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a b s t r a c t

We report computed cross sections for low-energy elastic collisions of electrons with the methyl esters
of phosphoric acid, monomethyl, dimethyl, and trimethyl phosphate, and with phosphoric acid itself. For
phosporic acid and monomethyl phosphate, polarization effects are included in the calculation, while the
two larger molecules are treated in the static-exchange approximation, that is, with polarization neglected.
The integral elastic cross sections exhibit broad shape resonances above 5 eV that give rise to strong
variations in the differential cross section with energy. However, no shape resonances are evident below
5 eV. We compare our results to previous calculations and measurements and discuss their relevance to
4.80.Ht
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electron-induced damage to the DNA backbone.
© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Much attention has been devoted to investigating the mech-
nisms by which slow electrons break DNA strands (for a recent
eview, see [1]). Though the site of breakage appears to be quite
pecific, namely the phosphoesteric bonds connecting C 3′ or C
′ of deoxyribose to the phosphate group [2], the initial site of
lectron capture may nonetheless be elsewhere. In the model
dvanced by Simons and co-workers [3–6], electrons are initially
rapped in empty �∗ orbitals of the nucleobases to form metastable
nions (elastic shape resonances, in scattering terminology) and
hen undergo intramolecular transfer to the backbone, where they
ocalize in a C 5′–O �∗ orbital and thus lead to bond breaking
t that site. This model has received implicit support from work
hat shows a correlation between nucleobase shape-resonance
nergies and the observed pattern of single-strand breaks in thin-
lm DNA [9]. However, in light of the limited information so far
vailable, direct attachment of electrons to the DNA backbone

as also been suggested [7,8] and is by no means ruled out as
competing, if not the primary, mechanism of strand breaking.

everal recent studies have, therefore, addressed the possibil-
ty of direct electron attachment to the DNA backbone. Among

∗ Corresponding author.
E-mail address: carl@schwinger.caltech.edu (C. Winstead).
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hese, we mention in particular the experiments of Illenberger
nd coworkers, who have studied gas-phase dissociative attach-
ent (DA) to deoxyribose analogues [10–12] and to the phosphoric

cid esters dibutyl phosphate and triethyl phosphate [13]. In the
atter study, DA to dibutyl phosphate was observed to produce a
umber of phosphorous-containing anionic fragments, as well as
ne in which an entire neutral butyl group had been removed.
uch processes, if operable in DNA itself, would lead to strand
reaks.

In the present work, we use first-principles computational
ethods to study the interaction of slow electrons with three

imple model compounds containing phosphoesteric bonds,
mono)methyl phosphate (hereafter MMP), dimethyl phosphate
DMP), and trimethyl phosphate (TMP), as well as with their parent
ompound, phosphoric acid, H3PO4. We are particularly interested
n identifying any shape resonances that may be present in the elas-
ic electron-scattering cross sections, because temporary trapping
n such resonances may promote DA and other energy-deposition
rocesses. Although no electron-collision data for MMP or DMP
re, to our knowledge, available, recently Aflatooni et al. [14] have
eported DA measurements for TMP, while Burrow et al. [15] have

eported electron transmission measurements for TMP. Our results
ay also be compared to the DA measurements on dibutyl and tri-

thyl phosphate mentioned above [13], as well as to elastic cross
ection calculations on H3PO4 [16] and DA measurements on thin
lms of the salt NaH2PO4 [17].

http://www.sciencedirect.com/science/journal/13873806
mailto:carl@schwinger.caltech.edu
dx.doi.org/10.1016/j.ijms.2008.04.015
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. Computational details

We optimized the geometries of H3PO4, MMP, DMP, and TMP at
he level of second-order Möller-Plesset perturbation theory in the
-31 G(d) basis set using GAMESS [18]. Because various conformers
ppear plausible, we tested several different starting geometries
or H3PO4 and MMP in an effort to locate the respective global

inima. Our lowest energy results were geometries in which the
ydroxy and methoxy groups are all gauche to the phosphoryl bond,
nd these structures were used in the electron-scattering calcula-
ions. We likewise used all-gauche geometries for DMP and TMP.
he conformers adopted for H3PO4 and TMP have C3 point-group
ymmetry, while those used for MMP and DMP have C1 (i.e., no)
ymmetry. Other conformers of H3PO4 and MMP were nearly as
ow in energy as the all-gauche forms (within ≈ 2 millihartree), and
t is likely all four molecules exist in the gas phase as mixtures of
onformers. Although the forward scattering may be significantly
ffected by the molecular conformation, inasmuch as the net static
lectric dipole moment is quite sensitive to the orientation of the
ydroxyl and esteric bonds, we do not expect the precise molecular
onformation to strongly affect the resonance structure of the cross
ections that is our main interest.

Scattering calculations were carried out using the Schwinger
ultichannel (SMC) method [19,20] as implemented for parallel

omputers [21]. A description of the SMC method may be found
n the indicated references; here we give only details specific to
he present calculations. For all four molecules, we carried out
tatic-exchange (SE) calculations, that is, calculations in which we
eglected the response of the molecular charge density to the
resence of the projectile electron (“polarization”). These SE cal-
ulations used the TZV (triple-zeta valence) basis set contained

2
n GAMESS together with a (1s1p3d,1s2p) supplement. The (x +
2 + z2) linear combination of Gaussian d orbitals was excluded,
nd GAMESS default values were used for all exponents and split-
ing factors. The target molecule was described at the Hartree–Fock
evel, and all virtual orbitals were antisymmetrized with the N-

s
a
e
a

ig. 1. Integral elastic cross sections for electron collisions with (a) H3PO4, (b) monometh
lue lines in panels (a) and (b) are computed in the SEP approximation and include the
pproximation. For the molecules possessing C3 symmetry, the static-exchange cross sect
reen lines).
Mass Spectrometry 277 (2008) 279–283

lectron target wavefunction to form an (N + 1)-electron doublet
ariational space for the scattering calculation.

For the smaller molecules, H3PO4 and MMP, we also carried out
tatic-exchange plus polarization (SEP) calculations. The SEP calcu-
ation on H3PO4 employed the aug-cc-pVDZ basis set as contained
n GAMESS, while the MMP SEP calculation employed the the DZV
double-zeta valence) basis set contained in GAMESS with a 1s1p2d
upplement of diffuse and polarization functions on the heavy
toms and a 1s1p supplement on the hydrogens, again using default
xponents and splitting factors; in both cases the “3s” combinations
f d Gaussians were excluded. To represent polarization effects, the
N + 1)-electron variational space was expanded to include dou-
let configurations built on singlet-coupled single excitations from
alence orbitals to low-lying modified virtual orbitals (MVOs) [22]
hat were formed using a +6 cationic core. Because such MVOs
re compact and valence-like, their use as particle orbitals acceler-
tes the convergence of the configuration expansion. For H3PO4 we
ncluded singlet excitations from the 6 outermost occupied orbitals
nto the 15 lowest MVOs, each antisymmetrized with one of the 100
owest energy MVOs to form a doublet configuration state function
CSF), as well as singlet excitations from the next 6 more tightly
ound occupied orbitals into the 10 lowest MVOs, antisymmetrized
ith the 50 lowest MVOs to form doublet CSFs. This resulted in a

ariational space of dimension 11,226 for the SEP calculation. For
MP, we included singlet excitations from the 15 outermost occu-

ied orbitals into the 12 lowest MVOs, antisymmetrized with the 80
owest energy MVOs. The resulting variational space was of dimen-
ion 13,558. As a diagnostic, we extracted SE cross sections from the
EP calculations by solving the sub-problems in which all target-
xcited configurations were discarded and verified that they agreed
ell with the TZV-basis SE results.
All of the molecules studied here are polar, and their electron
cattering cross sections will consequently be affected, especially
t near-forward angles, by long-range interactions of the projectile
lectron with the field of the permanent electric dipole. We applied
Born completion procedure described elsewhere [23] to the SEP

yl phosphate, (c) dimethyl phosphate, and (d) trimethylphosphate. The heavy solid
Born-dipole correction. The solid red lines are computed in the static-exchange

ion is decomposed into contributions from 2A (dotted violet lines) and 2E (dashed
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Table 1
Minimal-basis-set virtual orbital energies for H3PO4

Orbital Symmetry Character Energy (eV)

LUMO a P O/P=0 �∗ 8.8
LUMO + 1 e P O �∗/P=O �∗ 9.6
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esults for H3PO4 and MMP, using the respective Hartree–Fock
ipole moments, 0.5291 and 0.9615 Debye. For both molecules, the
artial-wave cutoff �max at which the SMC results were matched to
he Born results was increased from 2 to 7 between 0.4 and 5 eV and
ept at 7 above 5 eV. Integral and momentum-transfer cross sec-
ions were extracted from the corrected differential cross sections
DCS) by integration with an extended Simpson’s rule, implicitly
gnoring the divergence of the DCS at 0◦ by starting the integration
t 0.1◦. We did not apply a dipole-Born correction to the lower level
esults for DMP and TMP because the correction is most significant
t the lowest energies, where the SE approximation itself becomes
nreliable.

. Results and discussion

Our calculated integral cross sections (ICS) for elastic electron
cattering by H3PO4, MMP, DMP, and TMP are shown in Fig. 1. For
MP and TMP, only SE results are available, while for H3PO4 and
MP, both SE and SEP results are shown. The ICS for each molecule

isplays three broad maxima between about 5 and 15 eV, which
e attribute to shape resonances: in the SE approximation, the first

ccurs at about 8.5 eV, the second at 10–11 eV, and the third and
roadest at about 15 eV. As expected, the inclusion of the attractive
olarization interaction shifts these peaks to lower energy; as seen

n the upper two panels of Fig. 1, the shift is about 1.5 eV for all three
eaks in both H3PO4 and MMP, and we would therefore predict
omparable shifts in DMP and TMP. SEP differential cross sections
or H3PO4 and MMP are shown at selected energies in Fig. 2, where
trong variations in the angular pattern of scattering as the collision
nergy traverses the resonant region are evident.

The smallest and largest molecules, H3PO4 and TMP, possess C3
oint-group symmetry, and we were able to decompose their SE

CS into 2A and 2E contributions. These symmetry contributions are

hown in panels (a) and (d) of Fig. 1 and give further insight into
he resonance structure. In particular, we see that the lowest energy

aximum in the H3PO4 ICS arises from overlapping peaks in 2A and
E, the second maximum from 2A only, and the broad peak near 15
V from 2E only. The situation in TMP is similar, except that the 2A

T
e
o

m

ig. 2. Differential elastic cross sections for electron collisions with (a) H3PO4 and (b) m
ation, at selected energies as indicated in the legend.
UMO + 2 a P=O �∗/O H �∗ 13.2
UMO + 3 e O H �∗ 16.5
UMO + 4 a O H �∗ 18.2

ontribution to the lowest energy peak is very small or absent. The
esonances in the H3PO4 ICS correlate fairly well with the minimal-
asis-set virtual orbital energies (computed using GAMESS [18] and
he “MINI” basis) shown in Table 1. In particular, the energy order
f the orbitals matches that of the resonance peaks in the symme-
ry components of the SE ICS, and for the first three orbitals, there
s also fairly close agreement with the resonance energies. TMP
as many more minimal-basis virtual orbitals, but the lowest three
gree closely in character and energy (within a few tenths of an eV)
ith those of H3PO4, while the fourth is an e orbital of C O �∗

haracter at 14.4 eV, and thus analogous to but somewhat lower in
nergy than the LUMO + 3 of H3PO4. On the whole, then, the sym-
etry decomposition and comparison with minimal-basis virtual

alence orbitals accounts well for the observed resonances, and the
trong resemblance among the cross sections of the four molecules
ay be understood from the fact that the low-energy resonances

nvolve the core phosphate group that is common to all four.
In Fig. 3 we compare our SEP ICS for H3PO4 with the result

btained by Tonzani and Greene [16]. The main qualitative differ-
nce between the two results is that the ICS of Tonzani and Greene
xhibits a much larger dipole-scattering background. There is mod-
rate agreement on the shape resonances, however: in the energy
ange where we see three maxima that are associated, through the
ymmetry decomposition discussed above, with four resonances,

onzani and Greene see four maxima, although at somewhat differ-
nt energies. On the other hand, their time-delay analysis identified
nly two resonances, at 7.7 and 12.5 eV, rather than four.

Limited experimental information about the resonances in the
olecules studied here is available from dissociative-attachment

onomethyl phosphate computed in the static-exchange plus polarization approxi-
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moting dissociation. As recently discussed in detail by Burrow et
al. [15], whether there is in fact a phosphoryl � bonding orbital,
and thus whether there is a conjugate �∗ orbital, is problematic.
Although the bond is conventionally drawn as a double bond and is
ig. 3. Comparison of calculated elastic integral cross sections for electron scattering
y H3PO4: present result, solid blue line; result of Ref. [16], dashed orange line.

nd electron-transmission measurements. In their DA study of TMP,
flatooni et al. [14] observed a peak at 7.4 eV which they assigned,
ased on its energy, to a core-excited resonance. Our elastic-
cattering results, on the other hand, suggest possible assignment
o a shape resonance or resonances associated with the LUMO
nd/or LUMO + 1. The P O �∗ character of those orbitals would
ake DA to methanolate ion, CH3O−, appear a likely process; how-

ver, Aflatooni et al. collected the total ion current without mass
esolution, so it is not possible to test this prediction. At higher
nergies the anion signal is overwhelmed by cations arising from
lectron-impact ionization, so it is not possible to compare our
igher lying resonances against the DA measurements. At lower
nergies, the DA measurements of Aflatooni et al. [14] agree with
ur elastic ICS insofar as neither indicates the presence of shape
esonances there. However, recent electron-transmission measure-
ents by the same group indicate resonances at 2.1 and 4.6 eV in the

MP total scattering cross section, which they assign as shape reso-
ances associated with low-lying valence orbitals [15]. In our view
he required shifts from the static-exchange resonance positions
re implausibly large, especially considering that our SEP calcula-
ions for H3PO4 and MMP indicate much smaller polarization shifts.
hus, although we are unable to account for the observed low-
nergy resonances, we do not believe them to be valence shape
esonances, the lowest of which we expect to occur near 7 eV.

König et al. [13] measured DA spectra for the dibutyl and triethyl
hosphate esters, observing a variety of anionic fragments. One of
he principal dissociation pathways observed in dibutyl phosphate
as loss of a butyl (C4H9) radical to form an anion of mass 153 amu,
ith peaks in the anion yield at 2.8 and 8 eV, while a major pro-

ess in triethyl phosphate was loss of an ethoxy (C2H5O) radical to
orm a (C2H5O)2PO− anion, with yield peaking near 8 eV. However,
he largest yields in dibutyl phosphate were of the singly deproto-

−
ated radical anion and of OH , with yield curves peaking at 1.0 and
.2 eV, respectively. König et al. assign the peaks near 8 eV to core-
xcited resonances involving the hydrocarbon groups and the lower
nergy peaks to shape resonances involving trapping in a phospho-
yl �∗ orbital. As discussed above, our scattering calculations on

F
H

Mass Spectrometry 277 (2008) 279–283

he methyl esters suggest that the lowest shape resonances lie at
bout 7 eV or above; because these resonances are associated with
he phosphate group, it appears unlikely that they would be much
ffected by substituting heavier alkyl side groups for the methyls.
hus we tentatively suggest that the fragments observed near 8 eV
ay arise, at least in part, from valence shape resonances (or possi-

ly from mixed resonances with partial shape-resonant character),
hile the origin of the DA peaks at lower energy remains unclear.
owever, we note that our calculations by no means rule out other
echanisms, such as electronic Feshbach resonances, that could

lso account for the higher energy DA features.
Pan and Sanche [17] measured DA to the monosodium salt of

hosphoric acid, NaH2PO4, in the condensed phase, observing a sin-
le broad peak whose maximum fell at 8.8, 8.0, or 7.3 eV depending
n whether the anion detected was H−, O−, or OH−. The observation
f an OH− peak at 7.3 eV fits well with our prediction of a and e P O
∗ valence shape resonances in this energy range in the H3PO4 elas-

ic cross section. Likewise, the second 2A shape resonance, which
as O H �∗ character, may account for the H− peak at 8.8 eV. Pan
nd Sanche assign this feature to a core-excited rather than shape
esonance. While our results provide a possible alternative, they
y no means rule that assignment out; moreover, at these energies,
esonances of mixed shape and core-excited character are also pos-
ible. It is less clear how to account for the production of O−, which
an and Sanche attribute to breaking of the phosphoryl bond due
o trapping in a P=O �∗ orbital. Although Table 1 indicates some �∗

haracter for the LUMO + 1 e orbital because of the presence of a
odal plane between P and O, there is in fact little density on the
hosphoryl oxygen, as seen in Fig. 4. The question of phosphoryl �∗

rbitals is discussed further immediately below.
Various investigators have postulated that low-energy electrons

ncident on DNA or on model compounds such as the phosphoesters
ay be trapped in a phosphoryl �∗ orbital [2,8,13,17], thereby pro-
ig. 4. Second-lowest minimal-basis Hartree–Fock virtual orbital (LUMO + 1) of
3PO4.
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omewhat shorter than the other phosphate P O bonds, a strong
ase can be made that it is better described as a coordinate covalent
r dative single bond in which P shares its two lone-pair electrons
ith O. Indeed, none of the occupied orbitals of H3PO4 particularly

esembles a P O � bonding orbital, while the highest occupied
rbital (HOMO) is a doubly degenerate e orbital comprising both
f the O 2px,y lone-pair orbitals, one of which ought to form part
f any such P O � bond. Burrow et al. [15] conclude that none
f the virtual orbitals in TMP or various related compounds fits the
escription of a phosphoryl �∗ orbital, while we showed above that
he LUMO + 1 of H3PO4, Fig. 4, has only slight phosphoryl �∗ char-
cter and is better described as a P O �∗ orbital involving the
emaining oxygens.

More to the point, regardless of how one characterizes the vir-
ual valence orbitals, we find that the resonances associated with
hem lie at energies typically associated with �∗ orbitals, i.e., about
eV or higher, and not at typical �∗ resonance energies (well below
eV). Because the virtual orbitals associated with them are local-

zed on the phosphate, the lowest energy resonances were seen
o be insensitive to the number of methyl groups appended, and
e also expect them to be insensitive to the size of the appended

roups; thus we would predict similar results for the lowest energy
esonances in phosphoesters formed from larger alkyls. Our con-
lusion here differs from that of Burrow et al. [15], who interpret
he features they see at 2.1 and 4.6 eV in the TMP electron trans-

ission spectrum as valence shape resonances; moreover, it leaves
nexplained low-energy DA resonances seen in NaH2PO4 [17] and
ibutyl phosphate [13]. The nature of those low-energy features
oses an intriguing problem for future study.
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