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Secondary electron emission is the most important stage in the mechanism of radiation damage to
DNA biopolymers induced by primary ionizing radiation. These secondary electrons ejected by the
primary electron impacts can produce further ionizations, initiating an avalanche effect, leading to
genome damage through the energy transfer from the primary objects to sensitive biomolecular tar-
gets, such as nitrogenous bases, saccharides, and other DNA and peptide components. In this work,
the formation of positive and negative ions of purine bases of nucleic acids (adenine and guanine
molecules) under the impact of slow electrons (from 0.1 till 200 eV) is studied by the crossed elec-
tron and molecular beams technique. The method used makes it possible to measure the molecu-
lar beam intensity and determine the total cross-sections for the formation of positive and negative
ions of the studied molecules, their energy dependences, and absolute values. It is found that the
maximum cross section for formation of the adenine and guanine positive ions is reached at about
90 eV energy of the electron beam and their absolute values are equal to 2.8 × 10−15 and 3.2
× 10−15 cm2, respectively. The total cross section for formation of the negative ions is 6.1 × 10−18

and 7.6 × 10−18 cm2 at the energy of 1.1 eV for adenine and guanine, respectively. The absolute
cross-section values for the molecular ions are measured and the cross-sections of dissociative ion-
ization are determined. Quantum chemical calculations are performed for the studied molecules,
ions and fragments for interpretation of the crossed beams experiments. © 2014 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4871881]

I. INTRODUCTION

Ribonucleic and deoxyribonucleic acids (RNA and
DNA) are composed of two antiparallel strands of repeated
sugar-phosphate units which are hydrogen-bond bound to-
gether through the four nucleobases, covalently linked to the
sugar moiety (deoxyribose) of the backbone. Any ionizing
lesion of nucleobases can induce mutagenic and genotoxic
damages in RNA and DNA, including double-strand breaks.1

These lesions are induced by secondary electrons, generated
by the primary ionizing radiation; below 20 eV, they are the
most abundant of these secondary active species.2 Therefore,
a detailed investigation of the secondary low-energy elec-
trons action is of crucial importance for understanding the
main fundamental mechanisms by which the ionizing radia-
tion damages the DNA components. In order to reach such
understanding, the low-energy electron impact on basic DNA
components has been investigated by various techniques1–4

including the recent activity.5–9 It was shown that the impact
of 5–150 eV electrons on dry DNA thin films produces both
single and double-strand breaks.4 The electron energy depen-
dence of the yields of these breaks exhibited the strong res-
onance features with a maximum between 8 and 10 eV4–6

a)Authors to whom correspondence should be addressed. Electronic
addresses: bfmin@rambler.ru and boris@theochem.kth.se.

close to ionization potentials. These authors also concluded
that most of the strand breaks below 15 eV are initiated by
resonant electron attachment to the various components of
DNA, followed by the decay of the local transient anion in
dissociative channels.2–11

Not only the number of emitted electrons is relevant, but
also their energy spectrum, because, it has been shown that
low energy electrons (below ionization threshold) can also
produce damage to biomolecules by dissociative electron at-
tachment (DEA).2, 3 In the DEA processes, the excess elec-
trons generally occupy the lowest unoccupied molecular or-
bitals (LUMO) of the DNA nucleobases and create transient
anions.5 Attachment of the low-energy electrons not only
causes the strand breaks in DNA, but also induces fragmen-
tation of the DNA bases. The pyrimidine bases as the repre-
sentative components of biological species have been exten-
sively studied,6–10 both experimentally and theoretically. The
progress in fundamental aspects of multidisciplinary studies
of low-energy electron-induced damage in biomolecules has
been reviewed recently.6 It is known that even under high vac-
uum conditions, DNA still contains 2–3 water molecules per
nitrogeneous base pair.1–4 That is why the pure nucleobases
in molecular beam experiments are so important for the ba-
sic molecular backgrounds of the radiative damage studies. It
is necessary to stress that the important channel to generate
free low-energy electrons is the interatomic Coulomb decay

0021-9606/2014/140(17)/175101/15/$30.00 © 2014 AIP Publishing LLC140, 175101-1
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(ICD) which takes places predominantly in water molecules
surrounding DNA.12–14 This means that at external irradiation
impact the electron excitation of inner valence vacancy states
being possible to decay by Auger process that knocks out sec-
ondary low-energy electrons13 in the DNA molecule itself or
in the nearby water molecules.

The DEA parameters for an isolated basic constituent
are expected to be strongly affected within condensed phase
of DNA or in living cells by the local environment of the
molecule, thus changing the magnitude of the measured cross-
section.2, 3 Therefore, the pure electron scattering experiment
under high vacuum is quite important to comprehend the
mechanism of slow electron interaction with nucleobasis and
the crossed electron and molecular beams techniques are
widely used now.6–9

In previous works,6, 8–10 the processes of excitation by
slow electrons of nucleic acid bases of the pyrimidine type
molecules, such as cytosine, uracil, and thymine in the gas
phase have been investigated. The present work is devoted to
the purine type molecules, adenine, and guanine.

II. METHODS OF THE STUDY

A. Experimental technique

The experiments are performed by using the setup
with the crossed molecular and electron beams, which has
been used in the previous studies of ionization processes
in pyrimidine derivatives of nitrogeneous bases of nucleic
acids.6, 8–10 In the present work, the beam of adenine or gua-
nine molecules is generated utilizing an effusive thermal mul-
tichannel source with a system of collimating slits.6 The
studied purine bases of 99% purity were obtained from the
Sigma–Aldrich company (USA). To exhale the molecular va-
por and create a beam the necessary temperature of the source
found experimentally does not exceed 410 K which is lower
than the thermolysis limit for the studied molecules. We have
ruled out any thermal decomposition of adenine in the oven at
this temperature, because no changes in the relative anion effi-
ciency curves have been observed in Ref. 11 even for 430–470
K in a similar effusive source. This also indicates a small con-
tribution of vibrationally excited neutral adenine molecules to
the measured anion efficiency curves.11

The beam of adenine or guanine is crossed with an elec-
tron beam which is introduced in a special type of ion source.
The energy spread resolution of the electron beam is ap-
proximately 0.3 eV at an electron current of 5 × 10−6 A.
The molecules travel through the region of interaction with
electrons and experience multiple collisions. The effusive
source consists of a copper hollow cylinder container with the
studied sample, a resistive heater with calibrated thermocou-
ple sensor and thermal screens. At the ends of the cylinder
the effusive device is installed which contains 100 channels
(1.5 × 1.5 mm2 area each). At the other side the container is
locked by a hermetic cover, on which inner surface the tem-
perature sensors are placed.6

As a source of electrons, the five-electrodes electron gun
with a tungsten cathode is used.9 The first electrode operates
at a small negative potential,9 which blocks the low-energy

part of the beam from the cathode. The electrons of the beam
after their passage through the collision region are trapped by
a Faraday cup having a negative potential. The measurements
were performed at an electron beam current of 5 × 10−6 A
and an FWHM energy spread of �E1/2 ∼ 0.3 eV. The elec-
tron gun operates in a longitudinal magnetic field with an in-
duction of B = 1.2 × 10−2 T. Note that in the presence of the
longitudinal magnetic field, the electron beam move along the
troichoid trajectories with the lengths which exceed the lin-
ear sizes of the cross sections of the electron and molecular
beams. Due to this effect the maximal path length of the fast
electrons (with energy of 90 eV) increases slightly by a fac-
tor of 1.01, but for the slow electrons (with energy of 5 eV)
the path length increases by a factor of 1.25 under the condi-
tions of our experiment. (These estimations are done for the
above-mentioned magnetic field induction and the diameter
of diaphragms of the beam). Calibration of the electron en-
ergy scale is performed by the resonance peak of the SF6

−

ions formation, which signal is established as the zero origin
of the electron energy. (The collision chamber was filled with
the SF6 gas at a pressure of 1.3 10−3 Pa).

The ions created in the crossing region of the molecular
and electron beams are drawn out by electric field and guided
to mass-spectroscopic analysis. The m/z ratio is measured by
mass-spectrometer MI-1201 for recording the mass spectra
and by specially designed spectrometer with deviation of ions
by 180o for measuring the energy dependence of the total ion-
ization cross-sections.

Experimental measurements are preformed in two steps:
at the first step, the mass spectra are recorded and identified
at the electron beam energy of 95 eV; at the second stage,
the energy dependence of the ionization cross-sections for the
guanine and adenine molecules is studied. Absolute values
of partial ionization cross-sections are determined by their
calibration with respect to the absolute values of the total
ionization cross-sections. The presented cross-section values
are obtained by the five averaged measurements. The rela-
tive error of the energy dependence measurements for the
ionization cross-sections is equal to 12%, for their absolute
values—21%.

The setup developed makes it possible to measure the
molecular beam intensity and determine the energy depen-
dences and absolute values of total cross sections for the for-
mation of positive and negative ions of the adenine and gua-
nine molecules. It is found that the maximum cross-section
for the formation of positive ions is reached at energy of about
90 eV.

B. Computational strategy

The adenine and guanine molecules, their cations and an-
ions are calculated in their ground states by the density func-
tional theory (DFT) with complete geometry optimization by
the finding of global minima on their potential energy hyper-
surfaces (PEHs). The gradients of the PEHs with respect to
all internal coordinates are minimized and the correspond-
ing second derivative matrices (Hessians) are calculated with
the B3LYP functional15 in the 6-31G basis set.16 The dou-
blet states of the ions are calculated by the spin unrestricted
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DFT method.16 On this background, the vibrational analy-
sis is performed and all vibrational frequencies are found to
be real which corresponds to a criterion of the true equilib-
rium structure. Comparison of the equilibrium bond lengths in
the neutral and ionized molecules indicates the corresponding
changes in the force constants which show the most probable
routes of fragmentation upon ionization. For fragmentation of
molecular ion the simultaneous cleavage of at least two chem-
ical bonds is necessary. Dissociation of the ion into two frag-
ments is predicted by analysis of possible sums of the bond
lengths changes along all various fragmentation routes. All
possible double and triple cleavages of chemical bonds are
considered. For explanation of the observed mass spectra for
the adenine and guanine molecules, we proposed that the most
probable cleavages have to be in those places, where the sums
of two bond lengths changes are the largest upon ionization.
The analysis and comparison with experiment indicate that
the simultaneous cleavages of three chemical bonds are less
probable.

The starting geometry is obtained first by the semi-
empirical self-consistent field (SCF) molecular orbital (MO)
methods with the AM1 approximation.17 We also use AM1
and PM3 results for some preliminary analysis including con-
figuration interaction (CI) calculations for the doublet excited
states of the ions. For anions, the energy of the dissociation
products is estimated with account of the zero-vibration cor-
rection. All calculations were performed with the GAUS-
SIAN 09 program package.16

III. RESULTS AND DISCUSSION

A. Positive ions

Mass spectra of adenine and guanine at the 95 eV energy
of the bombarding electrons are presented in Figures 1 and
2, respectively (on the ordinate axis the current of produced
ions is given in arbitrary units). In general features, the ob-
tained spectra are similar to those presented in Refs. 18–22,
but there are some differences. These concern intensity distri-
bution in spectral lines and also the number of lines. First of
all, these distinctions are determined by the differences in the

FIG. 1. Mass spectrum of adenine measured with 95 eV electron energy.

FIG. 2. Mass spectrum of guanine measured with 95 eV electron energy.

processes of the ion generation in the excited states. For ex-
ample, in Refs. 18 and 20, such ions are produced by electron
impact, in Ref. 19—by photoionization, in Ref. 23, the mass
spectrum of adenine is induced by heavy ions. One needs also
to account such important factor as the temperature of the sub-
stances heating.

Identification of the mass spectra is presented in
Table I (adenine) and Table II (guanine). The common fea-
tures of the presented mass spectra are the following: (1) the
presence of the most intense lines which corresponds to the

TABLE I. The absolute cross-sections values for the positive ionic frag-
ments formation of adenine.

m/z, amu Ionic fragments σ , 10−15 cm2

27 CHN+ 0.07
28 CH2N+ 0.15
29 CH3N+ 0.06
38 C2N+ 0.08
39 C2HN+ 0.07
40 C2H2N+,CN2

+ 0.07
41 CHN2

+ 0.02
42 CH2N2

+ 0.035
43 CH3N2

+ 0.07
52 C2N2

+ 0.05
53 C2HN2

+ 0.18
54 C2H2N2

+ 0.23
55 C2H3N2

+ 0.08
64 C3N2

+ 0.035
65 C3HN2

+ 0.05
66 C3H2N2

+ 0.14
67 C3H3N2

+ 0.07
70 C2H4N3

+ 0.035
80 C3H2N3

+ 0.07
81 C3H3N3

+ 0.16
106 C4H2N4

+ 0.04
107 C4H3N4

+ 0.035
108 C4H4N4

+ 0.25
134 C5H4N5

+ 0.02
135 C5H5N5

+ 0.7
136 0.03
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TABLE II. The absolute cross-sections values for the positive ionic frag-
ments formation of guanine.

m/z, amu Ionic fragments σ , 10−15 cm2

27 CHN+ 0.08
28 CO+, CH2N 0.23
42 CNO+ 0.08
43 CH3N2

+, CHNO+ 0.33
44 CH4N2

+, CH2NO+ 0.17
53 C2H3N2

+ 0.12
54 C2H2N2

+ 0.2
55 C2H2NO+ 0.05
68 C2H2N3

+ 0.04
69 C2H3N3

+ 0.08
81 C3H3N3

+ 0.08
82 C3H3N2O+ 0.07
108 C4H2N3O+ 0.07
109 C4H3N3O+ 0.21
110 C4H4N3O+ 0.16
134 C5H4N5

+, 0.09
135 C5H5N5

+ 0.06
151 C5H5N5O+ 1.01
152 C5H5N5O+ 0.07

single-charged molecular ions (the line m/z = 135 for adenine
and the line m/z = 151 for guanine); (2) occurrence of a large
number of lines with different intensity which correspond to
the new-born ionic fragments; (3) the absence of lines of dou-
bly charged molecular ions and of the dimer species.

To determine effective cross-sections for the formation of
the ionic fragments one needs to make measurements of the
absolute value of the total ionization effective cross-section
of the adenine and guanine molecules. Results of such mea-
surements are presented in Figures 3 and 4, where the abso-
lute values of the total ionization effective cross-sections and
their energy dependences (ionization functions) are given for
the adenine and guanine molecules, respectively, in the en-
ergy interval from the threshold till 200 eV of the bombard-
ing electrons energy. After the fast growing near the threshold,
as follows from these figures, the ionization functions exhibit

FIG. 3. The absolute cross section values for the formation of adenine
positive ions.

FIG. 4. The absolute cross section values for the formation of guanine posi-
tive ions.

gently slops with the weakly defined features and show wide
maxima in the region 85–95 eV.

The maximum value of the total ionization cross-section
of the adenine molecule is achieved at 90 eV of the elec-
tron beam energy and is equal to (2.8 ± 0.15) × 10−15 cm2

(Fig. 3). For guanine, the maximum value of the ionization
cross-section is equal to (3.2 ± 0.15) × 10−15 cm2 and is ob-
served at 88 eV (Fig. 4). The measured threshold of the posi-
tive molecular ion generation for adenine and guanine is equal
to (8.8 ± 0.2) and (8.3 ± 0.2) eV, respectively. These values
are in a reasonable agreement with the results of Refs. 20–28.

One should mention that the absolute values of the
total ionization effective cross-section of the adenine and
guanine molecules are quite close to each other. The higher
cross-section for guanine correlates with its lower ionization
potential. In Tables III and IV, the calculated adiabatic ioniza-
tion potentials (IP) based on the complete geometry optimiza-
tion of the molecules and ions by the DFT B3LYP method are
presented together with various experimental results.

The Koopman’s theorem in the AM1 approach predicts
8.77 and 8.40 eV for the adenine and guanine molecules,
respectively, which agree pretty well with our IP experi-
mental data. The DFT predication underestimates the ion-
ization potentials (Tables III and IV); the DFT results based
on the Koopman’s theorem are even worse. They provide
only qualitative agreement for the absolute values, but the
relative values and difference between adenine and gua-
nine ionization potentials are well reproduced in all quantum

TABLE III. Ionization potentials (IP) of adenine molecule.

IP, eV Method Source

8,8 ±0,2 Electronic impact This work
8.3 ± 0.1 Electronic impact Reference 22
8.48 PES Reference 24
8.44 ± 0.03 Photoionization Reference 21
7.98 B3LYP/6-31G (adiabatic) This work
8.44 RHF/3-21G Reference 28
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TABLE IV. Ionization potentials (IP) of guanine molecule.

IP, eV Method Source

8.3±0.2 Electronic impact This work
8.0 ± 0.2 Electronic impact Reference 22
8.24 ± 0.03 Photoionization Reference 21
8.1 ± 0.2 Electronic impact Reference 20
7.52 B3LYP/6-31G (adiabatic) This work
8.24 RHF/3-21G Reference 28

chemical methods used. (0.48 eV in DFT and 0.5 eV in our
electron impact measurements). The lower IP for guanine can
be explained by the fact that the carbonyl group provides
a particular non-bonding contribution into the highest occu-
pied molecular orbital (HOMO) in guanine (see Fig. S1(b)
of the supplementary material45). The long conjugation chain
in the adenine molecule, N9–C4–C5–C6–N1, (see Fig. S1(a)
of the supplementary material45) provides more stabilization
of the adenine HOMO, while in the guanine HOMO this chain
is cleaved at the C6 atom of carbonyl group, see Fig. S1(b) of
the supplementary material.45

The measured ionization cross-sections have the mean-
ing of the total cross-section, thus they include cross-section
of generation of the starting molecular ions and of their frag-
ments (the partial cross-sections). On the ionization curves
(Figs. 3 and 4) one can see the features in the form of twists
and bends, which can be interpreted as the processes of disso-
ciative ionization and by generation of excited ions.

The obtained data on the total ionization cross-section of
the adenine and guanine molecules and on their mass spectra
permit us to determine the partial cross-sections of the most
probable ion fragments formation at the 95 eV energy of the
bombarding electrons (Tables I and II, where σ is the partial
cross-section). The absolute values of the partial ionization
cross-sections are determined by their normalization to the
absolute values of the total ionization cross-section according
to the following method.

It is obvious that the summarized current of the gener-
ated ions is equal to i� = i1 + i2 + . . . + in, where in is an
ionic current of a particular fragment. From the other hand:
i� = ienσ�l and in = ienσ nl, where ie is a current of the bom-
barding electrons, n is a concentration of molecules in the re-
gion of beams crossing, l is the electrons path length in the
molecular beam, σ� and σ n are the total and partial ioniza-
tion cross-sections, respectively. From this analysis, it follows
that σn = σ�in/i� . Accounting that the ionic current is pro-
portional to the mass spectral peak intensity, we obtain the
following partial cross-section: σn = σ�Sn/

∑
Si , where Sn

is the intensity of the nth peak; in denominator is the sum of
all peaks intensity in the mass spectrum.

Analysis of Tables I and II indicates that formation of
the adenine and guanine molecular ions are the predominant
processes (cross-section of the order of 10−15 cm2) (as well as
for cytosine, thymin and uracil molecules),4, 8–11 which testify
to the high-enough stability of the studied nucleobases with
respect to electron impacts. This is a very important fact for
such complicated species as adenine and guanine consisting
of two heterocyclic rings. Many complicated molecules do
not possess the stable molecular ions.1–6

TABLE V. The optimized bond length for the adenine molecule and cation-
radical calculated by the AM1 and B3LYP/6-31G approaches (the corre-
sponding bond length differences �R between cationic (M+) and neutral (M)
species are also presented).

C5H5N5 (M) C5H5N5
+ (M+) �R (M+–M)

Bond AM1 DFT AM1 DFT AM1 DFT

N10–C6 1.368 1.355 1.340 1.328 − 0.028 − 0.027
C6–C5 1.437 1.411 1.461 1.429 0.024 0.018
C5–N7 1.402 1.400 1.356 1.356 − 0.046 − 0.044
N7–C8 1.342 1.326 1.391 1.365 0.049 0.039
C8–N9 1.413 1.393 1,380 1.364 − 0.033 − 0.029
N9–C4 1.399 1.384 1.422 1.395 0.023 0.011
C4–C5 1.459 1.404 1.503 1.433 0.044 0.029
C4–N3 1.368 1.350 1.327 1.317 − 0.041 − 0.033
N3–C2 1.353 1.351 1.401 1.400 0.048 0.049
C2–N1 1.360 1.355 1.329 1.327 − 0.031 − 0.028
N1–C6 1.376 1.360 1.402 1.379 0.026 0.019

To find the most probable scheme of fragmentation un-
der the electron impact the results of quantum chemical cal-
culations of the adenine and guanine molecules and of their
cations by DFT and AM1 methods are analyzed (Tables V
and VI). The standard numeration of atoms is presented in
Fig. 5. The optimized bond lengths of the molecule and cation
are compared. Those chemical bonds which are elongated
and hence getting weaker upon ionization should indicate the
most probable routes of fragmentation. We propose that the
most probable cleavages have to be around those atomic po-
sitions in the ion, where the sums of two elongated chem-
ical bond lengths changes are the largest ones upon ioniza-
tion. Originally we have assumed that only two bonds can
be cleaved simultaneously in the ion. Analysis of all possible
dissociation routes has supported this assumption latter on.

1. Adenine

One can pay attention to those ionic fragments, which
show the largest formation cross-sections. For adenine these
are the following fragments: C4H4N4

+
, C3H3N3

+, C2H2N2
+,

TABLE VI. The optimized bond lengths for the guanine molecule and
cation-radical calculated by the AM1 and B3LYP/6-31G approaches (the cor-
responding bond length differences �R between cationic (M+) and neutral
(M) species are also presented).

C4H5N4O (M) C4H5N4O+ (M+) �R (M+–M)

Bond AM1 DFT AM1 DFT AM1 DFT

O11–C6 1.239 1.243 1.229 1.232 − 0.010 − 0.011
C6–C5 1.448 1.433 1.464 1.447 0.016 0.014
C5–N7 1.396 1.397 1.353 1.352 − 0.043 − 0.045
N7–C8 1.346 1.322 1.391 1.358 0.045 0.036
C8–N9 1.414 1.398 1.388 1.379 − 0.026 − 0.019
N9–C4 1.395 1.376 1.415 1.382 0.020 0.006
C4–N3 1.383 1.365 1.333 1.322 − 0.050 − 0.043
N3–C2 1.356 1.327 1.416 1.377 0.060 0.050
C2–N10 1.412 1.365 1.362 1.333 − 0.050 − 0.032
C2–N1 1.409 1.382 1.396 1.366 − 0.013 − 0.016
N1–C6 1.423 1.444 1.429 1.445 0.006 0.001
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FIG. 5. The optimized structure and standard numeration of atoms for the adenine (a) and guanine (b) molecules.

C3H2N2
+, C2HN2

+, CH2N+
, CHN+; for guanine—CHNO,

CO+, CH4N2
+

, CH2NO+, C2H2N2
+, C4H5N4

+,C4H3N3O+,
C4H4N3O+. The other fragments are characterized by signifi-
cantly lower formation cross-sections ∼ (10−17−10−18) cm2.

As follows from Table V for molecular adenine ion,
the most important two-bond dissociation routes are the
following: 1. C6–C5, N1–C6; 2. C6–C5, N3–C2; 3. N7–C8,
N9–C4; and 4. C6–N1, N3–C2. Probabilities of cleavage
of these couples of chemical bonds are considered to be
independent and the nascent fragments can be the source
of the further dissociation. Thus, there are independent
parallel-subsequent schemes of fragmentation (Fig. 6). Let us
consider them in more details.

Route 1 (cleavage of the bonds C6–C5, N1–C6) and
route 3 (cleavage of the bonds N7–C8, N9–C4) can be consid-
ered as almost equally probable. In those cases, the molecu-
lar ion C5H5N5

+ loses the neutral fragment C4H3N4 and pro-
duces the charged fragment CH2N+(m/z = 28). This ion is
well seen in the mass spectrum (Fig. 1).

Route 2 (cleavage of the bonds C6–C5, N3–C2). Molec-
ular ion C5H5N+

5 loses the neutral fragment C2H3N2 and pro-
duces the charged fragment C3H2N+

3 (m/z = 80). The sum
of these two bond-lengths changes upon ionization is one of
the largest for the route 2 (0.067). The relatively low inten-
sity of the line m/z = 80 (Fig. 1) can be explained by the high
meta-stability of this ion. Our calculations show that the five-
member cycle C3H2N3

+ is unstable with respect to the cycle
opening which finally leads to new fragmentation upon elec-
tron impact in the crossed beams region.

Route 4 (cleavage of the bonds N1–C6, N3–C2). This
is the main route of the primary dissociation of the adenine
cation C5H5N5

+ since it is characterized by the largest sum
of changes (0.068) of the two bond-lengths (N1–C6 and N3–
C2). The simultaneous cleavage of these two bonds initiates
the principal fragmentation chain, which explains occurrence
of the large part of intense lines in the adenine mass spectrum:

(1)

This principal pathway involves the successive detachments
of HCN or CNH groups (We shall not concentrate attention
on the differences of these two isomers, though we can easily
distinguish them in our theoretical simulations; we just refer
to them as CHN for simplicity). The similar conclusions have
been obtained by the authors of Refs. 18 and 19. The new-
born “daughter” ions are not very stable and undergo further
dissociation. In particular, the first charged fragment C4H4N+

4
(m/z = 108) produced in the route 4 (Fig. 7(a)) undergoes
one and two H-atom transfer producing the isomers (b) and
(c) shown in Fig. 7. The ions (a) and (c) of Fig. 7 have been
considered earlier.19 Similar two isomers of the C4H4N+

4 ion
are denoted as (IIa) and (IIb) in Ref. 19, but their structure
and charge distribution in our calculation are rather differ-
ent from the canonic formulae proposed by S. Leach et al.
(Fig. 8).19

The DFT-optimized structure of the primary C4H4N+
4

ion (Fig. 7(a)) differs from the hypothetic structure (IIa) in
Fig. 5 of Ref. 19, where the NH2 group has a trans-orientation
with respect to the C4=C5 double bond (Fig. 8). The late
bond is not a double bond, but it is a very weak single bond
(1.53 Å) in the DFT prediction (Fig. 7(a)); the NH2 group
is almost neutral (the N charge is −0.63, two H atoms bear
+0.42 and +0.38), but the C6 atom bears the largest positive
charge, +0.46. The structure of the ion is strongly polarized,
including the hydrogen-bond fragment.

Our DFT calculation agrees with the hypothesis of
Ref. 19 with respect to the spin density (ρ) concentration of
the cation-radical C4H4N+

4 mostly on atom C6 (ρ = 0.63):
the rest of non-paired spin density is on the atom N3
(Fig. 7(a)). The intra-molecular H-bond of the primary
C4H4N4

+ ion (Fig. 7(a)) is an important new prediction of
our DFT calculation. The cleavage of two bonds N1–C6 and
N3–C2 upon ionization of adenine along route 4 (Fig. 6)
will definitely lead to such species, which is more stable
than the open form (IIa; Fig. 8) and is ready for H atom
transfer. The intermediate species (Fig. 7(b)) is absent in
the principal fragmentation scheme of Ref. 19, but it should
definitely contribute to a large intensity of the signal (m/z
= 108) in the adenine mass spectrum (Fig. 1), since it is
58.5 kcal mol−1 lower by energy than the primary C4H4N+

4
fragment (Fig. 7(a)). A high exothermicity of the H atom
transfer (a) → (b) leads to creation of vibrationally excited
ion C4H4N+

4 (Fig. 7(b)), which can dissociate along C5–
C6 chemical bond. The loss of the CNH particle from the
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FIG. 6. The most probable routes of the adenine cation-radical fragmentation.

intermediate species (Fig. 7(b)) will lead to thermally non-
stable ion C3H3N+

3 (Fig. 7(d)), (m/z = 81), which further
dissociate to C2H2N2

+ (m/z = 54) loosing again the CNH
particle.

The radical-cation in Fig. 7(d) (m/z = 81) is similar to
the intermediate (IIIa) of Ref. 19; its largest spin density (ρ)
is predicted for the atom C5 (ρ = 0.65) in a qualitative agree-
ment with the hypothesis,19 but other structural peculiarities

FIG. 7. The results of DFT/B3LYP/6-31G calculations for isomerisation and fragmentation of the intermediate C4H4N+
4 cation-radical.
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FIG. 8. Hypothetic structures of the C4H4N+
4 cation-radical, proposed in

Ref. 19.

are very different: the C4−C5 chemical bond is very weak
(1.504 Å) and cannot be a double bond as it is shown in Fig. 5
of Ref. 19. According to DFT calculation, the short bonds are
C5–N7 and C8–N9, thus being considered as double bonds in
the ion C3H3N3

+ (Fig. 7(d)). The cleavage of two other bonds
C4–C5 and C4–N9 (1.47 Å) which are rather weak is the most
probable dissociation process of the thermally non-stable ion
(Fig. 7(d)). This leads to fragmentation into CNH molecule
and the C2H2N2

+ ion (m/z = 54) as presented in Eq. (1).
In Ref. 19, an additional step in the form of 1,3,5-triazine

ion (m/z = 81) is considered. We need to exclude this (IIIb)
step in Fig. 5 of Ref. 19 by the following reasons: (a) our
DFT calculation predicts a symmetric C2v structure of such
ion with all almost equal C–N bond lengths (about 1.34–
1.35 Å); this is the σ -radical being stable with respect to the
HCN fragmentation; (b) the triazine ion (m/z = 81) is more
stable by 23 kcal mol−1 than its isomer in Fig. 7(d) and can-
not be involved as an intermediate step in the fragmentation
cascade, Eq. (1). Though the triazine ion (m/z = 81) can be
a deadlock product in the adenine mass spectrum (Fig. 1) ex-
plaining a relatively large intensity of the line (m/z = 81).

The product of two H atoms transfer (Fig. 7(c)) is the
most stable among all C4H4N4

+ ions (m/z = 108). This is the
π -radical with spin distribution in the cycle and in the amino-
group. In a complete contrast to the hypothetic structure IIb in
Fig. 8, this π -radical has a negligible spin density at N9 atom
and the most weak chemical bond C4–C5 (1.465 Å). The DFT
calculations show that its rupture will lead to a linear fragment
N10=C6–C5=N7–CH with a positive charge concentration,
followed by a cleavage of the weak C8–N9 chemical bond.
The rupture of this bond can be initiated by electron impact
since it is much easier in the electric field of the approaching
electron. Such fragmentation process leads to the NH2CNH
species and the C3HN2

+ ion (m/z = 65) formation, the late
being indicated in the spectrum (Fig. 1). The cleavage of the
C8–N9 chemical bond can be accompanied by a simultaneous
H atom transfer from the terminal N9 atom to the CH group.
Thus, the NH2CN species and the C3H2N2

+ ion (m/z = 66)
can be formed. Such fragmentation scenario of the C4H4N4

+

ions shown in Fig. 7(c) and predicted by quantum chemical
calculations is in a good agreement with the observed mass
spectrum (Fig. 1).

Transition of two hydrogen atoms from N10 to N1 pro-
vides a very exothermic process (Fig. 7), but we cannot find
the transition state and activation energy of this reaction. We
cannot exclude the two-stage process (a) → (b) → (c) in

Fig. 7(a) and also the concerted reaction (a) → (c). Both these
reactions are highly exothermic according to our DFT calcu-
lations with the reaction heat of 58 and 78 kcal mol−1, respec-
tively.

From our calculations we can explain the other possi-
ble dissociation processes. In particular, the C4H4N4

+ ions
(m/z = 108) can loss one or two H atoms providing 107
and 106 signals in the mass spectrum (Fig. 1). When the ion
C3H3N3

+ (Fig. 7(d)) loses hydrogen we get a biradical: the
ion C3H2N3

+ (m/z = 80) with the N–H bond lost at the N9
atom. The singlet and triplet states of this biradical are al-
most degenerate (non-paired spins are localized at N3 and
C5 atoms). Ruptures of other N–H bond and of the C8–H
bond also lead to biradicals, but with much higher energy.
Since the singlet and triplet states are equally probable in
the C3H2N3

+ ion, a relative intensity of the signal m/z = 80
is significant (Fig. 1). Decay of the fragment C2H2N2

+ (m/z
= 54) with a subsequent loss of hydrogen atoms produces the
C2H1N2

+ (m/z = 53) and C2N2
+ (m/z = 52) ions. If a frag-

ment C4H4N+
4 (Fig. 7(c)) loses the CH2N group, as consid-

ered above, the C3H2N2
+ ion (m/z = 66) is formed. The late

can lose hydrogen atoms subsequently and produce C3HN2
+

(m/z = 65) and C3N2
+ (m/z = 64) fragments. All correspond-

ing lines are present in the adenine mass spectrum. In Ref.
19, the occurrence of C4H3N4

+ (m/z = 107), C3H2N3
+ (m/z

= 80), C3H2N2
+ (m/z = 66), and C3HN2

+ (m/z = 65) ions is
explained in a rather different way and the line m/z = 64 is
absent in the photoionization spectrum of adenine.19

The decomposition of the ion in Fig. 7(c) can include
also the alternative fragmentation to NH2CN+ and the neutral
C3H3N2 species. Dissociation to the NH2CNH+ ion species
and the C3HN2 radical is also possible. Thus the ions with
the m/z = 43, 42, and 41 signals occur. An attempt to explain
the occurrence of the late ions by the three bond rupture: N1–
C6; N3–C2; and N10–C6 can be rejected by DFT calculation
since the bond N10–C6 becomes stronger upon ionization
(Table I). All other three-bond cleavages, which could lead to
the observed ions are impossible, since they include rupture
of those chemical bonds which are getting stronger upon ion-
ization. This finding additionally supports a conclusion about
non-importance of simultaneous three-bond cleavages.

2. Guanine

Guanine has the lowest oxidation potential among nu-
cleic acid bases; thus, it plays a crucial role in oxidative DNA
damage. The presence of the C=O group in guanine pro-
vides essentially different mass spectrum and fragmentation
schemes from those of the adenine ones. In particular, there is
no main fragmentation chain for guanine, which could explain
occurrence of a large part of intense lines in its mass spectrum
like the Eq. (1) provides in the adenine case. The obtained
spectrum of guanine (Fig. 2) in general features is similar to
the spectra, presented in Refs. 18–21. The difference concerns
the intensity distribution and the number of lines. The possi-
ble reasons for such distinctions have been mentioned above.

The most intense line corresponds to the guanine molec-
ular ion. Like in the case of adenine, fragmentation of
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molecular ion requires simultaneous cleavage of two chem-
ical bonds. As follows from Table VI, we can consider such
couples of bonds: 1. C6–C5, C6–N1; 2. C6–C5, N3–C2; 3.
C6–C5, C2–N1; 4. N3–C2, C6–N1; 5. C2–N1, N3–C2; and
6. N7–C8, N9–C4. Probabilities of these bonds cleavages can
be considered as being independent ones and the new-born
fragments can be the sources of further dissociation. Thus the
following fragmentation schemes should be analyzed.

Route 1 (cleavage of the bonds C6–C5, N1–C6). Molec-
ular ion C5H5N5O+ loses the neutral fragment C4H5N5 and
produces the charged species CO+ (m/z = 28). The line 28 is
the third line in terms of intensity (Fig. 2). An additional con-
tribution to this line intensity provides the charged fragment
CH2N+ produced by the routes 6 and 5, though the late con-
tribution cannot be significant, because of the C2–N1 bond
stabilization upon the primary ionization process (the root 6
is more preferable, Table VI). In turn, the fragment CH2N+

loses the hydrogen atom and transforms into CHN+ ion (m/z
= 27), which is also present in Fig. 2. One should say that the
line 28 is absent in the mass spectra presented in Refs. 19–21,
but it is well seen in the spectrum of Ref. 18, though Rice
et al.18, 27 suppose that decarbonylation is not a significant de-
composition reaction for the guanine ion. The presence of the
CHN+ ion can be considered on the backgrounds presented
in Refs. 29 and 30.

It is important that identification of the line 28 with the
CO+ fragment is confirmed by indirect experimental corrob-
oration. Thus, in Ref. 9, a photoemissive uracil spectrum ini-
tiated by electron impact has been detected and analyzed.
The uracil molecule similar to guanine possesses a carbonyl
group. It was shown9 that several intense lines in the uracil
luminescence spectrum are well identified with molecular
rovibronic bands of the CO+ ion (a progression of the first
negative system B2�+ → X2�+) and of the CO molecule.
Calculations indicate that the root 1 is accompanied by weak-
ening of both C6–C5 and N1–C6 chemical bonds upon ion-
ization and also by concentration of positive charge on the
C=O fragment in the ion. These results are obtained in both
DFT and AM1 methods (Table VI); they agree also with the
B3LYP/6-31+G** results.31

Route 3 (cleavage of the bonds C6–C5, N1–C2). Molec-
ular ion C5H5N5O+ loses the neutral fragment C4H4N4 and
produces the charged species CHNO+ (m/z = 43) with the
most intense line behind the main molecular ion (Fig. 2). This
route cannot be very efficient since the bond N1–C2 is short-
ening (enhanced) upon ionization (Table VI). Moreover, de-
tailed calculation of the step-wise elimination of the CHNO+

ion predicts this process to be impossible in contrast to the
neutral HN=C=O species production (see Fig. S2 of the sup-
plementary material).45

At the same time the route 4 (N3–C2, C6–N1) leads to the
same m/z = 43 signal with the loss of the CN2H3

+ ion. Rice
et al.18, 27 consider just that ion; attachment of the H atom
by this ion in the beams crossing region can explain the as-
signment of the m/z = 44 line to the cyanamide (CN2H4

+)
cation. The route 4 is quite probable since it includes the
large lengthening of the N3–C2 chemical bond upon ion-
ization with a simultaneous relaxation of the second link
(Table VI).

Analysis of mass spectrum requires one more additional
route 7 (cleavage of the bonds C4–N3, N1–C2) when the
molecular ion C5H5N5O+ loses the neutral fragment CH2N2

and produces the charged species C4H3N3O+ (m/z = 109).
This route 7 is rather difficult; it requires cleavage of two
bonds, which are getting stronger upon ionization. Geome-
try of the nascent ion C4H3N3O+ is not changed much during
fragmentation (see Fig. S3 of the supplementary material)45,
but the process requires additional energy of 156 kcal mol−1

according to our calculation.
Electronic-vibrational excitation of the ion upon colli-

sion and vibronic relaxation depend on equilibrium posi-
tion displacements for anharmonic oscillators. Those chem-
ical bonds, which experience elongation upon ionization can
accept and concentrate more collisional energy because of the
higher Franck-Condone factors (like in the usual vibronic pro-
gressions in absorption spectra). The plane wave of colliding
electron interacts with molecular (ionic) wave function in a
similar manner like a mass-less photon of electromagnetic
wave interacts with electronic shell in terms of vibronic ex-
citation. Thus, we assume that the largest elongation of two
chemical bonds upon ionization would concentrate more en-
ergy and corresponding fragmentation should dominate in the
mass spectrum. The above example with the 109 mass rep-
resents some exclusion from this simple semi-empirical rule
and requires additional comments.

All possible orientations of rotating molecule with re-
spect to the electron beam direction are realized before colli-
sion. In our analysis of possible fragmentation routes we use a
simple quasi-classical assumption that colliding electron does
not change (most probably) its trajectory during the primary
collision and cuts the polyatomic molecule along a straight
line. With such primitive idea in mind we consider two-bond
scission routes in the nucleobases. Fortunately, this intuitive
approach helps us to rationalize the observed mass spectra
with account of predicted structural changes upon ionization.
The route 7 satisfies the linear trajectory idea, but contradicts
the vibronic relaxation and bond strengths redistribution con-
cept.

The ion C4H3N3O+ (m/z = 109) (see Fig. S3 of the sup-
plementary material)45 is relatively stable with respect to fur-
ther dissociation. All vibrational frequencies are real and the
lowest one is equal to 49.5 cm−1; this indicates a hard skele-
ton of the C4H3N3O+ ion (see Fig. S3 of the supplementary
material).45 It is separated from further fragmentation by large
activation barriers. For example, the C5–C6 bond cleavage
has activation energy of 51 kcal mol−1. The single-occupied
MO in this radical-cation (see Fig. S3 of the supplementary
material)45 represents the sp2 orbital at the N1 atom with
small contribution from the O11 lone pair. Thus, this radical
is more similar to a physically stable molecule with a typical
five-member ring.

The loss of ammonia (151–17 = 134) and amino group
(135) from the primary ion (151) provides the moderate sig-
nals in guanine mass spectrum (Fig. 2). The loss of NH3 fre-
quently happens for the dissociation of guanine related ions.31

The process has started with the pyrimidine ring opening by
the cleavage of the C6–N1 bond with simultaneous multiple
hydrogen transfer. Then the N1 and N10 atoms have some
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chance to chip off (N1 accounts just for 3%–4% of N10 for
the loss of ammonia). It was mentioned31 that the loss of NH3

from guanine cation is very similar to that from protonated
guanine. According to our calculations the guanine radical-
cation and protonated guanine at the N10 atom have very
similar heat of formation (192 and 188 kcal mol−1, respec-
tively) and the form of the HOMO π–orbital. The only dif-
ference concerns the fact that the pπ AO on N10 is fully ion-
ized (+0.92) in the protonated ion and is only partly ionized
(+0.32) in the guanine radical-cation.

Cheng et al.31 have studied the gas-phase guanine cation
generated by electrospray ionization (ESI) and its dissocia-
tion induced by collisions. The five dissociation mechanisms
have been calculated31 for the ESI-induced guanine cation
including elimination of NH3, HCN, H2NCN, HNCO, and
N=C=NH and few possible isomerizations.

According to DFT calculation,31 the loss of ammonia in-
cludes multiple hydrogen transfers with subsequent opening
of the pyrimidine ring through the N1–C6 bond rupture. The
corresponding transition state (TS) has the activation energy
of 95.3 kcal mol−1, which is higher than that for other frag-
mentation processes. This explains the relatively weak line
m/z = 134 in the spectrum (Fig. 2) in spite of the rather sim-
ple mode of the pyrimidine ring cleavage and the fact that the
rupture of the N1–C6 bond is slightly facilitated by ionization
(Table VI). The amino group loss provides a low intensity line
(m/z = 135) because the C2–N10 bond is getting shorter upon
ionization (Table VI); thus, the energy concentration on this
oscillator is less probable and the cleavage is hindered.

The loss of the HCN molecule (27 amu) could lead to
the ion (151–27 = 124). Such mass is absent in the spectrum
(Fig. 2). Potential energy surface for such fragmentation of
the primary ion includes TS with very high activation energy
(115 kcal mol−1)31 and the large entropy change, which ex-
plains the absence of the signal in our mass spectrum.

An attempt to explain the appearance of the CHNO+ ion
(m/z = 43) (scrutinize the route 3) through the cascade of H
atoms transfer and the rupture of the N1–C2 bond with a sub-
sequent cleavage of the C5–C6 chemical bond (in accordance
with the model of Ref. 31) has failed. The TS and the prod-
uct of such route are shown in Fig. S2 of the supplementary
material.45 Instead of the ion, we get a neutral species HN=C
= O with a quasi-linear NCO chain. According to our calcu-
lation, ionization potential of this stable molecule is equal to
10.2 eV, while the residual fragment (the rest C4H4N4 species,
see Fig. S2(b) of the supplementary material45) has much
lower ionization energy (7.3 eV); thus we cannot explain the
(m/z = 43) line in the mass spectrum by occurrence of the ion
CHNO+ along the route 3. In the transition state (see
Fig. S2(a) of the supplementary material45) almost the whole
charge and spin density are concentrated on the C4H4N4

+ ion
(m/z = 108). An ion of the same mass is observed in mass
spectra of both purine nucleobases, but in the adenine spec-
trum the line 108 has much higher intensity (Fig. 1). A com-
plicated multi-step route of this fragmentation in the guanine
ion explains this difference. We have to remind that the struc-
ture of the C4H4N4

+ ion from adenine (Fig. 7) and guanine
precursors (see Fig. S2 of the supplementary material45) are
completely different.

For occurrence of the ions with the m/z = 54, 53 signals
we need to assume a stepwise process of the C5–C6 bond
cleavage which becomes weak upon ionization (Table VI)
with subsequent rupture of the C5–C4 and C4–N9 bonds (all
bonds are stretched during ionization). This leads to the neu-
tral C3H3N3O species and the charge fragment C2H2N2

+ (m/z
= 54); the loss of hydrogen from the late ion generates a new
signal m/z = 53. Our DFT calculations support such scheme
according to spin distribution and total energy analysis for the
neutral and ionized fragments. The ion C2H2N2

+ (m/z = 54)
is shown in Fig. S4 of the supplementary material;45 its charge
is almost equally distributed among all atoms (excepting N7
which bears small negative charge −0.2). The structure of the
ion C=N–CH–NH includes the NCN angle equal to 119.8o

with a typical sp2 hybridization at the C8 atom, while the ter-
minal CNC and CNH groups are close to be linear; the whole
spin of this σ -radical cation is concentrated at the N9 atom.
The neutral C2H2N2 species have a bent CNH group with the
angle 117.9o; thus, the N9 atom changes the sp2 hybridization
to sp hybridization upon transition from the neutral molecule
to the ion. This structural change provides additional stabi-
lization of the C2H2N2

+ ion, which is well seen in the guanine
mass spectrum (Fig. 2).

The above schemes of fragmentation are rather different
from those presented in Refs. 18, 19, and 31. Our schemes are
based on numerous DFT calculations of various tentative in-
termediates and fragments; they seem to be the most probable,
but we cannot exclude alternative explanations of mass spec-
tra of the adenine and guanine molecules induced by electron
impact.

B. Negative ions

The negative ionization cross-sections of the adenine and
guanine molecules are presented in Figs. 9 and 10. The intrin-
sic interaction of low-energy electrons with gas phase ade-
nine and guanine have been studied extensively during last
decade.31–37 Huber et al.11 have shown that fragmentation of

FIG. 9. The absolute cross section values for the formation of adenine nega-
tive ions.
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FIG. 10. The absolute cross section values for the formation of guanine neg-
ative ions.

adenine is restricted to a few negatively charged species. In
contrast to that, guanine decomposes into a variety of nega-
tively charged fragments via a number of complex unimolec-
ular reactions upon collisions with electrons in the entire en-
ergy range of 0–10 eV.34, 35 The thermodynamic threshold
�H0 for a simple bond dissociation process in a molecule
MX initiated by an electron impact, e− + MX → M + X−,
can be expressed as: �H0(X−) = D(M−X)−EA(X), where
�H0(X−) is the threshold energy for the observation of the
X− species, D(M–X) is the bond dissociation energy and
EA(X) is the electron affinity of the corresponding radical.

1. Adenine

Our crossed beam experiment show that in contrast to
positive ions, the formation of negative adenine ions occurs
in a very narrow energy region of the bombarding electrons
(Fig. 9), which indicates the resonance character of the pro-
cess. The maximum value of the negative ionization cross-
section of the adenine molecule is achieved at 1.1 eV of the
electron beam energy and is equal to (6.0 ± 1.2) × 10−18

cm2 (Fig. 9). This cross-section is the total one and includes
formation of negative ions of the former molecule and of its
fragments.

By an electron capture, the adenine molecule becomes a
negative ion in an excited state. This anion is unstable and
strives for avoiding of the extra energy. According to the en-
ergy conservation law, this is possible through dissociation of
the molecular ion. One of the fragments would be a negative
ion, the other—atomic hydrogen. The DFT calculated bond
lengths in the negative molecular ion indicate a possible place
of the bond rupture. We also have calculated by DFT method
the energy diagram for the adenine molecule, its anion-radical
and the possible routs of the anion dissociation (Fig. 10).

One can see from Fig. 11 that an electron attachment to
the adenine molecule requires the energy increase of 25.6 kcal
mol−1 (this corresponds to a negative electron affinity (EA)
equal to −1.11 eV being close to other experimental data
−1.0 eV).32, 33 It is interesting to note that EA calculated by

FIG. 11. The energetic diagram for electron attachment to the adenine
molecule with the subsequent C–H/N–H homolysis of the adenine anion-
radical.

Koopmans theorem38, 39 (EA = −εLUMO) in the framework of
PM3 method is positive (0.45 eV) as well as the adiabatic EA
value. Thus, the semi-empirical PM3 method is not reliable
for this anion. The Koopmans theorem in DFT approach also
predicts a positive EA value (0.3 eV) which contradicts to the
direct adiabatic calculation with a complete geometry opti-
mization of the neutral and anionic forms of adenine. (It is
well known that DFT method does not provide reliable MO
energies;38 therefore the Koopmans theorem is not reliable
for the EA measurements of adenine and guanine molecules,
Tables III and IV).

We suppose that the weak cross-section features below
1 eV in Fig. 9 correspond to thermally activated adenine
molecules in the beam. The thermally excited N-H vibrations
in the imidazole ring (3340 cm−1) just satisfy to the small left
shift from the main peak of about 0.4 eV in Fig. 9. Stretch-
ings of the C–N bonds (C2–N3 and C8–N7) are also very im-
portant during electron attachment, since their force fields are
strongly relaxed upon anion formation (see Table V). Their
thermal excitation also leads to additional cross-section of the
negative ionization. These vibrations are the most important
for the anion formation cross-section since they afford to fa-
cilitate an electron attachment by the corresponding nuclear
displacements through the Franck-Condone factor increase
and stabilization of the anion.

The anion-radical produced by the resonant electron
attachment in the ground state is quite stable because of
significant delocalization of the non-paired π–electron (see
Fig. S5(a) of the supplementary material);45 that is why the
spin density in the anion-radical is delocalized and it is im-
possible to specify some particular radical center. By these
reasons, all possible dissociations of the ion are endothermic
processes. As follows from our DFT calculations (Fig. 11)
the most probable result of an electron attachment upon low-
energy beam impact could be a generation of the closed-shell
singlet ground state anion produced by separation of hydro-
gen atom from the N9 nitrogen of imidazole ring. The first
shoulder at 1.5 eV in Fig. 9 indicating a small increase of
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FIG. 12. The energetic diagram for the electron attachment to the guanine molecule with the subsequent C–H/N–H homolysis of the guanine anion-radical.

the negative ionization cross-section of the adenine molecule,
probably, is connected with the N9–H bond rupture. A strong
peak at 2.2 eV in Fig. 9, one can connect with the amino-
group N–H bond cleavage. In a similar manner, the weak fea-
tures at 3.8 and 4.7 eV in the cross-section energy dependence
(Fig. 9) could be assigned to the corresponding C–H bonds
dissociations, which need more energy (Fig. 10). The agree-
ment with calculated energy will be higher if the zero-point
vibrational correction would be taken into account. Thus, the
dissociative electron attachment (DEA) to gas phase adenine
molecule in the beam can be qualitatively interpreted on the
ground of our DFT calculations.

In the study of Abdoul-Carime et al.,36 the negative
ions formed via electron-molecule collisions were extracted
from the reaction volume by a small electric field towards
a quadrupole mass analyzer, and are detected by single
pulse counting techniques; thus, a particular anion yield was
recorded. In the range below 5 eV, only yield of the (A–H)−

type anions (134 amu) was obtained. Two peaks at the ion-
yield spectrum for these anions with the mass 134 amu in
Ref. 36 correspond to the features at 1.18 and 2.17 eV in our
Fig. 9. Ion efficiency curve for dehydrogenation of adenine
anion via DEA, obtained by Huber et al.11 also coincides well
with our data (Fig. 9). Thus, our DFT interpretation (Fig. 11)
of the DEA cross-section in Fig. 9 agrees well with results of
Refs. 11 and 36. Other processes, besides dehydrogenation,
occur around 6–7 eV,36 which are not relevant to our study.

2. Guanine

The dissociative electron attachment to guanine is less
clear. In a striking contrast to other nucleobases, guanine be-
haves very different upon low-energy electron collisions.31–37

This means that dehydrogenation is comparatively weak in
guanine anion, while various further decomposition reac-
tions are observed from the low energy π* precursor ions.
The anion-radical produced by the resonant electron attach-

ment is also characterized by significant delocalization of the
non-paired π–electron, see Fig. S5(b) of the supplementary
material.45 These reactions lead to the fragment ions of the
form (G–O/NH2)−, O−/NH2

−, (G–HOCN)−, OCN−, CN−

indicative of single bond cleavages, but also more complex
unimolecular decompositions associated with the excision
of cyano units from the cyclic structure.36 The DEA cross-
section for guanine dehydrogenation at the peak maximum in
the measurements of Abdoul-Carime et al.36 results to be 5 ×
10−18 cm2, which is in a good agreement with our data (7.8
× 10−18 cm2).

Xie and Cao35 presented potential energy surface profiles
along various N–H and C–H bond dissociations in the an-
ionic guanine obtained by DFT calculations. Our calculations
(Fig. 12) are in general agreement with the results of Xie and
Cao.35 First, one can stress that dehydrogenation of guanine
anion needs much higher energy than that of adenine anion
(Fig. 10). Furthermore, the scissions of various N–H and C–
H bonds are almost equally endothermic. This is in agreement
with the diffuse second peak in ionization cross-section for
guanine in comparison with that of adenine.

Burrows et al.33, 34 outlined a common range of attach-
ment energies into the lowest orbitals observed in all nucle-
obases. Evidence for nuclear motion during the lifetimes of
the anions is found in all the compounds except adenine.33

This demonstrates that electron injection into the lowest un-
occupied π* orbitals of guanine produces strongly excited vi-
brational modes.30 Calculations show that LUMO in guanine
is antibonding with respect to C=O, N1–C2, C2–N3, C4–C5,
C4–N9, and N7–C8 chemical bonds (see Fig. S5(b) of the
supplementary material);45 this means that electron attach-
ment produces a great change in the force field of the species
with respect to the neutral molecule.

Wiley et al.37 have presented measurements of re-
versible reduction potentials of the nucleo-bases in solution,
from which they have extracted gas-phase adiabatic elec-
tron affinities (EA) through calibration by comparison with
other molecules for which both quantities are known. Their
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FIG. 13. Possible routs of oxygen elimination from the neutral guanine molecule (b, c) and from the guanine anion (d, e).

electron affinities for adenine and guanine are equal to +0.95
and +1.51 eV, respectively. These values are in a good agree-
ment with our results of adiabatic DFT calculations (−1.11
and −1.46 eV, respectively). The only difference concerns the
sign of electron affinity definition. We want to stress that an
electron attachment to this molecules is an endothermic pro-
cess (Figs. 11 and 12), thus EA is negative. In terms of Kop-
mans theorem, EA = −εLUMO, thus the exothermic attach-
ment corresponds to a positive EA value. Aflatooni et al.33

have mentioned that the energies required to add an elec-
tron to the four DNA bases under the conditions of electron
scattering are positive. Their explanation is based on the idea
that the anion states at the equilibrium geometry of the neu-
tral molecule are temporary, that is, unstable against electron
auto-detachment, and make the anion appearance as “reso-
nance” peaks in electron scattering cross-sections.33 Stated
more properly, the vertical attachment energies are all >0,
or in a more familiar language, the vertical EA < 0.33 Our
DFT calculations indicate that adiabatic EA are also nega-
tive for adenine (Fig. 11) and guanine (Fig. 12), being in
agreement with our interpretation of the cross-section curves
(Figs. 9 and 10).

A comparative study of the low-energy electrons inter-
action with adenine and guanine should be interesting from
a structural point of view. Our results are in agreement with
the recent experimental observations showing that the purine
nucleobases, adenine, and guanine can be decomposed by
electrons of very low energy.31–35 The decomposition of ade-
nine (A) produces main fragments (A-H)−(134 amu) and (A-
HCN)−(108 amu), CN−(26 amu) (both at high electron en-
ergy) where the dehydrogenation processes (A-H) represents
about 95% of the total yield.36 In contrast, the fragmenta-
tion of guanine upon dissociative electron attachment pro-
vides much more various anionic fragments and the dehydro-
genation channel is a minor one; it stands for about 5% of the
total fragment yield.33 The decomposition of guanine by low-
energy electrons generates more different anionic fragments
attributed to (G–H)− (150 amu), (G–NH2)− (135 amu), (G–
OCNH)− (108 amu), OCN− (42 amu), CN− (26 amu), and
(O and/or NH2)− (16 amu). All of them occur below 5 eV.36

We decided to analyze an occurrence of the late ions with the
16 amu mass, since they produce a small peak at about 2 eV in

the ion-yield spectrum measured by Abdoul-Carime et al.36 A
detailed interpretation of such low-energy electron collisions
with the oxygen elimination from guanine molecules will help
us to assign a wide feature around 2 eV in Fig. 10. We have
calculated with the DFT geometry optimization few different
products of the oxygen elimination from the neutral guanine
molecule and from its anion (Fig. 13).

The double C=O bond is rather strong and its homolytic
cleavage from the neutral guanine molecule requires high
energy (187 kcal mol−1). This cleavage leads to two triplet
species (the total spin is zero and the process is spin al-
lowed): the triplet oxygen atom O(3P) and the triplet car-
bene molecule (Fig. 13(b)). The heterolytic cleavage needs
much higher energy (270 kcal mol−1, Fig. 13(c)). In contrast,
the corresponding processes in the guanine anion are much
easier. Thus, dissociation to the triplet oxygen atom O(3P)
and anion C5H4N5

− (135 amu) requires only 139 kcal mol−1

(Fig. 13(e)), which is 48 kcal mol−1 easier than for neutral
molecules. This is in a qualitative agreement with observation
of the anion of 134 amu mass.36 The large values of dissoci-
ation energy do not correlate with the ion-yield cross-section
peaks. Probably, the ions arise from formation of a dipole-
bound anion in a vibrationally excited state, which couples to
the σ C=O* state. The dipole bound anion is arranged by the
binding of the excess electron “sitting” on a diffuse orbital
outside the molecular frame by the dipole moment of the po-
larized neutral molecule frame.40 In such case the Feshbach
resonance associated with dissociative vibration can be re-
sponsible for ion fragmentation and the bond rupture requires
lower energy.

Since the NH2 group and oxygen atom anions are in-
distinguishable by mass, the 16 amu peaks in the ion-yield
spectra36 can correspond to both species. Thus, the other op-
portunity can be connected with the NH2 dissociation. Some
low-energy features in the yield function36 can be assigned to
formation of the excited dipole-bound anions.37 The dipole
bound Feshbach resonance associated to the ν level of the
N10–C2 stretching vibration coupled to the σ N-H* state40 can
lead to the first peak in the guanine ion-yield spectrum.33

The dipole bound nucleobase anions have been predicted41, 42

and observed in supersonic jet expansion experiments.43 We
calculated the dipole moment of guanine to be as much as
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TABLE VII. Calculated energies of the starting reactants and products for
the NH2 elimination from guanine.

Fragment Total energy, hartree

Guanine 1G − 542.3698309
Guanine anion 2G− − 542.3161845
1(G–NH2)+ − 486.0777217
2(G–NH2) − 486.3344614
1(G–NH2)− − 486.3963136
2(NH2) − 55.8529171
1(NH2)− − 55.8231872

7.2 D, while for adenine it is predicted to be equal to 2.48 D
(in a good agreement with the data of Refs. 36 and 41). This is
higher than the critical dipole moment of a molecule to form
dipole-bound anion excited state.36 But there are no obvious
reasons to explain why dehydrogenation of adenine proceeds
through creation of a dipole-bound state, and why this is not
the case for guanine. Probably, dehydrogenation occurs via a
simple core excited resonance.

From Table VII and the calculated reaction heat for the
hemolytic (1), (2) and heterolytic NH2 elimination (3), (4)
from guanine molecule (1), (3) and from its anion (2), (4),
one can see that production of the (G–NH2)− mass (135 amu)
is the most probable process. It is easier than the homolytic
NH2 elimination from the neutral guanine molecule by
72.5 kcal/mol. This is connected with a prolongation of the
C2-N10 chemical bond by 0.059 Å upon electron attachment
(the largest bond change upon anion generation). Homolysis
of the guanine anion requires only 42 kcal mol−1 or 1.82 eV.
This process can be efficient with simple core excitation and
indicate quite strong scattering in our mass spectrum in Fig.
10. It corresponds to a very intense peak (135 amu mass) of
the negative ion:33

Homolysis of neutral guanine
1G → 2 (G − NH2) + 2 (NH2) + 114.5 kcal mol−1, (2)

Homolysis of guanine anion
2G− → 1 (G − NH2)− + 2 (NH2) + 42 kcal mol−1, (3)

Heterolysis of neutral guanine
1G → 1 (G − NH2)+ + 1 (NH2)− + 295 kcal mol−1, (4)

Heterolysis of guanine anion
2G− → 2 (G − NH2) + 1 (NH2)− + 99 kcal mol−1. (5)

In fact, the electron affinity of the 2(G–NH2) radical
(εβ

LUMO =3.56 eV) almost coincides with the value of the G-
NH2 dissociation energy (D = 3.9 eV36). Thus, this explains
a strong drive of such a reaction which occurs almost at the
appearance energy close to 0 eV.

The heterolytic cleavage with the (NH2)− production
(16 amu) is a much higher endothermic process (4). This is in
agreement with a high-energy peak in the ion yield spectrum
for such anion mass.36 Comparison with the possible routs of
oxygen elimination from the guanine anion (Fig. 13) clearly
indicates that the mass (16 amu) can be assigned predomi-
nantly to amino anion.

The comparative study of low-energy electrons scat-
tering data by adenine and guanine suggests that the lat-
ter is less sensitive to electron attacks. A detailed un-
derstanding of such low-energy electron collisions, their
cross-sections and induced fragmentation features of the
purines molecules (adenine and guanine) requires comparison
of our measurements and theoretical data with results of pre-
vious investigations.11, 31–37 By comparison of Table VII and
Fig. 13, one can conclude that the 135 amu negative frag-
ment mass produced from guanine in the measurements of
Ref. 36 can be attributed to reaction (2). In general either (G–
O)− or (G–NH2)− anions can be responsible for this mass.
The formation of the former species would require much
higher energy due to the double bond nature of the polarized
C=O chemical feature. The DFT calculations (Table VII and
Fig. 13) support the conclusion36 that (G–NH2)− is rather
formed than (G–O)− in low-energy electron scattering by
guanine molecule. Our cross-section (Fig. 10) can also be
consistently interpreted on these backgrounds.

IV. CONCLUSIONS

Knowledge of the interaction between low-energy elec-
trons and individual components of DNA can be useful
for global analysis of the mechanisms of DNA radiation
damage.8 In this work, the crossed electron-molecular beams
experiments have been presented and interpreted by the ex-
tensive DFT calculations in order to unravel the fragmentation
mechanisms in the adenine and guanine cations and anions in-
duced by electron impacts. Comparative ionization and frag-
mentation processes in these species are in general agreement
with our DFT results.

The ionization cross-section by the 90 eV electron beam
reaches about (3.2 ± 0.15) × 10−15 cm2 for guanine and is
10% higher than that for adenine. According to these cross-
sections, the measured ionization threshold (8.3 eV) for the
former molecule is lower by 0.5 eV in comparison with the
adenine molecule. This difference between guanine and ade-
nine ionization potentials (IP) can be well reproduced by all
quantum chemical methods used in the present study (0.48 eV
in DFT method). For all studied nucleobases,6–10 we see a nat-
ural trend: the lower IP—the higher ionization cross-section
maximum.

From comparison of the present results with previous
measurements,6–10, 32–36 one can conclude that among all iso-
lated nucleobases, uracile (U), thimine (T), adenine (A),
guanine (G), and cytosine (C), the dissociative electron-
attachment to guanine is the most specific one; it exhibits
the wide shoulders on the negative ionization cross-section
(Fig. 10) on the left and right sides from the main peak. Our
DFT calculations and comparison with results of the anion
yield mass spectra32–36 provide some background for such
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peculiarity of the G case. The other nucleobases (U, T, A, and
C) also produce transient anions at low energy of bombard-
ing electrons, while these anions eliminate mostly a neutral H
atom (almost exclusively from the nitrogen positions32–36 as
it follows from our DFT calculation). For nucleobases cou-
pled in the DNA network, this means that in the case of U, T,
A, and C the base can act as an acceptor of low-energy elec-
trons and this energy can be eventually transferred (via the N–
H bond) to the DNA backbone inducing the strand breaks44

(via hydrogen bonds cleavage). The variety of radicals pro-
duced at sub-excitation energy can induce complex chemistry
also leading to strand breaks, initiating an avalanche effect.
This can lead to genetic damages by intermediate radical at-
tack on other sensitive DNA targets as phosphate residues,
saccharides,44 and peptide components in the biosynthesis
processes.
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