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Photoionization mass spectrometry is used to study ionization processes and fragmentation pathways of
four prebiotic species, pyrimidine, purine, imidazole and benzimidazole, in the 7-18 eV photon energy
region, with synchrotron radiation as excitation source. These molecules are possible precursors of the
nucleic acid bases that occur in DNA and RNA. Ionization energies and ion appearance energies are
reported. They are compared with electron impact and other studies and are discussed in terms of the
electronic and nuclear structures of these species and their cations. The ion appearance energies, in con-
junction with thermochemical data, were used to propose dissociative photoionization pathways, princi-
pally involving loss of HCN molecules in each of the four species. Astrophysical implications of the results
concern the prospects for observation and survival of these molecules in the interstellar medium, in com-
ets and in meteorites. Suggestions are made concerning suitable sites for radioastronomical searches for

Polycyclic aromatic nitrogen heterocycles
(PANH)

these purines and pyrimidines.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The vacuum ultraviolet (VUV) photophysical and photochemi-
cal properties of pyrimidine, purine, imidazole, and benzimidazole
require study, in particular because of the possible delivery of
these molecules from space to the early Earth, as well as the role
that they could have played in the origin and development of life
on earth, and perhaps on other planets or satellites [1-4]. Purine
is a molecular skeletal building block of the nucleic acid bases ade-
nine and guanine, while cytosine, thymine and uracil are related to
pyrimidine. The imidazole structure is found in purines, while
benzimidazole is a close relative of purine. We have recently stud-
ied the VUV photophysics of three nucleobases (adenine, thymine
and uracil) [5] and seek here to investigate their possible prebiotic
precursors.

The gas phase mid-UV photochemistry of purine nucleic acid
bases has been explored recently by resonant two photon ioniza-
tion spectroscopy [6-9]. Condensed-phase UV spectra of pyrimi-
dines and purines have been measured earlier and have been
reviewed by Callis [10]. For nucleobases, upon excitation in the
280-300 nm region, where they absorb strongly [11,12], the most
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prominent photophysical feature in the gas phase, in this spectral
region, is that of internal conversion. This very fast relaxation pro-
cess, on the ps time-scale, protects the nucleobases from UV in-
duced fragmentation [10,13,14], thus providing a possible reason
why evolution has arrived at these particular building blocks for
the storage of genetic information [15].

In the VUV (Ephoton ~ 7-20 €V), the photoabsorption cross sec-
tion of the DNA and RNA nucleobases is higher than in the UV
[12,16-18], similar to the case of polycyclic aromatic molecules
and related compounds [19] and this is no doubt also the case
for the molecules under study here, but which has been verified
only for pyrimidine [20]. Apart from photoelectron spectral studies
[21-24] and some early mass spectrometry work [25-28] there has
been relatively little previous investigation of ionization phenom-
ena of the molecules under study here. Except for the work on
imidazole of Main-Bobo et al. [28], no dissociative photoionization
studies have been reported. Furthermore, few adiabatic IEs have
been reported and these are uncertain [29,30]. In this paper, we re-
port results from a photoionization mass spectrometry (PIMS)
study of pyrimidine and purine, and of the chemically related mol-
ecules imidazole and benzimidazole. Besides their astrobiological
interest, we note that the imidazole ring can accept a hydrogen
bond from the exocyclic amine of guanine [31], and that benzimid-
azole is known to be an important structural component in drug
design [32], in particular it is an essential part of many antineo-
plastic derivatives [33]. Histidine, which is an amino acid involved


mailto:schwell@lisa.univ-paris12.fr
mailto:Sydney.Leach@ obspm.fr
mailto:Sydney.Leach@ obspm.fr
http://www.sciencedirect.com/science/journal/03010104
http://www.elsevier.com/locate/chemphys

146 M. Schwell et al./Chemical Physics 353 (2008) 145-162

in the active sites of proteins, contains the imidazole nucleus, so
that the latter plays an important role in living entities.

We have measured the photoion yield curves of parent and
fragment ions as a function of incident photon energy between 7
and 18 eV and report adiabatic ionization energies (IE) and frag-
ment appearance energies (AE) that were previously unknown or
poorly known. The limited data previously available, mainly from
electron impact measurements suffer from insufficient precision.
More extensive AE data for these compounds is important in order
to explore their VUV degradation pathways. In particular, this
information permits assessment, on thermochemical grounds, of
possible ionic and neutral products, as well as enabling one to
choose between alternative dissociation processes. A preliminary
account of some aspects of this work has been reported elsewhere
[34].

2. Experimental

Synchrotron radiation from the Berlin electron storage ring
BESSY Il was monochromatised by a 3 m normal incidence mono-
chromator, and then focussed 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 [35]. Vapours were introduced into the ionization cham-
ber by direct evaporation of liquid or solid samples in open con-
tainers placed 1-2 cm below the position of the incident VUV
radiation within the ion extraction zone. The temperature, typi-
cally between 100 and 130 °C, was kept as low as possible in order
to avoid thermal degradation of the compounds. When some ther-
mally induced dissociation did occur this was easily identified by
the observed mass spectra, thus enabling us to modify experimen-
tal parameters so as to achieve suitable experimental conditions of
minimal thermal dissociation and satisfying signal intensity. In
cases where water impurity was observed in the mass spectra this
generally resulted from residues of cleaning procedures of the
apparatus carried out between experimental runs.

Parent and fragment ions formed by photoionization were mea-
sured using a quadrupole mass spectrometer (Leybold Q200)
(which tends to discriminate against higher mass ions, especially
at high mass resolution), and ion yield curves were obtained
through photon energy scans with measuring intervals of
10 meV. The yield curves of the principal ions observed are nor-
malized to the incident photon flux measured by detecting the
fluorescence of a sodium salicylate coated window. Wavelength
dependent photon flux changes are due to the grating transmission
function and decreasing electron storage ring current. The yield
curves are presented in appropriate figures. Spectral bandwidth
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Fig. 1. Structures of nitrogen heterocycles investigated: (a) pyrimidine, (b) 9H-
purine, (c) imidazole, (d) benzimidazole.

of the incident monochromatic radiation was typically 0.2 nm. lon-
ization energy determinations were carried out with a MgF; filter
(100% cut-off effective at 11 eV) in order to suppress stray light
and second-order radiation. Ion appearance energies were deter-
mined mainly with the aid of semi-log plots of the ion yield curves
(see below). Appearance energies above 16 eV could not be mea-
sured for the weaker fragment ions because of diminished grating
reflectivity in this spectral region. The samples were commercial
products (Sigma-Aldrich) of best available purity. Their formulae
are given in Fig. 1.

3. Results and discussion

The appearance energies measured for the ions correspond to
effective thermochemical energy values. They are a function of
instrumental detection sensitivity and also reflect effects of ther-
mal energy since any activation barrier of a particular fragmenta-
tion process (Eq. (1)) could lead to depositing internal or kinetic
excess energy in the fragments. We note that the kinetic energy
shift has two main factors: limited detection sensitivity and the
thermal energy stored in the parent neutral. With respect to the
true 0 K AEs, their effects displace the measured AEs in opposite
directions. It has been pointed out by Chupka [36] that these two
effects tend to cancel out each other, yielding in fine reasonably
accurate AEs. Therefore, we did not “correct” our AEs for any effect
but just give them as they are read from the semi-log ion yield
curves by fitting straight lines to the noise and to the ion signal rise
in the threshold region. The photon energy at the intersection of
these two lines is assigned to the measured AE value. Applying dif-
ferent fits, the precision is estimated by visual inspection of the
variation of the intersection. It is thus critically dependent on the
sharpness of the ion signal rise in threshold region.

The measured AE’s are used to calculate apparent enthalpies of
formation of fragment ions m; (“app-AH”) for different possible
fragmentation pathways, using Eq. (2)

M+hv - M +e —m! +m; (1)

AE + AtHgas(M) — Z[AngaS(mi)] = app — ArHgas(my) 2)

The apparent AfH(m7) values are then compared to tabulated stan-
dard thermochemical enthalpies of formation AgH(m7), thus per-
mitting assignment of particular fragmentation channels. If
literature A¢H(m7) values are not available, the app-AfH® values
represent new, upper limit, values. We hope, as a result of our mea-
surements, to incite theoretical work on the thermochemistry of
these fragments (neutral and cationic) in order to further clarify
the fragmentation pathways. The formation of each fragment from
the four molecules under study here will be discussed below.

3.1. Pyrimidine (C4H4N>)

Pyrimidine, a C,, symmetry group molecule, is isoelectronic
with benzene. Indeed, calculations of various aromaticity indices
show no substantial difference in aromaticity between these two
species [37]. We first measured the photoionization mass spec-
trum of pyrimidine excited with 20 eV photons (Fig. 2). This spec-
trum is similar to that of the 70 eV electron impact mass spectrum
[30] but shows evidence of less energy deposition since the
m/z=51 ion is absent and in the m/z=42-45 range only the
m/z =43 ion appears in the 20 eV photon impact mass spectrum.
The photoion yield curves were then investigated for each of the
principal ion masses.

m/z=80: We measured an adiabatic ionization energy of
9.21 £ 0.05 eV (Fig. 3, Table 1) for the parent ion. This is lower than
the PIMS value (9.35 £ 0.05 eV) of Yencha and El-Sayed [38] and re-
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Fig. 2. 20 eV Photon impact mass spectrum of pyrimidine.

flects the higher detection sensitivity of our instrument.
Photoelectron spectral values of the adiabatic IE listed in the NIST
compilation [30] vary between 9.1 eV [39] and 9.42 eV [40], while
the vertical ionization energies are of the order of 9.73 eV. An adi-
abatic value of 9.23 eV, close to our measured PIMS value of
9.21 £ 0.05 eV, and a vertical value of 9.73 eV, have been reported
in the 21.21 eV photoelectron spectrum study of Gleiter et al.
[41]. Asbrink et al. [42] have given 9.32 + 0.01 eV as the adiabatic,
and 9.7 eV as the vertical values, measured by 121.5 nm photoelec-
tron spectroscopy, whereas IE(vert) = 9.8 eV is given in the recent
PES study of Potts et al. [24]. Fig. 3 shows that 9.7 and 9.8 eV are
far from the onset of the parent photoion yield curve.

The difference between adiabatic and vertical ionization ener-
gies is thus of the order of 500 = 100 meV. In the nucleobases ade-
nine, thymine and uracil, the corresponding energy differences are
respectively 250 + 30, 300 + 100 and 440 + 90 meV [5]. Differences
between adiabatic and vertical energies correspond to nuclear
reorganization energies and so reflect changes in the bond lengths
and bond angles between the ground states of the neutral and the
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Fig. 3. Photoion yield curves of the pyrimidine parent cation and three of its
fragment ions.

cation. These result in Franck-Condon transition shifts, as con-
firmed by theoretical calculations on the nucleobases, discussed
elsewhere [5]. The vertical and adiabatic (0-0) ionization energies

Table 1
Pyrimidine (C4H4N;) appearance energy measurements and possible fragmentation products
mfz AE/eV Possible fragment Neutral fragments process Apparent AHg,((m; )/eV Literature value AfHg,(m] )/eV
cation m; assignments in bold ion assignments in bold
80 (Parent ion) 9.21 £ 0.05 (IE) 11.24 £ 0.07 C;H4N;: 11.36 £0.07
79 @ C4H35N; H <12.78 £0.02 C4H3N;:°
54 >11eV*? CHaN; CyH, <10.68 GH,N; P
C3H4N* CN <8.52 C3H4N': see text (CH;CHCNH®): 9.534
53 12.27 £ 0.05 C3H3N* HCN 12.90 £ 0.07 C3H3N™:12.77 £ 0.01°¢
CoHN; CoH3 11.2+£0.12 CoHNj P
52 13.75+0.1 C3HpN* HCN +H 12.12£0.1 C3H,N*:P: <12.14 see text
H,CN 13.4+05
C4Hj N, 15.78 £0.12 C4H;: 12.64£0.02¢
CN; CHy 15.24+0.12 C,N;: 16.573 £0.01
CHs +H 10.42 £0.17
CoH, + Hy 13.43£0.12
28 13.52+0.10 HCNH* C3H,N HCN + CoH 9.20+0.10 HCNH*: 9.813
CHy GN, 1235+0.10 C;H;: 11.059
26 142 +0.2 HCCH* 2HCN 13.43£0.22 CHj: 13.75
N, + CoH, 13.87£0.22
H,CC* 2HCN 13.43+£0.22 H,CC": 15.81
CN* H + HCN + CH, 10.22 £0.22 CN*: 18.14 +0.05
HCN + CH3 11.73 £0.27

Apparent enthalpies of formation have been calculated using values listed in Table 5.
¢ Very weak ion, AE determination difficult or not possible. See text.

b Standard enthalpy of formation is not available in the gas phase from the NIST standard reference data base.

¢ 2-Propenenitrile cation.
4 1-Butene-3-yne cation.
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of pyrimidine have been calculated using coupled cluster response
theory and unrestricted DFT B3LYP/cc-pVDZ [43], giving a differ-
ence of 490 meV, in excellent agreement with our measurements.
In pyrimidine, Potts et al. [24] agree with Gleiter et al. [41], as well
as Asbrink et al. [42] and Piancastelli et al. [39], that ionization,
which involves removal of an electron from the 7b, molecular orbi-
tal, concerns a non-bonding nc orbital on nitrogen. In all the other
compounds studied here, ionization results from loss of an electron
from a m orbital.

Using our IE = 9.21 eV we calculate the value for the enthalpy of
formation of the pyrimidine cation to be 11.24 +£0.07 eV. The IE
values recommended in the NIST table [30] lead to a slightly higher
value, 11.36 £ 0.07 eV.

Gleiter et al. [41], have proposed the following adiabatic ioniza-
tion energies of electrons in specific molecular orbitals: 9.23 eV,
by(o, n_); 10.41 eV, by(m, S); 11.10 eV, a;(c, n.); 11.39 eV (vert),
by(m, A); 13.51 eV, by(m), where the by(m) is derived from the a,,
orbital in Dg, benzene, and S and A are respectively the two 1 lev-
els in G, pyrimidine derived from the degenerate ey orbital in
benzene. Yu et al. [44] assign a 13.9 eV PES band to an a; symmetry
orbital, which differs from the M.O. assignment of Potts et al. [24]
(see later).

There are steps in the initial part of the parent ion yield curve, at
9.34 and 9.42 eV (Fig. 3), which we consider to reflect vibrational
excitations in the ion. Their energy intervals from the onset at
9.21 eV are 130 meV (1049 cm™') and 210 meV (1694 cm™'); the
difference between these two values is 80 meV =645cm™'. In
the absorption spectrum of pyrimidine [20] a Rydberg state con-
verging to the ion ground state exhibits excitation of the stretching
v; (118 meV [45]) and in-plane deformation ve, (77 meV [45])

H H
5
H H H
4N 5 hv X
EE—
N Ne N
R g
H L H
/ -CoHz
H
H / CoHoN,*
m/z =54
.N 0‘@ AE > 11 eV
L]
H
miz=79
AE = 13.01 eV

-HCN

vibrations, which are mirrored in the PES first band where there
are reported vibrational intervals of 81, 122 and 150 meV, assigned
respectively to vg,, V1 and ve, [42]. Our PIMS 130 meV first interval
can be assigned to the totally symmetric v; vibration, and the sec-
ond interval to v; + ve,. There are also steps in the ion yield curve
at about 10.4 and 11.2 eV. The 10.4 eV feature coincides with the
reported PES band at 10.4 eV [39,42,51]. Asbrink et al. [42] con-
sider that this PES band has nonbonding character, assigned 2bq,
7, with vibrational structure. The 11.2 eV step corresponds to the
origin band of a PES feature 1a,, m, at about 11.1 eV, also consid-
ered as somewhat nonbonding by Asbrink et al.

If there were no 6T interaction, a 67 radical cation would be
generated at 9.23 eV and a 57 radical cation at 10.41 eV. These rad-
ical cations have different heats of formation AH{6m) = 260 kcal/
mol (11.27 eV), AiH(5m) = 287 kcal/mol (12.45 eV). In the 67 sys-
tem, the charge is localised on the nitrogen atoms, whereas in
the 57 system the charge is distributed on the ring. However, the
close proximity of these two electronic states favours their interac-
tion so that the fragmentation of the ion at higher energies would
not be from isolated states but from the ground state in obeyance
to the quasi-equilibrium theory of mass spectra.

Calculations on the pyrimidine hydrogen-shift isomers [46]
show that four ylide ions (distonic radical cations) having a single
N-H bond lie at less than 380 meV above the pyrimidine ion. These
are obviously 67 ions formed by ionization of a lone pair at nitro-
gen, and hydrogen transfer. Using their calculated relative energies
[46], we determine that the heats of dissociation of the four ylide
cations which have a single N-H bond are, respectively 12.62,
12.79, 12.84 and 12.97 eV. The heat of formation of neutral pyrim-
idine is 2.029 eV (Table 5), so that these ylide cations could be

m/z = 80 +
IE=9.21eV e-

H  H
= H
N7
m/z = 53
. @ AE = 1227 eV
Hzc_CHz
m/z = 28
AE =13.52 eV -HCN
-H
« ®
HC—CH
m/z = 26
AE =14.2 eV
H
Z
m/z = 52
@ N AE =13.75 eV

Fig. 4. Proposed principal fragmentation pathways in the VUV dissociative photoionization of pyrimidine.
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accessible from the 67 radical cation above a photon excitation en-
ergy of 11 eV, i.e. in the range of the observed appearance energies
of the fragment ions (see below and Table 1).

Major fragment ions are listed in Table 1 together with their
apparent enthalpies of formation for various dissociation channels.
Final ion assignments are in bold letters. Selected photoion yield
curves from the pyrimidine measurements are shown in Fig. 3.
Individual fragment ions are discussed below.

m/z=79: The m/z=79 fragment ion is formed by H-loss in the
parent cation (Fig. 4). This dissociative photoionization channel is
reported to be a very slow reaction, consistent with the fact that
the m/z =79 ion is very weak in electron impact (EI) mass spectra
at various energies (16, 20, 70 eV) [27]. Milani-Nejad and Stidham
[47], based on an EI mass spectrometry study of deuterated pyrim-
idines, and Asbrink et al. [42], both propose loss of H attached to
C2. However, Rice et al. [27] proposed the loss of a hydrogen atom
attached to C5, which would require rearrangement, therefore
agreeing with a slow reaction.

Because of its weakness, the appearance energy of this ion frag-
ment could not be measured in our PIMS investigation. An EI
appearance energy measurement is reported to be 13.01+0.1 eV
[26]. This leads to an upper limit of 12.78 + 0.02 eV for the heat
of formation of the C4H;N3 ion. A charge exchange mass spectrum
of pyrimidine [42] provided an AE ~ 13.6 eV for the m/z =79 ion.

We note that not only is the yield of the H-loss ion low, but also
there is virtually no (m/z=78) ion corresponding to a molecular
hydrogen (H,) loss channel. These observations are in marked con-
trast to the fragmentation behaviour of the isoelectronic species
benzene. The dominant channel leading to loss of an H-atom in
the benzene cation corresponds to a dissociation energy of
3.88 eV [48]. In pyrimidine, the comparable dissociation energy
has an upper limit of 3.8 eV, and is thus similar to that of benzene.
It is probable that, in pyrimidine, the competitive HCN loss chan-
nel, producing the m/z=>53 ion (see later) is faster than that of
the H-loss channel, thus leading to a low yield of the m/z=79
ion. Concerning the H, loss channel, it is remarkable that this is
also a negligible channel in pyridine, which is also isoelectronic
with benzene. lonization from a heteroatom in the azines thus
leads to markedly different fragmentation processes as compared
with ionization of a 7 electron in an all carbon system.

m/z = 54: This ion is also very weak and its appearance energy
could not be measured. However, the ion signal was only observed
above 11 eV. We assign this ion as C;H,N;, with an apparent en-
thalpy of formation AfH (C;H;N;) < 10.68 eV, formed by loss of
acetylene (m = 26). Assuming cleavage of only two bonds, N3-C4
and N1-C6, the atom sequence should be N-CH-N-CH. The calcu-
lated lowest energy C,H,N, neutral is the van der Waals dimer
HCN...HCN, while the lowest chemically bound (i.e. not H-bond
complexed) CoH,;N; neutral has the structure HNC(H)CN [49]. No
literature value of the enthalpy of formation is available for
CH,N3.

The alternative m = 26 loss species is the CN radical, giving rise
to the CsH4N" ion, but this is less probable since it represents a
pathway more endothermic by 2.16 eV (see Tables 1 and 5).
Furthermore, the apparent heat of formation, AfH (C3HsN') <
8.52 eV, is less than the calculated values for a set of 23 different
C3H4N* isomers, of which the six most stable have A¢Hs in the
range 9.59-11.24 eV [50]. An experimental value AH(C3HsNT) =
9.534eV is listed for the propenaldimine-1-yl cation
(CH,CHCNH™) [29].

my/z = 53: This strong ion C3H3N* corresponds to the loss of HCN
from the parent cation. The alternative possible loss of C;H3 as
m=27 would make C;N,H* as the m/z=53 ion. This can be
excluded from our measured AE=12.27+0.05eV, giving
AfH(C;N,HT) = 11.2 eV, which is considerably lower than the liter-
ature value, 12.03 eV, for this ion [29]. The AE for the m/z =53 ion

is in the Frank-Condon gap which exists in the photoelectron
spectrum between 12.1 and 13.6eV [42]. The corresponding
dissociative photoionization process must therefore involve
autoionization.

There are changes of slope in the m/z =53 yield curve at 12.65
and 13.76 eV. The former is in the Franck-Condon gap, whereas
13.76 eV is close to the vertical energy of the ion state at 13.9 eV
[24] and so may be at about the adiabatic energy for this state. It
is also identical with the onset for m/z =52 (13.75 + 0.1 eV) (see be-
low). The PES band at 13.9 eV is considered by Potts et al. [24] as
corresponding to electron ejection from 2 (possibly 3) M.O.s, the
innermost 1 orbital (1b;) and two ordinary o-type orbitals 6a;
(and 4b,) [24]. The corresponding three ion states would then be
22By, 22A4, 22B,.

We remark that our measured appearance energy of the C3H3N*
ion is 0.5 eV lower than that previously reported by Momigny et al.
[26], 12.87 £0.10eV, in their EI study of pyrimidine. Buff and
Dannacher [51] carried out a PEPICO study on pyrimidine that
showed the critical energy for loss of HCN in the ion to be of the
order of 2.73 eV. This would correspond to an AE(CzH3;N") ~ 12
eV. Our AE=12.27£0.05eV provides A¢Hg,; (C3H3N") =12.90+
0.07 eV. This coincides nicely with the tabulated enthalpy of
formation of the acrylonitrile (CH;=CH-C=N) cation, 12.82
0.01 eV [29]. At first sight, this suggests that the CsH3N™ formed
by dissociative photoionization of pyrimidine is the acrylonitrile
cation, as indicated in Fig. 4, with the difference of 80 + 80 meV
in the enthalpies of formation reflecting the existence of some
thermal energy deposited in the fragment ion.

A similar suggestion that this is the acrylonitrile ion was made
by Buff and Dannacher [51]. These authors considered two models
for HCN loss: (i) Model A, a concerted reaction involving ring
breaking and simultaneous ejection of HCN; (ii) Model B, a rate-
determining isomerisation to a suitably linear C4H,N; isomer, fol-
lowed by the rapid cleavage of a terminal HCN moiety. The derived
0K AEs are 11.95 and 11.97 eV, respectively. Their calculated AE
for the acrylonitrile ion is 12.108 eV, whereas we observed
AE =12.27 £0.05 eV for m/z =53. One can envisage two cases of a
two-step formation of m/z =53. (a) (i) rupture of N1-C2, followed
by (ii) C5-C6: this gives an isonitrile form; (b) (i) rupture of
N1-C2, followed by (ii) C4-N3: this gives a nitrile form, i.e. acrylo-
nitrile. Lavorato et al. [46] measured the CID mass spectrum of
acrylonitrile and reported it to differ substantially from those on
pyrimidine and its H-shift isomers, although these differences
appear to be minor in the published spectra of their Fig. 2.

Other isomeric structures are conceivable for the m/z =53 ion.
An EI mass spectrometric study of pyrimidine and a set of deuter-
ated pyrimidines suggests that the loss of HCN principally involves
the C4 carbon atom rather than C2, which led Milani-Nejad
and Stidham [47] to assign m/z=53 as HC= CH-N"=CH «
HC*=CH—N=CH [47]. More conventional conceptions would give
HC=CH—N=C"H «— HC"=CH—N=CH. We note also the results of
Lavorato et al. [46], who calculated that H,C=C=C=NH" is
0.564 eV more stable than CH,=CH-C=N-" (acrylonitrile). They
also report that calculated isomers H-C=C-CH=N-H" and
H-C=CH-C=N-H" are higher in energy by 0.737 and 0.260 eV
respectively. In our opinion the assignment of m/z=53 remains
an open question. Quantum chemical calculations on the structure
and stability of the C3H3N™ ion could be useful to further elucidate
this question. Suitable H-shift possibilities in the proposed
m/z = 53 structures should also be considered.

We remark that in isoelectronic benzene, the most important
dissociation channel analogous to that of HCN loss in pyrimidine
is to CsHi — C4HJ + GoH; [52] (see later).

my/z =52: This strong ion is assigned as CzH,N™. Its appearance
energy, 13.75 £0.1eV, is 1.25eV lower than that reported by
Momigny et al. [26] in their EI MS study. On the basis of our AE
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value, we calculate the enthalpy of formation A¢Hg, (GH,NY) =
12.12 £ 0.1 eV, assuming loss of HCN and H. The two channels, ini-
tial loss of HCN then of H, and initial loss of H followed by HCN, are
both active, as evidenced by the appropriate metastable ions in EI
impact mass spectrometry [27]. Loss of H,CN or its isomer HCNH
from the parent cation is less probable since these are more endo-
thermic radicals and, moreover, their formation would require
rearrangement of at least one H atom. In the case of direct H,CN
loss from the parent cation, our AE would lead to ArHg,
(CsH;N) =13.4+05eV. Our value AHg, (CsHN')=12.12+
0.1 eV is in good agreement with the upper limit value determined
by Willett and Baer [53], AfH;as (C3H;N') < 12.14 eV. The Lias et al.
compilation [29] gives AtHg,; (CsH,N*) = 11.684 eV from proton
affinity data.

Loss of H from m/z =53 is the most probable m/z =52 forming
reaction between 13.75 and 14.2 eV, the latter energy being the
appearance onset for m/z = 26, corresponding to the loss of a sec-
ond HCN molecule (see later). The decay of the m/z=53 ion and
the simultaneous quasi-parallel rise of m/z=26 and m/z=52 is
confirmed by the charge exchange mass spectra of pyrimidine
measured by Asbrink et al. [42].

Milani-Nejad and Stidham [47] suggest for the two two-step
channels in the formation of the m/z =52 cation, (i) first loss of
C4 in a HCN loss channel followed by loss of H attached to C2.
(ii) First loss of H attached to C2 followed by loss C4 in HCN loss.
They propose m/z =52 as HC=CH—N"=C™ < HC"=CH—N=C".

One alternative assignment for m/z =52 is C;N; (Table 1). Our
AE for m/z=52 is not compatible with this assignment since it
leads to apparent heats of formation much smaller than that
known for C;N; (Table 1). Another possibility is loss of N, to give
the mjz=52 ion C4Hj. This channel, which would be the exact
equivalent of the important C4H; + C;H, dissociation in the ben-
zene cation [52] has been considered by Buff and Dannacher
[51]. The expected appearance energy in pyrimidine for the
mjz=52 C4H; ion lies between 10.35 and 10.77 eV, according to
the particular C4H] structure. This is very much lower than our
observed AE for the m/z =52 ion and so excludes this assignment.

m/z = 28: The appearance energy of this strong fragment ion is
13.52 £ 0.10 eV. We first consider that it is HNCH", which is more
stable than its non-linear isomers CNH; and NCH; by about
1.94 eV and 3.12 eV, respectively according to calculations of Con-
rad and Schaefer III [54]. The concomitant neutral loss of CzH,N
would make this the charge switch reaction with respect to the
direct loss channel forming m/z=52. This reaction giving
m/z =28 would require a H-shift, whereas the ionic ylides could
dissociate to the HNCH" ion by a direct bond cleavage reaction.

In the Rice et al. EI study at 16, 20 and 70 eV, the ions m/z=28
and 52 have approximately the same intensity ratio [27]. We note
that they have similar AEs in our PIMS study. If the neutral prod-
ucts are HCN and C,H, the derived apparent heat of formation of
HNCH* becomes 9.20 + 0.15 eV, which is less than the literature va-
lue 9.813 eV [29]. Thus a single neutral product appears probable,
namely CsH,N. Its formation would require H atom migration to a
nitrogen atom, forming an ylide cation and rupture either of a car-
bon-carbon and a carbon-nitrogen bond or of two carbon-nitrogen
bonds, according to the particular ylide structure. From the calcu-
lated energies of the transition states leading to the two most
probable ylides [46], their formation could occur at 11.93 eV and
12.14 eV respectively, i.e. 1.59 eV and 1.38 eV below the appear-
ance energy of m/z = 28.

In Fig. 4 we give another possible assignment of the m/z=28
ion. This is the ethylene cation C;H;, with concomitant loss of
cyanogen C,;N,. From our AE value this pathway leads to
AH(CH;) =12.35+£0.01 eV, higher than the literature value
AfH(CH;) = 11.059 eV (Table 5). The formation of C;H; from
m/z =53 by loss of C;H is improbable.

m/z=26: The yield curve of this ion has slight inflexions at
14.57, 14.83, 15.19 and 15.86 eV. We note that there are PES peaks
at 14.4, 15.8 eV corresponding to ¢ states according to Potts et al.
[24]. These would be the 22B, and 3?A ion states of the pyrimidine
cation.

The strong m/z=26 fragment ion (AE=14.2+0.2eV) is as-
signed to C;Hj, presumably formed by successive loss of two
HCN molecules. Multiple HCN loss also occurs as important pro-
cesses in adenine [5]. From our AE=14.2 +0.2 eV we calculate
AH(CH; ) = 13.427 £ 0.2 eV. The literature value is 13.749 eV. In
searching to understand the difference between these values we
considered whether the C;H; species was the vinylidene cation,
H,CC*, rather than the acetylene ion HCCH". For neutral vinyli-
dene, AH(H,CC)=4.384+0.24 eV [55], so that our AH(C,H;) =
13.427 £ 0.2 eV. This implies L.E.(H,CC) = 9.043 + 0.44 eV. The lat-
ter is much smaller than a recent calculated value LE.(H,CC)=
11.26 eV [56]. Furthermore, Hayakawa et al. [57] derive
AfH(H,CC") = 15.81 eV. This high A¢H for the vinylidene cation
also excludes this species as an assignment for the m/z = 26 ion.

We also considered a process where the acetylene cation is
formed by loss of N, and C,H, from the parent cation. This is ther-
modynamically allowed, giving rise to a very reasonable value of
AH(CH;) = 13.866 eV from the m/z =26 appearance energy but
it is kinetically less probable since rearrangement is required to
form Nj. Finally we consider that H,C;N; could be lost as a single
product from the parent ion. However, in order to evaluate this,
we require a knowledge of the A¢H of the HCN dimer, but this is
not available.
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Fig. 5. Photoion yield curves of the purine parent cation and two of its fragment
ions.
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An alternative assignment of m/z = 26 to CN" is dismissed by the
much too low apparent heat of formation as compared with the
known AH(CN*) =18.14 +0.05 eV (Table 5).

The VUV induced fragmentation behaviour of pyrimidine is
summarized in Fig. 4.

3.2. Purine (C5H4N4)

Purine is indeed adenine without the NH, group. It has many
tautomers but Lin et al. [58] have shown that the N(9)H tautomer
is the most stable in gas phase (as it is in the case of adenine) and
so is to be expected as the major tautomer in our study. The prin-
cipal masses, relative abundances greater than 10%, in our 21 eV
mass spectrum (not shown) are at m/z = 120, 93, 66. This is similar
to the 70 eV EI-MS [30].

m/z=120: This is the parent ion, whose IE=9.35%0.05eV
(Fig. 5). The estimated AgH(neutral CsH4N,4) =2.383 eV [29]. From
our AE we thus obtain AH(CsH4N;) =11.733 £0.05eV. An
estimated limiting value given by Lias et al. [29] is AH
(CsH4N;) < 11.91 eV.

Literature values of the IE of purine are all for vertical ioniza-
tion, and are derived from electron impact [25], photoelectron
spectroscopy [21,24,58] and photoionization [25] studies. Values
are in the range 9.52-9.7 eV. We consider our [E =9.35 + 0.05 eV
as being the adiabatic, or close to the adiabatic, value. The
difference between adiabatic and vertical IE values is thus in the
range 170-350 meV. This is of the same order of magnitude as
the corresponding difference, 250 + 30 meV, in adenine, indicating
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that in purine, too, there are neutral to ion structural changes lead-
ing to the Franck-Condon shift. We remark that the initial ioniza-
tion region of purine has a more complicated molecular orbital
parentage than does pyrimidine, which has clearly a well separated
11 level, whereas there are close-lying w and nc orbital ioniza-
tions in the case of purine [24].

The fragmentation of the purine cation is mainly due to HCN
and 2HCN loss processes. Fragments corresponding to the H,
C,H,, HCN + H, and CsH;N loss processes observed in pyrimidine,
do not occur in purine. In particular we note that, from an exami-
nation of the relevant structures, the absence of a H-loss process in
purine cation fragmentation points to the loss of H in pyrimidine
from positions 5 or 6, and in imidazole (see later) from positions
4 or 5. In purine these are the positions where both systems (imid-
azole and pyrimidine) are connected.

m/z=93: This ion has an AE=12.6+0.05eV. We assign it to
C4H3N3, with concomitant loss of HCN. The apparent heat of for-
mation of C4H;Nj is 13.58 + 0.08 eV. There are no reported values
of this quantity. A possible reaction pathway is by rupture of the
two carbon-nitrogen bonds in the pentagon (C5-N7 and C8-N9).
Another possibility is the rupture of two carbon-nitrogen bonds
in the hexagon, as occurs in adenine [5]. This process has been pro-
posed as the principal pathway in purine by Tatematsu et al. [59]
on the basis of deuterium isotope electron impact mass spectral
studies. The channel involving rupture of N1-C2 and C4-N3
(42%) and that involving C5-C6 and N1-C2 (34%) are competitive
in the EI study. This leads to a substituted imidazole cation
(Fig. 6), in contrast to the case of pyrimidine where loss of HCN
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Fig. 6. Proposed principal fragmentation pathways in the VUV dissociative photoionization of purine.
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produces a linear cation (Fig. 4). This substituted imidazole has a
rather stable ring. At higher energies it loses a second HCN (see
below), which is stable within the energy range of our
measurements.

The alternative assignment of CGGHNj for m/z = 93, with C;Hj3 as
neutral loss product, is inconsistent with the deuterium isotopic
study of Tatematsu et al. [59].

m/z = 66: This fragment ion has an AE =13.24 £ 0.1 eV and we
assign it to C3H,N;, formed by loss of 2HCN. This AE is only
640 meV above that for loss of a single HCN, whereas in pyrimidine
the corresponding energy difference for loss of two, with respect to
a single, HCN species is 1930 meV (Table 1). The apparent heat of
formation of C3H,N; is 12.82 + 0.13 eV. The malononitrile cation’s
heat of formation 15.56 + 0.1 eV, so this ion can be excluded as
m/z = 66. Three other structures can be conceived for C3H,Nj, (i)
HN*=C-C=N'-H, (ii) HC=N"-C=C-NH, (iii) HN'~-C=C-N"=CH,
the latter being formed via a cyclic structured C3H, N3 issuing (di-
rectly) from the parent ion by rupture of the two bonds C5-C6 and
C4-N3 and thus implying a neutral loss of C;H,N,. Our study on
the dissociative ionization of adenine [5], in which a fragment
ion m/z=66 is observed, provided three possible values for the
heat of formation of a C3H,Nj ion, 12.56, 11.56 and 11.20eV,
according to the respective heats of formation of the three isomeric
NH,CN species (cyanamide, diazomethane, 3-H-diazirine) that
could be formed in the process creating C;H,N;. Tatematsu et al.
[59] propose (i) and (ii) as the C3H,;N; fragment ion products but
also consider that their deuterium isotopic study does not exclude
participation of the third possibility, i.e. rupture of the C5-C6 and
C4-N3 bonds in the parent ion, to form the m/z = 66 dehydroimi-
dazole radical ion which rearranges to the final product ion.

We remark that an alternative assignment of m/z=66 is to
C;N;, with loss of HCN + C,H3. This assignment is inconsistent with
the results of the EI-MS deuterium isotope substitution study of
Tatamatsu et al. [59].

A schema of fragmentation processes in the dissociative photo-
ionization of purine is shown in Fig. 6.

3.3. Imidazole C3H4N,

Imidazole (C; molecule) is related to both purine and adenine,
being their pentagon part. Its dissociative ionization properties
are thus interesting to compare with these two species. In imidaz-
ole, which is a five-membered ring with 67 electrons, the HOMO is
a Tt molecular orbital; the ring is not completely planar because N1
is sp?, whereas N3 is sp>. The N-H bond is polar and less stable
than the C-H bonds.

The imidazole ion states and their vertical energies (eV), as
determined by photoelectron spectroscopy [60] are as follows:
8.78 (12A”, m), 10.3 (22A”, m; 1?A, o), 13.7 (2%A!, ©), 14.0 (327,
o), 14.7 (3%2A”, ), 15.3 (4°A, 5), 17.9 (5°A, G) eV.

Our mass spectrum at 21 eV is given in Fig. 7. The weakness of
the parent ion at m/z = 68 is due to the mass discrimination prop-
erties of our quadrupole mass analyzer. Lowering the mass resolu-
tion gives a marked increase in the relative intensities of the peaks
at m/z=67 and 68 (see Section 2). The relative intensities of the
principal ion peaks at m/z =41, 40 and 28 are very similar in our
21 eV photon and the 70 eV electron impact [30] mass spectra.

m/z=68: The parent ion has an IE=8.66+0.03 eV ( Fig. 8).
Reported vertical ionization energy values are: PI IE(vert)=
8.81 £ 0.01 eV [28]; EI [E(vert) = 9.12 eV [61]; PES IE(vert) = 8.96 eV
[22], 8.78 eV [60]. In the PIMS study by Main-Bobo et al. [28], who
used a many-line hydrogen lamp as photon source, the photon
wavelength resolution was 17 meV at 120 nm (10.33 eV). These
authors argue that their observed 8.81 eV step in the parent ion
yield curve correlates with the 8.78 eV photoelectron spectral peak
observed by Cradock et al. in a PES study [60]. However, Cradock
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Fig. 8. Photoion yield curves of the imidazole parent cation and three of its
fragment ions.

et al. report this spectral peak as the vertical ionization value.
Examination of published photoelectron spectra of imidazole [60]
shows that the first ionization band has an extensive low-energy
tail in the 8-8.7 eV region. We note that 8.81-8.66=0.15eV =
1210 cm™!, which is of the order of magnitude of several of the
calculated molecular ion frequencies of C3H4Nj [28]. We consider
that we measure the adiabatic IE and that the Main-Bobo et al.
value [28] is to be assimilated to vertical ionization values. The
difference between the vertical and adiabatic IEs is therefore of
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the order of 150 meV. This is a little smaller than the correspond-
ing values in purine and adenine. Our LE. value leads to determine
the enthalpy of formation of the ion A{H(C3H4NJ) = 10.04+
1031 eV

0.03eV. The literature value, [29], is based on

LE.=8.81eV.
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Main-Bobo et al. [28] have shown that imidazole and pyrazole,
which are isomers, do not have a common ion structure prior to
dissociation. For imidazole, at the lowest IE = 8.66 eV, a 57 radical
cation 2 (Fig. 9) is generated. At higher energies, hydrogen migra-
tion is possible, e.g. from N3 to C2 which leads to a radical cation
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with a 47 electron system and an unpaired o electron. This is the
diaza-cyclopentadienylium cation 3. From this structure, ring-
breaking can eventually lead to formation of the methyleneamino-
acetonitrile radical cation 4 (Fig. 9) among other possible struc-
tures, and which might play a role in the fragmentation
processes of imidazole.

Other H-shift processes are also possible. The imidazol-2-yli-
dene ylide of the imidazole cation, formed by 1,2-H shift, has been
studied experimentally by [62], and both experimentally and com-
putationally by McGibbon et al. [63], who also investigated the
imidazol-4-ylidene cation. The calculated energy barriers between
the imidazole cation and these two ylide ions are, respectively,
2.892 and 2.428 eV. If they play a role in our observed fragmenta-
tion processes their formation could be at 11.55 eV and 11.09 eV,
respectively.

m/z=67: We have assigned this fragment ion as C3H;Nj,
formed by H-loss from the parent ion. The ion yield curve exhibits
a weak signal whose onset is at 11.38 eV and a stronger signal
beginning at 12.05 eV (Fig. 8, Table 3). These energies are both in
a Franck-Condon gap region (11.3-13.1 eV) of the photoelectron
spectrum of imidazole [60], so that excitation to autoionizing neu-
tral states of imidazole must be involved. We considered whether
the existence of two onsets for this reaction is related to H-loss
from different positions. According to the deuterium isotopic EI
MS study of Klebe et al. [61], there is a high degree of specificity
for the loss of H from the 4(5) position. In their ion source, the loss
of H appears to proceed much faster than hydrogen scrambling. It
is possible that our first onset reflects H-loss from the 4(5) position
and the second onset corresponds to a situation when H atom
scrambling (perhaps leading to one of the structures, such as the
ylides discussed above), becomes more efficient due to extra inter-
nal energy in the ion, even if it does not attain complete scram-
bling. Note that according to Klebe et al. [61] there is a
disinclination of loss of H at the 2-position. C-H bond fission is
much less prevalent when there are two adjacent N atoms to the
C-H group, whereas positions 4 and 5 have only one N atom adja-
cent. (We note that in purine, the C-H group on the pentagon,
which participates in the HCN loss process, has two adjacent N
atoms).

The two AEs lead to two different apparent heats of formation,
perhaps corresponding to the formation of two different isomers of
C3H;N;. Loss of a H atom in the 57 radical cation C3H4N; gives a
system with one unpaired 7 electron and one unpaired G electron
which may be stabilized to a 6m cation, whose different possible
structures, A-D, correspond to different positions of charge and
H atoms (structures 5A-5D, Fig. 9). The different structures of
CsH3N; generated after H-loss should have nearly the same en-
ergy. We recall, also, that the two N atoms differ in electron
hybridization.

A second class of C3H3;Nj ions (structures E-H) can be generated
from the 4 cation (Fig. 9). The antiaromatic cations E-H are higher
in energy than A-D. Linear C;H3N; ions could also be formed if ring
opening of C3H4N; occurs. We suggest that the two apparent AEs
for the H-loss reaction, at 11.38 and 12.05 eV respectively, corre-
spond respectively to A-D and E-H structures. The ions resulting
from H-loss in C3H4N; are more stable than those produced by
H-loss in the pyrimidine cation. This may be due to H-loss and
HCN loss being parallel reactions in imidazole (see below), whereas
in pyrimidine they are sequential loss reactions, with the second
being faster than the first.

From our AE=11.38+0.05eV we obtain an apparent
AfH =10.56 £ 0.06 eV, while for AE = 12.05 + 0.03 eV, the apparent
AH=11.17 £0.04 eV. Lias et al. [29] list 10.99 eV for the heat of
formation of C3H3N; (NCCH,CNH"), from a proton affinity mea-
surement. We note that for the [M—H]" ion, NIST [30] reports
AE = 12.8 eV from the EI study of Klebe et al. [61]. However, their

IE =9.12 eV for the parent molecule is 560 meV above our IE(ad),
so that their AE for (M—H)" is also probably too high. We remark
that Main-Bobo et al. did not measure the AE of the [M—H]" ion
but they observed a bimodal KERD and a large kinetic energy re-
lease for this H-loss channel and they discuss metastable ion peaks
for H-atom loss [28]. Main-Bobo et al. give KER T(1/2) = 250 meV,
so that from our AE value, the A¢H (C3H;N;) could be 10.56-
0.25 =10.31 eV. This is lower than the value 10.99 eV given by Lias
et al. [29] for the heat of formation of C3H3N; (NCCH,CNH") from a
proton affinity measurement.

Main-Bobo et al. remark that in the electron impact mass spec-
trum of imidazole the yield of the [M—H]" ion is higher than in
their PIMS study. They suggest that this is possibly due to autoion-
ization via neutral triplet states which are formed by electron exci-
tation but not by photon impact.

We note that there is a rising inflexion in the m/z =67 yield
curve at about 13.3 eV, close to the sharp increase in the PES signal
at 13.2 eV, which is at the end of the Franck-Condon gap [60].

m/z = 41: This strong fragment ion is assigned to C;HsN™ and is
formed in a HCN loss channel. That the neutral product is HCN and
not HNC has been shown by Main-Bobo et al. [28]. They also give
structural and energy arguments in favour of m/z=41 being
CH,CNH" rather than CH;CN" or CH;NC'. Collision induced
decomposition (CID) of the isomers imidazole and pyrazole dem-
onstrated that it is the same m/z=41 ion formed in both cases,
yet no isomeric interconversion has occurred. Since pyrazole has
two adjacent N atoms, formation of CH,NCH" would require con-
siderable atomic rearrangements, not supported by dissociation
rate data; they therefore conclude that m/z =41 ion is CH,CNH"
[28].

The reaction C3H4Np, — CoH3N*(CH,CNH™) (m/z=41)+HCN
involves a single 1,2 H-atom shift. Breaking of two of the C-N
bonds leads to formation of HCN. This involves two parallel chan-
nels which should have two different transition state energies in
their C-N bond breaking steps, since the bond energies differ: (i)
rupture of N1-C5, H-shift from C4 to C5, rupture of C2-C3, losing
HCN containing C2; (ii) rupture of N3-C2, H-shift C4-C5, rupture
of C5-N1, losing HCN containing C2. Main-Bobo et al. observed
that the m/z=41 ion was formed with considerable KE release
[28], involving large and small energy release components. They
showed that m/z=41 is a single daughter ion that is indeed
produced via two transition states. On the basis of EI mass spectral
studies of imidazole deuterated to various degrees and atomic
positions, Klebe et al. [61] state that primarily positions 3
and/or 2 are involved in the elimination of HCN, possibly preferen-
tially from position 2, which is that suggested by Main-Bobo et al.
[28].

We remark that in uracil, following Rice et al. [27], we assigned
the m/z=41 ion as HC = CHNH" which is formed by a pathway
appropriate to this nucleobase. Bowie et al. [64] have proposed
that m/z =41 is a cyclic ion, the 1H-azirine radical cation. In their
EI-MS study, van Thuijl et al. [65] suggested that the m/z =41 ion
formed from imidazole is a mixture of open chain radical cations,
of the HC=CHNH" type, probably interconvertible via the 1H-azi-
rine radical cation. We suggest that at onset the C;H3N* ion has
the structure CH,-C'=NH (since CH=N-CH; can be eliminated,
see below) remarking that at higher energies the structure of the
molecular radical cation C3H4N; may have changed and that prod-
ucts with another structure might appear. Simultaneous ring open-
ing in the cyclic educt ion cannot be excluded, in which case triplet
as well as singlet C,H,N™ can be formed, so that the triplet state
should also be taken into account.

The measured appearance energy of the m/z =41 fragment ion
is AE=11.41+0.05eV (Fig. 8). A PIMS value of 11.48 +0.02 eV
was reported by Main-Bobo et al. [28]. These values are much low-
er than the 13.2 eV reported in the EI study of Klebe et al. [61].
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From the photoelectron spectrum [60] we can deduce that this
fragment ion is formed in a Franck-Condon gap region, thus essen-
tially by photon excitation to autoionizing neutral electronic states
of imidazole.

Our measurements give the apparent AgH(C,H3N™) = 11.39+
0.06 eV. The KER reported by Main-Bobo is T(1/2) =55 meV [28],
so that the apparent A¢H could be 11.39-0.055 eV = 11.33 eV. The
isomeric C,H3N* ions acetonitrile and methylisocyanide have
A¢H values that are respectively 12.97 eV and 12.9 eV [30], so that
m/z=41 ion cannot be either of these two species, thus giving
additional confirmation that it is CH,CNH"*. The experimental
AfH of CH,CNH' =10.41 +0.04 eV [53], while AH(CH,NCH")=
10.83 eV according to the ab initio calculations reported by
Main-Bobo et al.. Two other C,H3N™ ions also have calculated AH
values of the order of 13 eV, and so are also excluded. We consider
our AE and derived A¢H values to be consistent with the
AH(CH,CNH™) = 10.41 eV of Willett and Baer [53].

We also considered CHN; as an assignment for m/z = 41, formed
by loss of C;H3 from the parent ion (Table 3) but this is incompat-
ible with the results of the deuteration study of Klebe et al. [61].

We note that in the m/z =41 yield curve there are “steps” at
13.24 eV, which is where the Franck-Condon gap ceases, so that
this is the beginning of a region where direct ionization can occur.
It is also possible that this step is associated with the formation of
the acetonitrile ion CH3CN*, whose calculated AE is 12.99 eV.

m/z =40: The assignment of this ion is to C;H,N*. The neutral
products are HCN + H or H,CN. The yield curve onset is smooth
and the AE = 13.83 £ 0.05 eV. There is no previous report of this AE.

There are three conceivable processes for formation of this ion.
(1) loss of H,CN from the parent ion; (2) H-loss from CH,CNH*
(m/z =41); (3) loss of HCN from m/z = 67 [M—H]+. Using the value
AH(H,CN) = 2.3859 + 0.43 eV, which results from our analysis of
the experimental and theoretical data concerning this entity dis-
cussed by Nesbitt et al. [66], we evaluate A¢H(C,H,N")=
12.82 £ 0.43 eV for the first process (loss of H,CN). The energy dif-
ference between the AE's of m/z=40 and 41 is 2.41 eV. This is a
reasonable value for a H-loss process (second process, H-loss from
m/z = 41). The energy difference between the AE’s of m/z =40 and
67 is 2.45 eV (third process, HCN loss from m/z = 67). Since the pre-
cursor ions m/z =67 and 41 have very similar AEs, the two chan-
nels to form these ions are competitive. This is consistent with
the observation that the ratio of the m/z (67/41) ion intensities is
constant over the considerable electron energy range 12-70 eV in
El mass spectra [61].

Our apparent AfH(C,H,N') =11.55 + 0.06 eV is smaller than the
value 12.82 + 0.43 eV given above (loss of H,CN channel) and the
12.58 eV value listed in Lias et al. [29] for the CH,CN" ion. Harland
and Mclntosh [67] report A¢H =12.497 + 0.052 eV for H,CNC* and
13.026 £0.052 eV for H,CCN*, while Anich et al. [68] give
AfH =12.49 eV for H,CNC" and 13.01 eV for H,CCN*). Other struc-
tures can also be proposed for C,H,N* [5]: (i) a quasi-linear
HN=C=C"H or H-C=CN""H (as in our Fig. 9) and (ii) a cyclic struc-
ture in which a N atom is attached to two linked CH groups (azirine
cation). It is possible that the m/z =40 ion has one of these two
structures. We have given one of these structures in our Fig. 9.
We assume that the cyclic structure is less probable for entropy
reasons. Indeed, electron impact MS studies on imidazole show
that the m/z = 40 cyclic azirine cation is produced by electron im-
pact in the 17-26 eV range but not at lower energies [69]. It is
therefore unlikely that the m/z = 40 ion produced in the onset re-
gion by photon impact is due to the cyclic ion azirine.

Finally, we remark that C3H; can be eliminated as an assign-
ment for m/z = 40, on thermochemical grounds (Table 3).

m/z = 39: This is a very weak ion, too weak for its AE to be mea-
sured. It is more likely to be C;HN" (e.g. HCCN™) than C;HJ. Its for-
mation could proceed by H-loss from m/z = 40, in which case we

estimate that the AE for this process is 13.6 +2 eV =15.8 eV, or it
could be formed by H; loss from m/z=41. The heat of formation
of the HCCN" ion is AH(HCCN™) = 15.87 eV [29]. The single H atom
loss channel, with our estimated AE, would give AH(C,HN)=
11.26 eV. However, if the estimated AE = 15.8 eV was similar for
the H; loss channel from the m/z =41 ion, the derived apparent
AfH=15.78 eV. This speculation leads to suggesting that the
m(z =39 ion is HCCN*, formed by H, loss from the m/z =41 ion.

m/z =28: We have assigned this ion to a species with the ele-
mental formula CH,N". It is one of the most important fragment
ions, and its AE=11.34 £ 0.05 eV (Fig. 8) is in the Franck-Condon
excitation gap. The inflexion rise in the fragment ion yield at about
13.2 eV is close to a sharp increase in the PES at 13.2 eV, where di-
rect ionization occurs. Main-Bobo et al. report the AE=11.67 =
0.05 eV [28]. We note again that they used a many-line hydrogen
source.

We first considered that this ion is formed by HCN + CH loss.
From our AE we deduce an apparent A¢H(CH,N*) =5.158 eV. How-
ever, published values for A(H(HCNH") are 9.751 eV [28], 9.627 eV
[70], 9.813 eV [29] and <9.974 eV [53], while AH(CNH; ) is listed
as 11.49 eV [29]. These values are much above our apparent value
A¢H(CH,N") = 5.158 eV. We note that HCNH" is the most stable iso-
mer of H,CN* [54,70].

We then envisaged that the neutral product is C;H,N and not
HCN + CH. In this case our measured AE leads to the apparent
AfH(CH,;N")=10.178 £0.10 eV, thus supporting the suggestion
that CoHN is the sole neutral product. The potential barrier is of
the order of 400 meV. Indeed this channel, which involves breaking
of the N3-C4 bond, is the one proposed in the dissociation scheme
of Main-Bobo et al. [28]. The existence of a single component KER
[28] is consistent with a single pathway to m/z = 28.

We remark that ring opening of C;HsN; should be more prob-
able from a 4m radical cation formed by H shift, which has the
diazadiene structure, than from the 57 radical cation, because
an aromatic ring should require more energy for opening than
the 2.68 eV internal energy available at the AE for the m/z=28
ion. For example, in benzene, the fragment ions C4H; and C3Hj
have AE values that are 4.2 eV above the benzene IE [30]. A rea-
sonable estimation of the loss of aromaticity in going from the
57 to the 4w radical cation of imidazole indicates that the 47 rad-
ical cation may be no more than 1 eV higher in energy than the 57
radical cation. Linear cation(s) resulting from ring opening,
mentioned earlier, could be the common intermediate of the three
fragmentation processes with AE in the range 11.34-11.41eV
(Table 3).

The alternative assignment of m/z=28, the ethylene cation
CH; can be discounted as involving a pathway that is too endo-
thermic (Table 3).

The proposed principal fragmentation pathways in the VUV dis-
sociative photoionization of imidazole are shown in Fig. 9.

3.4. Benzimidazole C;HgN,

There are several tautomers possible for benzimidazole, corre-
sponding to different positions of the two H atoms on the five-
membered ring. In our gas phase studies only the 1H, 2H tautomer
is expected [71,72]. The first few successive ionizations of benz-
imidazole are assigned as follows [23] (vertical IEs): 8.45 eV (),
8.81 eV (m) 10.05 eV (oy), 10.79 eV (1), 11.38 eV (r). The principal
ions in our 21 eV photon mass spectrum have m/z values 118, 91,
65, 64, 63, 52 and 41.

m/z=118: The parent ion has a measured IE =8.20+0.05 eV
(Fig. 10). The ion signal increases rapidly from 8.37 £ 0.01 eV, so
that the region between 8.20 and 8.37 eV can be considered as a
tail. We note that the first band in the PES of benzimidazole [22],
which peaks at 8.44 eV, has a tail in this energy region, as does that
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Fig. 10. Photoion yield curves of the benzimidazole parent cation and one of its
fragment ions.

of Kovac et al. [23], who reported the peak to be at 8.45 eV. The
NIST compilation [30] gives the adiabatic IE = 8.0 eV from the PES
data of Ramsey [22] and of Kovac et al. [23], evidently from an esti-
mation of the beginning of the tail in the PES band.

Our [E value is lower than the ionization energy, IE = 8.3754 +
0.0006 eV, determined by R2PI and MATI measurements on jet-
cooled benzimidazole [73]. Our experiments were carried out at
a benzimidazole temperature T =130 °C. At this temperature we
estimate the internal energy for this large molecule to be about
90 meV, so that the “true” IE = 8.29 + 0.05 eV, the upper limit of
which is close to the value for cold benzimidazole. The difference
between the adiabatic and vertical IEs is thus possibly no more
than 80 meV. Ab initio calculations show that benzimidazole is
planar in both the neutral and ion ground states [73]. lonization
therefore could induce excitation mainly of in-plane vibrations.
However, the principal in-plane vibrations are relatively little
modified in going from the neutral to the ion state [73], so that it
is not surprising that the difference between adiabatic and vertical
IEs is not very large in benzimidazole.

The enthalpy of formation of benzimidazole is A¢H(C;HgN;) =
1.883 £0.014 eV. Using our IE value, the enthalpy of formation of
the benzimidazole ion is 10.173 £ 0.064 eV. A value AH(C;HgN3 ) =
10.258 £0.015 eV is obtained using the IE given by Lin et al. [58].
The Lias et al. value [29], based on IE(ad) = 8 eV (estimated onset of
the photoelectron band), is 9.917 eV.

There are steps in the parent ion yield curve at (8.54), 8.96,
10.03, 10.50, 10.80, 11.27 eV: the 10.03 and 10.80 eV (perhaps also
the 11.27 eV) steps coincide with PES peaks measured by Kovac et
al. [23]. The 8.96 eV step is perhaps related to the 8.81 eV shoulder
in the first PES band which, as noted above, is interpreted as a &

M.O. by Kovac et al. [23] as well as by Ramsey [22]. The parent
ion yield curve also exhibits a fall off at 13.48 eV which is close
to the onset of the HCN loss channel (m/z=91) whose
AE=13.2+0.2 eV, and is most probably related to the opening of
this channel.

my/z=91. This fragment ion is assigned to CgHsN*, formed by
loss of HCN from the parent ion. Its appearance energy is difficult
to determine (Fig. 10) but is certainly greater than 12.8 eV. We con-
sider a value 13.2 £ 0.2 eV as probable. This leads to a value for the
enthalpy of formation AH(C¢HsN*)=13.68 £0.22 eV. There is a
step in the m/z =91 ion yield curve at 13.8 eV. This is close to the
energy of the PES peak at 13.96 eV.

In benzimidazole the HCN loss channel occurs at 5.0 £0.2 eV
above the ionization energy. This is much higher than HCN loss
values in imidazole (2.75 eV), in purine or indeed in adenine. In
these various species HCN is formed by bond breaking on the pen-
tagon (as it must be in imidazole and benzimidazole) or on the
hexagon as occurs in pyrimidine and is considered to be in adenine
[5]. The presence of an aromatic benzo ring in benzimidazole, as
compared with the ring containing two nitrogen atoms in purine
and adenine might make it harder for bond breaking in the penta-
gon, in accordance with the decrease in mesomeric energy that en-
sues by substitution of carbon by nitrogen atoms.

An EI mass spectral study [74] has indicated that loss of HCN
was preceded by rearrangement of the benzimidazole ion to the
2-amino-benzonitrile (o-cyanoaniline) ion. The latter molecule
has a 70 eV EI mass spectrum practically identical to that of benz-
imidazole [30]. Two competitive reactions are thought to occur,
involving elimination of HCN from the amino group and from the
nitrile group, respectively. We have not represented these detailed
stages in our Fig. 11. One could also propose 9-membered or 7-
membered rings as intermediates but these would not be reason-
able structures because of entropy arguments. Rearrangement of
the parent ion to an ionized ylide (here an a-distonic ion in which
there is an H-atom attached to each of the two nitrogen atoms) is
improbable since the barrier to this interconversion is calculated to
be 3.21 eV [75]. The rapid interconversion between benzimidazole
and the ylide or to a common isomer has indeed been shown to be
unlikely in studies by collision-induced dissociation and neutrali-
sation-reionization mass spectrometry [75].

In another possible fragmentation scheme, not illustrated in
Fig. 11, a linear m/z =118 ion (1-aza-heptatriene radical cation)
is formed by ring opening (i.e. opening of both rings, cleavage of
bond C8-C9 and C2-N3 (see parent molecule, Fig. 11)), after which
HCN is lost to form a set of linear m/z = 91 ions which go on to dis-
sociate to final products of lesser m/z (i.e. fragment ions m/
z=65,64,52 and 41). Heats of formation data are required to vali-
date this scheme. We proposed an analogous scheme for the disso-
ciative ionization of naphthalene and azulene in the “high energy”
region (AE > 18 eV) [76].

m/z = 65. We have assigned this ion as CsHZ, resulting from a
concomitant loss of HCN + CN. The AE=16.7 £ 0.15 eV. This frag-
ment ion has an apparent AH=12.67 +0.10 eV. Five isomers of
CsHZ are known either experimentally or on the basis of calcula-
tions [35,77]. In our case the m/z=65 ion is most probably
HC=CCHCH=CH; (Pent-1-en-4-yn-3-yl radical ion) which has a
reported AfH=11.73 eV [29]. The other 4 isomers of CsH. have
the experimental or calculated A¢H values 10.487 eV vinylcyclop-
ropenyl+, 10.902 eV cyclopentadienyl+, 12.0eV an acyclic ion,
and 11.865 eV a pyramidal ion.

m/z = 64: This ion is assigned as CsHj, resulting from the loss of
2HCN molecules from the parent ion. Its onset, AE > 16 eV, is diffi-
cult to determine. The apparent A{H (CsH;) < 15.08 eV. This is
greater than the reported [29] AH for the acyclic CsH, species
1,2,3,4-pentatraene (13.66 eV), penta-1,4-diyne (14.64eV), 1,3-
pentadiyne (13.80 eV). If formed by H-loss from CsH., the apparent
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Fig. 11. Proposed principal fragmentation pathways in the VUV dissociative photoionization of benzimidazole.

A¢H would be much lower, >10.41 eV. Thus the loss of 2 HCN mol-
ecules is the most likely reaction pathway.

m/z=63: We assign this fragment ion to CsHj. The probable
neutral loss products are HCN + H,CN. The measured AE=18.1
0.1 eV. In calculating the enthalpy of formation of the fragment
ion we used AfH(H,CN) =2.3859 + 0.43 eV (see section 3.3). With
this value, we find AH(CsH}) = 16.192 + 0.53 eV. This ion could
be ethynylcyclopropropenylium ion, which is calculated to have
AfH =16.3 eV, and to be the most stable of 12 isomeric structures
of CsH3 [78]. Another possible channel is loss of a H atom from
m/z = 64. The corresponding apparent AH(CsH3) = 17.181 eV.

m/z =52: We made an initial provisional assignment of this ion
to C4H;. The neutral fragment C3H,N» could be malononitrile.
From the appearance energy of this ion, AE=16.5+0.2 eV, and
assuming C4H, + C3H,N, (malononitrile) as the dissociative ioni-
zation products, the apparent A{H(C,H})=15.6240.20eV.
Known heats of formation of the various isomers of C4H are of
the order of 12.6-12.9 eV [35], so that if our product assignments
are correct, there are complex pathways to the products that in-
volve energy barriers of the order of 2-3 eV.

Another possible assignment is to the C3H,N" ion with C4H4N as
neutral product. No value has been reported for AgH(C4H4N). The

A¢H(C3H,N™) value in Willett and Baer [53] is <12.142 eV. A value
of AfH=11.684 eV, from the proton affinity of HC=CCN, is given
by Lias et al. [29] for HCCCNH". If the neutral products were
HCN + c-C3H3, this would lead to AgH(C3H,N™)=12.422 +0.38 eV,
in good agreement with the upper limit value of Willett and Baer.
In our Fig. 11 we represent m/z =52 as HC=C-C=N"H.

m/z=41: The two possible assignments of this ion are C;HsN*
and CHN;J. In the first case, m/z = 41 could be CH,CNH", as in imid-
azole, where other isomers, such as acetonitrile, were excluded.
The concomitant neutral loss species is CsHsN. The second possible
assignment, to CHN;, involves the loss of CgHs from the parent ion.
This would involve rupture of the two aromatic C-N bonds and a
H-shift to form the phenyl radical.

The measured AE =16.5 £ 0.2 eV. Calculation of A{H and com-
parison with literature values is not possible for both dissociation
channels considered because AfH values are unknown for CsHsN
and for CHN;. If m/z = 41 is the ketenimine ion CH,CNH" its forma-
tion process does not proceed via formation of imidazole as the
intermediate ion, since no m/z =68 ion is observed for benzimid-
azole. Thus the nature of the m/z=41 fragment ion is unknown.
A further possible dissociation pathway could be to the CH,CNH*
ion and two neutral products, C4H, and HCN. In this case we can
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estimate AgH(CH,CNH")=12.17 +0.20 eV, which is considerably
greater than the enthalpy of formation of the ketenimine ion,
AfH=10.41+0.04 [53].

The proposed principal fragmentation pathways in the VUV dis-
sociative photoionization of benzimidazole are given in Fig. 11.

4. Astrophysical implications

Nitrogen heterocyclic molecules are considered to be some of
the possible building blocks of life [79]. If synthesized and pre-
served during the formation of the solar nebula, they could have
been, and continue to be, transported to Earth via asteroids, comets
and meteors, all of which vectors can provide protective environ-
ments. These molecules absorb strongly at 10.2 eV, where stellar
emission of H Lyman-a is intense. Furthermore, in connection with
the possible Earthbound delivery of biotic molecules from space,
we note that the VUV luminosity of the early sun, during the Ha-
dean period of considerable bombardment of the Earth from space,
was more than two orders of magnitude higher than it is today,
although the total luminosity was less [80]. Exploration of the
VUV fragmentation behaviour of nucleic acid bases and related
molecules is therefore of utmost importance in an exobiological
context.

We first consider what could be the fate of the nitrogen hetero-
cycles that we have studied if they were formed in the interstellar
medium (ISM). The ionization energies are respectively 9.21 eV
(pyrimidine), 9.35 eV (purine), 8.66 eV (imidazole) and 8.20 eV
(benzimidazole). A rule of thumb [81] indicates that for a number
of aromatic molecules of similar size to those studied here, the
quantum yield of photoionization increases roughly linearly from
the ionization onset and reached unity at about 9.2 eV above this
onset energy. In HI regions in space, the upper energy limit of UV
radiation is 13.6 eV. Thus, in these regions, the maximum ioniza-
tion yields would be expected to be in order of magnitude: pyrim-
idine 48%, purine 46%, imidazole 54%, benzimidazole 59%. From
our PIMS results, the lowest energy thresholds for dissociative ion-
ization are: pyrimidine (>11 eV), 12.27 eV; purine 12.6 eV, imid-
azole 11.34eV, benzimidazole 13.2 eV. Thus, the four species
studied could undergo dissociative ionization in HI regions, but
with relatively small yields for purine and especially benzimid-
azole, whose dissociative ionization thresholds are 1 eV or less be-
low 13.6 eV.

We note that a study of the lifetime of pyrimidine under UV
photolysis, related to its survival in space, has been made by Peet-
ers et al. [82]. They irradiated an argon matrix containing pyrimi-
dine at 12 K with a hydrogen lamp emitting UV photons with a
flux of 4.6 x 10" photons cm~2s~!. From a measure of the rate
of disappearance of the pyrimidine L.R. absorption under these con-
ditions, they estimated the photodestruction cross section of
pyrimidine (1.2 x 10~!7 cm? molecule™?), as well as the half-life,
8.1yr, in the diffuse interstellar medium, and 0.81 Myr in dense
interstellar clouds. These estimated values relate to integrated

Table 2

Purine (CsH4N,4) appearance energy measurements and possible fragmentation products

photolysis effects only up to Lyman-o 10.2 eV since there is rela-
tively little emission above this energy by a microwave-excited
hydrogen flow source, apart from the question of window trans-
mission (not detailed). Thus in the work of Peeters et al. no account
is taken of the effects of VUV radiation above 10.2 eV. At this lim-
iting energy, which is below the pyrimidine dissociative ionization
energy, we estimate the ionization yield (in the gas phase) to be
only 11%. We remark that the destruction rates and half-lives
determined by Peeters et al. are certainly dependent on solid state
effects and on the chemical nature of the matrix [83]. It is thus
somewhat illusory to extrapolate these rates to the gas phase rel-
evant in interstellar sites.

Laboratory work has suggested that purines and pyrimidines
might be formed in the ISM starting from hydrogen cyanide or
cyanoacetylene [79], or from even more simple gases like NHs,
N,, CO, and H,0 [84]. Speculation has been made on the possible
formation of adenine in the ISM by successive condensation reac-
tions of HCN [85] but this proposal has been contested by Smith
et al. [86]. A very recent computational study of mechanisms of
prebiotic pyrimidine-ring formation of monocyclic HCN-penta-
mers, with application to adenine synthesis is space, has been car-
ried out by Glaser et al. [87]. Observation of pyrimidine and
imidazole in the interstellar medium (ISM) by radioastronomy
has been attempted but has not been successful so far. Upper limits
of abundance have been established for pyrimidine [88] and imid-
azole [89]. More recently, a particular interstellar spectral feature,
previously observed in hot molecular cores towards W51 el/e2
[88], is considered as being possibly due to pyrimidine, and has
been re-analyzed favorably [90], but this is insufficient to confirm
the pyrimidine assignment without justification via other lines,
possibly due to pyrimidine, which require further observation
and study. A search for pyrimidine in circumstellar envelopes of
carbon-rich stars, thought to be a suitable site for pyrimidine
observation, was unsuccessful [88].

Protection from the destructive effects of VUV radiation is nec-
essary for detectable amounts of these nitrogen heterocyclic mol-
ecules to exist in the ISM. Observations should be fruitful
towards protostars [91,92], in particular in hot molecular cores
[93], which are warm condensations inside molecular clouds asso-
ciated with active star formation regions, whose density is such
that they will offer molecules some protection against radiation.
Another interesting site to consider is the planet formation region
of young circumstellar disks. It has been found that the abundances
of simple organic molecules and water for AA Tauri, a typical young
star with an accretion disk, are about one order of magnitude high-
er than for observed molecular cores [94], indicating that molecu-
lar synthesis takes place within the disk. We suggest that in further
attempts to observe these species, as well as nucleobases such as
adenine, a suitable tracer could be the HCN molecule, the principal
neutral fragment of dissociative ionization of these molecules, and
a well observed species in hot cores in the ISM [95] as well as being
a species with a relatively high abundance in AA Tauri. The disso-

process assignments in bold

Apparent AHg,((m; )/eV Literature value AHg,{(m])/eV

Ion assignments in bold

m|z AE/eV Fragment cation m; Neutral fragments
120 (Parent ion) 9.35 +0.05 (IE)
93 12.6 £0.05 C4H3N5 HCN
C3HNj C,H3
66 13.24+0.1 C3H,Ng 2HCN
C2N§r HCN + C;H3

11.733 £0.05 CsH4N;: <11.91

13.58 £ 0.08 C4H;N; :°

11.88 £0.13 C3HNj:P

12.82+0.13 C3H,N; : (15.56 £ 0.1%; 12.56;
11.56; 11.20: see text)

11.12£0.18 C,N3:P

Apparent enthalpies of formation have been calculated using values listed in Table 5.

¢ Malononitrile cation.

b Standard enthalpy of formation is not available in the gas phase from the NIST standard reference data base.
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ciative photoionization threshold energies for the ejection of HCN
are: pyrimidine 12.27 eV, purine 12.6 eV, imidazole 11.41eV,
benzimidazole 13.2 eV (Tables 1-4), adenine 11.56 eV [5]. In the
same spirit, we remark that HNCO would be a suitable tracer for
thymine and for uracil [5]. Although pyrimidine is a precursor of
thymine and uracil, the presence of O atoms in these nucleobases
gives rise to important dissociative ionization channels involving
loss of HNCO rather than HCN. HNCO has also been observed in
hot cores in the ISM by radioastronomy [95,96].

Turning to the solar system, we note that pyrimidines and pur-
ines have been reported in the data obtained with the PUMA dust
impact mass spectrometer during the flyby of comet Halley by the
Soviet spacecraft VEGA 1 [97]. However, the mass resolution was
insufficient to specify particular species in these molecular
categories. The organic gas composition was measured aboard
the GIOTTO spacecraft by the PICCA ion mass spectrometer which
measured ions in the m/z=10-210 range with an effective mass
resolution, outside the ionopause, of about 3 Da. Combining the re-
sults with other observations led to the conclusion that the molec-
ular gas phase ions observed, which include relatively small ions
containing nitrogen, are derived from larger polymers present in
the cometary matter [98]. More recently, pyrolysis-GC-MS has
been applied to analyse HCN-polymers which may be among the

Table 3

organic macromolecules most readily formed within the solar sys-
tem [99]. These polymers can form spontaneously from HCN in the
presence of trace quantities of base catalysts. The resulting black
solid, analyzed by Minard et al. [99], contains the purine based nu-
cleic acid bases adenine and xanthine (as methylated derivatives),
and other nitrogen heterocyclic molecules. Prebiotic synthesis of
adenine has been achieved by Levy et al. under Europa-like condi-
tions in a study of dilute solutions of NH4CN frozen for 25 years at
low temperatures [100]. Kobayashi and Tsuji have shown that that
the nucleobase uracil can be formed from a simulated primitive
atmosphere of CO, N, and H,O0 irradiated by protons [101]. Purine
based nucleic acid bases, as well as certain hydroxyl-pyrimidines,
have been found in the formic acid extract of carbonaceous chon-
drites [102,103]. Indeed, Schwartz has stated categorically that
purines and smaller amounts of pyrimidines, have been identified
in meteorites [104], as was claimed earlier, more cautiously, by
Cronin et al. [105]. This has very recently been verified by the iden-
tification of a pyrimidine, uracil, and a purine, xanthine, in the
Murchison meteorite [106]. These compounds have carbon isotope
ratios which are consistant with their non-terrestrial origin. Our
results show that naked exposure to the VUV radiation emitted
by the sun could lead to dissociative photoionization of purines
and pyrimidines at energies greater than about 11 eV (wavelengths

Imidazole (C3H4N;) appearance energy measurements and possible fragmentation products

m|z AE/eV Fragment Neutral fragments process Apparent AHg,(m; )/eV Literature value AHg,(m])/eV
cation my assignments in bold Ion assignments in bold
68 (Parent ion) 8.66 £ 0.03 (IE) 10.04 £ 0.03 C3HyN;: 10.31 (see text)
67 11.38 £0.05 C3H3N$ H 10.56 + 0.06 C3H3N;: 10.99
12.05 £ 0.03(see text) (11.17 £ 0.04, see text)
41 11.41 £0.05 CoH;3N* HCN 11.39 £0.06 CH,CNH':10.41 £ 0.04; 12.97%; 12.99; see text
CHNj CyH3 9.690.11 b
40 13.83 £0.05 CoH,N* HCN + H 11.55 £0.06 CH,N': 12.58; 12.82 + 0.43 (see text)
C3H; N, 15.21 £0.06 C3Hj: 12.28¢
39 4 CoHN* HCN + H; HCCN': 15.87
CsH3 N,H
28 11.34£0.05 CH,N* HCN + CH 5.158 + 0.05 HCNH": 9.813
CH>CN 10.178 £ 0.10
CH; CNN, NCN 6.66 + 0.05 CoHj: 11.059 £ 0.008
7.82 £0.05

Apparent enthalpies of formation have been calculated using Table 5.
¢ Very weak ion, AE measurement difficult or not possible.
b
Aacetonitrile cation.
Methylisocyanide cation.

c
d
¢ Propyne cation.

Table 4

Standard enthalpy of formation is not available in the gas phase from the NIST data base.

Benzimidazole (C;HgN,) appearance energy measurements and possible fragmentation products

m|z AE/eV Fragment cation m;

Neutral fragments process
assignments in bold®

Apparent AHg,((m{)/eV  Literature value AHg,{(m7)/eV

ion assignments in bold®

118 (Parent ion) 8.20 + 0.05 (IE, see text)

91 13.2+0.2 CeHsN* HCN
65 16.7 +0.1 CsHZ HCN +CN
64 >16 CsHj 2HCN
HCN +CN+H
63 18.1+0.1 CsHY HCN + H,CN
2HCN +H
52 16.5+0.2 C4H; CsH,N,
CsH,N* HCN + c-CsHs
41 16.5 +0.2 C,H5N* CsHsN
C4H, + HCN
CHNJ CeHs

10.173 £ 0.064 (see text) C;HgN;: 9.917 (based on IE = 8.0 eV, see text)

13.68 +0.22 CeHsN™:P
12.67 £0.10 HC=CCHCH=CHJ: 11.73
>15.08 Isomers CsH; 0: 13.66; 14.64; 13.80
>10.41 (acyclic isomers, see text)
16.19+0.53 CsHi: >16.3 (see text)
17.181
15.62 £ 0.2 C4Hj: 12.6-12.9 (see text)
12.42 +0.38 CHyN™: <12.14
CH,CNH': 10.41 £ 0.04
12.17+£0.20

CHNj :°

Apparent enthalpies of formation have been calculated using values listed in Table 5.

2 Two ion assignments are possible for m/z =52 and for m/z = 41, shown in bold. The corresponding neutral products for m/z =41 are not shown in bold, due to lack of

sufficient AH data (see text).

b Standard gas phase enthalpy of formation is not available in the NIST reference data base [30].

¢ Ethynylcyclopropenylium cation, calculated value.
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Table 5

Gas phase standard enthalpies of formation used for thermochemical calculations®
Species AfHgas/eV
Pyrimidine 2.029 £0.015
Purine 2.383°
Imidazole 1.377 £ 0.006
Benzimidazole 1.883 £0.015
H 2.259

HN, 2.93 £0.05

CH 6.158°¢

C,H (ethynyl radical) 4.944¢

CyH, 2.350°

CyH3 13.750¢

C,Hs (vinyl radical) 3.10£0.05
CoHj 11.4+0.1
CyH,4 (ethylene) 0.544¢

C,Hj (ethylene cation) 11.059 + 0.008
c-C3H3 4.56 £0.18

C3Hy4 (propyne, cyclopropene)

CsHj (propyne cation, cyclopropene cation)

C4H, (Diacetylene)

C4H4 (1-Buten-3-yne)

C4Hj (1-Buten-3-yne cation)

CN

CN*

CNN radical, NCN radical

(2N, (dicyanogen)

;N7 (Dicyanogen cation)

HCN (hydrogen cyanide)

HCN" (hydrogen cyanide cation)

H,CN

C,H,N (CHLCN)

C,Hs3N (acetonitrile, methylisocyanide)

C,Hs5N (acetonitrile cation,
methylisocyanide cation)

C3H3N (2-propenenitrile)

C3H3N* (2-propenenitrile cation)

C3H;N; (malononitrile)

C3H, N3 (malononitrile cation)

1.922 +0.008; 2.87 + 0.05
12.28 £ 0.02%; 12.54 + 0.06

4.808 (Uncertainty not indicated)
3.057 (Uncertainty not indicated)
12.64 + 0.02¢

4.510°

18.14 £ 0.05

6.058; 4.900°

3.203¢

16.573 £ 0.01¢

1.401¢

15.00  0.01¢

239 +0.43°

2.54+0.10

0.767 + 0.004; 1.69 + 0.08

12.97 £0.01%; 12.93 £ 0.1

1.862 (Uncertainty not indicated)
12.77 £ 0.01¢

2.76 £0.01

15.56 +0.1¢

@ Data from NIST [30]. The experimental uncertainty is not indicated in cases

where it is below 0.001 eV.
b Estimated value in Lias et al. [29].
¢ Originally from Chase, 1998.
d
e

See text.

AfHgas(cation) = AfHg,g(neutral molecule) + IE.

less than 112.7 nm). The flux of solar radiation in this spectral re-
gion was much higher in the early life of the Sun than it is today,
with perhaps as much as 10% times more UV radiation below
200 nm [107]. Thus protection provided by encapsulation of these
prebiotic molecules in meteors, asteroids and comet nuclei is re-
quired for their survival in the solar system, whether they are
formed early or late in the life of the Sun, before eventually reach-
ing the Earth.

5. Conclusion

Our photoionization mass spectrometry (PIMS) study of pyrim-
idine and purine, and of the related molecules imidazole and benz-
imidazole has astrobiological interest since these molecules are
possible precursors of the nucleobases present in DNA and RNA.
Knowledge of their response to and behaviour under VUV irradia-
tion is necessary for evaluating their capacity to be formed and sur-
vive in various astrophysical media as well as for proposing sites
for their observation in space. The photoion yield curves of parent
and fragment ions of the four species under study were measured
as a function of incident photon energy in the 7-18 eV range, using
monochromatised synchrotron radiation as excitation source. Fea-
tures and steps in the ion yield curves are discussed in relation to
the nature and energies of specific ionization processes. The mea-
sured adiabatic ionization energies of purine and imidazole are re-
ported for the first time, whereas the values for pyrimidine and

benzimidazole are improved or confirmed. Differences in the adia-
batic and vertical ionization energies for pyrimidine are of the or-
der of 500 meV, in agreement with calculations reflecting nuclear
reorganization energies on ionization. The corresponding mea-
sured differences for purine (~260 meV), imidazole (~150 meV)
and benzimidazole (<80 meV) are smaller. These differences rep-
resent test values for calculations which are called for on the adi-
abatic and vertical ionization energies of these molecules.

Many of the fragment appearance energies were previously
unknown or, if reported, were of restricted precision. The previ-
ously available data are mainly from electron impact measure-
ments. Our detailed exploration of dissociative photoionization
pathways is based in part on thermochemical grounds, involving
the determination of enthalpies of formation for various dissocia-
tion channels, which has led to the choice of specific ionic and
neutral products and to discrimination between alternative disso-
ciation processes. The possible role of ylide structures of the par-
ent cation is considered in some cases. H-loss from the parent ion
is either weak (pyrimidine, imidazole) or absent (purine, benz-
imidazole), while H, loss from the parent ion is not observed.
These observations are in marked contrast to the fragmentation
behaviour of the species isoelectronic with pyrimidine, benzene,
which exhibits H and H, loss from the cation as important low
energy processes. In the case of the azines, the ionization is from
a heteroatom whereas in benzene, ionization is of a 7 electron in
an all carbon system.

The major dissociation channels in these four species involve
single or multiple loss of HCN, as is the case also of the nucleobase
adenine, which is closely related to purine. Loss of a single HCN
molecule requires significantly less internal energy in the imidaz-
ole cation (2.75 + 0.08 eV) than for purine, pyrimidine or adenine
(3.2-34eV), and very much less than for benzimidazole
(5.0+£0.2 eV). Quantum chemical calculations on the structure
and stability of the fragment cation resulting from HCN loss would
be useful in order to rationalise these observations in each case and
to confirm the assignment of the dissociation products. There are
also notable differences, among the four species studied, concern-
ing the internal energy in the cation required to expel two HCN
molecules. Indeed, this process is not observed for imidazole,
where the resulting cation would be the methylene ion. Here again,
quantum chemical calculations of the proposed fragmentation
channels are required. It is of interest that the presence of a NH,
group in adenine, with respect to purine, does not hinder the
HCN loss channel. However, the presence of an oxo group in the
nucleobase guanine, which is a related purine and which also pos-
sesses a NH; group, modifies profoundly the dissociative ionization
processes, since HCN and 2HCN loss processes are not observed for
this species [108].

After a detailed discussion of the assignments of the dissocia-
tion products and proposed fragmentation processes of the four
species under study, we consider the astrophysical implications
of our results. Using a previously determined rule of thumb for
estimating the behaviour of the quantum yield of photoionization
as a function of incident photon energy, assessment is made of the
degree of photoionization under VUV excitation in the gas phase,
notamment in the HI regions of the interstellar medium. Effects
of the solid phase on destruction and ionization yields are also
discussed. Proposals are made of suitable interstellar sites for
radioastronomical observation of nucleobases or their precursor
molecules, helped via suggested tracer molecules. Finally, some
discussion is given concerning Solar system observations of pyrim-
idines and purines in cometary and meteoritic media and the
necessity of their encapsulation for survival during transfer
through space to the Earth, both at the present time and during
the early life of the Sun when the flux of VUV radiation was much
higher.



M. Schwell et al. / Chemical Physics 353 (2008) 145-162 161

Acknowledgements

This paper is dedicated to Eugen Illenberger on the occasion of
his 65th birthday, in recognition of his outstanding contributions
to the several sciences of ions in all their shapes, sizes and charges.
Support from the CNRS Groupe de Recherche “GDR Exobiologie”
and from the CNES convention with INSU is gratefully acknowl-
edged. We thank BESSY, and in particular Dr Gerd Reichardt, for
making available facilities and excellent technical and administra-
tive support for our experimental studies, under EC contract I 3 RII
3-CT-2004-506008.

References

[1] A. Brack (Ed.), The Molecular Origins of Life, Cambridge University Press,
Cambridge, UK, 1998.
[2] M.C. Maurel, ].-L. Décout, Tetrahedron 55 (1999) 3141.
[3] S.J. Sowerby, W.M. Heckel, Origins Life Evol. Biosphere 28 (1998) 283.
[4] SJ. Sowerby, G.B. Petersen, N.G. Holm, Origins Life Evol. Biosphere 32 (2001)
35.
[5] H.W. Jochims, M. Schwell, H. Baumgartel, S. Leach, Chem. Phys. 314 (2005)
263.
[6] E. Nir, K. Kleinermanns, L. Grace, M.S. de Vries, J. Phys. Chem. A 105 (2001)
5106.
[7] D.C. Liihrs, J. Viallon, L. Fischer, Phys. Chem. Chem. Phys. 3 (2001) 1827.
[8] C. Pliitzer, E. Nir, M.S. de Vries, K. Kleinermanns, Phys. Chem. Chem. Phys. 3
(2001) 5466.
[9] C. Pliitzer, K. Kleinermanns, Phys. Chem. Chem. Phys. 4 (2002) 4877.
[10] P.R. Callis, Ann. Rev. Phys. Chem. 34 (1983) 329.
[11] A. Pinchuk, J. Quantum Spectrosc. Radiat. Transfer 85 (2004) 211.
[12] A. Zalar, D. Tepfer, S.V. Hoffmann, J.M. Kenney, S. Leach, Int .J. Astrobiol. 6
(2007) 229.
[13] C.E. Crespo-Hernadez, B. Cohen, P.M. Hare, B. Kohler, Chem. Rev. 104 (2004)
1977.
[14] C. Canuel, M. Elhanine, M. Mons, F. Piuzzi, B. Tardivel, I. Dimicoli, Phys. Chem.
Chem. Phys. 8 (2006) 3978.
[15] A. Broo, ]. Phys. Chem. 102 (1998) 526.
[16] M. Isacsson, J. Chem. Phys. 56 (1972) 1803.
[17] L.C. Emerson, M.W. Williams, I. Tang, R.N. Hamm, E.T. Arakawa, Radiat. Res.
63 (1975) 235.
[18] A. Zalar, D. Tepfer, S.V. Hoffmann, A. Kollmann, S. Leach, Int. J. Astrobiol. 6
(2007) 291.
[19] H.W. Jochims, E. Riihl, H. Baumgartel, S. Tobita, S. Leach, Int. ]. Mass Spectrom.
Ton Process. 167/168 (1997) 35.
[20] M.H. Palmer, I.C. Walker, M.F. Guest, A. Hopkirk, A. Chem. Phys. 147 (1990)
19.
[21] N.S. Hush, A.S. Cheung, Chem. Phys. Lett. 34 (1975) 11.
[22] B.G. Ramsey, ]. Org. Chem. 44 (1979) 2093.
[23] B. Kovac, L. Klasinc, B. Stanovnik, M. Tisler, ]. Heterocycl. Chem. 17 (1980)
689.
[24] A.W. Potts, D.M.P. Holland, A.B. Trofimov, J. Schirmer, L. Karlsson, K. Siegbahn,
J. Phys. B: At. Mol. Opt. Phys. 36 (2003) 3129.
[25] C. Lifschitz, E.D. Bergmann, B. Pullman, Tetrahedron Lett. (1967) 4583.
[26] J. Momigny, ]J. Urbain, H. Wankenne, Bull. Soc. Roy. Sci. Liége 34 (1965)
337.
[27] J.M. Rice, G.O. Dudek, M. Barber, ]. Am. Chem. Soc. 87 (1965) 4569.
[28] J. Main-Bobo, S. Loesik, W. Gase, T. Baer, A. Mommers, J. Holmes, J. Am. Chem.
Soc. 108 (1986) 677.
[29] S.G. Lias, ].E. Bartmess, J.F. Liebmann, J.L. Holmes, R.D. Levin, W.G. Mallard, ].
Phys. Chem. Ref. Data 18 (Suppl.1) (1988).
[30] NIST Chemistry Webbook (June 2005), National Institute of Standards and
Technology Reference Database. Available from <http://webbook.nist.gov>.
[31] M.A. Marques, R.M. Doss, S. Foister, P.B. Dervan, J. Am. Chem. Soc. 126 (2004)
10339.
[32] L.Li, G. Liu, Z. Wang, Y. Yuan, C. Zhang, H. Tian, X. Wu, J. Zhang, ]. Comb. Chem.
6 (2004) 811.
[33] (a) E.S.G. Soliman, S.M. Reda, E. Badawy, T. Kappe, Arch. Pharm. 317 (1984)
951;
(b) G. Baraldi, A. Bovero, F. Fruttarolo, D. Preti, M.A. Tabrizi, M.G. Pavani, R.
Romagnoli, Med. Res. Rev. 24 (2004) 475.
[34] M. Schwell, H.-W. Jochims, H. Baumgartel, F. Dulieu, S. Leach, Planet Space
Sci. 54 (2006) 1073.
[35] M. Schwell, F. Dulieu, C. Gée, H.-W. Jochims, J.-L. Chotin, H. Baumgartel, S.
Leach, Chem. Phys. 260 (2000) 261.
[36] W.A. Chupka, J. Chem. Phys. 30 (1959) 191.
[37] E. Matito, M. Sola, P. Salvador, M. Duran, Faraday Discuss. 135 (2007)
325.
[38] AJ. Yencha, M.A. El-Sayed, ]J. Chem. Phys. 48 (1968) 3469.
[39] M.N. Piancastelli, P.R. Keller, JW. Taylor, F.A. Grimm, T.A. Carlson, ]J. Am.
Chem. Soc. 105 (1983) 4235.
[40] M.].S. Dewar, S.D. Worley, ]J. Chem. Phys. 51 (1969) 263.
[41] R. Gleiter, E. Heilbronner, V. Hornung, Helv. Chim. Acta 55 (1972) 253.

[42] L. Asbrink, C. Fridh, B.0. Jonsson, E. Lindholm, Int. ]. Mass Spectrom. lon Phys.
8 (1972) 215.

[43] A. Ohrn, O. Christiansen, Phys. Chem. Chem. Phys. 3 (2001) 730.

[44] M. Yu, Q. Jiang, P.R. LeBreton, Int. J. Quantum Chem. 44 (S19) (1992) 27.

[45] J.E. Parkin, K.K. Innes, ]J. Mol. Spectrosc. 15 (1965) 407.

[46] D.J. Lavorato, T.K. Dargel, W. Koch, G.A. McGibbon, H. Schwartz, J.K. Terlouw,
Int. J. Mass Spectrom. 210/211 (2001) 43.

[47] F. Milani-Nejad, H.D. Stidham, Spectrochim. Acta 31A (1975) 1433.

[48] S.J. Klipperstein, J.D. Faulk, R.C. Dunbar, J. Chem. Phys. 98 (1999) 243.

[49] LW.M. Smith, D. Talbi, E. Herbst, Astron. Astrophys. 369 (2001) 611.

[50] W. Heerma, M.M. Sarneel, G. Dijkstra, Org. Mass Spectrom. 21 (1986) 681.

[51] R. Buff, J. Dannacher, Int. J. Mass Spectrom. lon Phys. 62 (1984) 1.

[52] O.Braitbart, S. Tobita, P. Roy, I. Nenner, P. Lablanquie, D. Hagan, S. Leach, Int. J.
Mass Spectrom. lon Phys. 124 (1993) 185.

[53] G.D. Willett, T. Baer, J. Am. Chem. Soc. 102 (1980) 6774.

[54] M.P. Conrad, H.F. Schaefer III, Nature 274 (1978) 456.

[55] K.M. Ervin, ]J. Ho, W.C. Lineberger, ]J. Chem. Phys. 91 (1989) 5974.

[56] S. Boyé-Péronne, D. Gauyacq, ]J. Liévin, ]. Chem. Phys. 124 (2006) 214305,
1-14.

[57] S. Hayakawa, M. Takahashi, K. Arakawa, N. Morishita, Phys. Chem. Chem.
Phys. 5 (2003) 2386.

[58] J. Lin, C. Yu, S. Peng, I. Akiyama, K. Li, L.K. Lee, P.R. LeBreton, ]. Am. Chem. Soc.
102 (1980) 4827.

[59] A. Tatematsu, T. Goto, S. Matsuura, Nippon Kagaku Zasshi 87 (1966) 71.

[60] S. Cradock, R.H. Findlay, M.H. Palmer, Tetrahedron 29 (1973) 2173.

[61] K. Klebe, J.J.V. Houte, ].V. Thuijl, Org. Mass Spectrom. 6 (1972) 1363.

[62] P. Gerbaux, M. Barbieux-Flammang, Y. Van Haverbecke, R. Flammang, Rapid
Commun. Mass Spectrom. 13 (1999) 1707.

[63] G.A. McGibbon, C. Heinemann, DJ. Lavorato, H. Schwarz, Angew. Chem. Int.
Ed. Engl. 36 (1997) 1478.

[64] J.H. Bowie, R.G. Cooks, S.0. Lawesson, G. Schroll, Aust. J. Chem. 20 (1967)
1613.

[65] J. van Thuijl, J.J. van Houte, A. Maquestiau, R. Flammang, C. De Meyer, Org.
Mass Spectrom. 12 (1977) 196.

[66] F.L. Nesbitt, G. Marston, L. Stief, M.A. Wickramaaratchi, W. Tao, R.B. Klemm,
J. Phys. Chem. 95 (1991) 7613.

[67] P.W. Harland, B,J. McIntosh, Int. J. Mass Spectrom. lon Phys. 67 (1985) 29.

[68] V.G. Anich, W.T. Huntress ]Jr., M.J. McEvan, ]J. Phys. Chem. 90 (1986) 2446.

[69] R. Hodges, M.R. Grimmett, Aust. ]J. Chem. 21 (1968) 1085.

[70] D.J. DeFrees, A.D. McLean, J. Am. Chem. Soc. 107 (1985) 4350.

[71] G. Borden, W.. Meerts, E. Jalviste, J. Chem. Phys. 103 (1995) 9596.

[72] Y.G. He, W. Kong, J. Chem. Phys. 122 (2005) 244302.

[73] J.L. Lin, Y.C. Li, W.B. Tzeng, Chem. Phys. 334 (2007) 189.

[74] A. Maquestiau, Y. Van Haverbeke, R. Flammang, M.C. Pardo, ]J. Elguero, Org.
Mass Spectrom. 9 (1974) 1188.

[75] T. Karapanayiotis, R.D. Bowen, Eur. ]J. Mass Spectrom. 11 (2005) 381.

[76] H.W. Jochims, H. Rasekh, E. Riihl, H. Baumgdrtel, S. Leach, Chem. Phys. 168
(1992) 159.

[77] M.N. Glukhovtsev, R.D. Bach, S. Laiter, J. Phys. Chem. 100 (1996) 10952.

[78] B. Weiner, CJ. Williams, D. Heaney, M.C. Zerner, ]. Phys. Chem. 94 (1990)
7001.

[79] B. Basile, A. Lazcano, ]. Or6, Adv. Space Res. 4 (1984) 125.

[80] C. Chyba, C. Sagan, Nature 355 (1992) 125.

[81] HW. Jochims, H. Baumgdrtel, S. Leach, Astron. Astrophys. 314 (1996)
1003.

[82] Z. Peeters, O. Botta, S.B. Charnley, Z. Kisiel, Y.-]. Kuan, P. Ehrenfreund, Astron.
Astrophys. 433 (2005) 583.

[83] H. Cottin, M.H. Moore, Y. Bénilan, Astrophys. J. 590 (2003) 874.

[84] G.A. Lavrentiev, T.F. Strigunkova, I.A. Egorov, Origins of Life 14 (1984) 205.

[85] S. Chakrabati, S.K. Chakrabati, Astron. Astrophys. 369 (2000) L6.

[86] LW.M. Smith, D. Talbi, E. Herbst, Astron. Astrophys. 369 (2001) 611.

[87] R. Glaser, B. Hodgen, D. Farrelly, E. McKee, Astrobiology 7 (2007) 455.

[88] Y.-J. Kuan, C.-H. Yan, S.B. Charnley, Z. Kisiel, P. Ehrenfreund, H.-C. Huang, Mon.
Not. R. Astron. Soc. 345 (2003) 650.

[89] W.M. Irvine, ]. Elldér, A. Hjalmarson, E. Kollberg, O.E.H. Rydbeck, G.O.
Sorensen, B. Bak, H. Svanholt, Astron. Astrophys. 97 (1981) 192.

[90] S.B. Charnley, Y.-]J. Kuan, H.-C. Huang, O. Botta, H.M. Butner, N. Cox, D.
Despois, P. Ehrenfreund, Z. Kisiel, Y.-Y. Lee, A.J. Markwick, Z. Peeters, S.D.
Rodgers, Adv. Space Res. 36 (2005) 137.

[91] S.V. Kalenskii, V.G. Promislov, A.V. Alakoz, A. Winnberg, L.E.B. Johansson,
Astron. Astrophys. 354 (2000) 1036.

[92] V. Pankonin, E. Churchwell, C. Watson, J.H. Bieging, Astrophys. ]. 558 (2001)
194.

[93] E. Araya, P. Hofner, S. Kurtz, L. Bronfman, S. DeDeo, Astrophys. J. Suppl. Ser.
157 (2005) 279.

[94] J.S. Carr, J.R. Najita, Science 319 (2008) 1504.

[95] W.M. Irvine, Space Sci. Rev. 90 (1999) 203.

[96] P. Schilke, D.J. Bedford, T.R. Hunter, D.C. Lis, T.G. Phillips, Astrophys. ]J. Suppl.
Ser. 132 (2001) 281.

[97] ]. Kissel, F.R. Krueger, Nature 326 (1987) 755.

[98] F.R. Krueger, A. Korth, J. Kissel, Space Sci. Rev. 56 (1991) 167.

[99] R.D. Minard, P.G. Hatcher, R.C. Gourley, C.N. Matthews, Origins Life Evol.
Biosphere 28 (1998) 461.

[100] M. Levy, S.L. Miller, K. Brinton, J.L. Bada, Icarus 145 (2000) 609.
[101] K. Kobayashi, T. Tsuji, Chem. Lett. (1997) 903.
[102] P.G. Stoks, A.W. Schwartz, Geochim. Cosmochim. Acta 45 (1981) 563.


http://webbook.nist.gov

162 M. Schwell et al./Chemical Physics 353 (2008) 145-162

[103] L.-L. Hua, K. Kobayashi, E.-I. Ochiai, CW. Gerke, K.O. Gerhardt, C. [106] Z. Martins, O. Botta, M.L. Fogel, M.A. Sephton, D.P. Glavin, J.S. Watson, J.P.
Ponnamperuma, Origins of Life 16 (1986) 226. Dworkin, A\W. Schwartz, P. Ehrenfreund, Earth Planet. Sci. Lett. 270 (2008)

[104] A.W. Schwartz, Origins Life Evol. Biosphere 32 (2002) 395. 130.

[105] J.R. Cronin, S. Pizzarello, D.P. Cruikshank, in: J.F. Kerridge, M.S. Matthews (Eds.), [107] KJ. Zahnle, J.C.G. Walker, Rev. Geophys. Space Phys. 20 (1982) 280.

Meteorites and the Early Solar System, Univ. Arizona Press, Tucson, 1988, p. 819. [108] ].M. Rice, G.O. Dudek, J. Am. Chem. Soc. 89 (1967) 2719.



	VUV photophysics and dissociative photoionization of pyrimidine, purine, imidazole and benzimidazole in the 7 - 18 7-18eV photon energy range
	Introduction
	Experimental
	Results and Discussiondiscussion
	Pyrimidine (C4H4N2)
	Purine (C5H4N4)
	Imidazole C3H4N2
	Benzimidazole C7H6N2

	Astrophysical implications
	Conclusion
	Acknowledgements
	References


