exam-
le, relative energies calculated with effective CCSD(T) and our
argest split-valence basis set, 6-311++G(3df,2pd), are within
.8 kJ mol−1 of those calculated by CCSD(T)/aug-cc-pVTZ.
he previous “best” relative energies that were extrapolated from
CSD(T) calculations by Trygubenko et al. [52], are within
kJ mol−1 of the CCSD(T)/aug-cc-pVTZ values after correc-

ion for zero-point energies and presented as �H0
0,g (Table 1).

The relative free energies (�G0
T) for the four most stable

automers 1–4 that are based on the CCSD(T)/aug-cc-pVTZ

nergies are plotted as a function of temperature in Fig. 2.
he �G0

T values determine the equilibrium composition of
as-phase tautomers relevant to ionization and protonation. For
xample, at the typical ion source temperature of 473 K, a mix-

e
n
t
c

erature. The relative energies were from CCSD(T)/aug-cc-pVTZ single-point
alculations. Full circles: 1; open circles: 2; full triangles: 3; open triangles: 4.

ure of gaseous cytosine tautomers is calculated to consist of
1% 1, 43% 2, 20% 3, and 5% 4. By comparison, using another
et of relative energies from high-level CCSD(T) calculations
f Kobayashi [51] and converting them to �G0

473 using our
H473 and �S473 corrections, we obtain 24% 1, 47% 2, 22%

, 6% 4, and 1% 5, for gas-phase equilibria at 473 K. In spite
f some differences in the tautomer relative free energies and
quilibrium populations, the high-level calculations agree on
he fact that cytosine exists as a mixture of isomers in the gas-
hase. The computational mixture analysis is in fair agreement
ith microwave spectroscopic analysis that indicated the pres-

nce of no less than three cytosine tautomers at 295 K [42]. It
hould be noted that while fast interconversion of rotamers 2
nd 3 can occur as a unimolecular process in the gas-phase by
H group rotation (ETS = 35 kJ mol−1 relative to 2), prototropic

automerizations, e.g., 1 → 2, 1 → 4, etc., involve high barri-
rs for unimolecular reactions [53] and are likely to occur as
urface-catalyzed reactions [54,55]. The populations of cytosine
ation–radicals produced by electron ionization at non-threshold
nergies (70 eV) are likely to be similar to the populations of

eutral cytosine tautomers in the gas-phase at the ion source
emperature (473 K). This follows from the pertinent ionization
ross sections that are estimated [56] to be very similar for the



34 J.K. Wolken et al. / International Journal of Mass Spectrometry 267 (2007) 30–42

Table 2
Cytosine ionization and recombination energies

Tautomer Ionization Ionization energya

B3LYP/6-31+G(d,p) B3LYP/6-311++G(3df,2p) MP2 B3-MP2/6-311++G(3df,2p) CCSD(T)

1 IEadiab 8.55 8.58 8.84 8.71 8.71
IEvert 8.68b 8.90b 8.79b

REvert 8.47c 8.72c 8.60c

2 IEadiab 8.48 8.48 8.76 8.62 8.64
IEvert 8.69b 8.97b 8.83b

REvert 8.30c 8.55c 8.42c

3 IEadiab 8.47 8.47 8.76 8.62 8.62
IEvert 8.71b 9.02b 8.86b

REvert 8.27c 8.53c 8.40c

4 IEadiab 8.42 8.44 8.67 8.56 8.58
5 IEadiab 8.47 8.50 8.68 8.59 8.64
6 IEadiab 8.22 8.24 8.44 8.34 8.31

P/6-3

c
i
u
a
d

3

a Adiabatic ionization energies in units of electronvolt at 0 K including B3LY
b Vertical ionization energies.
c Vertical recombination energies in cation–radicals.

ytosine tautomers (13.9 − 14.5 × 10−16 cm2), indicating sim-

lar ionization probabilities. The cation–radicals can possibly
ndergo unimolecular isomerizations that depend on their rel-
tive stabilities and the pertinent transition state energies, as
iscussed below.

c
8

Fig. 3. B3LYP/6-31+G(d,p) optimized structures of cytosine
1+G(d,p) ZPVE corrections.

.2. Cytosine ionization energies
The adiabatic ionization energies (IEa) are similar among
ytosine tautomers 1–4, with the calculated values ranging from
.56 for 4 to 8.71 eV for 1 (Table 2). By comparison, the reported

cation–radicals 1•+–7•+. Bond lengths in angstroms.
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Sch

xperimental ionization energies ranged from 8.45 to 8.9 eV
57], in reasonable agreement with our calculations. Vertical
onization energies (IEv) of 1, 2, and 3 were also calculated
nd found to be somewhat higher than the adiabatic values,
.g., IEv = 8.79, 8.83, and 8.86 eV for 1, 2, and 3, respectively.
he 0.08–0.24 eV (8–23 kJ mol−1) differences between the adi-
batic and vertical ionization energies indicate only moderate
xcitation in cation–radicals 1•+–4•+ upon vertical ionization
y electron-impact. The experimental IEv = 8.94 eV [57], that
as measured for a mixture of gas-phase cytosine tautomers,

s in acceptable agreement with our calculations. We note that
mprota et al. have recently reported their density functional the-
ry calculations of the IEa and IEv of cytosine with smaller basis
ets that are in general agreement with our results [8].

.3. Cytosine cation–radical structures and relative
tabilities

Cytosine cations–radicals are the main topic of interest in this

tudy. Several local energy minima were found by gradient opti-
izations for cytosine cation–radicals, as depicted in Fig. 3. The

ptimized geometries of the cation–radicals show some con-
picuous differences from those of the corresponding neutral

1
l
a
d

.

ytosine tautomers. For example, comparison of the optimized
tructures of 1 (Fig. 1) and 1•+ (Fig. 3) shows that they differ in
hat the alternating O-2 C-2, N-3 C-4, and C-5 C-6 bonds are
onger in the cation–radical while the C-4 N-4 and C-6 N-1
onds are longer in the neutral molecule. Similar effects on ion-
zation are found for 2/2•+ and 3/3•+ (Figs. 1 and 3). As pointed
ut by Improta et al. [8] these changes on ionization can be visu-
lized by considering contributions of valence-bond canonical
tructures for the cation–radicals that result in modified bond
rders, as shown in Scheme 1.

The relative energies of cytosine cation–radicals show 6•+

s the most stable isomer followed by 2•+, 3•+, 4•+, 7•+, and
•+ (Table 3). The energy differences among these tautomeric
ation–radicals are very small, indeed, smaller than those found
or the neutral cytosine tautomers. An interesting feature is the
elative stabilization of ion 6•+, which represents the most stable
somer among those studied here, contrasting the ranking of 6 as
he sixth most stable among neutral tautomers (Table 1). Cyclic
istonic ions 10•+ and 11•+ that are derived from N-3-protonated

by loss of H-5 and H-6, respectively, were also found to be

ocal energy minima (Fig. 4). Although these cation–radicals
re less stable than the classical cytosine tautomers, the energy
ifferences are relatively small (Table 3), so that 10•+ and 11•+
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Table 3
Relative and dissociation energies of cytosine cation–radicals

Species/reaction Relative energya,b

B3LYP/6-31+G(d,p) B3-PMP2c/6-311++G(3df,2p) CCSD(T)c,d

1•+ 0 0 0
1•+ → TS1 137 129 134
2•+ −3 −7 −9
2•+ → TS1 140 136 144
2•+ → TS2 161 154 161
3•+ −2 −4 −8
3•+ → TS3 152 150 155
4•+ 6 −0.3 −1
5•+ 10 5 4
6•+ −4 −7 −11
7•+ 9 1 −0.1
10•+ 39 28 27
11•+ 19 7 7
1•+ → 12•+ 38 26 33
1•+ → TS4 39 30 36
1•+ → 13•+ 67 56 67
1•+ → TS5 162 158 169
1•+ → 14•+ 106 90 92
1•+ → [3-aminopyrrazole]•+ (15•+) + CO 67 54 39
1•+ → TS6 160 148 143
1•+ → [1,3-diiminopropene]•+ (16•+) + HN C O 191 167 179
1•+ → TS7 251 235 223
1•+ → 17•+ 88 82 89
1•+ → [2-amino-1-azacyclobutadiene]•+ (18•+) + HN C O 209 194 198
1•+ → [1,5-diazapenta-1,2,4-trienyl]+ (19+) + •N C O 325 331 317
1•+ → [2-amino-1-azacyclobutenyl]+ (20+) + •N C O 297 294 281
1•+ → [pyrimidi-2-one-4-yl]+ (21+) + NH2

• 368 345 341
2•+ → [2-hydroxypyrimid-4-yl]+ (22+) + NH2

• 392 379 373
2•+ → [2-hydroxyimidazol-2-yl]+ + HC NH• 419 416 392
2•+ → [2-hydroxyimidazol-2-yl]+ + CH2 N• 381 387 359
1•+ → [4-aminoazet-2-one]+ (25+) + CH2 N• 447 440 426
1•+ → [oxazol-2-yl]+ (26+) + CH2 N• 407 420 392

a In units of kJ mol−1 at 0 K including B3LYP/6-31+G(d,p) zero-point vibrational energy corrections.
b Relative to 1+•

unless specified otherwise.
c

sis se
s

c
n

3

o
d
t
o
[
e
f
T
l
a
p
C
m

c
H
a
a
e
a
s
F
H
b
i

m
i
p

From single-point calculations using spin-projected PMP2 energies.
d Effective energies from linear basis set extrapolation: E[CCSD(T)/large ba

et].

an occur as intermediates of ion dissociations, as discussed
ext.

.4. Cation–radical dissociations

Because of the existence of the tautomer mixture consisting
f 1•+, 2•+, 3•+, and 4•+ (vide supra), the mass spectrometric
ata are generically referred to [cytosine]•+ without specifying
he tautomer. Elimination of CO is the dominant dissociation
f metastable [cytosine]•+ (Fig. 5a). The loss of CO from
cytosine]•+ shows a dished metastable peak of a large kinetic-
nergy release, T0.5 = 0.550 eV (Fig. 5a, inset). The minor peak
or the loss of HN C O from metastable [cytosine]•+ gives
0.5 = 0.030 eV. The metastable-ion dissociations represent the

owest-energy pathways in all tautomers 1•+, 2•+, 3•+, and 4•+,

s discussed below. Collisional activation of stable [cytosine]•+

roduces the CAD mass spectra shown in Figs. 5b and 6a. The
AD mass spectra are quite analogous to the standard 70 eV
ass spectrum of neutral cytosine, shown as inset in Fig. 6, and

s
g
o
F

t ≈ E[CCSD(T)/small basis set] + E[MP2/large basis set] − E[MP2/small basis

ontain fragment ions due to loss of CO (m/z 83), NCO (m/z 69),
NCO (m/z 68), and their complementary ions at m/z 43, 42,

nd 28. The CAD mass spectrum of cytosine-d3 (Fig. 6b) reveals
dditional fragmentations that overlapped by mass in Fig. 6a. For
xample, the presence of an m/z 85 fragment indicates loss of
[CHDN]• radical from cytosine-d3 and [CH2N] from cyto-

ine; the latter neutral fragment was isobaric with the CO in
ig. 6a. Deuterium labeling also shows possible elimination of
2N CN (isobaric with O C N•) at m/z 70 and eliminations of
oth HN C O (m/z 71) and DN C O (m/z 70) in a 2:3.3 ratio,
ndicating that H/D scrambling occurred in the dissociating ions.

The dissociation mechanisms and energetics for the for-
ation of the major fragment ions were elucidated by ab

nitio and density functional theory mapping of the pertinent
arts of the potential energy surface of the ground doublet

tates of 1•+–4•+. The dissociation and transition state ener-
ies are summarized in Table 3, the optimized structures
f selected intermediates and transition states are given in
igs. 4 and 7.
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Fig. 4. B3LYP/6-31+G(d,p) optimized structures of dissociation intermediates. Bond lengths in angstroms.

Fig. 5. Tandem mass spectra of [cytosine]•+ obtained as kinetic energy scans.
(a) Metastable-ion spectrum. (b) Collisionally-activated dissociation (He) mass
spectrum. (c) Neutralization–reionization mass spectrum.

Fig. 6. Collisionally-activated dissociation mass spectrum of [cytosine]•+

obtained as a B/E linked scan. Inset shows the standard 70 eV electron ionization
mass spectrum of cytosine [57].
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Fig. 7. B3LYP/6-31+G(d,p) optimized structures of transition sta

The first item to address is the possible interconversion of
he low-energy ion tautomers 1•+, 2•+, 3•+, 6•+, and 7•+.
his may proceed by reversible 1,3-proton migrations, e.g.,
•+ → 2•+ → 7•+ and 3•+ → 6•+, as shown in Scheme 2. As
case in point, we investigated the 1•+ → 2•+ proton migra-

ion which was found to proceed through a low-lying transition
tate (TS1) at 134 kJ mol−1 above 1•+ and 144 kJ mol−1 above
•+. The mean internal energy of 1•+, when produced in its
round electronic state, is given by the sum of the mean rovibra-
ional enthalpy of 1 at the ion source temperature (37 kJ mol−1

t 473 K) and the Franck–Condon energy upon vertical ioniza-
ion (8 kJ mol−1) and equals Eexc = 37 + 8 = 45 kJ mol−1 [58,59].
his indicates that a major fraction of stable 1•+ does not have
ufficient energy for unimolecular isomerization to the more sta-
le tautomer 2•+. Likewise, the mean internal energy in 2•+ by
onization of 2 is Eexc = 35 + 20 = 55 kJ mol−1, which is insuf-
cient for isomerization to 1•+ through TS1 or to 7•+ through
S2. Regarding metastable ions 1•+ and 2•+ with 10−5 s life-

imes, RRKM calculations of the isomerization rate constants
ndicate that most ions with internal energies <160 kJ mol−1 will
ot isomerize on the metastable-ion time scale (Fig. 8). Internal

onversion from the first and second (n and �*) electronically
xcited states of cytosine cation–radicals, which are produced
y electron ionization at ≥1.0 eV above the ground state [4],
rovides internal energies that are close to or above the isomer-

1
t
a
c

ion isomerizations and dissociation. Bond lengths in angstroms.

zation barrier in TS1. However, the isomerization is expected
o be slow due to the 30–40 kJ mol−1 kinetic shifts (Fig. 8a).

ith more energetic ions, the isomerization kinetics prefers
•+ over 1•+, as indicated by the calculated molar fractions
or the 2•+ ⇔ 1•+ equilibrium. Similar arguments regarding ion
nterconversion can be used for the 2•+ → 7•+ and 3•+ → 6•+

somerizations that have somewhat higher barriers for proton
igration, e.g., TS2 at 161 kJ mol−1 above 2•+, and TS3 at

55 kJ mol−1 above 3•+ (Table 3). The energy barriers for iso-
erizations indicate that it is in principle possible to generate

ure isomers 1•+, 6•+, 7•+ and a mixture of rotamers 2•+ and
•+, provided that one started from pure neutral tautomers and
sed a threshold ionization method. However, the mass spec-
rometric means of distinguishing cytosine cation–radicals are
imited, as discussed below.

The elimination of CO is calculated to require a rather low
hreshold energy (39 kJ mol−1), but involves activation barri-
rs to N C bond cleavages. Scheme 2 shows the proposed
echanism for the loss of CO from 1•+. Dissociation of the
-1 C-2 bond proceeds through a low-lying transition state

TS4, ETS4 = 36 kJ mol−1) to form an open-ring cation–radical

2•+ which is only 33 kJ mol−1 above 1•+. In the next step,
he isocyanate group rotates about the N-3 C-4 bond to form

higher-energy isomer 13•+ (67 kJ mol−1 above 1•+) which
an cyclize through TS5 to form a pyrazole ring in the distonic
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Scheme 2.

Scheme 3.
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ntermediate 14•+ at 92 kJ mol−1 above 1•+. Loss of CO from
4•+ produces the stable aminopyrazole ion 15•+. The poten-
ial energy for crossing the highest-energy saddle point TS5,
hich is 169 kJ mol−1 above 1•+ and 130 kJ mol−1 above the
roducts, explains the substantial kinetic energy release in the
oss of CO from metastable 1•+ (T0.5 = 0.55 eV = 53 kJ mol−1,
ig. 5). Note that the kinetic energy release is almost exactly
qual to the dissociation exothermicity for 14•+ → 15•+ + CO
�Hrxn = −53 kJ mol−1). However, since 14•+ is a local energy
inimum and its dissociation to 15•+ + CO is exothermic, they

re separated by an energy barrier in a transition state for
he O C N bond cleavage (TS6) which was calculated to be
1 kJ mol−1 above 14•+ (Table 3).

The TS energy in the rate-determining step for loss of CO
rom 1•+ (TS5) is 169 − 134 = 35 kJ mol−1 above the energy
arrier for 1•+ → 2•+ interconversion (TS1). This indicates that
•+ that have sufficient internal energy for dissociation by loss

f CO will undergo isomerization to 1•+. RRKM calculations of
he unimolecular rate constants for 2•+ → TS1 → 1•+ indicate
n isomerization with k = 3 × 104 s−1 in 2•+ having an internal
nergy at the TS5 dissociation threshold.

ig. 8. (a) RRKM unimolecular rate constants for the isomerization 1•+ → 2•+

full circles) and 2•+ → 1•+ (open circles) isomerizations. (b) Molar fractions
f 1•+ and 2•+ as a function of internal energy.
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The elimination of CO competes with the loss of the [CH2N]
adical and an HN C O molecule. The latter dissociation may
roceed via various mechanisms involving N-1 or N-3. The dis-
ociation involving N-1 may be visualized as starting with a
leavage of the C-2 N-3 bond that requires 223 kJ mol−1 in the
ransition state (TS7) and produces an open-ring intermediate
7•+ (Scheme 3). Note that this ring opening in 1•+ is accom-
anied by a rotation of the incipient O C N-1 group about
he N-1 C-6 bond and concomitant proton migration onto N-
. Elimination of HN C O from 17•+ must involve a reverse
roton migration and possibly also a ring closure forming the 2-
minoazacyclobutadiene cation–radical (18•+) at 198 kJ mol−1

hreshold energy. Alternatively, the elimination of HN C O
ay involve N-3 and proceed via 13•+ by proton migration from

he NH2 group to eventually form the 1,3-diiminopropene ion
16•+) at 179 kJ mol−1 threshold energy (Scheme 2, Table 3).
he fact that the elimination of HN C O competes poorly with

he loss of CO in the metastable ion spectra is consistent with
he higher threshold and transition states energies for the former.

Eliminations of HN C O, O C N•, CO, [C,N,H2]•,
nd NH2

• are the main primary dissociations of cytosine
ation–radicals that are observed in the CAD and EI mass
pectra. Loss of O C N• can proceed directly from inter-
ediate 12•+ by simple cleavage of the N-3 C-4 bond to

roduce the diazacumulene ion 19+ (Scheme 3), or from
7•+ with a concurrent ring closure forming protonated 2-
minozacyclobutadiene (20+, Scheme 3). The latter ion is
6 kJ mol−1 more stable than 19+ (Table 3). The energet-
cally more favorable loss of NCO forming 20+ requires
81 kJ mol−1 at the thermochemical threshold of the products
Table 3).

Loss of the NH2 radical from 1•+ forming the pyrimid-
(1H)-on-4-yl cation (21+, Scheme 3) is another high-energy
issociation that is calculated to require a threshold energy of
41 kJ mol−1 (Table 3). A related loss of NH2 radical from 2•+

orming the 2-hydroxypyrimid-4-yl cation (22+) is also substan-
ially endothermic and requires 373 kJ mol−1 (Table 3).

Elimination of [C, N, H2] as HC NH• or its more stable
H2 N• isomer is another high-energy dissociation than may

nvolve expulsion of C-4 and N-4 from 2•+ through isomeriza-
ion to intermediate 23•+ followed by simple bond cleavage to
orm the 2-hydroxyimidazol-2-yl cation (24+) at the respective
92 and 359 kJ mol−1 threshold energies (Table 3). A sim-
le ring cleavage in 1•+ followed by expulsion of a HC NH
adical was calculated to require very high energies at the
hermochemical thresholds for the formation of the 4-aminoazet-
-one (25+, Table 3) or oxazol-2-yl (26+, Table 3) cations,
hich can hardly at all be expected to compete with the loss
f CO at internal energies close to the dissociation thresh-
ld.

.5. Neutralization–reionization of cytosine
ation–radicals
Collisional electron transfer to [cytosine]•+ cation–radicals
esults in the formation of stable neutral molecules that are
etected as intense survivor ions in the +NR+ mass spec-
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ra. The spectra obtained by collisional neutralization with
rimethylamine (IEv = 8.44–8.56 eV) [57] and dimethyldisulfide
IEv = 8.96 eV) [57] on different instruments are remarkably
imilar (cf. Figs. 5c and 9a). Compared with the vertical ioniza-
ion and recombination energies of 1–4 (Table 2), the collisional
lectron transfer from trimethylamine and dimethyldisulfide is
nly slightly exothermic and endothermic, respectively. Such
mall differences in ionization and recombination energies
sually do not affect +NR+ mass spectra [60].

The dissociations observed upon +NR+ produced the same
ype of fragments as those in CAD. This overall similarity indi-
ates that the cytosine molecules formed by collisional electron
ransfer did not dissociate extensively, and most of the fragmen-
ations observed occurred following collisional reionization. In
ine with this, the differences that are seen in the fragment rel-
tive intensities, e.g., smaller fragments (m/z 28, 40, 41) being
elatively more intense in +NR+, while m/z 95 and 83 being less
ntense, may be assigned to consecutive dissociations following
ollisional reionization [61]. The m/z 28 fragment, presumably
O•+, may originate from reionization of neutral CO formed
y collateral dissociation of [cytosine]•+ in the neutralizing
ollision [62]. Collisional activation of neutral [cytosine] pro-
uced by electron transfer resulted in increased intensities of
he low-mass fragments in the +NCR+ mass spectrum (Fig. 9b).
owever, this collisional activation did not open new channels

hat could be assigned to neutral dissociations. We conclude

hat the +NR+ mass spectra reflect mainly ion dissociations that
re promoted by sequential excitation by the neutralizing and
eionizing collisions.

ig. 9. (a) Neutralization (CH3SSCH3)/reionization (O2) mass spectrum of
cytosine]•+. (b) Neutralization (CH3SSCH3)/neutral collisional activation
He)/reionization (O2) mass spectrum of [cytosine]•+.
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. Conclusions

Cytosine molecules and cation–radicals represent complex
ystems of several tautomers of similar stabilities within each
roup. Gas-phase cytosine exists as four major tautomers at ther-
al equilibrium. Ionization by electron-impact is predicted to

orm a mixture of cytosine cation–radicals. Interconversion of
on tautomers by intramolecular hydrogen migrations requires
ctivation energies that are in general lower than those for
owest-energy dissociation by loss of CO. Thus, six low-energy
ation–radical tautomers can equilibrate before dissociation.
ollisional neutralization of cytosine cation–radical by fem-

osecond electron transfer produces stable molecules that do not
ndergo substantial dissociation.
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27 (1998) 91.

24] M.J. Polce, M.M. Cordero, C. Wesdemiotis, P.A. Bott, Int. J. Mass Spec-
trom. Ion Process. 113 (1992) 35.
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