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The valence anion states of the potential radiosensitisers 5-bromouracil and 5-

iodouracil were investigated through elastic scattering calculations. These com-

pounds have rich spectra of negative ion states that trigger off different mechanisms

for dissociative electron attachment. For each molecule, we obtained a bound π∗

anion, two π∗ shape resonances and a low lying σ∗ anion state, in addition to a

dipole-bound state (the latter was obtained from bound-state techniques). The σ∗

anion, formed by electron attachment to an anti-bonding carbon-halogen orbital,

was found to have resonant character in 5-bromouracil, and bound-state character in

5-iodouracil. The present calculations place the σ∗

CBr resonance around 0.7 eV, con-

siderably below the energy inferred from the electron transmission data (1.3 eV). The

signature of this anion state, not evident in the measurements, would be obscured

by the large background arising from the dipolar interaction, not by the strong sig-

nature of the π∗

2, as presumed. Our results support the π∗

2 resonance as a precursor

state to dissociative electron attachment around 1.5 eV in both 5-bromouracil and

5-iodouracil, while the interplay among π∗

1, σ
∗ and dipole-bound states would be ex-

pected close to 0 eV. We also discuss the suppression of the hydrogen elimination

channels in these species.

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

Large amounts of low-energy electrons (LEEs) (0− 30 eV) are generated along the track

of ionising radiation in the biological medium. Prior to solvation, these ballistic electrons

can be captured into unoccupied molecular orbitals, thus giving rise to transient negative

ions, or resonances. If the resonant state lives for long enough, the geometrical relaxation

induced by electron capture may give rise to bond cleavages, and this process is referred to

as dissociative electron attachment (DEA). It is now well established that biomolecules often

undergo DEA, which is the underlying mechanism for the electron-induced single and double

strand breaks in DNA1 that may damage the genetic code and ultimately result in cell death.

While the attack of LEEs to healthy cells is an unwanted consequence of ionising radiation, it

would become desirable in case the detrimental effects were, as much as possible, restricted

to cancer cells. The damage to tumour cells can actually be favoured by incorporating

radiosensitising drugs to the gene sequence through chemotherapy. The direct relation

between large DEA cross sections and enhanced radiosensitivity2 indicates that the latter

could arise from efficient DEA processes at the molecular level. It is therefore important

to better understand the fundamental interactions between electrons and molecules with

potential radiosensitising activity.

Halopyrimide molecules, in particular the halouracils, are well known radiosensitisers3,4,

and their capability of enhancing the LEE damage to nucleosides and trinucleotides was

demonstrated in recent experiments5,6. In particular, 5-bromouracil (BrU) and 5-iodouracil

(IU) can be incorporated into DNA, replacing thymine units, and enhance free radical dam-

age4. They also have very large DEA cross sections7 and might be the most efficient ra-

diosensitisers among the 5-halouracils. In spite of the interest on LEE interactions with

halouracils, and their relevance to radiation biology, the available information on the tran-

sient anion spectra of BrU and IU is sketchy at best. To our knowledge, no studies on

the transient anion states of IU have been reported, while the electron transmission (ET)

spectrum of BrU was measured by Scheer et al.8. The latter provided invaluable information

on the shape resonances of this species, but a question on the energy of the lowest σ∗ anion

was left open.

The knowledge on the resonance spectra is important per se and also useful to help

the interpretation of the available DEA data2,7,9–11 , since the formation resonant states
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trigger off the dissociation dynamics. In this work, we survey the shape resonance spectra of

BrU and IU, as obtained from integral cross sections (ICSs) for elastic electron scattering,

computed with the Schwinger multichannel method. We also study the dipole bound states

(DBS’s), not considered in previous studies, as well as the valence bound states (the latter

have been addressed by Wetmore et al.12 and Li et al.13, although only for BrU). We hope

the present results can provide a reasonably complete picture of the anion state spectra of

BrU and IU below the electronic excitation regime (core-excited resonances)

This paper is organised as follows. The computational methods and procedures are

outlined in Sec. II, while in Secs. III and IV we present and discuss our results. In Sec. V

we summarise our main findings and conclusions.

II. COMPUTATIONAL PROCEDURES

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

the electronic ground states of BrU and IU. The geometry optimisations were carried out

with Density Function Theory (DFT) and the hybrid B3LYP functional. For BrU we em-

ployed the 6-31++G(2d,1p) basis set, while for IU the basis set described in Refs.14,15, which

has 6-311G(d,p) quality. Once the optimal geometries were obtained, the target ground state

and the scattering calculations were carried out replacing the nuclei and core electrons of

the heavier atoms (all but hydrogen) by the norm-conserving pseudopotentials of Bachelet,

Hamann and Schlüter (BHS)16. This procedure significantly reduces the computational ef-

fort, in view of the large number of core electrons in the bromine and iodine atoms, and also

incorporates scalar relativistic effects (spin-orbit couplings were not accounted for). The

electronic ground state was described at the restricted Hartree-Fock level employing Carte-

sian Gaussian basis sets generated according to Bettega et al.17, which are suitable for use

with the BHS pseudopotentials. We employed a 6s5p2d basis set for the bromine and iodine

atoms and a 5s5p2d basis set for the carbon, nitrogen and oxygen atoms, whose exponents

are shown in Tab. I. For the hydrogen atoms we employed the 3s basis set of Dunning,

Jr.18. The Gamess package19 was employed for the geometry optimization and the ground

state description.

The elastic ICSs were computed with the Schwinger multichannel method20, using both

the BHS pseudopotentials21 and parallel processing22. The collision simulations would be
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extremely time-consuming otherwise. Here we restrict the discussion of the method to

the important aspects concerning the present application. The working expression for the

scattering amplitude is given by

f(~kf , ~ki) = −
1

2π

∑

m,n

〈S~kf
|V |χm〉

(

d−1
)

mn
〈χn|V |S~ki

〉 , (1)

where

dmn = 〈χm|A
(+) |χn〉 (2)

and

A(+) =
Ĥ

N + 1
−

(ĤP + PĤ)

2
+

(V P + PV )

2
− V G

(+)
P V. (3)

In the above equations |S~k
〉 is an eigenstate of the unperturbed Hamiltonian H0, given by the

product of a plane wave with momentum ~k and the target ground state; V is the interaction

potential between the target molecule and the incoming electron; Ĥ = E−H is the collision

energy minus the full Hamiltonian H = H0 + V ; N is the number of electrons in the target;

P is a projection operator onto the open electronic states of the target; and G
(+)
P is the free

particle Green’s function projected on the P space.

Since the present application is restricted to elastic scattering, the open-channel space

only comprises the target ground state, P = |Φ0〉〈Φ0|. The scattering wave function is

expanded in a set of configuration state functions (CSF’s), {|χm〉}, given by spin-adapted

(N + 1)-electron Slater determinants. These configurations are built as products of target

states and single-particle functions (scattering orbitals). In the lower level static-exchange

(SE) approximation, the CSFs are given by |χj〉 = A[|Φ0〉 ⊗ |ϕj〉], where |Φ0〉 is the target

ground state, |ϕj〉 is the scattering orbital and A is the antisymmetriser. In the more

accurate static-exchange plus polarisation (SEP) approximation, the CSF space comprises

configurations generated as |χij〉 = A[|Φi〉⊗|ϕj〉], where |Φi〉 is an excited virtual target state

obtained by promoting a single electron from an occupied (hole) to an unoccupied (particle)

orbital. Modified virtual orbitals (MVOs)23 generated from cationic Fock operators with

charge +12 were used to represent both the particle and scattering orbitals.

The ICSs were computed separately for the A′ and A′′ components of the Cs point group

(both molecules have planar ground states). For both symmetries, the CSF space was

4
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generated according to the energy criterion24 εscat + εpart − εhole < ∆, where εscat, εpart and

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

an energy threshold. Since the number of valence electrons in both molecules is the same,

a balanced description of the polarisation effects requires CSF spaces of similar size. To

achieve this balance, we employed different energy cutoff values for each system, namely

∆ = −3.40 and ∆ = −3.30 Hartree for BrU and IU, respectively. For both targets, we

allowed for singlet- and triplet-coupled target excitations, although only retaining doublets

in the CSF space. We obtained a total of 18903 configurations for BrU (9653 in the A′

and 9250 in the A′′ symmetry components) and 18586 for IU (9488 in A′ and 9098 in A′′).

The SEP approximation provides more accurate results that will be compared to the elastic

scattering data. We also report the less accurate SE calculations, known to overestimate

the anion state energies, because the difference between SE and SEP results indicates the

contribution from correlation-polarization effects to the latter.

While the present approach employs finite-range trial scattering wave functions (built

on Gaussian orbitals), it can accurately describe the low angular momentum components

where the resonance signatures are found. We did not employ any procedure to account for

the long-range dipole potential contribution to the higher partial waves. This contribution

would significantly impact only the background cross section and obscure the resonance

states25,27. Since our main purpose is obtaining the transient anion spectra, we report

symmetry-resolved cross sections without correcting the higher partial waves to highlight

the resonance signatures (even though the cross section magnitudes are underestimated). As

stated above, the elastic ICSs are obtained in the fixed-nuclei approximation and including

only the target ground state in the open-channel operator P in eqn (3). We also average over

the initial target orientations (in consistency with the gas-phase experiments) and integrate

over the outgoing scattering angles. The assignment of resonance energies and widths are

obtained from least-squares fits of Breit-Wigner profiles, δsum(E) = δbg(E)+ δres(E), to the

calculated eigenphase sums (δsum). We employ the usual parametrization to the resonant

component, δres(E) = − tan[Γ/2(E−Eres)], where Eres and Γ are the resonance position and

width, respectively, and second-degree polynomials to model the background component

(δbg).

The scattering wave functions described above would be expected to account for the res-

onant and valence bound anion states. To obtain the DBS’s, wherein the additional electron

5
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occupies a very diffuse orbital on the positive end of the target molecule, we employed the

alternative procedure suggested by Skurski et al.28. The aug-cc-pVDZ basis set was aug-

mented with a set of 6s6p diffuse functions placed on the hydrogen at the 1 site (see Fig. 4),

lying on the positive pole of the permanent dipole moment. The extra set was generated

in an even-tempered fashion, starting from the most diffuse exponent of hydrogen in the

aug-cc-pVDZ set and successively dividing the exponents by 4. For the iodine atom we

employed the aug-cc-pVDZ-PP basis set and the pseudopotentials described in Ref.29. With

these augmented sets in hand, the neutral ground states were optimised at the Møller-Plesset

second-order perturbation theory (MP2). Single-point calculations were then performed for

the neutral and anion states, with the MP2 and coupled-cluster methods, accounting for

single, double and perturbative triple excitations in the latter case (CCSD(T)). The com-

putation of DBS’s was performed with the Gaussian0930 software, without accounting for

vibrational zero-point corrections.

Finally, we also employed Gaussian09 to estimate reaction thresholds for uracil, 5-

fluorouracil (FU), 5-chlorouracil (ClU) and BrU, computed with the G4(MP2) method.

However, since the standard basis sets employed in this composite method are not available

for the iodine atom, it cannot be applied to IU. We did not attempt to modify the G4(MP2)

approach to account for the iodine atom because the IU dissociation thresholds would not

significantly change the discussion on the dissociation mechanisms (see Sec. IV).

III. RESULTS

The elastic ICSs obtained for BrU are shown in Fig. 1. At the SE approximation three

π∗ resonances are found, at 1.74, 3.92 and 7.4 eV, hereafter called π∗

1, π
∗

2 and π∗

3. Inclusion

of polarisation effects shifts these states to lower energies, namely 1.50 and 4.45 eV for the

higher lying π∗

2 and π∗

3 states, respectively. The calculated resonance positions compare

favourably with the experimental values of 1.3 and 3.6 eV, obtained from ET measurements

by Scheer et al.8 The larger discrepancy for the π∗

3 resonance is expected, and arises from

the mixed shape and core-excited character31,32. It would be remedied with the inclusion

of triplet-coupled target states in the open channel space (these are neglected in the single-

channel model employed in this work). In the SEP approximation, the π∗

1 state is absent

from the computed ICS, as it becomes a bound valence state. The diagonalisation of the

6
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Hamiltonian in the CSF basis indicates a binding energy of −0.30 eV (bound and resonance

states are indicated with negative and positive energies, respectively), somewhat larger, in

absolute value, than those previously reported by Wetmore et al.12 (−0.17 eV) and Li et

al.13 (−0.11 eV).

Scheer et al.8 pointed out that a σ∗

CBr shape resonance, although expected from virtual

orbital analysis, was not evident in the ET spectrum. These authors argued that the sig-

nature of the σ∗

CBr anion could have been obscured by the more intense signal of the π∗

2

resonance, i.e., they inferred both negative ions would lie very close to each other. The su-

perposition of these anion state signatures can be avoided by the symmetry decomposition

of the computed cross sections. In fact, a σ∗

CBr resonance around 3.7 eV is evident in the

SE A′ component (Fig. 1). Even though the signature of this anion state is not clear in

the SEP calculation, no valence bound state was obtained from the diagonalisation of the

scattering Hamiltonian in the CSF basis (in contrast to the π∗

1 anion state in the A′′ compo-

nent, as discussed above). We therefore believe a low lying σ∗

CBr resonance actually exists,

as clearly pointed out by the SE result, even though its signature in the SEP calculation

is hidden by the large background arising from the dipolar interaction, despite the neglect

of the corrections to the higher partial waves in the present calculations (these would give

rise to an even larger background, see Sec. II). To make this point more clear, we have

carried out additional calculations with intermediate configuration spaces between the SE

approximation (no polarization) and the SEP result shown in Fig. 1 (comprising 9563 CSFs

in the A′ subspace, see Sec. II), which we consider our most reliable calculation. The results

are shown in the upper panel of Fig. 2, where the description of polarization is gradually

improved with the energy cutoffs ∆ = −4.2,−3.8,−3.6,−3.5 hartree, which give rise to

1017, 3344, 5820 and 7531 configurations, respectively. As the σ∗

CBr resonance gradually

shifts to lower energies, as expected, its signature becomes less clear and barely noticeable

below 1 eV, where the dipolar background is very large (as indicated by the slope of the

calculated cross sections). The position and energy of the σ∗

CBr anion, obtained from the

least-squares fits to the eigenphase sums, are plotted against the number of CSFs in the

lower panel of Fig. 2. From the 9563-CSF calculation, we estimate the resonance position

and width around 0.73 eV and 0.60 eV, respectively. The position estimate is supported by

the diagonalisation of the scattering Hamiltonian represented in the CSF basis, which points

out a pseudo-eigenstate with σ∗

CBr character around 0.61 eV. We therefore believe the σ∗

CBr

7
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anion state would not be obscured by the π∗

2 signal in the ET spectrum (the calculations

indicate a 0.8eV spacing between them), but rather from the large background, the low

energy of the σ∗

CBr resonance, and its significant 0.60 eV width that overlaps the threshold.

Finally, two structures are discernible in the A′ symmetry, around 6.5 and 9 eV, possibly

originating from the occupation of higher lying σ∗ orbitals. However, since we do not include

any open excited states in the present calculations, we refrain from discussing these higher

lying structures.

The computed elastic ICS components of IU are shown in Fig. 3. Once more, the SE

approximation indicates three distinct peaks in the A′′ symmetry, at 1.78, 3.86 and 7.2 eV,

which are signatures of π∗ anion states. The A′ component displays a structure at 2.1 eV,

arising from electron attachment to a σ∗

CI orbital. In the improved SEP results, the π∗

1

anion becomes a bound state (−0.35 eV), while the π∗

2 and π∗

3 shape resonances appear at

1.54 and 4.34 eV, respectively. In contrast to BrU, the diagonalisation of the scattering

Hamiltonian in the A′ space indicates a bound σ∗

CI state at −0.10 eV, lying vertically below

the neutral ground state. The presence of a bound σ∗ state would distinguish IU from the

other 5-halouracils, all having σ∗

CX resonances25,26, where X denotes the halogen atom. In

view of the small calculated binding energy, however, we cannot rule out the existence of a

very low lying resonance (& 0 eV). Finally, higher lying structures are also found in the A′

ICS, around 5.8 and 9 eV.

To gain further insight into the resonance characters, we obtained the virtual orbitals

shown in Fig. 4 using compact basis sets. The virtual orbital energies (VOEs) were also

used to estimate vertical attachment energies (VAE’s), as suggested by Staley and Strnad33.

According to their procedure, the target geometries were optimised at the MP2/6-31G(d)

level, and the canonical HF virtual orbitals were computed with the same geometries and

basis sets. The attachment energies to π∗ orbitals were then calculated from the scaling

relation (in units of eV) VAE = 0.64795×VOE−1.4298. For BrU, the empirical scaling

predicts π∗ states at 0.03, 1.39 and 3.84 eV, while those of IU would be found at 0.01, 1.37

and 3.65 eV. In general, the estimates are close to the present scattering results, although the

VOE scaling indicates resonant π∗

1 states, with nearly zero energies, for both molecules (in

disagreement with the ET data for BrU8). The π∗

2 resonances of BrU and IU are predicted to

lie close to each other (at 1.39 and 1.37 eV, respectively), also in agreement with the present

calculations (1.50 eV in BrU and 1.54 eV in IU). We also applied the alternative relation

8
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(in units of eV) VAE = (VOE −3.23)/0.99, proposed by Pshenichnyuk et al.34 to estimate

the VAE’s to σ∗

CBr orbitals in bromoalkanes, to BrU. The attachment energy of 0.72 eV also

agrees well with our prediction based on the eigenphase sums.

For BrU, we obtained the DBS energies of −42 and −71meV from the MP2 and

CCSD(T) calculations, respectively. For IU, the calculated energies were −39meV (MP2)

and −75meV (CCSD(T)). Since there are, to our knowledge, no available experimental data

on the dipole binding energies for these molecules, we employed the same methodologies

to uracil, having a DBS around −90meV35,36. The calculated results are close to those of

the halogenated forms, −44meV (MP2) and −65meV (CCSD(T)), suggesting that BrU

and IU could also have DBS’s around −90 eV. The singly occupied molecular orbital of the

DBS is also shown in Fig. 4. In this case, however, the orbital was not obtained from the

MP2/6-31G(d) method used for the valence orbitals, but from an unrestricted Hartree-Fock

calculation with the diffuse basis set described in Sec. II.

In Tab. II the positions and widths of the anion states of BrU and IU are presented,

comprising the present scattering calculations, previous bound-state calculations12,13, and

ET measurements8. The π∗ orbitals for the series of 5-halouracils are very similar to those

of BrU, shown in Fig. 4. According to our scattering results and the ET data8, the π∗

1

state shifts to lower energies as the halogen atomic number increases, while the π∗

2 and π∗

3

resonances do not present a clear stabilisation pattern. In contrast to the relatively small

differences in energy among the π∗ states, the dissociative σ∗ states present a clear trend.

According to the present and the previous calculations25, the signature of this anion state

in the ICS of FU is not evident26. It then appears around 2.5 eV in the ICS of ClU, shifts

down to 0.7 eV in BrU (although obscured by the background) and finally becomes a shallow

bound state (−0.1 eV) in IU.

IV. DISCUSSION

The DEA spectra of BrU and IU share several common features2,7,9–11 below the electronic

excitation threshold that can be interpreted from the present results. Our discussion is also

based on the zero-temperature dissociation thresholds shown in Tab. III for uracil, FU,

ClU and BrU. It is noteworthy that the G4(MP2) method provides thresholds for C–X bond

breakings ∼ 0.3 eV below previous computations12,13,38,39, even though the present estimates

9
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for the hydrogen elimination thresholds (N1 site) are in good agreement with those studies.

Since thermal degradation38 and vibrationally hot bands8 have been considered to explain

the low-energy fragmentation of the halouracils, we have computed the vibrational thermal

energies employing the harmonic approximation (sum over uncoupled vibrational modes)

and the appropriate Boltzmann distributions for the vibrational frequencies obtained at

the DFT/B3LYP/aug-cc-pVTZ level. Apart from the zero-point energy contributions, the

halouracils have average vibrational energies around ∼ 0.3 eV at 450K, which would lower

the dissociation thresholds shown in Tab. III (this temperature faithfully accounts for the

experimental conditions2,7,9–11,38). Some qualitative understanding of the couplings among

the anion states can be gained from virtual orbital analysis (see below), in the light of

well known DEA mechanisms (for a review, see Hotop et al.40 and references therein). More

specifically, electron attachment into a π∗ resonance diabatically coupled to a dissociative σ∗

resonance (indirect mechanism41) and the formation of a vibrationally excited DBS coupled

to a broad σ∗ anion state (direct mechanism42). A time-consuming detailed investigation

into the potential energy surfaces is beyond the scope of this work, as well as accurate

simulations of the DEA dynamics that would require sophisticated nonlocal models40,43 and

the inclusion of several vibrational modes to account for the relevant vibronic couplings.

The most intense DEA signals for BrU and IU arise from the elimination of the halide

anions X−, along with significant yields for the complementary [XU−X]− fragments and

the XU− parent anions. The calculated thresholds and thermal excitation energies are

compatible with the X− fragments observed at& 0 eV, at least for BrU (the present threshold

estimates would be expected accurate within ∼ 0.1 eV). However, our results cannot explain

the onset of the X elimination reaction at similar collision energies, in view of the significantly

higher thresholds.

Close to 0 eV, DEA may operate in BrU and IU through the occupation of valence π∗

1

or dipole-bound orbitals, which would couple to the dissociative σ∗

CX states. In IU, direct

dissociation triggered off by formation of the bound σ∗

CI state might also play a role (even

if this anion state was a very low-lying resonance it would readily become bound in view of

the C–I bond stretch arising from the occupation of the antibonding orbital). Both BrU and

IU have DEA peaks for X− and [XU−X]− at 1.3 eV and 1.4 eV, respectively7, lying close to

the presently reported π∗

2 anion states (≈ 1.5 eV, see Tab. II). This matching indicates that

electron capture into the π∗

2 orbitals induces halogen elimination (through the coupling to

10
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the σ∗

CX anions), as previously suggested10. Fragments assigned as OCN− and [H2C3NO]−

were detected at 1.7 eV (BrU) and 1.3 eV (IU), indicating that the π∗

2 resonance may give rise

to different dissociation pathways. These fragments were also detected at 3.5 eV in BrU and

4 eV in IU7, so they could correlate to the π∗

3 resonances (as discussed above, the presently

reported energies for the π∗

3 anion states, above 4 eV for both systems, are overestimated).

One of the most intriguing aspects of the DEA data for BrU and IU is the absence of

hydrogen elimination signals ([XU–H]− fragments), in contrast to uracil, FU and ClU. At

lower energies, the sharp DEA peaks in uracil are believed to arise from the coupling between

the DBS and a dissociative σ∗

NH resonance8,37 (see also Hotop et al.40 and Stricklett et al.42).

Accordingly, electron attachment to the DBS (inner part of the anion state potential curve

along the N1–H reaction coordinate) gives rise to vibrational Feshbach resonances (VFRs),

and dissociation follows from tunnelling into the outer part of the potential curve (having σ∗

NH

character). Analysis of the DBS binding energy, dissociation threshold and the vibrational

frequency of the νNH stretch mode suggests that the DEA peaks around 0.7 eV and 1.0 eV

in U arise from the νNH = 2, 3 VFRs.

As mentioned in Sec. III, uracil and halouracils have fairly similar DBS binding energies,

suggesting that the inner part of the potential curves (having DBS character) would also be

similar. This was indeed confirmed by exploratory studies of the DBS potential along the N1–

H coordinate (not shown here), which pointed out close νNH frequencies and transition state

energies (arising from the DBS/σ∗

NH coupling) for FU, ClU and BrU. While the stabilization

of the [XU–H]− anions gives rise to smaller DEA thresholds from FU to BrU, the differences

are somewhat small in comparison with the ~ω ≈ 0.45 eV excitation energy of the νNH mode

(in particular, the ClU and BrU thresholds are very close). As a consequence, at least for

BrU the energetics of the anion state potentials along the N1–H stretch coordinate would not

justify the absence of the [XU–H]− anion at low energies, where VFRs are observed in uracil,

FU and ClU. On the other hand, (i) the lowest-lying compact σ∗ orbitals (Fig. 4 and Ref.25)

suggest σ∗

N1H
/σ∗

CX couplings, with increasing probabilities on the C–X bond from FU to IU

(IU orbitals not shown in Fig. 4); (ii) Tab. III indicates significantly decreasing thresholds

for X− elimination from FU to BrU (in particular, the X− threshold is significantly lower

than the H elimination counterpart in BrU, unlike FU and ClU); (iii) thermal excitation

would be expected more effective for C–X stretch as the halogen mass increases (in contrast

to the high-frequency νNH mode). With respect to the last point, the calculated vibrational
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spectra of ClU and BrU are fairly similar. The lowest-energy normal mode with significant

C–X stretch character in both systems (ν5) has a higher frequency in ClU (0.045 eV) than

in BrU (0.035 eV) and a larger C–X stretch component in the latter. As a result, the mean

occupations at 450K (kBT = 39meV) are estimated as ν̄5 = 0.46 (ClU) and ν̄5 = 0.68

(BrU). Assuming a competition between hydrogen and halogen elimination through the

coupled states, the aspects (i) to (iii) above would increasingly favour the latter mechanism

from FU to BrU, in consistency with the observed DEA signals at low energies (. 1 eV) along

the series: [FU–H]− and [FU–HF]− for FU9; [ClU–H]−, [ClU–HCl]−, and Cl−/[ClU–Cl]− for

ClU9,38; while only X−/[XU–X]−7,9,11 for BrU and IU.

Finally, the hydrogen signal observed around∼ 1.5 eV in uracil and the lighter halouracils9,38,

is also completely absent in BrU and IU7,9,11. At this energy the hydrogen atom is released

from site 3 (see Fig. 4), since the mechanism involves the coupling of the π∗

2 resonance with

a σ∗

N3H
anion state44. The inspection of the virtual orbitals obtained from compact basis

sets indicates that both the π∗

2 orbital and the LUMO+2, having σ∗

N3H
character (not shown

here), are similar for all halouracils, thus suggesting the π∗

2/σ
∗

N3H
coupling would not change

significantly. In addition to the aspects (i) to (iii) outlined above, which could also help to

suppress the hydrogen elimination from the N3 site, for BrU and IU we observe a significant

σ∗

CX/σ
∗

N3H
mixing (in the virtual orbitals) as the N3–H bond is stretched, which could favour

X− elimination over hydrogen elimination.

V. SUMMARY

We have reported integral cross sections for elastic electron scattering from 5-bromouracil

and 5-iodouracil. The results indicate three π∗ anion states in both molecules. The bound

π∗

1 state could be involved in mechanisms of DEA around & 0 eV, while the π∗

2 resonance

should trigger off the halogen elimination around 1.4 eV. BrU also has σ∗

CBr shape resonance

around 0.7 eV (significantly below the 2.5 eV σ∗

CCl resonance reported for ClU25) whose

signature in the ET spectrum would be obscured by the large background arising from the

dipole potential. In IU, the σ∗

CI anion is obtained as a valence bound state in the present

computational model, even though we cannot rule out the possibility of a very low-lying

resonance in view of the small binding energy (−0.1 eV). We also investigated the DBSs in

BrU and IU, which could also play a role in the DEA mechanisms at lower energies. These
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bound states were found to have similar character and binding energies as the DBS of uracil.

This study concludes our investigation on the anion spectra of the 5-halouracils. While

the π∗-state energies do not change significantly along the series, the σ∗

CX anions are strongly

stabilized from FU to IU. Although the present fixed-nuclei calculations cannot fully eluci-

date the DEA mechanisms, the computed anion states, vibrational analysis and the virtual

orbital analysis are consistent with the stronger X− elimination signals for the heavier uracils

(also with the high DEA cross section magnitudes) and the suppression of the hydrogen elim-

ination channels in these systems.

The presently reported results are consistent with the rich DEA spectra of BrU and IU,

corroborating their ability for form several anion states that undergo different dissociation

pathways. A better understanding of these fundamental processes and their efficiency in

biological environments are crucial steps to fully explore their potential as radiosensitizers.
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TABLE I. Exponents of the uncontracted Cartesian Gaussian functions (in atomic units).

Type Carbon Nitrogen Oxygen Bromine Iodine

s 12.496280 17.567340 16.058780 6.779740 4.497056

s 2.470286 3.423615 5.920242 1.071059 1.034061

s 0.614028 0.884301 1.034907 0.748707 0.586050

s 0.184028 0.259045 0.316843 0.202254 0.229555

s 0.039982 0.055708 0.065203 0.036220 0.071496

s 0.009055 0.036150

p 5.228869 7.050692 10.141200 4.789276 4.343653

p 1.592058 1.910543 2.783023 1.856547 1.065825

p 0.568612 0.579261 0.841010 0.664700 0.365993

p 0.210326 0.165395 0.232940 0.265909 0.118764

p 0.072250 0.037192 0.052211 0.098552 0.028456

d 0.603592 0.403039 0.756793 0.477153 0.267526

d 0.156753 0.091192 0.180759 0.139024 0.093270

TABLE II. Positions and widths (the latter are given in parenthesis) of the anion states of 5-

bromouracil and 5-iodouracil (in units of eV).

5-bromouracil π∗

1 π∗

2 π∗

3 σ∗

CBr

SMC −0.30 1.50 (0.10) 4.45 (0.46) 0.73 (0.60)

Scaled VOEs 0.03 1.39 3.84 0.72

ET data8 < 0 1.3 3.6 ∼ 1.3

B3LYP/6-311+G(2df,p)12 −0.17

B3LYP/6-31+G(d)13 −0.11

5-iodouracil π∗

1 π∗

2 π∗

3 σ∗

CI

SMC −0.35 1.54 (0.10) 4.34 (0.45) −0.10

Scaled VOEs 0.01 1.37 3.65
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TABLE III. Zero-temperature reaction thresholds (in units of eV) for elimination of H (from the

N1 site), X−, X and HX, where X denotes the halogen atom. The values were computed at the

G4(MP2) level, and are presented with and without zero-point vibrational energy correction (the

latter in parenthesis).

H X− X HX

Uracil 0.85 (1.22)

5-fluorouracil 0.65 (1.02) 1.71 (1.84) 2.91 (3.08) −0.02 (0.23)

5-chlorouracil 0.56 (0.92) 0.52 (0.62) 1.85 (1.99) 0.36 (0.65)

5-bromouracil 0.52 (0.89) 0.13 (0.22) 1.25 (1.37) 0.45 (0.73)
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FIG. 1. Integral cross section for the A′ and A′′ symmetry components of 5-bromouracil, computed

at the SE and SEP approximations.
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FIG. 2. Upper panel: Integral cross section for the A′ symmetry component of 5-bromouracil,

calculated in the SE approximation (181 CSFs, also shown in Fig. 1) and by gradually improving

the SEP approximation up to the 9653-CSF space (also shown in Fig. 1). As described in the

text, the intermediate configuration spaces were obtained from different energy cutoff values (∆,

defined in Sec. II). The corresponding numbers of CSFs employed in each calculation are indicated

in the panel. Lower panel: energy position and width of the σ∗

CBr resonance obtained from the

calculations performed with different polarisation levels, shown in the upper panel, against the

dimension of the configuration space (number of CSFs). The lines are guides to the eye.

18

Page 18 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



0 1 2 3 4 5 6 7 8 9 10 11 12
energy (eV)

0

50

100

150

200

250

300

350

in
te

g
ra

l 
cr

o
ss

 s
ec

ti
o

n
 (

a 0

2
)

A’ (SEP)

A’’ (SEP)

A’ (SE)

A’’ (SE)

FIG. 3. Integral cross section for the A′ and A′′ symmetry components of 5-iodouracil, computed

at the SE and SEP approximations.
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FIG. 4. Structure of 5-bromouracil (left), where the different atoms are indicated by the colours:

Br (purple), O (red), N (blue), C (grey) and H (white). The atomic sites on the ring are indicated

by the numbers 1 to 6. The low lying π∗ (bottom), σ∗

NH (upper left) and σ∗

CBr (upper middle)

virtual orbitals and the singly occupied orbital of the DBS (upper right) are also shown. 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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