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Abstract

Using synchrotron radiation as excitation source in the 6-22 eV photon energy region, a photoionization mass spectrometry
study of three nucleic acid bases, adenine, thymine and uracil, revealed VUV-induced degradation pathways of these important bio-
logical molecules. The fragmentation patterns, ionization energies and ion appearance energies (AE) are reported, many for the first
time, and are compared with results of electron impact and other studies. AE values enabled heats of formation of parent and some
fragment ions to be revised or determined for the first time. Thermochemical data, coupled with the observed AEs, were also useful
in clarifying dissociative photoionization pathways. The main neutral loss species are HCN for adenine, HNCO and CO for thymine
and uracil, but many subsequent and other fragmentation pathways, including some not suggested previously, are observed and
discussed. The hyperconjugation properties of the methyl group make CO loss easier in thymine than in uracil. The astrophysically
important fragment ion HCNH™" is shown to be formed by several fragmentation pathways in all three nucleobases. The relative
importance of competitive fragmentation processes was determined in some cases. Some astrophysical implications concerning
the prospects for observation and survival of these nucleic acid bases in the interstellar medium and in meteorites are briefly
discussed.
© 2005 Elsevier B.V. All rights reserved.

1. Introduction meteorites [2-5], speculation has been made concerning

their possible formation in the interstellar medium

The vacuum ultraviolet (VUV) photophysics and
photochemistry of the pyrimidine and purine nucleic
acid base constituents of DNA is of considerable interest
in view of the possible delivery of these molecules from
space to the early Earth, and the role that they could
have played in the origin and development of life on
our planet [1]. Some nucleobases have been found in
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(ISM) [6,7], and pyrimidines and purines have been re-
ported in the data obtained with the PUMA impact
mass spectrometer during the flyby of comet Halley by
the Soviet spacecraft VEGA 1 [8]. Gas phase studies
of nucleic acid bases are also of significance in biology
for understanding and determining properties of these
basic units when free from interactions.

Concerning their possible existence in an astrophysi-
cal context, the observation of the important nucleo-
bases by radioastronomy requires initial laboratory
studies on their gas phase microwave spectra, which
have indeed been carried out for the major tautomers
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of the three nucleic acid bases studied here, adenine [9],
thymine [10] and uracil [11]. Other possibilities of astro-
physical observation include their infra-red spectra,
which have been measured in the laboratory in the gas
phase [12] and in low temperature matrices [13-16],
both phases being relevant to possible astrophysical
measurements. Gas phase electronic spectra are also
known, but the observed UV absorption [17-19] or
fluorescence [20,21] bands would be difficult to mea-
sure and identify in astrophysical contexts. However,
all of these spectroscopic studies have enriched our
knowledge of the structure of these nucleobases in
their tautomeric variants. Mass spectrometric measure-
ments of cometary grains, already attempted on comet
Halley in 1986 [8], will be improved in future space
missions to comets, with some specific attempts to de-
tect purine nucleobases [22].

Although the nucleobases studied possess several
tautomeric forms, the spectroscopic studies cited above
show that at the gas phase temperatures used in our
study, 150-200 °C, only one tautomer is present, at
more than 99%, with no evidence of tautomerization
of uracil or thymine to the enol form, or of adenine
to the imino form [12].

Apart from several photoelectron spectral studies [23—
31]there has been relatively little previous study of ioniza-
tion phenomena of adenine, thymine and uracil. Their
adiabatic ionization energies are uncertain and there are
only a small number of mass spectral studies on unmodi-
fied nucleobases, carried out by 20 and 70 eV electron im-
pact, principally by the group of Dudek [32,33], followed
by others [34—41]. No dissociative photoionization studies
have been reported on these nucleobases. We mention
that there has been recent work on the dissociative elec-
tron attachment of nucleobases and on their stable anions
in the gas phase [42,43]. We also note that energetic frag-
ments resulting from dissociation of nucleobases can
cause subsequent damage in biological systems. DeVries
etal. [44]have studied the fragmentation of uracil and thy-
mine induced by collision with slow multiply charged
Xe(g+, ¢ = 5-25) ions. Complete breakdown into atomic
and diatomic fragments occurs via Coulomb dissociation
under these conditions.

In this paper, we report results of a photoionization
mass spectrometry (PIMS) study of three nucleic acid
bases, adenine, thymine and uracil. All three have
been found in meteoritic materials [2-5]. The photoion
yield curves of the nucleic acid base parent and frag-
ment ions were measured as a function of incident
photon energy in the 6-22 eV range. We report ioniza-
tion energy (IE) and previously unknown fragment
appearance energies (AE). Knowledge of the ioniza-
tion energies of the nucleobases is of importance in
understanding the processes of oxidative damage
[45,46], as well as in interpreting hole (radical cation)
charge transfer and trapping [47-49], in DNA. The

photoion fragmentation patterns at an incident energy
of 20eV are compared with the ion fragmentation
patterns obtained by 20 and 70eV electron impact
ionization processes. Our proposed fragmentation
pathways build on the pioneer studies of Rice et al.
[32,33] on the electron impact mass spectra of these
nucleobases. These pathways were established in part
by making use of metastable peaks and isotope label-
ing [34-37]. Our measurements of the appearance
energies of fragment ions enable us to further investi-
gate the validity of the proposed fragmentation path-
ways and to consider new aspects and extensions of the
dissociative ionization processes. The fragmentation
information is not only pertinent to understanding
radiation damage in DNA [50] but, as mentioned
above, it is also potentially of use for interpretation
of data to be obtained by mass spectrometric measure-
ments of species in cometary grains which will be col-
lected during the ROSETTA space mission to the
comet 46p/Wirtanen [22].

The photoabsorption cross-section of nucleic acid
bases is much higher in the VUV as compared with
the UV, as has been observed in absorption and EELS
studies on films of nucleobases, usually prepared by
vacuum sublimation [51-55]. Low energy EELS mea-
surements have been carried out on gas phase thymine
[56], and high energy EELS on solid films of the three
nucleobases studied here, which provided data up to
35eV [57]. We later compare this data, as well as pho-
toelectron spectra, with our nucleobase parent photo-
ion yield curves. MPI spectra of gas phase adenine
have also been measured [18]. Optical properties of ade-
nine in the 1.8-80 eV region have been determined by
optical reflectance on solid films [58]. Photoacoustic
spectra of films of thymine and adenine have also been
obtained and compared with absorption measurements
in the 4.13-9.54 eV range [59]. In these different studies
the bands observed have been assigned to m—n*, n—n*, etc.
transitions and to chromophoric groups. We also note
the existence of a broad intense “absorption” peak of
the nucleobases in the 20 eV region. This results mainly
from collective excitation of electrons and is commonly
observed in organic compounds, as discussed elsewhere
[60].

We mention that all of these molecules absorb
strongly at 10.2 eV, where the Lyman-a stellar emission
is intense. Furthermore, in connection with the possible
earthbound delivery of biotic molecules from space, we
remark that the VUV luminosity of the early sun, during
the Hadean period of considerable bombardment of the
Earth from space, was about two orders of magnitude
higher than it is today, although the total luminosity
was less [61].

Initial accounts of this work, which have been re-
ported elsewhere in an exobiology context [62,63], in-
clude preliminary values of the ionization energies and
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some fragmentation appearance energies of the three
nucleobases [62].

2. Experimental

The experiments were carried out at two separate
synchrotron facilities, BESSY I and BESSY 1I, in Ber-
lin. Synchrotron radiation from the electron storage ring
BESSY I was monochromatized by a 1.5 m Au grating
monochromator (modified McPherson) and then fo-
cused into a differentially pumped gas cell which can
be heated up to 400 °C but was here restricted to lower
temperatures. The experimental set-up is described in
more detail elsewhere [64]. The nucleic acid base vapors
were introduced into the ionization chamber by direct
evaporation of solid samples in open containers placed
1-2 cm below the position of the incident VUV radia-
tion within the ion extraction zone. The whole chamber
was heated to temperatures, typically 120-140 °C, which
provided an adequate supply of target molecules but
were sufficiently low to ensure that the thermally fragile
low volatile nucleic acid bases remained essentially
undissociated in the gas phase. When some thermally in-
duced dissociation did occur this was easily identified by
the observed mass spectra, thus enabling us to modify
experimental parameters so as to achieve satisfactory
experimental conditions of minimal thermal dissocia-
tion. In cases where water impurity was observed in
the mass spectra this generally resulted from residues
of cleaning procedures of the apparatus which were car-
ried out between experimental runs.

Parent and fragment ions formed by photoionization
of the nucleic acid bases adenine, thymine and uracil
were measured using a quadrupole mass spectrometer
(Leybold Q200), and ion yield curves were obtained
through photon energy scans with measuring intervals
of 25 meV. The yield curves of the principal ions ob-
served are presented in the appropriate figures. Trans-
mitted photons were detected by the fluorescence of a
sodium salicylate coated window. Spectral bandwidth
of the incident monochromatic radiation was typically
2A. Some experiments were carried out with an
MgF, filter (cut-off effective at 11.0 eV) in order to sup-
press stray light and second-order radiation. Ion
appearance energies were determined mainly with the
aid of semi-log plots of the ion yield curves. A second
set of measurements on uracil was carried out more re-
cently using synchrotron radiation from the BESSY II
electron storage ring. Measuring equipment and exper-
imental conditions were similar to those at BESSY 1,
except that at BESSY II we employed a 3 m normal
incidence monochromator. The nucleic acid base sam-
ples were commercial products (Sigma—Aldrich) of best
available purity. The formulae of the three nucleobases
studied are given in Fig. 1.
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1 NG N 3 ¢ __CHg 3 4 5 H
N | \>LH HN |5 HN |
2 6
2 4 "No 6
H N O N H O N H
N H 7 ! 7 N1
Adenine Thymine Uracil

Fig. 1. Molecular structure of adenine, thymine and uracil, including
common atom numbering.

3. Results and discussion
3.1. Adenine: mass spectra and ion yield curves

Table 1 gives a comparison between the relative
intensities of the m/z peaks in our mass spectrum ob-
tained at 20 eV photon excitation energy and that of
Rice and Dudek [33] measured with 70 eV electron im-
pact. It also includes selected proposed loss of neutral
species corresponding to the observed molecular ions
formed by dissociative ionization. The appearance ener-
gies of the major m/z ions are listed, as measured from
the onsets in the ion yield curves (Fig. 2).

The 20 eV photon impact and 70 eV electron impact
mass spectra have essentially the same m/z features
but with differences in their relative intensities. Different
relative intensities are also observed between reported
electron impact mass spectra of adenine [22,33,38,65].
These differences between the electron impact spectra,
and also between electron and photon impact mass spec-
tra, are most probably mainly due to different ion optics,
residence times, and detection efficiency. These factors
will affect the mass spectral manifestations, especially
of metastable ions. We remark also that with 70 eV elec-
tron impact, but not with 20eV photons, doubly
charged molecular ions can be formed, with low yields,
giving rise to charge separation reactions producing
fragment monocations [66]. Differences between re-
ported electron impact mass spectral intensities were
also observed for thymine and uracil, as discussed later.

3.1.1. The adenine parent ion

For the parent ion, m/z = 135, we measured an ioni-
zation energy of 8.20 +0.03eV. The corresponding
m/z = 135 ion yield curve shown in Fig. 2(a) was mea-
sured using the MgF, filter. In Table 2 this value is com-
pared with those determined by various techniques. The
only other measurement by photoionization is that re-
ported Orlov et al. [67], who did not publish their ion
yield curve. Agreement between these two PIMS mea-
surement is good. An early measurement by electron im-
pact [68] gives a much too high value, but later
measurements [69,70]are not inconsistent with our IE va-
lue. A recent measurement by the R2PI technique gives
an upper limiting value 400 meV above the PIMS values
[71]. The ionization energies reported from photoelectron
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Table 1

Electron impact [33] and photon impact mass spectra and photoion appearance energies: Adenine m = 135 (CsHsNjs)

mfz Electron impact Photon impact Photon impact Ion elemental Neutral loss
70 eV relative intensity 20 eV relative intensity appearance energy (AE, eV) formula

135 100 100 8.20 £ 0.03 CsHsNT

134 3 10 C5H4N§r H

120 3 1 CsH4N; NH

119 (a) 3 CsH3Nj NH,

108 34 57 11.56 £+ 0.05 C4H4N; HCN

107 3 10 C4H3N; H,CN
92 (a) 9 C4HoNy HCN + NH,
81 19 50 12.8 £0.1 C3H3N§r 2HCN
80 7 10 C3H2N3+ H,CN + HCN
70 5 17 13.1+£0.1 C2H4N_§r C;NH,
67 7 10 C3H3N5 HCN + NHCN
66 15 41 13.2+0.1 C3H2N§r HCN + NH,CN
65 6 0 C3HN; 2HCN + NH,
54 31 55 13.7+£0.1 C2H2N§r 3HCN
53 24 28 C,HN3 H,CN + 2HCN
43 12 34 13.0 £ 0.1 NH,CNH* HCN + HCNCCN
4 3 16 NH,CN™"
41 2 7 NHCN*
40 5 1 NCN™ 2HCN + NHCN
39 8 1 HCCN™ 2HCN + NH,CN
38 10 0 CN* 3HCN + NH,
29 12 60 14.0 £ 0.1 NH,CH"
28 78 110 13.1 £0.1 HCNH* C4H;Ny
27 12 10 HCN* 4HCN

(a) Reported in [65] and in [38] but not in [33].
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Fig. 2. Selected ion yield curves of adenine. The m/z = 135 ion yield
curve has been measured using an MgF, cut-off filter.

spectroscopy peak measurements [23,31] provide verti-
cal IEs which are 220-280 meV above the adiabatic
values determined by our PIMS measurements. How-
ever, bracketing experiments measuring the adiabatic
recombination energy [72] gave an adiabatic IE =
8.554+0.10 eV, about 350 meV above the PIMS value,
and which is close to the vertical IE measured by photo-

electron spectroscopy. This points to unrecognized
difficulties in the recombination energy measurement
technique.

The difference of the order of 250 meV between the
adiabatic and vertical IEs of adenine is similar to that
calculated theoretically with various degrees of sophisti-
cation [73-76]. There is no loss of planarity on ioniza-
tion of adenine [74]. The difference between the
adiabatic and vertical IEs therefore reflects bond length
and angle changes (which have been calculated by Imp-
rota et al. [75]), between the ground states of neutral and
cationic adenine, and which result in Franck—Condon
transition shifts. It may appear surprising that electron
impact measurements are capable of providing adiabatic
values of the ionization energy in cases where there are
significant changes in the geometry of neutral species
on electron loss, but this has been well demonstrated
for many molecular species [77].

Using our measured adiabatic IE of adenine, and the
known value of the heat of formation
AH?* (adenine) = 207 + 8 kJ/mol [78], we obtain a
value of the heat of formation of the cation
AH7* (adenine cation) = 998 + 11 kJ/mol, which is
considerably greater than the value
AH7* (adenine cation) = 960 kJ/mol given by Lias
et al. [78], based on a quoted PES onset value of the
IE=7.8¢V.

We made a direct comparison between the m/z = 135
ion yield curve and the Hel photoelectron spectrum of
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Table 2
Adenine ionization energy values®
Experimental method Tonization Reference
energy (eV) and year
Photoion yield curve (PIMS) 8.20 +0.03 Present
study
Electron impact ion yield curve 8.91 +0.10 [68] 1967
Photoelectron spectroscopy (PES) 8.44 + 0.03 (vert) [23] 1975
PIMS 8.26 +0.05 [67] 1976
Electron impact ion yield curve 83+0.1 [69] 1976
PES 8.48° (vert) [31] 1980
Electron impact ion yield curve 8.45+0.15 [70] 1996
Recombination energy 8.55+£0.10 [72] 1999
Resonance 2-photon ionization <8.606 + 0.006 [71] 2002

% Adiabatic values unless otherwise stated.
® Uncertainty not reported.

[(C) Urachy

Relative intensity/a.u.

8 10 12 14 16 18 20
energy / eV

Fig. 3. Comparison of parent ion yield curve and photoelectron
spectrum (PES are reproduced from [24,31]): (a) adenine; (b) thymine;
(c) uracil.

adenine measured by Lin et al. [31] (Fig. 3(a)). This
showed clearly that there are shoulders or apparent
steps in the ion yield curve at energies close to those
of several features in the photoelectron spectrum (PES
energies [24,31] in brackets): 8.4 (8.48) eV assigned to
my; ~9.0 (—)eV; ~9.8 (9.6) eV assigned to n; and m»;
~10.3 (10.5) eV assigned to m3; ~12.0 (12.1) eV assigned
to m4. The molecular orbital assignments are those given
in the PES studies [24,31]. The inflection that we observe
clearly in the ion yield curve at ~9.0 eV has no obvious
feature in the photoelectron spectra of adenine. How-
ever, the 9.6 eV PES feature is broad and its profile ex-
tends to about 8.8 eV on the lower energy side. This PES
feature has been assigned to both n; and 7, and their en-
ergy separation has been calculated to be 450 meV by
the HAM/3 method and 780 meV by 4-31G calculations
[24], although the order of these two orbitals differs in
the two calculations. On the basis of relative intensities
in the PES spectrum, we assign the 9.0 eV inflection in

the adenine ion yield curve to the n; orbital and the
9.8 eV inflection to m,.

At higher energies, the broad features in the PES be-
tween 13 and 17 eV mimic quite well the parent ion yield
curve (Fig. 3(a)). This region of the PES has not been as-
signed but we note that there are similar features in the
PES of purine in this energy region, for which molecular
orbital assignments have been made [79]. We recall that
the purine molecule is similar to that of adenine but in
which the amino group of the latter is replaced by a
hydrogen atom.

We also compared the parent ion yield curve with the
optical absorption curve derived from 25 keV electron
energy loss spectra of thin films of adenine [57] (Fig.
4(a)). Our parent ion yield curves has several features,
including three pronounced peaks at ~14.5, ~16 and
~18 ¢V, respectively. There are only two peaks, at
13 +0.3and 17.4 £+ 0.3 eV, in the adenine film spectrum
in the 10-35 eV region. The physical relation between
these solid phase peaks, induced by electron excitation
in a region where the ionization yield can be less than
unity [80,81], and the gas phase parent photoion peaks
in this spectral region is not easy to disentangle.

3.1.2. Adenine ion fragmentation

Several loss mechanism pathways can be recognized
in the mass spectrum, following on the pioneer work
of the Dudek group [33]. A schematic representation
of major fragmentation pathways is given in Fig. 5.

(o) Successive loss of HCN groups: The principal
pathway involves the successive loss of HCN (m = 27)
groups:

(1)

o
-

o
1

-
el

3o
Relativeion intensity / a.u.

Optical absorption coefficient 1/10°cm™
(4] o

5 10 15 20
energy / eV

Fig. 4. Comparison of parent ion yield curve and the optical
photoabsorption spectrum (the optical absorption spectra, reproduced
from [57], are derived from respective electron energy loss spectra): (a)
adenine; (b) thymine; (c) uracil.
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Fig. 5. Principal fragmentation decay routes of the adenine radical cation. Measured appearance energy values are given for each fragment (in eV,
for uncertainties refer to Table 1). Roman and Arabic numerals correspond to species and reactions, respectively.

C4H4NI (m/z = 108) — HCN — C3H3N;— (m/z = 81)

2)
(:3H31\I§L (m/z = 81) — HCN — CQHZN; (m/z = 54)

3)
C,H,N; (m/z = 54) — HCN — HCN* (m/z = 27)

4)

From the appearance energy of the C4H,N; ion,
AE =11.56 ¢V, and the known heats of formation of
adenine (207 £ 8 kJ/mol) and HCN (135.1 kJ/mol)
[65,78], we calculate the heat of formation of the
C4H,Nj ion to be 1187 £ 12 kJ/mol. A similar calcula-
tion for the heat of formation of the C3H3N§r ion gave a
value of 1172 & 16 kJ/mol for this ion. The heats of for-
mation of the three isomeric cyclic C;H;N7 ions, 1,2,3-
triazine, 1,2,4-triazine and 1,3,5-triazine, are reported
[65,78] to be 1313, 1222 and 1194 kJ/mol, respectively.
This suggests that the C3H;Nj ion formed in the disso-
ciative ionization of adenine is the 1,3,5-triazine cation
(species IIIb in Fig. 5).

The respective appearance energies of the C,H,N
(n=15,4,3,2) ions are 8.20, 11.56, 12.8 and 13.7 eV. Loss

of the successive HCN groups requires excess energies,
respectively, of 3.36, 4.5 and 5.4 eV in the ion. This suite
of AEs and the corresponding excess energies confirms
the pathway presented above. The initial HCN fragmen-
tation, which requires at least two bond ruptures, is rel-
atively more difficult than the succeeding HCN losses
which each probably requires only one bond rupture
in the precursor fragment ion and/or it corresponds to
a successively smaller total reorganization energy. The
loss mechanisms could be quite complex and may in-
volve loss of HNC as well as HCN. Our discussion does
not distinguish between these two isomers. We refer to
them collectively as HCN.

From electron impact mass spectra of deuterium la-
beled adenine [35] Occolowitz concluded that the first
HCN lost originates 55% from C6 and its attached
amine group, and 45% from C2 and either adjacent
nitrogen. However, the mass spectra of '*N-labeled ade-
nines [36] showed that there is about §7% loss of N1 in
the first HCN product, which suggests that a greater
percentage of C2 is lost than reported by Occolowitz.
The finding by Barrio et al. [36] is corroborated by the
electron impact mass spectrum of '*C2-adenine by Sethi
et al. [37] which shows that the carbon atoms in the first
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HCN molecule to be lost are 98% from C2. The main
reaction would therefore be expected to occur by rup-
ture of the C2-N3 and N1-C6 bonds. These are both
calculated to be weaker in the cation as compared with
neutral adenine, whereas the C2-N1 and N3-4 bonds
are calculated to be stronger in the cation [75].

The "N mass spectra [36] also show that N7 and N9
are completely retained in the C4H4Nj ion product.
Sethi et al. [37] also found, from the mass spectrum of
14C8-adenine, that there is complete retention of C8 in
the C4H4N ion formed by the first HCN loss process,
and that there is partial loss of the carbon isotopic label
in further HCN loss steps. We note, however, that there
can be rearrangements of hydrogen (deuterium) prior to
HCN leaving the molecule, as discussed by Sethi et al.
[37]. Furthermore, many fragmentation sub-pathways
can indeed be envisaged to contribute to these successive
HCN loss processes [33,37].

From these earlier isotopic studies, we can thus as-
sume that fragment m/z =108 has the structure Ila
shown in Fig. 5. Species I1a can isomerize to give species
IIb which is probably thermodynamically more stable. It
is not clear from which structure the m/z =81 ion is
formed, but, as already concluded from thermodynami-
cal considerations, the 1,3,5 triazine cation IIIb is most
likely formed.

(B) Reactions involving loss of NH,CN and NHCN:
Several other fragmentation pathways can be established
from the mass spectrum of adenine. One of these starts
from the C;H4N; fragment ion (m/z = 108) which can
lose NH,CN to form the important C2H2N2+ ion (m/z =
66), from which there can be a further loss of HCN:

C,H,N; (m/z = 108)

(:3H2N;L (m/z = 66)
— C,N* (m/z = 39) + HCN (m = 27) (6)

The heat of formation of the C3H2N2+ ion can be deter-
mined from its appearance energy, AE =13.2 +0.1eV,
and the heats of formation of NH,CN, HCN and ade-
nine. The heats of formation of three isomers of NH,CN
have been reported [65,78]: (i) cyanamide (134 kJ/mol),
(ii) diazomethane (230 4 17 kJ/mol) and (iii) 3H-diazi-
rine (265 + 11 kJ/mol). These provide the following
respective values for the heat of formation of C2H2N;“:
(i) 1212 £ 16kJ/mol, (i) 1116 433 kJ/mol, and (iii)
1081 4 27 kJ/mol. The only heat of formation reported
for a C,H,N; ion is that of the malononitrile ion,
1491 + 11 kJ/mol [65]. This is much greater than the
above values and it shows that C;H,NJ is not the mal-
ononitrile ion which, if formed by dissociative ionization
of adenine, would have an appearance energy several eV
above 13.2 eV. The structure of the C,H,N; ion formed
at 13.2 eV is therefore unknown.

Loss of NH,CN from m/z = 81 constitutes another
possible pathway to form the C,HN™ (m/z = 39) ion
other than via reactions (5) and (6) which involve the
m/z = 66 ion. The m/z = 66 and 81 ions are both intense
in our 20 eV photon impact mass spectrum, but the m/
z =139 ion, although present, is extremely weak. The
three ions, m/z =81, 66 and 39, appear with modest
intensity in 70eV electron impact mass spectra
[33,38,65], where their intensities decrease in the m/z or-
der 81 > 66 > 39, but with the 1(66)/1(39) intensity ratio
being of the order of 2. This is undoubtedly due to the
greater deposition of energy at the higher excitation
energies in the electron impact case. The appearance en-
ergy of the m/z =66 ion (13.2 eV, Table 1), formed by
losses of HCN and NH,CN (reactions (1) and (9)), is
greater than that of m/z = 81 (12.8 eV), which involves
loss of two HCN units from the parent ion (reactions
(1) and (2)). The difference AE between the heat of for-
mation of HCN and those of the NH,CN isomers
cyanamide, diazomethane and 3H-Diazirine is, respec-
tively, AE=0.01, —0.98 and —1.35¢eV. The difference
between the appearance energies of the m/z =81 and
m/z =66 ions is —0.4 eV, which indicates that the
NH,CN neutral product is cyanamide and that there
is a potential barrier, at least of the order of 0.4¢eV,
to its formation.

One can imagine another formation pathway for the
m/z = 66 ion: by rupture of the C5-C6 bond and the
C4-N3 bond in the adenine parent ion. This remains
to be tested, but the AE = 13.2 eV of the m/z = 66 ion
is compatible with such a mechanism.

We remark that direct loss of NH,CN from the par-
ent ion would give a fragment ion m/z =93, which is
absent in our 20eV photon impact mass spectrum.
Its formation would involve rupture of three bonds
and thus require a high internal energy in the parent
ion, consistent with the non observation of this frag-
ment ion in our mass spectrum. It is reported as a very
weak peak in some [38,65] 70 eV electron impact mass
spectra. We note the existence of an important peak at
m/z =42, which we assign to the NH,CN™ ion, and
which might be formed by the dissociation
C4H,N; — NH,CN™ + C3H,N,, which itself consti-
tutes a charge-switch reaction relative to reaction (5).
From the suggested structure IIb (Fig. 5) of the
m/z =108 ion, the NH,CN™ fragment is either the
cyanamide or 3H-Diazirine cation, requiring H-shift
for their formation, and not the diazomethane cation
the formation of which would necessitate more com-
plex atomic rearrangements.

() Other important ions: The existence of a strong
peak at m/z =43 (AE = 13.0 V) is of interest. We pro-
pose its assignment to an ion having the elemental for-
mula CH3Nj, in agreement with Sethi et al. [37]. It
has been suggested that possible pathways to its forma-
tion involve prior formation of the m/z =70 ion:
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Csl{sl\lgL (m/z = 135)

C~:2H41\I;r (m/z = 70)
— C3HNY (m/z = 43) + HCN (m = 27) (8)

The high resolution mass spectrometry of adenine has
shown the m/z =70 ion to have the elemental formula
C,H4N7, suggested to be formed by loss of C;HN, from
the parent ion [37]. We consider that there could also be
a pathway to this m/z = 70 ion via m/z = 108, where the
neutral loss from the latter ion would be C,N (reaction
(9)). This is a previously unreported fragmentation
pathway:

C4H4N2— (m/z = 108)
— CHNY (m/z = 70) + C,N(m = 38) (9)

The m/z=70 ion has an appearance energy
AE =13.1£0.1eV. From this, and appropriate heats
of formation, we determine the heat of formation of this
C,H,N7 ion via reactions (9) and (8) to be 980 + 18 kJ/
mol. In the literature [78] there is reported a heat of for-
mation of 835 kJ/mol for a cyclic radical ion having the
elemental formula C,HyNj. If this is indeed the
m/z =70 ion, a potential barrier can be inferred for
the formation of this ion fragment via reactions (9)
and (8). An open chain form is also possible, as sug-
gested by Sethi et al. [37].

We note that the intensity of the m/z = 70 ion relative
to that of m/z = 43 is about 0.5 in both the photon and
electron impact mass spectra, and that both ions have
closely similar AE values, which suggests that there exist
more than one pathway to form the m/z =43 ion. In-
deed, we propose another possible pathway for its for-
mation. This is via the m/z = 108 ion in the following
way: If the C4H,Nj ion is in its amino-imidazole carbo-
nitrile form (species IIb in Fig. 5), subsequent rupture of
C=C and a C-N bond would lead to the formation of
the NH,CNH™ (i.e., CH;NJ) ion.

m/z =28 and m/z =29 ions: These are prominent
ions and their relative importance is much greater in
the 20 eV photon impact than in the 70 eV electron im-
pact mass spectrum. The m/z=29 ion has an
AE = 14.0 eV. Its elemental formula is CH3;N™' and it
is possibly the NH,CH™ ion [82,83]. The m/z = 28 ion
is very intense and it has an AE = 13.1 eV. We assign
it to the HCNH™ species. Since its AE is lower than
the AE of the m/z = 29 ion, it is not formed, at thresh-
old, by loss of a hydrogen atom from the latter. A pos-
sibility is that the HCNH™ ion is formed by the reaction:

C:5H51\I;r (m/z = 135)
— HCNH" (m/z = 28) + C,H;N, (m = 107)  (10)

which would correspond to a charge switch of reaction
Eq. (11), discussed below. However, other pathways to

formation of the HCNH™ ion are possible, as indicated
by '°N-labeled adenine studies [37].

(8) Less intense fragment ion peaks (no AE measure-
ments): The m/z =134, 120, 119 and 118 ions, which
are variously observed weakly in some electron impact
mass spectra [22,33,38,65], correspond, respectively, to
loss of H, NH, NH,, and NHj; groups. The correspond-
ing reactions would leave the condensed hetero-
aromatic system undestroyed (if N10 is part of the leav-
ing group). The m/z = 120 ion is reported in the electron
impact mass spectra by Rice and Dudek [33] and
Varmuza et al. [22] but not the m/z = 119 and 118 ions,
while the spectra reported by McCloskey [38] and in
the NIST collection [65] contain the m/z =118 and 119
peaks, but not the m/z = 120 feature. Only m/z = 134,
120 and 119 were observed, in our 20 eV photon impact
spectra. Observations of H and NH,, loss processes in the
dissociative ionization of adenine are thus sensitively
dependent on the source and ion optics parameters in
mass spectrometers used in the measurements.

Another fragmentation pathway involves the initial
loss of H,CN (methylene-amidogen) to give the frag-
ment ion m/z = 107. This is followed by successive loss
of one HCN unit to form the ion m/z = 80, and another
HCN loss to give the m/z = 53 ion.

CsHsN? (m/z = 135)
— C4H3N; (m/z=107) + H,CN (m =28)  (11)

— C3H,Ny (m/z =80) + HCN (m = 27) (12)

ng‘I‘Izl\]';r (m/z = 80)
— CHNJ (m/z = 53) + HCN (m = 27) (13)

The relatively small intensities of the corresponding
mass peaks in both electron and photon impact mass
spectra show that this is a minor pathway. Occolowitz
[35] observed that only about 35% of the '*C label is re-
tained in the fragment ions m/z = 80 formed by loss of
HCN and H>CN from the parent ion, which is a similar
percentage to that observed in the m/z = 81 ions formed
by loss of two HCN groups from m/z = 135. He also
suggested that the existence of an intermediate ion that
could lose either HCN or H,CN.

We note also that the existence of a peak at m/z = 92,
whose intensity, relative to that of m/z = 119, indicates
that it arises from loss of NH, (or H + NH) from
m/z = 108 rather than the suggested [37] loss of HCN
from m/z = 119. The m/z = 65 and 38 ions which also
involve loss of NH,, following multiple loss of HCN
groups from the parent ion, are observed only in elec-
tron impact mass spectra (Table 1). Finally, we also
mention ions m/z = 67 and 40, which involve loss of
NHCN, following initial loss, respectively, of one and
two HCN units from the parent ion. We note also the



H.-W. Jochims et al. | Chemical Physics 314 (2005) 263-282 271

existence of a peak at m/z =41, corresponding to the
NHCN™ ion.

3.2. Thymine: mass spectra and ion yield curves

In Table 3, the relative intensities of the m/z peaks in
our thymine mass spectrum, obtained at 20 eV photon
excitation energy, are compared with those of Rice
et al. [32], measured with both 20 and 70 eV electron im-
pact. The appearance energies of the major m/z ions are
listed, as measured from the onsets in the photoion yield
curves (Fig. 6), as well as the neutral loss species which
we consider to be formed with the observed m/z ions by
dissociative ionization.

Just as in the case of adenine, the 20 eV photon im-
pact and 70 eV electron impact mass spectra of thymine
are closely similar, having essentially the same m/z fea-
tures but with a few differences in their relative intensi-
ties. The m/z =55 fragment ion peak is the strongest
in both cases, the parent peak at m/z = 126 being about
half as intense. Other 70 eV electron impact mass spec-
tra of thymine have been reported [34,38,65], which also
have the m/z = 126, 83, 55, 54 and 28 peaks as the most
intense, but which have different relative intensities from
those measured by Rice et al. [32]. As mentioned earlier,

Table 3
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Fig. 6. Selected ion yield curves of thymine.

these differences between the electron impact spectra are
most probably mainly due to differences in the ion optics
and ion residence times.

We note that a 20 eV electron impact mass spectrum
of thymine has the parent peak as its most intense ion.
The relative paucity of the mass spectral peaks in the

Electron impact [32] and photon impact mass spectra and photoion appearance energies: Thymine m = 126 (CsHgN,O,)

m/z  Electron impact  Electron impact  Photon impact ~ Photon impact Ton elemental formula  Neutral loss
70 eV relative 20 eV relative 20 eV relative appearance energy
intensity intensity intensity (AE, eV)
126 46 100 52 8.82+0.03 CsHgN,O5
125 0 0 2 CsH5N,0;5 H
97 2 0 1 C4H3NO; NH,CH
84 2 2 3 C4HNO™ NCO
83 6 17 8 10.70 + 0.05 CH;NO™ HNCO
82 7 4 10 13.20 £ 0.05 C,HNO™ HNCO + H
71 3 0 3 OCNHCO™" CH;CCHNH
70 4 0 2 CH,N,0" C;H,0
58 0 0 1
56 7 2 9 C;H, 0" HNCO + HCN
55 100 47 100 11.7£0.1 CH3;CCHNH" HNCO + CO
54 44 11 42 ~12.9 CH,CCHNH" HNCO+CO+H
53 6 0 4
52 14 0 2
45 0 0 1
44 6 0 9 CO, impurity
43 4 0 2 11.9+0.1 HNCO* C4HsNO
42 1 0 0
41 <1 0 1
40 6 0 7 C3Hy 2HNCO
39 12 0 9 14.4£0.1 CsHy 2HNCO +H
38 2 0 0
37 2 0 0
29 4 0 6
28 59 6 67 13.6 +0.1 HCNH* ()
27 36 0 11 C>HJ or HCN*
26 13 0 3 CoH; HNCO + CO + H + HCNH (b)

(a) Four different pathways, with different initial neutral loss species. See text. (b) or could be HNCO + CO + CHj;N, the latter formed from the
cyclic m/z = 55 by rupture of two bonds, but this is less evident than the pathway proposed in text.



272 H.-W. Jochims et al. | Chemical Physics 314 (2005) 263-282

20 eV electron impact mass spectrum (8 features) [32] as
compared with our 20 eV photon impact mass spectrum
(24 peaks, Table 3) illustrates well the difference in en-
ergy deposition with these two excitation sources,
reflecting the fact that at 20 eV, electron impact is far
from the Born approximation conditions [84] in which
electron impact mimics photon impact excitation. Inter-
estingly, the loss of HNCO from the parent ion is rela-
tively more favored in the 20eV electron impact as
compared with the 20 eV photon impact case (see Table
3). This is consistent with the observation that HNCO
loss corresponds to the lowest energy dissociative ioniza-
tion process (AE = 10.7 eV, Table 3).

3.2.1. The thymine parent ion

For the parent ion, m/z = 126, we measured an ioni-
zation energy of 8.82 4+ 0.03 eV (Fig. 6). In Table 4 this
value is compared with those determined by various
techniques. It is in excellent agreement with the only
other value measured by photoionization mass spec-
trometry [67]. As in the case of adenine, an early mea-
surement of thymine by electron impact [68] gives a
value that is too high, but later measurements [69,70]
give values much closer to our observed PIMS IE. The
vertical IEs obtained by photoelectron spectroscopy
peak measurements [23,31] are 200-380 meV above the
adiabatic values determined by PIMS and electron im-
pact measurements. This is of the same order of magni-
tude as the 240 meV predicted by a BILYP functional
[85] calculation [75], and 270 meV by a B3LYP func-
tional calculation [86], for the difference between adia-
batic and vertical IEs of thymine.

Using our measured adiabatic IE of thymine, and the
known value of the heat of formation AH) (thymine) =
—328.70 kJ /mol [78], we obtain a value of the heat of
formation of the cation AH} (thymine cation) =
522.36 kJ /mol, which is very close to the preliminary va-
lue AH7* (thymine cation) = 520 kJ/mol given by Lias
et al. [78], based on a quoted PES onset value of the
IE =8.8eV. A direct comparison between the m/z =
126 ion yield curve and the Hel photoelectron spectrum

Table 4
Thymine ionization energy values®

Experimental method Tonization energy Reference

(eV) and year
Photoion yield curve (PIMS) 8.82+0.03 Present study
Electron impact ion yield curve 9.43 +£0.10 [68] 1967
Photoelectron spectroscopy (PES) 9.14 £ 0.03 (vert) [23] 1975
PES 9.02° (vert?) [25] 1975
PIMS 8.87 +£0.05 [67] 1976
Electron impact ion yield curve 8.95+0.10 [69] 1976
PES 9.20° (vert) [28] 1976
PES 9.18° (vert) [24] 1989
Electron impact ion yield curve 9.15£0.15 [70] 1996

# Adiabatic values unless otherwise stated.
® Uncertainty not reported.

of thymine measured by Urano et al. [24] revealed a few
shoulders or apparent steps in the ion yield curve at
energies close to those of several features in the photo-
electron spectrum (Fig. 3(b)), but less marked than in
the corresponding case of adenine. These features are re-
lated to the PES bands assigned to the my, n;, m, and 73
orbitals of thymine [24], as well as to some unassigned
higher energy PES features. An inflection that we ob-
serve at ~11.7 eV in the parent ion yield curve has no
obvious feature in the photoelectron spectra of thymine.
One possibility is that this corresponds to an autoioniza-
tion process in a Franck—Condon gap [87].

At higher energies, there is a marked rise in the parent
ion yield at about 16 eV, leading to a maximum at about
19.3 eV. Although the PES intensity drops markedly be-
tween 15 and 16 eV, in contrast to the parent ion yield
curve, it shows, between 16 and 20 eV, a somewhat sim-
ilar behaviour to the latter. This region of the PES has
not been assigned but we note that there are similar fea-
tures in the PES of pyrimidine in this energy region, for
which molecular orbital assignments have been made
[79].

Just as in the case of adenine, we compared the thy-
mine parent ion yield curve with the optical absorption
curve derived from 25 keV electron energy loss spectra
of thin films of thymine [57] (Fig. 4(b)). Our parent
ion yield curve has a plateau between 13 and 15.5¢eV,
followed by a rise to about 17.7 eV, continuing on to a
peak at about 19 eV. In the thymine film spectrum, there
are peaks reported to be at 14.4 + 0.3 and 18.3 +0.3 eV
[57]. The physical relation between these solid and gas
phase features requires further investigation.

3.2.2. Thymine ion fragmentation

(o) Reactions involving loss of HNCO and/or CO: The
principal fragmentation pathways of the thymine parent
cation (species IV, see schematic representation Fig. 7)
involve loss of HNCO (isocyanic acid). One unit loss
gives rise to the m/z =83 ion, whose AE =10.7 eV:

C5H61\]'20;r (m/z = 126)
— C4HsNO™ (m/z = 83) + HNCO (m =43)  (14)

This ion is formed by Retro-Diels—Alder (RDA) reac-
tion from the thymine parent cation, and involves the
rupture of two bonds, N3-C4 and C2-N1, in the parent
ion. The latter bond has been calculated to be much
weakened in the cation as compared with neutral thy-
mine [75]. The m/z =83 fragment ion has been sug-
gested to have the structure of species Va (Fig. 7) [38].
This is supported by recent calculations of the possible
minimum energy structures and relative stabilities of
C,HsNO™ isomers [75]. We remark that the mass spec-
trum of '*C2-thymine [34] retains the m/z = 83 peak,
confirming that the '*C2 atom has been eliminated in
the HNCO loss molecule, as proposed in reaction (14).
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One possible evolution of the Va C4HsNO™ ion that
we considered is ring closure to form the 5-methyl-isoxaz-
ole cation. The heat of formation of the 5-methyl-isoxaz-
ole cation is AH,= 931 kJ/mol, obtained from the heat of
formation of neutral 5-methyl isoxazole, AH,= 34 kJ/
mol [65], and its adiabatic IE = 9.3 + 0.1 eV, which we
determined from the published Hel photoelectron spec-
trum of Kobayashi et al. [88]. However, we find that
the heat of formation of the observed C,HsNO™ ion,
AH/(C4H5N0+) =806 kJ/mol, based on its measured
appearance energy, is considerably smaller than that of
the 5-methyl isoxazole cation, which shows that the latter
is not formed in our experiment. Another possibility is
that the evolution is to the 4-methyl isoxazole cation (spe-
cies Vb in Fig. 7), which is a dn system. Thermochemical
data on this species are not available. We note that the
weak ion m/z = 84, observed in both the 20 and 70 eV
electron impact mass spectra (Table 3), would corre-
spond to the loss of NCO from IV.

The loss of two HNCO units gives rise to the
m/z = 40 ion, assigned to CH;~C=CH™. This can occur

directly from parent ion via rupture of the two bonds,
C4-C5 and, N1-C6. However, the calculations of Imp-
rota et al. [75] suggest that while the C4-C5 bond would
be considerably weaker in the cation, the N1-C6 bond
would be stronger. Formation of the m/z=40 ion
would be more complex, if it occurred via m/z = 83,
since it would involve rupture of two further bonds in
this intermediate ion to lose CO + NH.

Concerning the evolution of the m/z = 83 fragment
ion, we note that it can go on to lose a CO molecule
to form the most abundant ion in the mass spectrum,
m/z =55, whose AE =11.7 eV.

C4H5NOJr (m/z = 83)
— C3HsN' (m/z = 55) + CO (m = 28) (15)

This fragment ion, whose m/z value is, as expected, un-
changed in the mass spectrum of '*C2-thymine [34], has
a proposed quasi-linear structure shown in Fig. 7 (species
VI). Although this is the thermodynamically most favored
structure, other isomers might be kinetically more accessi-
ble according to the calculations of Improta et al. [75].
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Another possible assignment of m/z =155 is to
CH;CCO" (methylketene ion which could eventually
isomerize to CH,=CHCO" or HC=CCH,O") that
can be formed by rupture of the central carbon-carbon
bond in m/z = 83. This corresponds to the charge switch
of one of the reactions that can form m/z = 28 (see be-
low). However, it is generally considered [38] that the
m/z =55 ion is indeed CH;CCHNH™, containing the
methyl group and the atoms N1, C5 and C6.

The m/z = 83 ion can also lose a hydrogen atom, sug-
gested to be from the methyl group [32], to give m/z =
82. It has been proposed [32] that further loss, of a
CO group, is responsible for the formation of the strong
m/z = 54 fragment ion CsH,N". However, our ion yield
measurements show that the AE of m/z = 54 (~12.9 eV)
is smaller than that of m/z = 82 (13.2 e¢V). Thus, there
must exist some other mechanism of formation of the
m/z =54 ion at threshold. This is most probably loss
of a hydrogen atom from the m/z = 55 species. It is of
interest that the maximum in the m/z =55 ion yield
curve is at about 16 eV (Fig. 6) whereas it is at about
19 eV for the m/z = 54 ion, not far from the maximum
in the parent ion curve (19.3eV). The difference in
energy is of the order of magnitude of the dissociation
energy of a C—H bond. We remark that two different
structures could exist for the m/z =54 species, the
quasi-linear species VII in Fig. 7, and a cyclic structure
in which a methyl group is attached to a (H)CCN cyclic
group [32].

(B) Other important ions: The weak m/z =43 ion
(AE=11.9+£0.1)eV, assigned to HNCO™, could be
the fragment ion formed in a reaction corresponding
to a charge switch in the reaction (14) which leads to
the formation of the m/z = 83 ion discussed above. We
note that the shift of the m/z = 43 peak to m/z =45 in
the '*C2-thymine mass spectrum published by Ulrich
et al. [34] confirms our suggestion above that this ion
is produced by a charge switch of reaction (14). The
m/z =43 ion is not observed in the 20 eV electron im-
pact mass spectrum, although it is present in the 20 eV
photon impact spectrum. This is consistent with the fact
that the m/z = 83 ion is relatively much weaker in the
20 eV electron impact as compared with the photon im-
pact mass spectrum (Table 3).

Following the Stevenson-Audier—Harrison (SAH)
rule concerning the dissociation of odd electron ions
[89], the fact that m/z =83 has a smaller AE than
m/z =43 suggests that the m =83 neutral species
(C4HsNO) has a smaller IE than HNCO, whose
IE =11.61 +£0.03 eV [78]. This is certainly the case for
the 5-methyl isoxazole form of C4HsNO, whose IE(-
v) =9.61 eV [88] and whose IE(ad) we have determined
as 9.3+0.1eV (see above). However, the C4Hs;NO
product is not 5-methyl isoxazole since, from the
11.9 eV appearance energy of m/z =43 and the heats
of formation of thymine and of HNCO™, we calculate

the heat of formation of neutral C;HsNO to be
—198 kJ/mol whereas, as mentioned above, the known
heat of formation of 5-methyl isoxazole is
34.1 4 0.75 kJ/mol [65]. Nor can C4;HsNO be 3-methyl
isoxazole, since the latter has AH,=35.6 4 0.67 kJ/
mol [65].

m/z=39: The most probable assignment of the
m/z =39 ion is to C3H3, which could be formed by loss
of a hydrogen atom from C;H, (m/z =40). The high
AE = 14.4 eV of m/z =39 is consistent with the energy
expensive pathways suggested above for formation of
its precursor ion, m/z = 40. Another possible formation
pathway would be OH loss from m/z = 56 (species VIII
in Fig. 7), whose formation is discussed below.

mfz =28: The suggested linear structure of the
mfz =154 ion could give rise to formation of the
HCNH™ (m/z = 28) and C,Hj (m/z = 26) ions by rup-
ture of the central carbon—carbon bond. The important
HCNH" ion could also be formed by rupture of the cen-
tral carbon—carbon bond in the m/z = 82 fragment ion
(species IX in Fig. 7). Another mechanism involves di-
rect formation of HCNH™ from the parent ion, which
requires rupture of two bonds, the C5-C6 double bond
and the C2-N1 bond, both of which are calculated to be
weaker in the cation [75]. We also note that from the
structure of the C,HsNO™ ion (m/z = 83, species Va)
proposed above, it is possible, by rupture of the central
carbon-carbon bond, to produce HCNH™. This is path-
way E of Rice et al. [32] in which there would be loss of
the methylketene radical CH;CCO. It is not clear as to
whether this actually occurs since there is no mention
of a metastable peak for this process. Thus we have sug-
gested five different possible pathways for forming the
HCNH" ion, via the respective precursors m/z = 126,
83, 82, 55 and 54, which in the latter three cases involves
rupture of only one, carbon—carbon, bond. The AEs of
the various fragment ions are consistent with all five
pathways. From the profiles of their respective ion yield
curves, it appears that the relative importance of these
five pathways to forming the HCNH" ion is modified
above 16 eV, since the 16 eV maximum in the ion yield
curves of the m/z =55 and 83 ions is at a much lower
energy than the maxima in the other three precursor
ion yield curves (Fig. 6).

A final remark concerning the m/z = 28 ion, assigned
above to HCNH™, is that it is unlikely to be CO™ since
CO has a quite high ionization energy (14.014 eV [65]),
whereas the m/z =28 ion has an AE = 13.6 ¢V, lower
than IE(CO).

(v) Less intense fragment ion peaks (no AE measure-
ments): There is no initial loss of CO from the parent
ion, since the m/z =98 fragment ion is absent in the
mass spectra. A weak ion is observed at m/z = 97, which
is possibly C;H;NO;J, resulting from loss of NH,CH.
We have not yet discussed the very weakest ions ob-
served in our mass spectrum of thymine, at m/z =71,
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70, 58, 56, 53, 52, 45, 41, 27: (Table 3). Of these,
m/z = 45 and 58 were not observed in the mass spectrum
of Rice et al. [32], although m/z =45 is present in the
mass spectrum of Ulrich et al. [34] and in that of the
NIST [65].

m/z =70, 71 and related species: We assign the
m/z =71 peak to OCNHCO™, which could be formed
from the parent ion by breaking of two bonds, C2-N1
and C4-C5. Both bonds are expected to be weaker in
the cation from the calculations of Improta et al. [75]:

(:5H61\1202+ (m/z = 126)
— OCNHCO™ (m/z = 71) + CH;CCHNH (m = 55)
(16)

This reaction also suggests that an alternative pathway
for formation of the m/z = 55 ion would be a charge
switch of reaction (16).

The m/z = 70 peak was assigned by Ulrich et al. [34] to
OCNCO™, based on a shift of two mass units in their
mass spectra observed in a '*C2 study of thymine. We
note that this fragment ion would not be formed by loss
of a hydrogen atom from m/z = 71, since the latter peak
is unchanged in the carbon isotope spectrum. However,
an alternative assignment of m/z =70, which we con-
sider to be more probable, is to CoH,N,O™", whose struc-
ture would be that of the 1,2,5-oxadiazole cation. This
could be formed from the parent cation by rupture of
the C4-N3 and C5-C6 bonds and simultaneous forma-
tion of a bond between the C6 and N3 atoms. The result-
ing m/z = 70 ion would still be compatible with the mass
spectrum of the '*C2 study of thymine by Ulrich et al.
[34]. With this new assignment of the m/z = 70 ion, the
neutral loss is of a species whose elemental formula is
C3H40 and whose structure is that of methylketene.

(:5H6NQO;r (m/z = 126)
— CgHzl\]z()Jr (m/z = 70) + C;H,O (m = 56) (17)

This assignment of m/z = 70 also makes possible a rea-
sonable assignment of the m/z = 56 peak to the methyl-
ketene ion C3H,O" (an isomer of species VIII). The
latter could be formed by a reaction corresponding to
a charge switch of reaction (17). It is difficult to estimate
whether this charge switch reaction is likely to occur,
since although the ionization energy of methylketene is
known, IE(v) =8.95¢V [65], that of 1,2,5-oxadiazole
has not been reported so far. The structure of the m/z =
56 ion could also correspond to a 1-methyl-2-hydroxy-
acetylene cation (HO-C=CCHJ), species VIII in
Fig. 7), formed from ion Va (m/z = 83) by 1,5 H-shift
with subsequent rupture of the central C—C bond. This
reaction would most likely represent the unique HCN
loss reaction for this nucleobase cation, in contrast, of
course, to adenine, where multiple HCN loss processes
occur. Isotopic studies are required to show whether this
assignment of m/z = 56 is viable.

The weak peak at m/z= 53" is not assigned. The
m/z = 52 ion is quite strong in the 70 eV electron impact
mass spectrum, but absent in the 20 eV electron impact
spectrum. This indicates, as do the intensities of some
other relatively small fragment ions in the respective
mass spectra, that they result from higher energy disso-
ciative ionization processes. There are two assignments
(HCN*, C,HY) for the m/z =27 ion. HCN™ could be
formed by loss of a hydrogen atom from HCNH'.
The formation of C;HJ is not easily rationalized. Isoto-
pic labeling experiments are required to clarify the rela-
tive importance of these two m/z = 27 fragment ions.

3.3. Uracil: mass spectra and ion yield curves

Table 5 presents the relative intensities of the m/z peaks
in our uracil mass spectrum, obtained at 20 eV photon
excitation energy, and compares them with those of Rice
et al. [32], measured with 70 eV electron impact, and with
the 20 eV electron impact spectra of Hecht et al. [41] and
of Rice et al. [32]. The appearance energies of the major
m/z ions are listed, as measured from the onsets in the
photoion yield curves (Fig. 8), and we give the neutral
species which we consider to be formed by dissociative
ionization of uracil, along with the observed m/z ions.

Our 20 eV photon impact mass spectrum of uracil
and the 70 eV electron impact one of Rice et al. [32]
are very similar, having essentially the same m/z features
but with a few differences in their relative intensities. The
m/z =42 fragment ion peak is the strongest in both
cases, as it is in the 70 eV electron impact mass spectrum
reported by Brown et al. [39]. Several other electron im-
pact mass spectra of uracil have been reported, having
the same principal ions but with relative intensities dif-
ferent from those measured by Rice et al. [32]. In these
mass spectra the parent peak at m/z =112 is the most
intense [34,38,40,65,90] and the intensities of the other
principal peaks are in the m/z order 42> 69 >28
[34,40] or 69 > 42 > 28 [38,65,90,91]. As mentioned ear-
lier, the differences between the 70 eV electron impact
spectra are most probably due to differences in the ion
optics and ion residence times.

The 20 eV electron impact mass spectra of uracil ob-
tained by Rice et al. [32] and by Hecht et al. [41] also
have the parent peak as its most intense ion, with the
other principal peaks being m/z =69, 42 and 28. The
much smaller number of m/z peaks in the 20 eV electron
impact mass spectrum of Rice et al. [32] (10 features) of
uracil as compared to our 20 eV photon impact mass
spectrum (Table 5) can here too be understood, as in
the similar case of thymine, as being due to a different
energy deposition with these two excitation sources,
since at 20 eV electron impact the Born approximation
conditions [84] under which electron impact mimics
photon impact excitation is not operative at this low
electron excitation energy. However, we note that the
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Table 5

Electron impact [32,41] and photon impact mass spectra and photoion appearance energies: Uracil m = 112 (C4H4N,O5)

m/z  Electron impact  Electron impact Photon impact  Photon impact Ton elemental Neutral loss
70 eV relative 20 eV relative intensity® 20 eV relative appearance formula
intensity intensity energy (AE, eV)
112 78 100(100) 63 9.15+0.03 C4H4N,0O5
96 2 0(0) 1 C,H,N,O" o)
95 0 <1(2) 0
77 0 <1(0) 0
70 7 5(5) 4 C;H,NO™ NCO
69 63 69(66) 52 10.95 + 0.05 C;H;NO™ HNCO
68 33 15(5) 33 13.40 + 0.05 C3H,NO™ HNCO +H
67 1 <1(0) 0
56 3 <1(0) 3
53 4 <1(0) 1
52 1 <1(0) 1
51 1 <1(0) 0
44 8 4(1) 4
43 15 6(1) 10 13.6 £0.2 HNCO* C;H;NO
42 100 59(21) 100 13.254+0.05 C,H,0" HNCO + HCN
41 48 21(8) 50 12.95 £ 0.05 HCCHNH" and/or HCCO™ HCNO + CO and/or
HNCO + HCN + H
40 57 21(0) 25 14.06 +0.10 C,H,N* HNCO + H + CO
39 15 5(0) 2
38 7 2(0) 0
32 0 2(0) 0
31 0 <1(0) 0
29 1 2(0) 3 NH,CH" or HCO"
28 78 74(10) 86 13.75+0.05 HCNH" HNCO + HCCO
27 2 3(0) 4 HCN" HNCO + HCCO + H
26 4 4(0) 5 ~15eV CHjy 2HNCO
18 n.m.° n.m. 4 H,O" Also observed in NIST
17 n.m. n.m. 1 NH;" Also observed in NIST
14 n.m. n.m. 3 N* Also observed in NIST

% Data from the 20 eV electron impact mass spectra of Hecht et al. [41] and, in parentheses, of Rice et al. [32].

b

n.m. = not measured.
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Fig. 8. Selected ion yield curves of uracil. The m/z =112 ion yield
curve has been measured using an MgF, cut-off filter.

reported 20 eV electron impact mass spectrum of uracil,
by Hecht et al. [41] (Table 5), contains many more,
mainly very weak, features, and that the principal peak
intensities are often much closer to those observed in the
70 eV electron impact mass spectrum. It would thus ap-
pear that the ion residence time was much longer in the
20 eV electron impact experiments of Hecht et al. [41]
than in those of Rice et al. [32].

Coupier et al. [91] recently measured both proton
(20-150 keV) impact and electron (200 eV) impact mass
spectra of uracil. They observed the same principal frag-
ment ions as in our 20 eV photon impact study, but dis-
cussed only four of the fragment ions, m/z = 69, 42, 29
and 28, giving the latter three different molecular ion
assignments than ours, as discussed later. Especially in
the proton impact spectrum, they also observed a very
large number of other fragment ions, this being due,
no doubt, to the increased energy deposition with re-
spect to our case and to that of 70 eV electron impact.
In the proton impact study, the order of the principal
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ion intensities was m/z = 112 = 42 > 28 > 69, whereas in
the 200 eV electron impact mass spectrum it was mi/
z=28>42>69>112.

3.3.1. The uracil parent ion

For the uracil ion C4HsN,OF, m/z =112, we ob-
tained an ionization energy of 9.15 + 0.03 eV from the
parent ion yield curve, measured using an MgF, filter
(Fig. 8(a)). This value is a little smaller than the
IE =9.32 + 0.05 eV obtained with the only other re-
ported measurement by photoionization mass spectrom-
etry [67] Table 6. Early measurements of uracil by
electron impact gave IE values that are rather high
[68,92], but a later measurement [69] is much closer to
our PIMS value. A recent electron impact measurement
[90] also gave a value, IE = 9.59 + 0.08 eV, considerably
higher than our PIMS value, but similar to the vertical
IEs of uracil obtained by photoelectron spectroscopy
peak measurements [23,27-29,93]. The PES IE(vert) val-
ues fall in the range 9.50-9.68 eV, i.e., 350-530 meV
above the adiabatic value determined by our PIMS mea-
surement. The calculations of IE(ad) and IE(vert) re-
ported for this RNA base by Wetmore et al. [94] give
values 1E(ad) = 9.21 eV and IE(vert) = 9.47 eV, a differ-
ence of 260 meV.

08
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As in the case of adenine and thymine, a direct com-
parison between the m/z = 112 ion yield curve and the
Hel photoelectron spectrum of uracil [24] revealed fea-
tures in the ion yield curve that can be correlated with
features in the photoelectron spectrum (see Fig. 3(c)).
Also, there is a general similarity in the parent ion yield
curves of the two related nucleobases uracil and thy-
mine. In particular, in both cases there is a marked rise

Table 6
Uracil ionization energy values®

Experimental method Ionization energy Reference

(eV) and year
Photoion yield curve (PIMS) 9.15+0.03 Present study
Electron impact ion yield curve 9.82 £0.10 [68] 1967
Electron impact ion yield curve 9.53 £0.02 [92] 1971
Photoelectron spectroscopy (PES) 9.59 4 0.03 (vert) [93] 1974
PES 9.50 £ 0.03 (vert) [23] 1975
PES 9.45" (vert) [25] 1975
PES 9.60° (vert) [28] 1976
PIMS 9.32+£0.05 [67] 1976
Electron impact ion yield curve 9.35+0.10 [69] 1976
PES 9.68° (vert) [27] 1980
PES 9.53% [29] 1996
Electron impact ion yield curve 9.59 +0.08 (vert) [90] 2004

& Adiabatic values unless otherwise stated.
® Uncertainty not reported.

X1
\C/H (XT)

m/z = 69
AE = 10.95

~

H (20) -HCN

(XIID)

m/z =42
AE =13.25

HCNH'

m/z =28
AE =13.75

Fig. 9. Principal fragmentation decay routes of the uracil radical cation. Measured appearance energy values are given for each fragment (in eV, for
uncertainties refer to Table 5). Roman and Arabic numerals correspond to species and reactions, respectively.
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in the parent ion yield at about 16 ¢V, leading to a max-
imum in the 19.3-19.5 eV region.

Using our measured adiabatic IE of uracil, and the
known value of the heat of formation AH(}(uracil) =
—303 &+ 2 kJ/mol [78], we obtain a value of the heat of
formation of the cation AH‘}(uracil cation) = 580+
5kJ/mol, in agreement with the preliminary value
585 kJ/mol given by Lias et al. [78], based on the onset
of a photoelectron spectral band.

3.3.2. Uracil ion fragmentation

(o) Reactions involving loss of HNCO and CO: The
principal fragmentation pathways of the uracil parent
cation (species X, Fig. 9) involve loss of HNCO by
RDA reaction as in the case of thymine. This gives rise
to the m/z =69 ion, C3H;NO™, whose AE = 10.95 +
0.05eV. This ion has been suggested [38] to have the
structure given in Fig. 9 (species XI). In their electron
impact ionization study of uracil, Denifl et al. [90] mea-
sured AE =10.89 + 0.07 eV for the appearance of the
m/z = 69 ion, which is close to our photon impact value.
They, as well as Coupier et al. [91], also assigned it to
C3H;NO™, i.e., the “X-HNCO” ion, but did not discuss
its structure. The formation of species XI, by loss of
HNCO involves rupture of the N3—C4 and C2-N1 bonds.

The charge switch reaction:

(18)
gives rise to the m/z=43 ion, HNCO", whose
AE =13.6 +£0.2¢eV in our PIMS measurement and is
reported to be 13.36 £0.30eV in electron impact
measurements [90]. The AE of HNCO™ is much greater
than the AE =10.95¢V of C3H;NO™. This suggests,
from the SAH rule [89], that IE (C3H3NO) is smaller
than the IE of HNCO (11.61 4+ 0.03 eV [78]). The two
most likely candidates for C3sH3;NO are in concordance
with this suggestion: isoxazole (IE =9.942 eV [95]) and
oxazole (IE =9.6 eV [96]). Heat of formation calcula-
tions favor oxazole.

The m/z = 69 fragment ion can further fragment by a
number of different pathways. Many of these pathways
in uracil (U) are similar to corresponding pathways in
the fragmentation of the m/z = 83 ion of thymine (T),
but their relative importance is very different in the
two cases, as can be seen by a comparison of the relative
intensities of the precursor ion (m/z(U) = 69, m/z(T) =
83), and relevant daughter ion in Tables 3 and 5. We will
discuss these various pathways in turn.

Whereas in m/z(T) = 83, loss of a CO molecule forms
m/z = 55, the most abundant ion in the thymine mass
spectrum, in uracil, for m/z(U) = 69, the corresponding
CO loss gives rise to the m/z = 41 fragment ion, assigned
to HC=CHNH" (species XII in Fig. 9) which, although
intense, is not the major fragment ion in the uracil mass
spectrum.

C3H3NO+ (m/z = 69)
— HC=CHNH" (m/z=41)+CO (m =28) (19)

This pathway has been confirmed by the observation of a
satisfactory metastable peak in the electron impact mass
spectrum of Rice et al. [32]. Other possible isomers of
C,H;N™ are the species HN=C-CH;, formed by H-shift
from XII, as well as the azirinium radical cation and the
2H-azirine cation ring species, the formation of both of
which would involve complicated rearrangements.

We find that the m/z=41 ion has an
AE =12.954+0.05¢V, i.e., 3.80 eV above the IE of ura-
cil, whereas the m/z(T) =155 ion appears at 2.88 eV
above the IE of thymine. We note that in their electron
impact study of uracil, Denifl et al. [90] observed
AE =13.32 £0.18 eV for the m/z =41 ion, somewhat
higher than our PIMS value; however, the difference be-
tween this value and their measured IE = 9.59 4+ 0.08 eV
for the parent ion is 3.73 eV, similar to our PIMS value.
That these uracil values are greater than the 2.88 eV ob-
served for thymine indicates the greater difficulty of CO
loss in the uracil case with respect to the precursor ion in
thymine. In the latter, with respect to uracil, the pres-
ence of the methyl group no doubt weakens the car-
bon-carbon bond to which the oxygen atom is
attached, via hyperconjugation that affects the 7 elec-
tron distribution. We note that there is no initial loss
of CO from the parent ion, since the m/z = 84 fragment
ion is absent in the mass spectrum of uracil.

(B) Other important ions: We now discuss the most in-
tense fragment ion, m/z =42. This is assigned to the
HC=COH" ion (species XIII), formed by 1,5 H-shift
and subsequent loss of HCN from the m/z = 69 precur-
sor ion (reaction (20)). We note that loss of HNC from
XIII could give rise to the isomer H,C=C=0", the ke-
tene radical cation. The structure of ion m/z =42 re-
mains to be further investigated

C::;I‘Igl\IOJr (m/z = 69)
— HC=COH" (m/z=42) + HCN (m =27)  (20)

The assignment of m/z = 42 to HC=COH " is consistent
with the fragmentation patterns from electron impact
mass spectra of at least four 2,4-dioxypyrimidenes
[32,38], whose structures are related to uracil. We re-
mark that the electron impact measurement of Denifl
et al. [90] gave AE=13.41 +0.10eV, in reasonable
agreement with our value AE =13.2540.05¢V, for
m/z(U) = 42. These authors, as well as Coupier et al.
[91], assigned m/z = 42 to the OCN™ ion. However, for-
mation of a OCN™ fragment ion directly from the par-
ent ion would involve rupture of three bonds. It would
also involve a very complex bond rupture and reorgani-
zation process if the precursor was the m/z =69 ion
represented in Fig. 9. We prefer our assignment of the
mfz =42 peak to the HC=COH" ion (or its isomer
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H,C=C=0"), whose formation is mechanistically more
reasonable.

The incorrect assignment of the m/z =42 ion to
OCN™ has further implications. Feil et al. [97] have very
recently measured the absolute value of the partial
cross-section for formation of this cation in electron
excitation of uracil, and then used this cross-section,
which they assumed was that of the OCN™ ion, in con-
junction with the known sensitivity ratio for detection of
positive and negative ions of the same species, to deter-
mine the dissociative attachment cross-section for for-
mation of the OCN™ anion from uracil. The value
they obtained was smaller by an order of magnitude
than that previously obtained with uracil by simple nor-
malization with the cross-section for dissociative elec-
tron detachment in CCly [98]. Although it is very
possible that the m/z = 42 anion formed by dissociative
electron detachment in uracil is indeed OCN™, it ap-
pears unlikely that the m/z =42 cation is OCN". We
suggest that incorrect assignment of the m/z = 42 cation
to OCN™ is in part responsible for the discrepancy be-
tween the two OCN™ cross-section values.

Another fragmentation pathway with m/z =69 as
precursor ion leads, by rupture of the central carbon—
carbon bond, to formation of HCNH™ (m/z =28),
AE =13.75+0.05¢eV, by loss of the ketene radical
HC=C=0.

C;H;NO™ (m/z = 69)
— HCNH" (m/z = 28) + HC=C=0 (m = 41) (21)

Itis not clear as to whether this actually occurs since there
is no mention of a metastable peak for this process in elec-
tron impact experiments [32]. We further remark that
Coupier et al. [91] assign the m/z =28 ion to CO™ (see
also [90]) but this is very unlikely, for reasons similar to
those discussed previously for the analogous case in thy-
mine. Denifl et al. [90]measure AE = 13.83 £ 0.39 eV for
m/z = 28, in good agreement with our PIMS value.

We note that the charge switch ion HC=C=0"
(m/z=41) to reaction (21) has the same m/z as
HC=CHNH", AE =12.95¢V, discussed above. Both
ion products are suggested by the fragmentation
schemes of Rice et al. [32]. The respective IEs of the
HC=C=O0 radical (~9.5¢V [78]) and HC=CHNH
(10.1-12.2 eV, according to the structure of this ion
[65]) suggest that HC=C=O" could be a significant con-
tributor to the m/z = 41 peak.

The m/z = 69 ion can also lose a hydrogen atom to
give m/z=68, which is a strong ion, whose
AE =13.40 £0.05¢eV. The electron impact measure-
ment, AE =12.75 £ 0.66 ¢V, is not inconsistent with
our PIMS value, given the large uncertainty in the elec-
tron impact value. It has been proposed [32] that the
fairly strong m/z = 40 fragment ion (species XIV in Fig.
9) can be formed via two pathways: (i) loss of a CO group

from m/z = 69, (species XI) followed by loss of a hydro-
gen atom, or (ii) loss of H from XI followed by loss of
CO. Both pathways are indicated in Fig. 9. Our ion yield
measurements show that the AE of m/z = 40 (14.06 eV) is
much greater than that of m/z = 69 (10.95 eV) and of the
AE of the respective intermediate ions m/z = 41 and m/
z = 68. This is consistent with the m/z = 40 ion resulting
from three stages of fragmentation.

On the basis of the corresponding studies on thymine,
it is possible to propose two different structures for a
C,H,N" assignment of the m/z = 40 species, a quasi-lin-
ear HN=C=CH" (species XIV in Fig. 9) and a cyclic
structure in which a nitrogen atom is attached to two
linked CH groups. However, in contrast to the case of
thymine, where the corresponding m/z(T) = 54 ion is
considered to have the structure H,C=C=CHNH"
(species VII), from which formation of the HCNH™"
(m/z = 28) ion can occur by rupture of the central car-
bon-carbon bond, the corresponding precursor ion in
uracil, HN=C=CH™" [32], does not have a suitable
structure for easy formation of HCNH+.

We must remember that there is also a totally differ-
ent assignment possible for the m/z=40 ion, i.e.,
CCO", formed by loss of a hydrogen atom from a
HC=C=0" (m/z = 41) precursor that could be formed
as discussed above. However, Rice et al. [32] affirm that
the only ion observed at m/z = 40 is C,H,N™. Isotopic
labeling studies would be useful to clarify this assertion.

Another mechanism for producing HCNH™ involves
direct formation from the parent ion, which requires
rupture of two bonds, the C5-C6 double bond and the
C2-N1 bond (Fig. 1), similar to the case of thymine:

CHN,OF (m/z = 112)
— HCNH" (m/z = 28) + C;H,NO, (m =84) (22)

In contrast to thymine, for which we have suggested five
different possible pathways for forming the HCNH™"
ion, in the case of uracil (U) there appear to be only
two viable pathways to the formation of HCNH™, via
reactions (21) and (22), respectively. The AE = 13.75 eV
of m/z(U) = 28 and the AEs of the precursor ions (10.95
and 9.15 eV, respectively) are consistent with these two
pathways. We note, however, that the intensity of the
m/z = 69 ion decreases rapidly above 13.7 eV which is
close to the onset of the m/z =28 ¢V ion yield curve.
This suggests that both pathways to formation of
HCNH™ are operative, weakly from the parent ion pre-
cursor, and strongly from the m/z = 69 precursor.

() Less intense fragment ion peaks (no AE measure-
ments): The other fragment ion peaks in Table 5 belong
to minor ions, some of which are associated with high
energy processes.

m/z = 96: This weak ion is assigned to C4H4N,O"
corresponding to loss of a single oxygen atom from
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the parent ion. This could result from cleavage of the
C4-04 bond or the C2-O2 bond. We note that the
20 eV electron impact mass spectra contain a peak at
m/z =95 but not at m/z = 96, whereas the 70 eV elec-
tron impact mass spectra, like our 20 eV photon impact
spectrum, possess a peak at m/z =96 but not at
m/z =95. This requires further investigation.

We note that the weak ion m/z = 70 corresponds to
the (U-NCO) cation.

mfz =129, 27, 26: Coupier et al. [91] assign the
m/z =29 ion to HCO™. An alternative assignment could
be to the NH,CH" ion. The m/z = 27 ion is assigned to
HCN™ but it is too weak for measurement of its appear-
ance energy in our PIMS study. An electron impact
measurement gave AE =14.77 £0.92 eV [90] for this
ion. We assign the m/z =26 ion to C,H7, formed via
loss of 2 HNCO molecules directly from the parent
ion by rupture of two bonds, C4-C5 and C6-NI1. Ion
yield measurement of this very weak ion at BESSY II
showed that its AE is approximately 15¢eV.

mfz =18, 17 and 14: The peaks at m/z =18, 17 and
14 in our 20 eV photon impact mass spectrum are below
the lower mass limit (m/z = 20) reported in many elec-
tron impact studies [32,34,38-41]. However, these peaks
can be seen in the NIST mass spectrum [65], in the pro-
ton and electron impact mass spectra [91] spectra, and in
a 120 eV electron impact mass spectrum [97]. We con-
sider these peaks to correspond, respectively, to H,O",
NH; and N ions. The ratio of intensities of peaks
m/z = 18 and 17 is the same in our 20 eV photon impact
mass spectrum and in the NIST electron impact mass
spectrum, whereas our m/z =14 signal is relatively
about twice as strong as that in the NIST spectrum.
The existence of the m/z = 14 ion, assigned to N7, lends
credence to the assignment of m/z =17 to NHj rather
than to an OH' ion, which could occur, with about
the same relative intensity to m/z =18, from a water
impurity [89].

4. Conclusion

In this photoionization mass spectrometry study of
adenine, thymine and uracil, we used synchrotron radi-
ation in the 6-22 eV photon energy region to investigate
VUV-induced degradation pathways of these three nu-
cleic acid bases in the gas phase. Photon impact mass
spectra and photoion yields as a function of excitation
energy were measured, virtually for the first time for
these important biological molecules. The measurements
provided more accurate values than previously reported
for the adiabatic IEs of these nucleobases. These values
are important for the interpretation of charge transfer
phenomena in DNA and RNA.

We compared our 20 eV photoion mass spectra with
20 and 70 eV electron impact (and 200 eV electron and

high energy proton impact in uracil) mass spectra. The
existence of many metastable dissociation reactions, as
seen in the electron impact studies, makes the number
of m/z peaks and their relative intensities dependent
on ion source residence time, field-free region character-
istics and applied potentials in the ion optics. Particu-
larly interesting is the comparison between 20eV
photon impact and 20 eV electron impact mass spectra
for thymine and uracil, illustrating great differences in
energy deposition due, in part, to the non-validity of
the first Born approximation for low energy electrons.

The assignment of the m/z peaks in our photon im-
pact mass spectra and analyses of fragment ion forma-
tion pathways have been considerably assisted by data
published on the electron impact mass spectra of these
nucleobases. In our work, the photoion appearance
energies are reported for the first time. AE values en-
abled heats of formation of parent and some fragment
ions to be revised or determined. Thermochemical data,
coupled with the observed AEs, were also useful in clar-
ifying dissociative ionization pathways many of which
were first proposed by Rice and Dudek [32,33]. Our
study has enabled us to refine these pathways, evaluate
the relative importance of competitive processes in some
cases and propose pathways that were not previously
suggested.

For the purine, adenine, the ion fragmentation is
mainly governed by successive loss of HCN units. The
two pyrimidines, thymine and uracil, have similar disso-
ciation pathways, with main neutral loss pathways
which involve HNCO and CO and, in uracil, HCN.
However, there are some significant differences due to
hyperconjugation properties of the methyl group in thy-
mine so that the relative importance of analogous reac-
tions differs markedly, in some cases, between thymine
and uracil. The astrophysically important fragment ion
HCNH™ can be formed by several fragmentation path-
ways in all three nucleobases. The relative importance
of competitive fragmentation processes was determined
in some cases.

Further concerning the astrophysical implications of
our study, we note that the three nucleobases would
be easily photodissociated in HI regions of the interstel-
lar medium since they exhibit fragmentation appearance
energies well below 13.6 eV. Thus their observation in
the interstellar medium calls for study of regions of radi-
ation protection (dark clouds) or regions where nucleo-
base production could successfully outweigh
destruction. This is confirmed by the analogous case of
the amino acid glycine which has very recently been re-
ported to have been observed by radioastronomy in hot
molecular core regions, where the visual extinction is
very large, thus providing radiation protection [89,99].
The existence of nucleobases in meteorites and microme-
teorites also implies that their formation and survival
occurs in conditions of efficient VUV radiation shielding
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as also implied by hydrogen lamp irradiation of nucleo-
bases in low temperature matrices [100].
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