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Abstract. Using computer-controlled data acquisition we have measured mass spectra of positive ions for
electron impact on adenine, with electron energies up to 100 eV. Ion yield curves for 50 ions have been
obtained and normalized by comparing their sum to the average of calculated total ionization cross sections.
Appearance energies have been determined for 37 ions; for 20 ions for the first time. All appearance energies
are consistent with the fragmentation pathways identified in the literature. Second onset energies have been
determined for 12 fragment ions (for 11 ions for the first time), indicating the occurrence of more than one
fragmentation process e.g. for 39 u (C2HN™) and 70 u (C2H4N7 ). Matching ion yield shapes (118-120 u,
107-108 u, 91-92 u, and 54-56 u) provide new evidence supporting closely related fragmentation pathways
and are attributed to hydrogen rearrangement immediately preceding the fragmentation. We present the
first measurement of the ion yield curve of the doubly charged parent ion (67.5 u), with an appearance

energy of 23.5 + 1.0 eV.

1 Introduction

Detailed knowledge of electron interactions with the DNA
bases is important in order to understand and potentially
model the nanoscale processes leading to radiation dam-
age in biological material. As high-energy ionizing radia-
tion passes through tissue, a large amount of secondary
electrons (mainly below 30 eV) are produced along the
tracks [1]. These secondary electrons play important roles
in causing DNA strand breaks via excitation, ionization
and dissociative electron attachment to the DNA com-
ponents [2]. The resultant fragmentation mechanisms are
particularly relevant in the context of radiation therapy,
including ion beam cancer treatment [3,4]. Reviews of
this field of molecular physics research can be found in
references [5-11].

A number of studies of photon, ion and electron-
induced dissociative ionization of gas-phase adenine have
been carried out; the following overview highlights only
those most closely related to the present work. Rice and
Dudek [12] have measured a mass spectrum of adenine
for 70 eV electron impact and have identified three of the
main sequential fragmentation pathways. Occolowitz [13],
Barrio et al. [14] and Sethi et al. [15] have measured mass
spectra with isotope labeled adenines, showing that most
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of the fragmentation pathways exhibit largely random iso-
topic retention patterns, and that multiple pathways of
successive fragmentations occur in parallel.

Minaev et al. [16] have measured the absolute total
ionization cross sections of adenine for electron energies
up to 200 eV as well as partial cross sections for the pro-
duction of 24 fragment ions at 95 eV. They have pro-
posed fragmentation patterns for the formation of the
adenine ions with the help of quantum chemical calcu-
lations. Dawley et al. [17] have measured ion yield curves
for 17 adenine positive ions for 5-20 eV electron impact
using a quadrupole mass spectrometer. They have deter-
mined appearance energies for these ions and have com-
pared these with quantum chemical calculations of the
enthalpies of the possible reactions of the adenine positive
ions.

A number of studies of adenine have been performed
using photon impact and we briefly discuss two studies
that are of direct relevance to the results presented in this
paper. Jochims et al. [18] have studied photofragmenta-
tion of adenine using 6-22 eV synchrotron radiation. They
have detected positive ions using a quadrupole mass spec-
trometer, and report appearance energies for 9 fragment
ions. In combination with thermochemical data they have
clarified fragmentation pathways. Pilling et al. [19] have
studied photoionization of adenine using 12-21 eV syn-
chrotron radiation in 1 eV steps and a time-of-flight mass
spectrometer. They have obtained mass spectra by mea-
suring photoelectrons and photoions in coincidence, and
have determined the appearance energies of 5 fragment
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ions. The appearance energies will be compared with our
measurements and those of Dawley et al. [17] later in this
paper.

The focus of the present paper is on the production
of positive ions by electron impact on isolated adenine
molecules in the gas phase. Using computer-controlled
data acquisition we have obtained 200 mass spectra in
the range 0-100 eV with a step size of 0.5 eV. We re-
port the first measurement of the ion yield curve of the
doubly-charged parent in electron-impact mass spectrom-
etry. From the mass spectra we have obtained the ion yield
curves for most of the fragment ions, and have determined
appearance energies for the singly and doubly charged par-
ent ions and for 35 fragment ions. Ion yield curves are
put on an absolute scale by normalizing their sum to the
average of calculated total ionization cross sections. Ap-
pearance energies have been determined. A detailed dis-
cussion is given regarding multiple possible fragmentation
pathways of adenine, including hydrogen rearrangement
immediately preceding the fragmentation.

2 Experiment

A detailed description of the experimental set-up and the
data analysis has been given by van der Burgt et al. [20]
and only a brief overview will be given here. An effu-
sive beam of adenine molecules is produced by heating an
oven containing adenine powder (99% purity from Sigma
Aldrich) to a temperature of 200 °C. Comparison of mass
spectra taken just before and after the data acquisition
shows no sign of thermal decomposition.

Adenine occurs in a number of tautomeric
forms [21,22]. Touboul et al. [23] have performed VUV
photoionization of gas phase adenine and have made
a comparison between oven and aerosol vaporization
showing that jet-cooling of vaporized adenine efficiently
leads to the predominance of the most stable 9H-amino
tautomer (ade-n9) in the beam. Pliitzer et al. [24,25]
have performed IR-UV and R2PI double resonance
spectroscopy of adenine, vaporized in an oven before
expansion through the nozzle. The bands observed in
their jet-cooled UV and IR adenine spectra are attributed
to the 9H-amino tautomer. These findings are confirmed
also by MP2 and density functional theory calculations.
These authors state in their conclusion that without jet
cooling, the IR spectrum is more complex most likely
because of the presence of other tautomers. Based on
these results we infer that our beam contains mostly the
9H-amino tautomer (see Fig. 1), but that other tautomers
are likely present in smaller quantities.

In the mass spectra 136 u is weakly present but poorly
resolved adjacent to the strong peak of the parent ion.
The 136 u:135 u ratio is of the order of 0.05-0.08, in agree-
ment with the expected isotope ratio of 7.3%. As proto-
nated adenine is a well-known product of ionized adenine
clusters [26], this result supports the absence of clusters
in the present target beam.

The adenine beam is collimated by a skimmer and is
crossed by a pulsed electron beam with a repetition rate
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Fig. 1. Structure of the most stable 9H-amino tautomer (ade-
n9) of adenine.

of 8 kHz and a 1.0 us pulse width. Positively charged prod-
uct ions are extracted into a reflectron time-of-flight mass
spectrometer. A delay generator is used to synchronise the
pulsing of the electron gun, the ion extraction voltage, and
the start of the multichannel scaler that is used to collect
the counts from the microchannel plate detector.

Data acquisition is controlled using a LabVIEW
program, which increments the electron impact energy
in 0.5 eV steps from 0 to 100 eV and acquires a mass
spectrum at each energy. The full data set, collected in
a 42 h period with 24 scans of the electron impact en-
ergy, is a two-dimensional array of ion yield as a function
of time-of-flight and of electron impact energy. After each
completed scan the data set is saved, and successive sets
have been examined showing that the intensity of the ade-
nine beam was constant during the experiment, and that
there were no undesired effects during the data acquisi-
tion. As adjacent peaks above 20 u in the mass spectra
are not fully resolved, ion yield curves have been extracted
from the full data set by fitting groups of adjacent peaks
with sequences of normalized Gaussians.

Appearance energies (first onsets) have been deter-
mined by fitting an onset function f(E) = ¢(E— Ey)P con-
voluted with a Gaussian to each of the ion yield curves. For
second and third onsets additional terms were included in
the onset function (for details see Ref. [20]). The fitting
has been implemented in LabVIEW.

The presence of water in the vacuum system has not
been fully eliminated, and for this reason the 16-18 u frag-
ments are not considered in this paper. The yield curves
for the 17 u and 18 u fragments have been compared with
the recommended ionization cross sections for the produc-
tion of HoO% and OH™ from [27] in the range 10-40 eV to
obtain a calibration of the incident electron energy with
an estimated error of +0.3 eV.

3 Results and discussion

3.1 Total ionization cross section and normalization
of the data

Tests performed with cytosine [28] have shown that the
reflectron time-of-flight mass spectrometer has an ion col-
lection and detection efficiency that is mass independent
to good approximation. Because all data is extracted from
a single data set, we have been able to obtain two curves


http://www.epj.org

Eur. Phys. J. D (2015) 69: 173

N
o

-
w

present data: sum of fits normalised

present data: sum of bins normalised
— - — Minaev et al [16] (x 0.67)

Bernhardt & Paretzke [29] (DM)
Bernhardt & Paretzke [29] (BEB)
Mozejko & Sanche [30]

Champion [31]

Vinodkumar et al [32]

30 40 50 60 70 80 90 100

=
o
N

w

Total ionization cross section (10720 m?)

> X OO m

Electron energy (eV)

Fig. 2. Total ionization cross sections for electron impact on
adenine. The lines indicate experimental results; the symbols
are theoretical results. For more details see text.

for the total ionization cross section: (1) by adding all the
ion yield curves, and (2) by summing all the counts col-
lected in the mass spectra (excluding 16-18 u). The first
curve has been normalized at 70 eV to the average of the
theoretical cross sections [29-32] presented in Figure 2.
The same normalization factor has been used for the sec-
ond curve. We have obtained partial ionization cross sec-
tions by multiplying each ion yield curve with the same
normalization factor.

The overall shape of our curve is in good general agree-
ment with the theoretical ionization cross sections, al-
though our curve rises slower than any of the theories.
This could be partly due to a variation in the overlap of
the electron beam and the adenine beam at low electron
energies, but we note that our adenine measurement was
done in between measurements for thymine [20] and cy-
tosine [28], both of which show a somewhat better agree-
ment with theory in the overall shapes of the curves. For
easier shape comparisons in Figure 2, the absolute total
ionization cross section measured by Minaev et al. [16] was
multiplied by 0.67, such that it is also normalized to the
average of the theoretical cross sections at 70 eV.

There are several contributions to the uncertainties in
the partial ionization cross sections. Based on the stan-
dard deviation in the average of the five theoretical values
at 70 eV, the uncertainty in the normalization is estimated
to be 9.3%. An estimate for the statistical uncertainty
in each ion yield curve is obtained by taking the stan-
dard deviation in the average ion yield from 90 to 100 eV
(most ion yields are nearly constant in this energy region).
This gives a statistical uncertainty of lower than 0.5%
for partial ionization cross sections that are larger than
1.0 x 10729 m? in the range from 90 to 100 eV, 0.5-1.2%
for the range (0.5-1.0) x 1072 m?, 1.2-2.2% for the range
(0.2-0.5) x 1072° m?, and higher than 2.2% for smaller
partial ionization cross sections.

There are also uncertainties associated with the repre-
sentation of each group of peaks by a series of Gaussians.
Based on the fit results we estimate these to be lower
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than 2% for partial ionization cross sections that are
larger than 1.0 x 1072° m?, 2-5% for the range (0.5—
1.0)x 10729 m?2, 5-10% for the range (0.2-0.5) x 10720 m?,
and higher than 10% for smaller partial ionization cross
sections.

Regarding the relative intensities of the fragment ions,
we obtain reasonable overall agreement with the results
of Rice and Dudek [12] at 70 eV, and with the re-
sults of Minaev et al. [16] at 95 eV. The only excep-
tions are for 28 u and 29 u: we obtain relative intensities
of 81% and 18%, respectively, whereas Minaev et al. [16]
obtain 21% and 8.6% (calculated using their table I).
At 70 eV we obtain a relative intensity of 88% for 28 u,
in reasonable agreement with 78% reported by Rice and
Dudek [12] (read from figure 13). The 70 ¢V mass spec-
trum of Dawley et al. [17] shows a 28 u peak that is
higher than the 135 u peak, indicating a relative in-
tensity of about 130%. Perhaps this indicates that the
presence of tautomers in the beams in different experi-
ments has a big effect on the abundance of the 28 u frag-
ment. Alternatively, differences like this may be related to
the acceptance of the mass spectrometers, with relatively
high kinetic energy fragment ions like CNHJ particularly
affected.

3.2 Appearance energies

Table 1 compares the appearance energies for the par-
ent ion and a number of the fragment ions obtained by
electron impact and by photoionisation using synchrotron
ionisation. We have obtained 8.0 £ 0.2 eV for the par-
ent ion, which is significantly lower than the recent val-
ues obtained by electron impact by Minaev et al. [16]
and Dawley et al. [17], but is in agreement with the
recent values obtained using synchrotron radiation by
Jochims et al. [18] (see Tab. 1) and Touboul et al. [23]
(8.267 £ 0.005 eV), and the calculated value of Minaev
et al. [16] (7.98 eV). Trofimov et al. [33] have obtained
8.47+0.02 eV using synchrotron radiation and calculated
values in the range 7.87-8.58 eV using several theoret-
ical methods. Other recent theoretical values have been
obtained by Bernhardt and Paretzke [29] (8.48-8.65 e¢V),
Champion et al. [31] (8.44 eV), Barbatti and Ulrich [34]
(6.46-8.69 e¢V), Bravaya et al. [35] (8.13 eV), and Close
and Ohman [36] (8.26-9.42 eV)

Regarding the appearance energies of the fragment
ions, we note that all our appearance energies are in agree-
ment with those of Jochims et al. [18] (only slightly outside
the range of quoted error bars for 108 u), but there are
several disagreements with the results of Dawley et al. [17]
and Pilling et al. [19]. Pilling et al. [19] attribute the dis-
agreement of their results with those of Jochims et al. [18]
to the presence of higher harmonics in the synchrotron
beam in reference [18]. Notably, all appearance energies
of 28 u are in agreement, but there are clear disagree-
ments for several of the main fragment ions such as 81 u,
70 u, and 54 u.

Figure 3 shows the appearance energies and higher on-
sets determined in the present work. This includes the first
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Table 1. Comparison of presently measured fragment ion appearance energies with the available previous data for adenine. The
uncertainties in the present data have been obtained directly from the non-linear fitting algorithm. Dawley et al. [17] report a
second onset for 40 u at 18.5 + 0.4 eV, which compares with 18.3 &1 eV obtained from the present data

Mass  Formula Present data Dawley et al. [17]  Jochims et al. [18]  Pilling et al. [19]
electrons electrons photons photons
135  CsHsN{F 8.0 £0.2 8.7+0.3 8.2 +£0.03
108 C4H4N1L 11.3 £ 0.2 11.7 £ 0.2 11.56 £ 0.05 12.3 £ 0.1
107 C4H3NI 13.7 £ 0.2 13.9 £ 0.3
81 CgHgNg,L 13.1 £ 0.2 14.1 £ 0.5 12.8 £ 0.1 12.4 £ 0.2
80  CsHaNJ  14.8 £0.7 15.1 £ 0.5
70 CzH4N§ 12.6 + 0.4 14.9 £ 0.2 13.1 £ 0.1 13.8 £ 0.3
67  CsH3Ny  13.2+£0.7 15.6 + 0.3
66 C:),H2N2+ 13.5 £ 0.2 14.2 £ 0.3 132 £0.1
65 C3HNG 157 £ 1.3 17.9 £ 04
54 CQH2N2+ 13.5 £ 0.3 14.6 £ 0.3 13.7 £ 0.1 14.4 £ 0.3
53 CoHNZ 15.3 £ 0.6 16.7 £ 0.5
43 CH3N2+ 13.3 £ 0.6 14.0 £ 0.3 13.0 £ 0.1
40 CNy 15.9 + 0.2 15.7 + 0.3
39 CHNT 171+ 0.5 18.1 £ 0.2
29 CH3N™ 13.7 £ 0.3 15.15 £ 0.15 14.0 £ 0.1
28 CH.N™ 129 £ 04 13.1 £ 0.5 131 £0.1 12.9 £ 0.3
27 CHN* 14.0 £ 0.6 13.5 £ 0.2
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Fig. 3. Appearance energies for positive fragment ions of ade-
nine. For each fragment, the lowest onset is shown as a solid
diamond, and higher onsets are shown as open diamonds.

measurements of appearance energies for 20 fragment ions.
The appearance energies of 12 u, 13 u and 14 u (not shown
in Fig. 3) are 25+2 eV, 26.5+ 1.2 eV, and 19.6 + 1.1 eV,
respectively. Further examples of new appearance energies
are 13.7+ 0.3 eV for 29 u, 13.5 £ 0.3 eV for 44 u, 12.4 +
0.4 eV for 71 u, 15.24+ 0.3 eV for 92 u, and 12.1 £ 0.5 eV
for 119 u. The appearance energy of the doubly-charged
adenine parent ion at 67.5 uis 23.54+1.0 €V (see discussion
in Sect. 3.3.6).

All appearance energies we observe are consistent with
the sequential fragmentation pathways discussed in the
literature (for an overview see Fig. 5 in Jochims et al. [18]

Electron energy (eV) Electron energy (eV)

Fig. 4. Partial ionization cross sections of four selected adenine
fragments. The appearance energies, second and third onsets,
and fitted onset functions are also shown.

and Scheme I in Sethi et al. [15]). This is contrary to the
appearance energies obtained by Dawley et al. [17], which
exclude a near-threshold formation of 43 u by HCN loss
from 70 u, and a near-threshold formation of 27 u by HCN
loss from 54 u. We note that taking the estimated errors
into account, the appearance energies for 81 u and for 54 u
overlap, and also for 54 u and 27 u. Our second onset in
the 70 u ion yield at 14.4 + 0.3 eV is in agreement with
the appearance energy of Dawley et al. [17].

Four fits of appearance energies are shown in Figure 4.

Almost all fits of the appearance energies yield curves with
powers p > 1 and for the 27 u, 28 u, 29 u, 54 u, 80 u, 81 u,
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108 u and 135 u ions powers p > 2 are obtained. This
includes all the ions in the HCN-loss sequence, and also
the prominent 28 u ion. We do not see any indication for
second onsets in the ion yield curves of these ions. For
these ions the ion yield just above the appearance energy
is very low, affecting the quality of the fit of the onset
function. We suspect that this may be part of the reason
for the disagreements in Table 1. However, the appearance
energies of 28 u are in good agreement, even though the
fit of the onset function in our data yields p = 2.6 £ 0.3.

A high value of p could indicate that there are several
onsets very close to each other due to the presence of sev-
eral fragmentation pathways with similar appearance en-
ergies. Studies with isotope labeled adenines [13-15] show
that most of the fragmentation pathways exhibit largely
random isotopic retention patterns, indicating the pres-
ence of multiple fragmentation pathways. Based on this
we attribute the rapid rise of these ion yields, with pow-
ers p > 2, to several onsets very close to each other due
to the presence of parallel fragmentation pathways with
similar appearance energies.

The energy differences between the first and second
onsets range from 1.5 to 5.2 eV, e.g. 2.8 £ 1.0 for 39 u,
5.2+ 1.8 eV for 42 u, 1.5 £ 0.5 for 66 u, and 1.8 £0.7 eV
for 70 u. This is clearly too high to be linked to the rear-
rangement of one or two hydrogen atoms, and we conclude
that there must be distinctly different fragmentation pro-
cesses occurring for the fragments for which we observe a
second onset.

3.3 Fragmentation pathways

Previous research has clearly shown that there are mul-
tiple pathways of successive fragmentations occurring in
parallel, which lead to formation of fragment ions of
the same mass but with atoms from different locations
in the parent molecule via different pathways. Minaev
et al. [16] state that there are independent parallel-
successive schemes of fragmentation. Sethi et al. [15] con-
clude from studies with isotope labeled adenines that most
of the fragmentation pathways exhibit largely random iso-
topic retention patterns, and that deuterium labeling is
inconclusive because of rearrangements of hydrogen prior
to expulsion of HCN. The studies of Barrio et al. [14] with
15N labeled adenines combined with the results of Sethi
et al. [15], show that the formation of 108 u by HCN loss
is over 90% site specific for N1 and C2 and 6-8% for C2
and N3. Contrary to this, the populations of M-2(HCN)
ions (81 u) and of M-HCN-NH3CN ions (66 u) originate
from pathways involving initial HCN loss from all the five
nitrogen atoms in the molecule. These studies also show
that fragmentation is initiated predominantly by break-
age of the pyrimidine ring. In the following paragraphs we
briefly discuss the fragmentation pathways and present
some new insights that the present data provides.
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Fig. 5. Partial ionization cross sections of the parent ion
(135 u) and the 108 u, 81 u, 54 u, 28 u, and 27 u fragments of
adenine.

3.3.1 Formation of 108, 81, 54 and 27 u by successive HCN
loss

Subsequent loss of HCN or CNH groups (reactions 14 in
Ref. [18], route 4 in Ref. [16]) has been identified as the
principal fragmentation pathway of adenine, resulting in
ions of mass 108 u, 81 u, 54 u and 27 u. Consistent with
this, the appearance energies of these ions are successively
higher. The partial ionization cross sections for these ions
are shown in Figure 5. It is seen that the curves are all
different in shape and are all rising rapidly within the
first 10 eV above threshold, with the exception of the 27 u
curve, which rises more slowly. Above 70 eV the 81 u yield
is lower than the 54 u and 27 u yields.

Studies with isotope labeled adenines [14,15] show that
the first loss of HCN is over 90% site specific for the N1
and C2 atoms, but that the populations of 81 u and 54 u
ions originate from pathways involving initial HCN loss
from all the five nitrogen atoms in the molecule. The 81 u,
54 u and 27 u ion yield curves have no multiple onsets,
which indicate that the various fragmentation pathways
leading to these ions must have very similar appearance
energies, which are not resolved in the present experiment.
As discussed in Section 3.2, the ion yields for all ions in the
HCN-loss sequence rise very rapidly just above threshold
with powers p > 2, which may indicate the presence of
two or more onsets very close to each other.

3.3.2 Formation of 107, 80 and 53 u

Different pathways have been suggested for the formation
of these ions. Jochims et al. [18] (reactions 11-13) have
suggested that these ions are formed by HoCN loss from
the parent ion, followed by successive loss of two HCN
groups. Sethi et al. [15] have suggested that these ions are
formed by H loss from 108, 81 and 54 u. Minaev et al. [16]
attribute the formation of 80 u to a breakage of the C2-N3
and C5-C6 bonds (route 2 in Ref. [16]). All these sugges-
tions are consistent with the successively higher appear-
ance energies we observe for these fragment ions. Given
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Fig. 6. Partial ionization cross sections of the 108 u, 107 u,
81 u, 80 u, 54 u and 53 u fragments of adenine.

the quoted uncertainties the appearance energies for 80 u
and for 53 u overlap.

The partial ionization cross sections are shown in Fig-
ure 6 and provide additional information. The 107 u
and 108 u partial ionization yields have similar shapes and
the yield ratio 107 u: 108 u varies only slowly from 0.090:1
at 30 eV to 0.080:1 at 60 eV and is constant above that.
We interpret this as being due to a possible rearrange-
ment of a hydrogen atom immediately preceding the frag-
mentation leading to either HCN loss or HyCN loss. In
clear contrast to this, the partial ionization cross sections
for 80 u and 81 u have very different shapes, and the same
holds for 53 u and 54 u. This indicates that the relative
importance of the different pathways suggested is different
for each of these ions (107, 80 and 53 u).

We note here that below 40 eV the ion yield curves
for 54, 55 and 56 u are different with somewhat differ-
ent appearance energies, but above 40 eV the yield ra-
tio becomes constant and is 54 u:55 w:56 u = 1:0.20:0.14,
possibly indicating the rearrangement of one or two hy-
drogen atoms immediately preceding the fragmentation.
55 u could therefore be due to CN loss from 81 u.

3.3.3 Formation of 28 u

Apart from the parent ion, the most prominent peak in the
mass spectrum is 28 u. Its partial ionization cross section
is shown in Figure 5. This fragment has been identified
as CHaN™T, resulting from two possible two-bond dissoci-
ation routes (reaction 10 in Ref. [18], routes 1 and 3 in
Ref. [16]) from the parent ion. The composition of 28 u
is exclusively CHoNT, with an effectively random distri-
bution of N atoms [15], indicating the existence of other
pathways.

The appearance energy of 28 u of 12.6 0.3 eV is quite
low, but this does not exclude the possibility of formation
by successive fragmentation via 70 u, or 108 u. There is
no indication for a second onset in the ion yield curve (see
Figs. 4 and 5), but the value of the exponent in the fitting
of the appearance energy is p = 2.6 £ 0.3, which shows
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Fig. 7. Partial ionization cross sections of the 70 u, 66 u, 65 u,
43 u, 39 u and 38 u fragments of adenine.

that the ion yield rises very rapidly in the first 2 eV above
threshold and which is possibly due to multiple pathways
with very similar appearance energies.

3.3.4 Formation of 66 u and 39 u

The partial ionization cross sections for these ions are
shown in Figure 7. Loss of NH5CN from the C4H4NI frag-
ment ion, followed by loss of HCN has been identified as
a possible path for the formation of 66 u and 39 u (reac-
tions 5 and 6 in Ref. [18]). Sethi et al. [15] conclude that
the main population of 66 u ions is not derived from M-
HCN-NH5CN in which N1 and C2 are lost in the first step.
The appearance energies for 93 u (14.0+£0.3 eV) and 66 u
(13.5 £ 0.2 eV) (nearly) exclude the opposite succession
M-NH5CN-HCN for the formation of 66 u. This indicates
that 66 u originates from a HCN loss in the first step that
involves other C and N atoms. A second onset in the 66 u
ion yield curve indicates also that more than one fragmen-
tation process is involved in the formation of this ion. The
ion yield curve of 39 u (Fig. 4) shows a second and a pos-
sible third onset, also indicating formation via multiple
fragmentation pathways.

3.3.5 Formation of 70 u and 43 u

The partial ionization cross sections for these ions are
shown in Figure 7. The 70 u and 43 u peaks appear dis-
tinctively next to the 64-67 u and 38-41 u groups in the
mass spectra, strongly suggesting a separate fragmenta-
tion pathway involving C3HNy loss followed by HCN loss
(reactions 7 and 8 in Ref. [18]). Jochims et al. [18] and
Minaev et al. [16] suggest that 70 u could also be formed
by C3N loss from 108 u (reaction 9 in Ref. [18]). How-
ever, Sethi et al. [15] did not find any detectable precursor
of 70 u and uniquely identified the skeletal atoms of this
fragment as N1-C2-N3-C4-N9.

The 70 u ion yield curve shows an appearance energy at
12.6+0.4 eV and a second onset at 14.4+0.3 eV, indicating
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Fig. 8. Partial ionization cross sections of the singly charged
(135 u) and the doubly-charged (67.5 u) adenine parent ions.

the existence of two pathways for the formation of this
ion. We note that Figure 2d in Jochims et al. [18] clearly
shows an appearance energy at 13.1 eV and a second onset
at 14.1 eV. As can be seen in Figure 4, the 70 u ion yield
in the range 12.6-14.4 eV is quite low, showing that the
probability for the first pathway must be low. The second
onset is possibly due to the pathway via 108 u, because
this requires the rupture of an extra bond.

The 43 u ion yield curve shows an appearance energy
at 13.3 £ 0.6 and a second onset at 16.3 £ 0.7 eV. The
second onset is not very prominent, but the fit with an
onset function containing two onsets is slightly better than
the fit with one onset. The two fragmentation pathways
suggested in the literature (via 70 u or via 108 u) would
be expected to have similar thresholds, so it is not clear
what fragmentation could be responsible for this second
onset.

The higher appearance energies of 42 u and 41 u in-
dicate that these ions could be formed by the successive
loss of one and two hydrogen atoms from 43 u.

3.3.6 Formation of 67.5 u

Fitting of a sequence of normalized Gaussians to the 64—
71 u group of peaks clearly showed that a peak at 67.5 u
had to be included in the fit. This peak is attributed to the
doubly charged parent ion. We do not see any indications
of other doubly-charged fragments in our mass spectra.
Figure 4 shows that the Gaussian fitted feature
at 67.5 u begins at 16.3 + 0.5 eV, with a second onset
at 23.5 £ 1.0 eV. 16.3 eV is evidently too low for dou-
ble ionisation. Therefore we attribute this first onset to
a background associated with the difficulty of using the
Gaussian fitting function to separate weak features with
half-integer difference in mass/charge. We assign the clear
second onset at 23.5 + 1.0 eV to the threshold for doubly
charged adenine. This interpretation is consistent with the
absence of a 67.5 u feature in earlier photo-ionization mass
spectra recorded up to 22 eV [18,19]. The mass spectrum
of adenine at 70 eV electron impact [12] shows the pres-
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ence of 67.5 but this is not discussed by the authors. No
previous appearance energies for doubly charged nucle-
obases have been reported in the literature. The present
result is consistent with other molecules that have similar
single ionization energies to adenine, for example toluene
with single ionization at 8.81 +0.03 eV and double ioniza-
tion at 23.81 + 0.06 eV [37].

Doubly-charged adenine has been clearly observed by
Alvarado et al. [38] in adenine mass spectra after collisions
with 14 keV projectiles (H™ and H, He* and He, and C*
and C), and by Bredy et al. [39,40] after impact with 3 keV
Clt ions and 36 keV F2* ions.

We have examined the mass spectra of the other nu-
cleobases measured in our laboratory, but do not observe
any clear indications for the formation of doubly charged
parent ions in these.

3.3.7 Formation of 118-120 u and 91-93 u

Loss of NH3 or NHy leading to 118 and 119 u, fol-
lowed by HCN loss to 91 and 92 u has been identified
by Sethi et al. [15] as a possible pathway, and NH loss
is another possibility. The yields for these ions are very
low, showing that this is only a minor fragmentation
pathway. The partial ionization cross sections for these
ions (not shown in this paper) have very similar shapes.
Above 25 eV, the yield ratios are 118 u:119 u:120 u =
0.85:1:0.25 and 91 u:92 u = 0.40:1. However, the yield
ratio 92 u:93 u is not constant, but varies from 1:0.48
at 30 eV to 1:0.53 at 100 eV.

We attribute these constant yield ratios to tautomer-
ization (H atom rearrangements) preceding the fragmen-
tation, although the presence of adenine tautomers in the
molecular beam could also contribute. Constant yield ra-
tios have also been observed several of the ion yield curves
for cytosine [28].

4 Conclusion

We have presented substantial new information about the
formation of positive fragment ions by low-energy elec-
tron impact on adenine in the form of ion yield curves,
partial ionization cross sections and appearance energies.
All appearance energies determined are consistent with
the adenine fragmentation pathways discussed in the lit-
erature (for an overview of pathways see Fig. 5 in Jochims
et al. [18] and Scheme I in Sethi et al. [15]).

Several groups of fragments (118120 u, 107-108 u, 91—
92 u, and 54-56 u) have ion yield curves with very similar
shapes above 25 or 40 eV. We attribute these constant
yield ratios to H atom rearrangements (tautomerization)
immediately preceding the fragmentation, but the pres-
ence of tautomers in the molecular beam might also con-
tribute to this

Appearance energies (first onsets) have been deter-
mined for 37 ions. The present work provides the first
appearance energies for 20 fragment ions for which the
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specific production pathways have not yet been explored
in detail.

For 27, 28, 29, 54, 80, 81, 108 and 135 u, the ion yields
rise very rapidly just above threshold with powers p > 2.
We have attributed the rapid rise of these ion yields to sev-
eral onsets very close to each other due to the presence of
parallel fragmentation pathways with similar appearance
energies.

Second onset energies have been determined
for 12 fragment ions with energy differences between
the first and second onsets range from 1.5 to 5.2 eV.
We conclude that there must be distinctly different
fragmentation processes producing these fragments.

We have presented the first measurement of the ion
yield curve of the doubly charged parent ion, with an
appearance energy of 23.5 + 1.0 eV. The absence of dis-
cernible signals for doubly charged ions of the other nu-
cleobases in mass spectra measured in our laboratory sug-
gests that doubly charged adenine has a relatively high
stability, with implications for its relative sensitivity to
high energy radiation.

The authors are indebted to Dr. Stephan Denifl for discus-
sions on the appearance energies of adenine and for providing
the data from Dawley et al. [17]. The authors gratefully ac-
knowledge financial support for scientific visits received from
the Nano-IBCT project (COST Action MP1002) funded by
the European Union. S. Eden acknowledges the support of the
British EPSRC (EP/J002577/1 and EP/L002191/1).
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