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We report on a joint theoretical and experimental investigation on the electron-

induced fragmentation of 2-chloroadenine, for electrons up to 12 eV. Elastic scattering

calculations indicate an anion spectra comprising a σ∗CCl and four π∗ shape resonances,

where the latter are systematically stabilised when compared to the analogue states of

adenine. The measured ion yields indicate strong signals associated with elimination

of neutral hydrogen (peaking at 0.8 eV and with milder structures up to 2 eV),

chloride ion and hydrochloric acid (both observed around 0.2 and 0.9 eV). Bound

state calculations indicate the main feature for hydrogen abstraction arises from a

vibrational Feshbach resonance on a dipole-bound state coupled to a σ∗NH state, while

the π∗2 and π∗3 resonances initiate this fragmentation process in the 1−2 eV region.

On the other hand, the C−Cl bond cleavage would mainly arise from the formation

of the π∗1 and π∗2 resonances, which couple to the dissociative σ∗CCl state. Our results

show that 2-chloroadenine efficiently dissociates into reactive species upon electron

attachment, corroborating its potential as a radiosensitising drug.

PACS numbers: 34.80.Bm, 34.80.Gs
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I. INTRODUCTION

Radiosensitisers are molecules with the ability to enhance the biological damage when

exposed to ionising radiation. In the biological medium, the incident radiation gives rise

to secondary species, the most abundant being pre-hydrated electrons that thermalise in

a picosecond time scale. The secondary species actually account for most of the damage

to the biomolecules, and may cause DNA strand breaks leading to genotoxic and carcino-

genic effects.1 However, these electron-induced fragmentation processes, often referred to

as dissociative electron attachment (DEA)2, can become beneficial in case they induce the

dissociation of radiosensitising drugs. These chemicals are designed to either replace a nat-

ural nucleoside (metabolite) or bind to its structure. Dissociation, apart from bond rupture

leading to the formation of fragment anions, can also produce reactive radicals that subse-

quently attack the DNA strands (free radical damage3). A slow electron can be captured

into an empty molecular orbital, thus forming a transient negative ion (shape resonance).

This anion state quickly releases the electron energy into vibrational degrees of freedom,

possibly leading to bond breaking and/or significant vibrational excitation. The competi-

tion between vibrational relaxation and electron detachment governs the DEA cross sections,

which ultimately could correlate to the radiosensitivity of the molecule.

It is therefore of vital importance to comprehend the interaction of electrons with

biomolecules and how the subsequent DEA processes take place. While many studies have

addressed pyrimidine nucleobase derivatives, purine derivatives have only received more

attention in recent years. Theoretical studies on brominated purines support the prompt

stabilisation through bromide elimination.4–7 For 8-bromoadenine5 and 8-bromoguanine6

nucleotides, the radical nucleobases would trigger reactions leading to the phosphodiester

cleavage, and hence to DNA strand breaks. Experiments on electron collisions with films

of nucleotide trimers8 have confirmed the ability of bromopurines to produce biological

damage, and it has been suggested that it could be even larger compared to pyrimidine

analogues.7,8

In spite of the growing interest on new radiosensitising molecules and the recent findings

on halogenated purines, the available information on electron interactions with this class

of molecules, in particular the mechanisms underlying its bioactivity, is sketchy at present.

Aiming at partially filling this gap, we report theoretical and experimental results on the
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fragmentation of gas-phase 2-chloroadenine. On the theory side, we investigate the tran-

sient anion states that could trigger DEA processes, while the experimental data points out

the ion yields. The comparison between theory and experiment can therefore indicate the

mechanisms connecting electron attachment with the dissociation products (to our knowl-

edge there are no reported studies on low-energy electron collisions for this molecule). We

also report calculations for adenine for comparison with 2-chloroadenine and with previ-

ous calculations9–11 (systematically overestimated with respect to the observed resonance

energies12).

II. COMPUTATIONAL PROCEDURES

The fixed-nuclei scattering calculations were performed at the equilibrium geometry of

the target ground state as obtained from Density Function Theory (DFT) with the hy-

brid B3LYP functional and the 6-311++G(2d,1p) basis set. The target ground state was

described at the restricted Hartree-Fock (HF) level, with Cartesian Gaussian functions gen-

erated according to Bettega et al.13 We employed a 5s5p2d basis set for carbon, nitrogen

and chlorine (with the same exponents given in Ref.14), and the 3s basis set of Dunning,

Jr.15 for hydrogen. In both bound state and scattering calculations norm-conserving pseu-

dopotentials of Bachelet, Hamann and Schlüter (BHS)16 were used to represent the nuclei

and core electrons of all atoms except for hydrogen. For geometry optimisations and target

ground state descriptions we employed the Gamess package.17

The elastic cross sections were computed with the Schwinger multichannel method

(SMC)18 implemented with pseudopotentials (SMCPP)19 and parallel processing20 (see

Ref.21 for a review). Here we limit the discussion to the relevant aspects concerning the

present application. The scattering wavefunction is expanded in a set of configuration

state functions (CSFs) {|χm〉}, given by products of target states and single-particle func-

tions (scattering orbitals). The calculations were performed in the static-exchange (SE)

approximation, wherein the target electronic cloud is kept frozen in the ground state, and

the static-exchange plus polarisation (SEP) approximation, which takes into account the

dynamical response of the target due to the incoming electron. In the former level of approx-

imation, the CSFs were generated as |χj〉 = A[|Φ0〉⊗|ϕj〉], while in the latter the CSF space

is augmented with configurations built as |χij〉 = A[|Φi〉 ⊗ |ϕj〉], where |Φ0〉 is the target
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ground state, |Φi〉 is a singly-excited virtual target state, |ϕj〉 is the scattering orbital and

A is the antisymmetriser. The set of |Φi〉 target functions were described as single virtual

excitations from hole to particle orbitals. Instead of the canonical HF virtual orbitals, we

employed modified virtual orbitals (MVOs)22 to represent particle and scattering orbitals,

as generated in the field of the cation with charge +6.

Although 2-chloroadenine is not strictly planar due to the pyramidisation of the C–NH2

group, the deviation from planarity is very minor, as in adenine23. For both 2-chloroadenine

and adenine, we reoptimised the molecular geometry imposing the Cs symmetry, and per-

formed the scattering calculations with this constraint, as in Refs.10,11. While having only a

minor impact on the resonance positions, this procedure allows for the symmetry decompo-

sition of the calculated cross sections, which reduces the computational effort and facilitates

the assignment of the anion state characters as π∗ or σ∗. For both molecules, the calcu-

lations were performed separately for the A′ and A′′ symmetry components, and the CSF

spaces were built from the energy criterion24 εscat + εpart − εhole < εcut, where εscat, εpart

and εhole are the energies of the scattering, particle and hole orbitals, respectively, and εcut

is an energy threshold. We employed εcut = −1.09 Hartree and allowed for singlet- and

triplet-coupled target excitations (while keeping only the doublets in the scattering wave

function expansion), giving rise to 26 223 CSFs for 2-chloroadenine (13 052 configurations

in the A′ and 13 171 in the A′′ symmetry components) and 25 371 for adenine (12 604 in

the A′ and 12 767 in the A′′ components).

In the present calculations the high partial waves are not corrected to account for the

long-range dipole potential contribution (Born closure). This contribution would essentially

increase the background magnitude and make the signature of the resonance states less

clear25. Since we are interested in calculating the shape resonance spectra, described by the

lower partial waves, we report uncorrected cross sections, with underestimated magnitudes,

to highlight the anion state signatures. The resonances positions and widths were obtained

from least-square fits of the computed eigenphase sums to a functional form comprising the

Breit-Wigner profile and a second-order degree polynomial to describe the background.

The significant dipole moment magnitude of 2-chloroadenine, 4.1 D at the DFT/B3LYP/6-

311++G(2d,1p) level, would be expected to give rise to a dipole bound state (DBS). In

order to describe this state, we performed independent bound state calculations with the

Gaussian09 software.26 We employed the aug-cc-pVDZ basis set augmented with a set of
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6s6p diffuse functions located on the hydrogen bonded to the nitrogen atom in the imida-

zole ring, which lies close to the positive pole of the molecule. The exponents of the extra

set were chosen in an even-tempered fashion,27 through successive divisions by 4, starting

from the most diffuse hydrogen exponent in the aug-cc-pVDZ set. The optimised neutral

ground state and vibrational frequencies were obtained from Møller-Plesset second-order

perturbation theory (MP2), while electronic correlation was incorporated with MP2 and

coupled-cluster with single, double and perturbative triple excitations (CCSD(T)) for both

neutral and anion states. Finally, the dissociation thresholds were computed with the

composite G4(MP2) method, also employing the Gaussian09 software.

III. EXPERIMENTAL PROCEDURE

The experiments are performed in a crossed-beam arrangement consisting of an electron

source, an oven and a quadrupole mass analyzer (QMA). The components are housed in

a UHV chamber at a base pressure of 10−9 mbar. A well-defined electron beam generated

from a trochoidal electron monochromator (≈250 meV FWHM, electron current around 10

nA), orthogonally intersects with an effusive molecular beam of 2-chloroadenine (97% pu-

rity powder, purchased from Sigma Aldrich). The molecular beam emanates from the vessel

heated by two in vaccuo halogen bulbs. In the present work, the material was heated up to

443 K, as measured by a platinum resistance mounted at one of the flanges. Since our ex-

perimental temperature is well below the melting temperature (657−662 K), the evaporated

molecules are likely to remain intact. Negative ions that are generated in the reaction area

due to collision of electrons with intact molecules, are extracted from the interaction area

towards the QMA and detected by single pulse counting techniques. The electron energy

scale is calibrated by using the SF6 gas yielding the well-known SF−6 resonance near zero

eV. However, the measurements are performed without the presence of the calibration gas

in order to avoid unwanted reactions such as dissociative electron transfer.

IV. RESULTS AND DISCUSSION

The elastic integral cross sections (ICSs) of 2-chloroadenine, computed in both SE and

SEP approximations, are shown in Fig. 1. In the A′′ symmetry component, there are four
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prominent peaks in the ICSs curves, which are signatures of π∗ shape resonances. These are

hereafter labelled π∗1, π∗2, π∗3 and π∗4 from the lowest- to the highest-lying. To gain insight

into the character of the anion states, we show in Fig. 2 virtual orbitals obtained with the

6-31G(d) compact basis set. In the lower-level SE calculations, the resonances are located

at 2.61, 3.43, 4.6 and 9.8 eV, while the more accurate SEP calculations place them at 0.29,

0.73, 2.55 and 5.69 eV. The four π∗ anion states would be shape resonances, as they appear

in the SE calculations. However, the thresholds for excitation of triplet and singlet electronic

states of adenine would be around 3.6 eV and 5.0 eV, respectively28, pointing out that the

π∗4 anion state of 2-chloroadenine should lie well into the electronic excitation region. The

position of resonances lying close to the threshold for triplet excitations are usually overesti-

mated in elastic calculations (neglecting electronic excitation channels) by 0.5−1 eV, as these

anion states develop a mixed shape and core-excited character.29,30 The π∗4 resonance of 2-

chloroadenine would be expected to correlate to core-excited states (neglected in the present

work) and its position, as obtained from the present elastic calculations, would be subjected

to significant error. We also performed exploratory configuration interaction calculations

to inspect the character of the π∗3 resonance. These studies support the assignment of the

three lowest-lying π∗ anion states as shape resonances. In the SEP approximation the ICSs

present zigzag patterns above ∼6.5 eV, which arise from (unphysical) pseudoresonances31.

The A′ component of the ICS presents a structure around 6 eV in the SE calculation that

is displaced to 3.3 eV when polarisation effects are accounted for. We assign this peak to

a σ∗CCl shape resonance, arising from electron capture into the anti-bonding orbital located

at the C−Cl bond (see Fig. 2). In view of the significant background contribution, the

eigenphase fit provides a resonance energy (3.00 eV) somewhat displaced from the peak

maximum (3.3 eV). Since the eigenphase model employed in the least-squares fit properly

incorporates the resonant and background components, this procedure is more reliable than

simply inspecting the peak position. We also found broad structures around 11 and 16 eV

in the SE results, which arise from overlapping short-lived σ∗ shape resonances. In the SEP

approximation, we cannot resolve the structures in the A′ symmetry, due to the presence

of pseudoresonances31, and only a broad structure around 8 eV is discernible. Furthermore,

based on virtual orbital analysis (see below) and results for other systems,24,32 there might

be a low-lying σ∗NH shape resonance, associated with occupation of the anti-bonding orbital

at the N−H bond of the imidazole ring (see Fig. 2). However, the expected large width
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combined with the strong background scattering would be expected to obscure its signature

in the ICS.20,33

The computed elastic ICSs of adenine, in both SE and SEP approximations, are presented

in Fig. 3. In agreement with previous reports,9–12 we also found four π∗ shape resonances

around 2.93, 3.77, 4.9 and 10.2 eV, in consistency with the positions obtained by Wistead and

McKoy10 and by Dora et al.11 Inclusion of polarisation effects brings the resonant peaks to

lower energies, namely 0.56, 1.12, 2.72 and 6.02 eV. For the three lower-lying π∗ resonances,

our results agree well with the electron transmission (ET) measurements of Aflatooni et

al.12, 0.54, 1.36 and 2.17 eV. Tab. I summarises the positions and widths of the four π∗

resonances of adenine, and it is noteworthy that we provide an overall good agreement with

experiment. Winstead and McKoy10 showed for guanine, extending the argument to adenine,

that once the planarity constraint is removed, the π∗ resonances are stabilised by about 0.2

eV. That consideration would slightly improve our agreement for the two higher-lying π∗

states, whereas the π∗1 and π∗2 resonances would be placed below the experimental value.

As for the π∗4 state, we expect to be overestimating its energy by 0.5−1 eV, for the same

reason as described for 2-chloroadenine, and thus it would locate around 5.0−5.5 eV. This

resonance could give rise to very complex reactions, given the series of fragments observed

in the DEA spectra in this region.34

The A′ ICS of adenine presents two higher-lying structures in the SE approximation,

around 11 and 15 eV. Only a broad structure centered around 8 eV remains discernible when

polarisation effects are included. Our result is similar to the previous SMC SE calculation,10

as well as the R-matrix SEP calculation.11 Finally, a σ∗NH shape resonance should also exist

in adenine, but its short lifetime makes it hard to be identified, either theoretically or

experimentally.

Now we move on to the comparison between the anion spectra of adenine and its chlori-

nated derivative. In order to help in the interpretation of the results, we present in Fig. 2

the HF virtual orbitals of 2-chloroadenine, as obtained with the 6-31G(d) basis set, with the

geometry optimised at the MP2 level and same basis set, while restricting the molecule to the

Cs point group. The lowest unoccupied molecular orbital (LUMO), LUMO+1, LUMO+2

and LUMO+9 represent the four π∗ orbitals, while LUMO+3 and LUMO+4 correspond to

the σ∗NH and σ∗CCl orbitals, respectively. Except for the σ∗CCl orbital, all the others present

very similar analogues in adenine. According to our scattering calculations, the π∗ anion
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states of 2-chloroadenine lie systematically below the corresponding states of adenine, due

to the stabilising effect of the chlorine atom. Based on the orbitals character, one would

expect this inductive stabilising effect to be more active on the π∗2 and π∗4 states (where the

orbitals lie mostly on the pyrimidine ring, closer to chlorine), to have a minor influence on

the π∗3 state (where the orbital locates at the farther imidazole ring), and an intermediate

effect on the π∗1 state (orbital is spread in both rings). This reasoning is consistent with the

observed behaviour on the π∗ resonances upon chlorination, which are stabilised by 0.27,

0.39, 0.17 and 0.36 eV, as one moves from π∗1 to π∗4.

The virtual orbitals also allow for estimates of vertical attachment energies (VAEs), based

on empirical equations that relate them to the computed virtual orbital energies (VOEs).

For the π∗ states of 2-chloroadenine we employed the relation VAE = 0.64795×VOE−1.4298

(in units of eV),35 which provides 0.61, 1.12, 2.01 and 5.04 eV for their energies, in reasonable

agreement with the scattering results (0.29, 0.73, 2.55 and 5.69 eV). We also employed the

equation VAE = 0.901×VOE−2.550 (in units of eV)36 and estimated the energy of the

σ∗CCl resonance at 2.86 eV, in very good agreement with the scattering result of 3.00 eV.

The parameters for the resonances of 2-chloroadenine are presented in Tab. I. The above

mentioned values were computed by constraining the molecule to the Cs point group. Once

the geometrical structure is fully optimised, the scaled VOEs become slightly stabilised (by

no more than 0.1 eV), and thus we expect the computed resonances energies to behave

similarly. Finally, the singly occupied molecular orbital of the DBS is also shown in Fig. 2,

as obtained from an unrestricted HF calculation and extended basis set (see Sec. II). The

binding energies obtained from the MP2 and CCSD(T) calculations are −11 meV and −31

meV, respectively.

The ion yield curves of the fragment anions observed from electron attachment to 2-

chloroadenine are shown in Fig. 4. It appears that DEA occurs in two energy regions

below 3 eV and between 4.5−7 eV. In comparison to DEA to adenine, the decomposition

pattern is not very rich within the detection limit of the present experimental setup, and the

interaction of low energy electrons with 2-chloroadenine leads to the formation of five anionic

fragments detected at the experimental conditions at m/z 168 (taking into account 35Cl),

133, 117, 35 and 45. The first four fragment anions are tentatively ascribed by stoichiometry

to the (M−H)−, (M−HCl)−, (C5HN4)
− and Cl−, respectively. The structure of the fragment

anion at m/z 45 is not obvious to us. In principle, it could be attributed to N3H
−
3 , however its
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formation would require a very complex reaction, which is rather unlikely. Hence we cannot

exclude that the fragment is generated from a minor decomposition of the compound at the

hot filament leading to the formation of m/z 45.

The predominant negative ion, (M−HCl)−, peaks at 0.2 eV and 1.0 eV and is generated

from the concerted loss of H and Cl radicals, which most likely will recombine to form neutral

stable molecule while the charge remains on the ring. Such reaction has been also observed

in the case of 5-chlorouracil and 6-chlorouracil below 2 eV.37 Surprisingly for 5-bromouracil

it has been reported the loss of Br (and not HBr) leading to (M−Br)− ion.38 This could be

related to the difference of the binding energy of H−X (where X = Cl or Br), which is higher

by 1.7 eV in the case of HCl and hence the formation of the HCl molecule is energetically

more favourable.

The second predominant anion (M−H)− is formed from a loss of the hydrogen atom from

the N9 position as shown from a studies of a series of methylated/deuterated purine bases,39

which is also consistent with our calculations (see Fig. 2). The shape of the resonances

in the ion yield curve is in a good agreement with the previous studies of DEA to adenine

by the Innsbruck34 and the Berlin group40, while the position of the resonances is slightly

shifted towards lower energy, which can be easily attributed to the stabilization effect of the

chlorine atom.

The fragment anion Cl− is generated from a direct single C−Cl bond cleavages. The

chloride ion is generated at low energy range and visible via two overlapping structures

with a peak maximum at 0.2 eV and 0.9 eV. It should be noted here that the peak with a

maximum at 0.9 eV is almost three times higher than the 0.2 eV peak.

The remaining fragment m/z 117 ascribed to the (C5HN4)
− ion, is generated with rela-

tively small intensity. Its formation requires more complex reaction and proceeds via multiple

bond cleavages, i.e., the C−H, C−Cl and C−NH2 bonds. Such a product at m/z 117 has

been previously observed from electron attachment to adenine40 and attributed to the loss

of NH3 + H from the transient negative ion. In the case of DEA to 2-chloroadenine the

reaction will either proceed via the loss of NH3 + Cl or the loss of the neutral HCl molecule

and the NH2 radical. It is generated at three energy domains, namely at 1.9 eV, 5.2 eV

and with some small intensity at around 6.6 eV. The maximum of the peaks is consistent

with those for adenine, but with differences in the relative intensities. While in adenine the

dominant structure was observed at around 5 eV, for the chloro-derivative the first peak is
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the most abundant.

A rough comparison of the anionic yields of various fragments shows that the cross section

of (M−H)−, (M−HCl)− and Cl− is more than one order of magnitude higher than the

cross section of the (C5HN4)
− anion as well as the fragment detected at m/z 45. Since

the latter two fragment anions are produced with only minor intensity further discussion

of the experimental data on the basis of theoretical results will mainly concern the three

predominant anions, namely (M−H)−, (M−HCl)− and Cl−.

In order to induce the C−Cl bond breaking, the extra electron must locate at the anti-

bonding σ∗CCl orbital. Assuming a local dynamics, the vertical width of this anion state

suggests a short-lived anion state (≈ 3 fs) that would not allow for significant vibrational

relaxation, such that the direct occupation of this anion state does not seem to provide

an efficient route for DEA. The longer-lived π∗ anion states could in turn allow for vibra-

tion relaxation (including symmetry-breaking motion) thus coupling to the σ∗CCl state in a

geometry where the latter state could be lower in energy (therefore longer-lived) than in

the ground state equilibrium geometry. The good matching between the two lower-lying π∗

resonances and the observed peaks associated with the C−Cl cleavages suggest these DEA

channels could arise from the π∗/σ∗CCl indirect mechanism.41 The π∗1 resonance (0.29 eV)

could account for the structures around 0.2 eV (Cl− and (M−HCl)−), while the π∗2 reso-

nance (0.73 eV) would give rise to the peaks around 0.9 eV (Cl−) and 1.0 eV (M−HCl)−).

These channels are effective only below ∼2 eV, and there seems to be no contribution from

either the higher-lying π∗ resonances or core-excited resonances. We do not expect the DBS

to play a significant role in the formation of the Cl− and (M−HCl)− anions, as the corre-

sponding diffuse orbital has no overlap with the σ∗CCl orbital. Zero-temperature G4(MP2)

calculations support the threshold for Cl− formation at 0.27 eV, which is compatible with

the observed appearance energy. In the competing DEA channel, the chlorine atom would

capture a hydrogen atom and give rise to the HCl neutral species. We found this reaction

to be endothermic by only 0.18 eV in case the hydrogen comes from the N9 position and

by 0.87 eV if it involves the amino group. Thus, the former reaction should account for

the strongest 0.2 eV peak, while the 1.0 eV structure could in principle originate from both

reactions.

Regarding the hydrogen elimination channel, the similarity between the curves of 2-

chloroadenine and adenine34,40,42 suggests similar mechanisms in both molecules. The
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DBS/σ∗NH coupling mechanism39,42,43 explains the most intense DEA signal of uracil43 and

adenine,42 and may operate here as well. Basically, the incoming electron is imprisoned into

a vibrational Feshbach resonance (VFR) of the DBS, which is coupled to the dissociative

σ∗NH resonance. We can provide estimates for the VFR energies from the calculated DBS

binding energy (−0.031 eV), obtained at the CCSD(T) level, the dissociation threshold of

0.67 eV, and the harmonic frequency for the N−H stretching mode (0.452 eV), assumed to

be the same for the neutral molecule and the DBS. Dissociation from the ν = 1 VFR (0.42

eV) would be energy-forbidden, although energy-allowed from the ν = 2 VFR (0.87 eV).

The latter energy is in good agreement with the observed 0.8 eV peak, thus supporting it

would arise from the VFR. Higher-lying VFRs may also contribute in some extent above

∼1 eV, albeit more weakly. In addition to coupling to the σ∗CCl resonance, the π∗ states may

also couple to the σ∗NH resonance and induce the N−H cleavage, thus accounting for the

observed structures above ∼1 eV. In view of the stabilisation of the π∗2 and π∗3 resonances in

the chlorinated molecule, the corresponding structures in the DEA profile should also move

correspondingly. Indeed, we observe this effect as the peaks appear around 1 and 1.8 eV

(compared to 1.5 and 2.2 eV in adenine34), despite our lower energy resolution. The shoulder

around 1.8 eV is clearly distinguishable, and is assigned to the π∗3 resonance, while the π∗2

resonance should trigger off the hydrogen elimination close to 1 eV. However, contributions

from both the ν = 2 VFRs and the π∗2/σ
∗
NH mechanism should account for the observed

feature around 0.8 eV. The π∗3 resonance could also be responsible for the m/z 117 fragment

observed at 2 eV, while the structure around 5 eV may originate from the π∗4 resonance.

V. SUMMARY

We investigated the anion spectra of 2-chloroadenine and its electron-induced fragmenta-

tion, under the interaction with electrons up to 12 eV. The resonance spectra was obtained

from elastic scattering calculations, performed with the Schwinger multichannel method with

pseudopotentials, and comprises four π∗ and a σ∗CCl shape resonances. We also performed

scattering calculations for adenine, and the calculated anion spectrum shows improved agree-

ment with experiment, in comparison to previous computational studies.

We found the π∗ resonances effectively initiate dissociative electron attachment in 2-

chloroadenine. These states may couple to the σ∗CCl resonance and give rise to elimination
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of chloride ion or hydrochloric acid. Furthermore, they may couple to the σ∗NH state and

induce hydrogen abstraction. Formation of a vibrational Feshbach resonance arising from

the coupling of the dipole bound state to the σ∗NH resonance accounts for the strongest signal

in hydrogen elimination.

Our findings support that 2-chloroadenine decomposes into different reactive radicals

when exposed to low-energy electrons. In particular, the neutral radical created upon cleav-

age of the C−Cl bond could attack the neighbouring nucleobases and/or backbone and

increase the yields of strand breaks, when compared to the non-chlorinated adenine. The

present results thus support 2-chloroadenine as a potential sensitiser to be considered in

future radiolytic studies.
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1B. Boudäıffa, P. Cloutier, D. Hunting, M. A. Huels, and L. Sanche, Science 287, 1658

(2000).

2H. Abdoul-Carime, M. A. Huels, E. Illernberger, and L. Sanche, J. Am. Chem. Soc. 123,

5354 (2001).

3P. Wardman, Clin. Oncol., 19, 397 (2007).

4L. Chomicz, J. Rak, and P. Storoniak, J. Phys. Chem. B 116, 5612 (2012).

5L. Chomicz, J. Leszczynski, and J. Rak, J. Phys. Chem. B 117, 8681 (2013).

6L. Chomicz, A. Furmanchuk, J. Leszczynski, and J. Rak, Phys. Chem. Chem. Phys. 16,

6568 (2014).
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FIG. 1. Contributions from the A′ and A′′ components to the elastic integral cross section of

2-chloroadenine, computed at the SE and SEP approximations.

16

Page 16 of 20Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



FIG. 2. Upper part, from left to right: structure of 2-chloroadenine (with the following corre-

spondence between atoms and colours: Cl (yellow), N (blue), C (grey) and H (white)), σ∗CCl and

σ∗NH virtual orbitals and DBS singly occupied orbital. Bottom part, from left to right: π∗1, π∗2, π∗3

and π∗4 virtual orbitals. The plots for the valence and the dipole-bound orbitals correspond to the

isovalues of 0.04 and 0.01 a.u., respectively.
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FIG. 3. Contributions from the A′ and A′′ components to the elastic integral cross section of

adenine, computed at the SE and SEP approximations.
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FIG. 4. Ion yield curves for the dissociative electron attachment to 2-chloroadenine resulting in

the formation of m/z 168 (M−H)−, m/z 133 (M−HCl)−, m/z 35 (Cl−), m/z 117 (C5HN−4 ) and

m/z 45.
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TABLE I. Energies and widths (the latter in parenthesis) of the shape resonances of 2-chloroadenine

and adenine (in units of eV). It is shown results according to our SMCPP scattering calculations

and scaled VOEs, as well as existing results from ET data of Aflatooni et al.,12 SMC calculations

of Winstead and McKoy,10 R-matrix SEP and u-CC calculations of Dora et al.,11 and R-matrix

one-electron model calculations of Tonzani and Greene.9

2-chloroadenine π∗1 π∗2 π∗3 π∗4 σ∗CCl

SMCPP 0.29 (0.0084) 0.73 (0.030) 2.55 (0.32) 5.69 (0.43) 3.00 (1.16)

Scaled VOEs 0.61 1.12 2.01 5.04 2.86

Adenine π∗1 π∗2 π∗3 π∗4

SMCPP 0.56 (0.045) 1.12 (0.029) 2.72 (0.31) 6.02 (0.39)

ET data12 0.54 1.36 2.17

SMC10 1.1 1.8 4.1

R-matrix (SEP)11 1.30 (0.14) 2.12 (0.09) 3.12 (0.28) 7.07 (0.24)

R-matrix (u-CC)11 1.58 (0.22) 2.44 (0.14) 4.38 (0.67) 7.94 (0.57)

R-matrix9 2.4 (0.2) 3.2 (0.2) 4.4 (0.3) 9.0 (0.5)
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