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Temporary electron localization and scattering in disordered single strands of DNA
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We present a theoretical study of the effect of structural and base sequence disorders on the transport
properties of nonthermal electron scattering within and from single strands of DNA. The calculations are based
on our recently developed formalism to treat multiple elastic scattering from simplified pseudomolecular DNA
subunits. Structural disorder is shown to increase both the elastic scattering cross section and the attachment
probability on the bases at low energy. Sequence disorder, however, has no significant effect.

DOI: 10.1103/PhysRevA.73.062707

I. INTRODUCTION

The electron transport properties of DNA have attracted
much interest owing to the role they may play in the damage
and repair of the molecule in biological cells as well as due
to their potential applications in molecular electronics
[1-11]. Most studies have been concerned with thermal or
near thermal electron conduction. The possible mechanisms
which have been proposed to explain the long-range charge
transport properties in homogeneous DNA include band
resonant tunneling [5,12] and polaron drifting [13] and hop-
ping [7,14,15]. Electron trapping has been found to result
essentially from intrinsic dynamic disorder due to thermal
fluctuations [16].

Nonthermal electron transport within DNA is also of con-
siderable importance to a number of applications related to
photoelectron injection into the molecule [17], the formation
of ballistic electrons at organic molecular interfaces [18], and
radiobiological damage (for a review, see Ref. [19]). In re-
cent investigations of strand breaks induced in DNA by 0.1
to 20 eV electrons, it has been shown experimentally that
when such particles scatter within DNA, they can tempo-
rarily localize on basic subunits of the molecule (i.e., a base,
the sugar ring, or the phosphate group) [20-22] and can also
transfer from one subunit to another [22,23]. These studies
have been followed by model calculations of electron scat-
tering from and within DNA [24-26]. They revealed that
below 15 eV an electron incident on DNA is likely to un-
dergo multiple intersite scattering leading to constructive or
destructive interferences of the wave function, depending on
its energy. The new diffracted wave then interacts at a spe-
cific site, where it can be temporarily localized into a reso-
nance state. Thus, the transport of nonthermal electrons
within DNA includes diffraction along the chains and tem-
porary capture at specific subunits.

As in the case of thermal charge carriers [16], the trans-
port properties of 0.1 to 15 eV electrons within DNA are
expected to be modified by thermal or structural disorder. In
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fact, from their photoinjection experiment [17], Ray et al.
recently found temporarily electron localization to depend on
the amount of disorder within DNA. They reported low-
energy electron photoemission spectroscopy measurements
on self-assembled monolayers (SAM) of DNA oligomers.
Transient electron capture by SAM of single-stranded (ss)
oligomers was found to be larger than for double-stranded
(ds) ones. They conjectured that this was caused by the pre-
sumed disorder in the ss oligomers which are less rigid than
the ds ones. They cited previous results [27] obtained using
the same technique which showed increased scattering due to
disorder in organic thin films. This is an interesting proposi-
tion, linking increased scattering to increased temporary
electron capture probability. It is however uncertain if this
association infallibly exists.

It is well known that disorder increases the electron elas-
tic cross section in three-dimensional (3D) solids [28]. This
has also been observed in thin films of xenon by our group
[29] a number of years ago. Furthermore, disorder can lead
to temporary localization of the electron’s wave function in
noncrystalline solids [30]. It is thus natural that such a local-
ized state should favor electron capture. If the band is wide,
localization occurs only at the band edges [30]. At energies
above the vacuum level, where the bands are in the con-
tinuum, it is not expected that states would be localized in
the Mott sense. But this concept of Mott localization may not
apply to self-assembled films which should have some de-
gree of organization.

What happens in the case of oligomers? Can they support
localized states? Oligomers can be considered to be one-
dimensional (1D) molecular constructions. The overlapping
molecular states form 1D bands. It is known that disorder
usually totally localizes the electron bands in 1D systems
[31]. Even for a short oligomer one might still get localized
Mott-like states for a strong enough variation of the molecu-
lar species along its length. At energies above vacuum, shape
resonances can also acquire a band character [32]. Motion of
electron-exciton complexes formed from overlapping core
excited resonances [33] has been observed in rare gas [34,35]
and organic films [36,37]. For electron energies above the
vacuum level, the oligomer band states are immersed in the
continuum. Shape resonances have a finite lifetime and can
only lead to bands if the electron transfer time between mo-
lecular wave functions is much shorter than the lifetime. This
is normally the case. So localization within oligomers or
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polymers above vacuum is probably controlled more by mo-
lecular disorder than by lifetime. A stronger disorder implies
a more localized state and should favor capture. But this is
the back end of the capture process. At the front end of the
process, a continuum electron scatters on the oligomer and
eventual transfers onto a metastable quasibound localized
oligomer state. This process involves the electron wave func-
tion amplitude at the molecular subunits of the oligomer as a
preamble to the transfer. This entrance wave function is also
affected by any disorder in the oligomer. In this paper, we
wish to study this front end aspect of electron capture for a
single strand of the DNA molecule.

For this purpose, we use the formalism we have devel-
oped for our previous studies of elastic scattering on DNA
[24-26]. Tt allows us to deduce general trends related to the
structural aspects of helical macromolecules, disorder being
one of these. In the next section, we review the basic aspects
of our model. We then present its implementation to a sim-
plified model of the type of ss oligomers investigated by Ray
et al. [17]. We next present the results of the simulation runs
for structural and base sequence disorders. A conclusion is
added at the end.

II. MODEL
A. Multiple scattering theory

In Refs. [24,25], we presented the basic equations for
multiple electron scattering within macromolecules, includ-
ing DNA. For the latter, we proposed a simple model of
molecular subunits (i.e., bases, sugars, and phosphates) im-
mersed in an optical potential U,,,, which is constant between
their R-matrix shells (or between the muffin tins), a working
hypothesis that has been used in the calculations for simple
molecules [38] and in the theory of low-energy electron dif-
fraction in solids [39]. One can quite generally describe the
scattering problem of a molecular subunit by its scattering
matrix S;;, [40,41] where L=(I,m) are the angular momen-
tum quantum numbers. Each molecular subunit has an inci-
dent plane wave of momentum k impinging on it plus the
scattered waves of all other subunits. More specifically, we
described the asymptotic form of the total wave function

1//1(;")(7) for a molecule centered at ﬁn outside the R-matrix
shell by the following equation:
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where Y, are spherical harmonics, j; and h;r, are the spherical
Bessel function and Hankel function of the first kind respec-
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and (" 2 ") is the Wigner 3-j symbol [42], and R,, =R,

nmy my ms
—R Equatlon (2) implies a coupled set of linear equations
for all B ) As mentioned before [24,25], this would prove

arduous 1f not impossible to solve for large macromolecules
were it not for the loss of coherence of the electrons due to
inelastic collisions and to the presence of parasite scatterers
(e.g., the water molecules in the grooves could be considered
as such). These processes can be invoked through an imagi-
nary part in the background optical potential U,, [39], i e., an
imaginary part to the electron wave number Im(k)=&"!. Here
¢ acts as a coherence length for the electrons. This represen-
tation allows approximate, though accurate, local solutions
by truncated finite-size matrices containing the information
for the number of subunits within a few coherence lengths.
For finite-size molecules, as is the case here, there is no
computational need for a finite coherence length. So we shall
ignore it, i.e., set it to infinity.

B. Electron capture and scattering

In an effort to extract physically meaningful information
from the multiple scattering formalism, we had previously

targeted a calculation of the capture amplitude Vg) of an

electron in a shape or core excited resonance of a basic sub-
unit C positioned at R.. We had assumed a dominant capture
channel symmetry corresponding to L, and had used the one
center approximation of O’Malley [43]. When generalized to
a multiple scattering situation, this led to

Ve = \da,, (Cpy, + Y, (Q)e ™, (3)
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and VLU is an energy and nuclear coordinate dependent am-
plitude. There is unfortunately no available theoretical infor-
mation on the nuclear part for the DNA bases at this time
although calculations are forthcoming [44,45]. So we shall
only focus on the electronic part. These equations are ob-

tained by expanding the electronic wave function around IEC.
We proposed [26] a weighted partial capture factor

Z y(lo’ﬁC)
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which measures the partial wave decomposition of the total
wave function averaged over the different chosen positions

IEC. Here the sum over R, runs over all selected subunits
while the sum over m, runs from -/, to [,. The weighting
factor in Eq. (6) (the denominator) has the extra property that

it is independent of k. This would serve as meaningful mea-
sures of the effect of multiple scattering on the capture prob-
ability in the /, channel for both types of resonances. Note
that I",,(0) equals the average absolute square of the wave
function.

We also propose to calculate, for a finite size molecule,
the scattering cross section o,. The total scattered wave func-
tion is obtained by summing the second term on the right
hand side of (1) (the one with 4,,) over all scatterers.

II1. SIMULATION

The present formulation is specialized to decamers (10
PBS), short oligomers of the type used in Ref. [17], mimick-
ing the structure of a segment of single strand DNA. It is
made of pseudobases (PBS) chemically bonded to a common
pseudobackbone (PB). These PBS and backbone are con-
structed, as before, from centrosymmetric scatterers. The
PBS are the same as in Refs. [24,25] and consists of coplanar
PC and PG arrangements of scatterers resembling the cy-
tosine and guanine (C and G) base units of DNA [46]. Their
arrangement relative to the backbone is, however, different
having to link to a common backbone whose structure we
wish to keep independent of the PBS used. This is shown in
Fig. 1. The PB [26] is composed of 11 scatterers which are
ordered to simulate the spatial arrangement of the sugar-
phosphate units [46] and the average inter-PBS distance of
DNA. The sum over n in Egs. (2) or (4) and in Eq. (1), for
the calculation of o,, then runs over the individual scatterers.
Moreover, for single centrosymmetric scatterers, one has
%(S(L"L,)— 8;1/) =i, €% sin(8,) where &, is the nth scatterer
phase shift. We have used the phase shifts of Ar [47] for all
scatterers as in our previous calculations.

The parameters of ss DNA were the following: a screw
pitch of ¢=3.4 nm and a number of bases per turn N.=10
which are characteristic of the B form of DNA, the
[=0,1,2 phase shifts of the electronically inert species Ar-
gon. As the decamers are very short, we have already men-
tioned that we have used &é=co.

In order to study the effect of structural disorder in ss
DNA, we have considered two types of changes from regular
helical positions. The first one is orientation disorder. It pre-
serves the coplanar shape of the PBS and leaves the anchor
position to the PB fixed (see Fig. 1). It consists of a tilt,
which lifts the end of the PBS principal axis in the helical
axis direction, a twist, which moves it in its plane, and a roll,
which rotates the PBS. We have chosen a uniform random
distribution in the interval +20° for twist and roll and +10°
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FIG. 1. Structural arrangement of the scatterers in the PC and
PG pseudobases and their relative positioning with respect to the
anchor position on the backbone (star). The open circle lies at the
position of the axis of the helix. The three basic motions of the PC
relative to its anchor are illustrated. The dashed line is the axis
which defines these movements.

for tilt for the 10 PBS making up the decamer. The second
type of disorder originates in the backbone which, at each
segment of the decamer, is rotated around the axis connect-
ing two successive sugar 3'-O atoms and moves its PBS
along with it. This PB segment motion is accompanied by
azimuthal and polar displacements. This results in a global
tilt, twist, and roll of the PBS plus backbone disorder. We
have chosen a uniform random distribution in the intervals
+20° for rotation and azimuthal change and a linearly in-
creasing 0°—10° change from bottom to top of the decamer
for the polar angle. This morphology reproduces the type of
“mushroom” disorder and resulting reduction in vertical size
observed by Ray et al. [48] in their oligomer films. Figure 2
shows a side perspective of the three decamers described
here.

In our past work, we had chosen the incident direction to
be perpendicular to the axis of helix. This time we choose the
incident electrons to be along the axis of the decamer as in
the photoelectron injection experiments of Ray er al. [17].

FIG. 2. Side perspective of the three different all PC decamers
used: (a) regular helical placement, (b) helical PB with PC orienta-
tion disorder, and (c) PB disorder resulting in the “mushroom”
arrangement.
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FIG. 3. Elastic cross section and weighted partial capture factors
for a single helically ordered ss decamer with all PC pseudobases as
a function of energy.

IV. RESULTS AND DISCUSSION

Figure 3 shows the elastic cross section and weighted par-
tial capture factor (partial wave decomposition) at the center
of the hexagonal ring for the regular all PC decamer of Fig.
2(a). There is only weak modulation at low energy. A broad
peak is seen in I',(/,) between 14 and 20 eV which is due to
the combined influence of the PB and PBS (see discussion
later). A hump is seen in the cross section at 15 eV. This is
characteristic of the backbone whose elastic cross section,
shown in Fig. 4, also has a hump at that energy. One notes
that the lower energy hump of the backbone is not seen in
Fig. 3. There appears to be some destructive interference
between the PBS and PB at low energies. Curiously, there is
no clear sign of the internal diffraction peak which was ob-
servable in the 12—15 eV range for perpendicular incidence
[25,26]. Tt is most clearly visible along the axis direction, at
6=0°. It can be seen in Fig. 5 as a narrow peak at 15 eV in
the differential cross section (do,/d{}) 4. It could well be
hidden within the hump in o, at 15 eV.

Figure 6 shows the effect of the orientation disorder cor-
responding to the all PC decamer of Fig. 2(b). There is a

1.0

0.81 ]

0.6

ag(10° &%)

04f

0.21 7

0.0 ; - y - y
0 4 8 12 16 20 24
E (eV)
FIG. 4. Elastic cross section for the helical pseudobackbone
(solid line) and the disordered one (dashed line) as a function of
energy.
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FIG. 5. Differential cross section for elastic scattering in the
forward direction from a single helically ordered (full line), orien-
tation disordered (dashed line), and pseudobackbone disordered
(dotted line) ss decamer with all PC pseudobases as a function of
energy. The bell shaped curves on the bottom part show the diffrac-
tion peaks stripped of the background.

substantial overall increase in o, while I',(I,) shows a re-
markable increase below 10 eV and a decrease in the higher
energy peak. This disorder restores the lower energy contri-
bution to o, of the PB of Fig. 4 by presumably neutralizing
the interference with the PB in the regular PBS array. The
effect of the PB disorder of Fig. 2(c) on o, and I, (/,), in Fig.
7, is similar. The contribution of the disordered PB to the
elastic cross section is featureless, however, as seen in Fig. 4.
Therefore, the details in the o, curve of Fig. 7 originate from
the PBS which show low-energy humps similar to those of
Fig. 6, though of reduced amplitude (note the reduced verti-
cal scale). The zigzag pattern seen in I',(0) of Fig. 7 at
around 4 eV can even be observed in o, of the same figure.
One must remember there is dominant s-wave scattering at
low energy. The higher angular momentum components play
a secondary role in the elastic cross section at low energy.
But they are of primary importance in attachment processes
to low-energy shape resonances. Note that the height of the
internal diffraction peak which appears at 15 eV in Fig. 5,

1.0 - , \ \
0.81 /\—/\/_/\
< 0.6
<
<+ 041
b' 0-2 B
0.0
6.0 2y
5.0 Y —_ 1,=0
= 40  F % T L
= | 5 W e =2
3 3.0 "’\ ".‘ A
L‘ 2.0' l. ‘)‘ "t‘
101 /\"M{:ﬂn
0.0 : : = :
0 4 8 12 16 20 24

FIG. 6. Elastic cross section and weighted partial capture factors
for a single ss decamer with orientation disordered PC pseudobases
as a function of energy.
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FIG. 7. Elastic cross section and weighted partial capture factors
for a single ss decamer with disordered pseudobackbone and all PC
pseudobases as a function of energy. Note the reduced range in the
scale of the cross section.

has its amplitude reduced by almost a factor of 2 for orien-
tation disorder and is difficult to evaluate for PB disorder.
The low-energy peaks in I',(l,) for /,=1,2 warrant a
closer look. One might wonder if there is not some destruc-
tive interference in the well ordered configuration which
quenches them. We do not believe this to be the case. First,
I',,(1,) is quite uneventful over a broad range below 10 eV in
Fig. 3. There is no sign of anything particularly “destructive”
occurring around 4 eV, at twice the wavelength of the inter-
nal diffraction peak. Second, we have evidence that the low-
energy peaks are related to the regions, in the disordered
PBS, in which the pseudobases are more closely spaced. This
evidence comes from the separate study of the decamers
without the PB. Figure 8 shows the I',(l,) with only the
pseudobases present. The high-energy peak is quite subdued
showing that the PB plays a large role in its definition. The
low-energy peaks behave in quite a similar fashion as with
the PB in Figs. 3, 6, and 7. They are thus clearly coming

3.0f L mushroom

— i o o st

3.0 orientation disordered

()

E (eV)

FIG. 8. Weighted partial capture factors for three arrays of PC
pseudobases only (without the pseudobackbone) as a function of
energy for three values of /,=0 (full line), 1 (dashed line), and 2
(dotted line).
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FIG. 9. Pearson correlation coefficient of nearest-neighbor
weighted partial capture factor product with decrease of interring
distance for /,=2.

from the PBS. We can correlate them with the more closely
spaced PBS. In order to show this, let us define the Pearson
correlation coefficient PCC between the neighboring bases
pair product ¥(I,,n)¥(l,,n+1) and their relative distance

contraction (d—d,, )

pPcc(,)
9

E (y(l()’n) ’Y(lmn + l) - W)(E_ dn,n+l)

n=1

bl

9
2 (a - dn,n+1)2

9

2 (Wl Wl +1) = 77)°
n=1 n=1
where ¥(l,,n) is defined in Eq. (6), with IEC here represented
by the index n of the PB, yy is the average of the pair
products, d,, . is the distance between neighboring ring cen-

ters, and d is its average. This coefficient provides a measure
of the correlation between the peaks and the PBS pair dis-
tance. A value of one implies total correlation while a value
of zero means the two variables are uncorrelated. Figure 9
shows the correlation coefficients for the disordered situa-
tions and for [,=2. Very similar results are obtained for the
other values of angular momentum. There is good correlation
at low energy which indicates that the peaks are caused by
local clumping of the PBS in the disordered decamers. These
can be seen in Fig. 2. They very likely correspond to
inter-PB resonances corresponding to the high energy tail of
Mott localized states, mentioned at the end of the Introduc-
tion, which would result from such “clumping.”

In order to check on the effect of collective interoligomer
interference, we have looked at three regular decamers ar-
ranged in a triangular array with 45 atomic units (a.u.), i.e.,
Bohr radii distance one from another. This would correspond
to what an electron would see of the film within a coherence
length less than 80 a.u. The elastic cross section is roughly
three times that of a single decamer and the partial capture
factors are nearly the same. There is no clear sign of inter-
decamer interference. We have repeated this for three decam-
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FIG. 10. Elastic cross section and weighted partial capture fac-
tors for a single regular helical decamer of pseudo-DNA with a
random sequence of equal numbers of PC and PG pseudobases as a
function of energy. The dots in the upper figure represent the aver-
age elastic cross section of all PC and all PG decamers.

ers with backbone disorder at the same distance one from the
other and rotated around the vertical axis by 40°. The same
observations prevail.

It thus seems quite general that disorder leads to an in-
creased scattering and an increased partial capture factor at
low energy. This suspected but unproven association be-
tween the two physical quantities mentioned in the Introduc-
tion is thus verified.

We have finally done calculations for a decamer with se-
quence disorder. Equal numbers of PC and PG PBS were
randomly mixed. The results are shown in Fig. 10. The elas-
tic cross section is, oddly enough, incredibly close to the
average value for all PC and all PG decamers. The partial
capture factor is also similar, though not exactly equal, to the
average one. Sequence disorder thus does not produce sig-
nificant variations beyond averaging for regularly positioned
PBS.

V. CONCLUSION

In our previous theoretical studies [24-26], we have in-
vestigated the interaction of nonthermal electrons with mod-
els of the DNA bases with and without inclusion of the back-
bone. The DNA was taken to be in the double stranded
configuration and disorder was not systematically introduced
in our models. In the present investigation, we introduced
into a single strand of DNA sequence and topological disor-
der. The latter consist of a random distribution of twist, roll,
and tilt motion of the bases and the backbone. Since in the
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double stranded configuration DNA is much more rigid, and
thus less prone to disorder, we chose a decamer of single
stranded DNA for this type of calculations.

The elastic cross section and capture factors are affected
by disorder due to a combination of two effects: loss of long-
range coherence and enhanced short-range scattering. The
overall picture is that structural disorder tends to destroy the
long-range interference between and within the bases and
backbone, most noticeably reducing the internal diffraction
at the higher energies, while the short-range disorder glo-
bally increases the elastic scattering cross section and pro-
duces local low-energy resonances. This increase in both the
elastic scattering cross section and the capture amplitude at
the lower energies supports the hypothesis of Ray et al. [17],
linking disorder to increased capture amplitude. Lastly, pure
sequence disorder does not lead to a significant enhancement
of elastic scattering and interference in the partial wave func-
tions and there is no clear evidence of interdecamer interfer-
ence patterns.

It should be noted that in single stranded DNA, thermal
motion not only produces disorder in the pattern of DNA
constituents, but populates vibrational levels of these con-
stituents lying at energies above that of the ground vibra-
tional state. Such a temperature effect is well known from
gas-phase experiments with small molecules [49]. Basically,
increasing the temperature increases the Franck-Condon
(F-C) width for the transition from the ground state of the
molecule to the transient anion state. Usually, the larger F-C
width causes an increase in the electron capture cross section
and a modification of the branching ratios for all decay chan-
nels. The effect is particularly pronounced in the DEA chan-
nel, if the increase in F-C width, for a transition to a disso-
ciating anion state, causes the transition to occur at
internuclear distances close to those required for stabilization
of the extra electron on one of the fragments. In this case, a
strong enhancement in the DEA cross section occurs [49].
Thus, in a more elaborate treatment of temperature effects on
DNA damage, the influence of the vibrational population of
the basic constituents on the cross sections for electron cap-
ture and bond scission should be taken into account. This is
necessary for a more adequate comparison between theoret-
ical calculations and experiments performed at room tem-
perature on LEE-induced DNA damage [1,19].
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