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We present results from high-resolution electron energy loss spectroscopy (HREELS) and XPS studies of
self-assembled monolayers of DNA. The monolayers are well-organized and display sharp vibrational peaks
in the HREEL spectra. The electrons interact mainly with the backbone of the DNA. The XPS results indicate
that, in most of the samples studied, the phosphates on the DNA are not charged.

Introduction

Studying physical properties of biological systems is a
challenge because it requires that microscopic details on the
functioning of complex systems in an even more complex
environment be obtained. Specifically, the detailed mechanism
underlying electron-DNA interaction is difficult to address
experimentally in vivo, where many parameters affect the
interaction and where the electron energy is not well-defined.
Therefore, only a limited amount of experimental information
is available on oligomers that contain all of the building blocks
of DNA. Among the few studies is an investigation of low-
energy electron damage to plasmid DNA deposited on a
substrate and exposed to an electron beam.1,2 The electron
interactions with the DNA and the fundamental mechanisms
of damage to the DNA strand induced by the impact of low-
energy electrons were also examined.3,4 In an additional set of
experiments involving thick layers of DNA condensed on a
substrate, an electron beam impinged on the sample to produce
ions. Those ions with sufficient kinetic energy escaped from
the sample and were analyzed by mass spectrometry. Ion
formation was studied as functions of both electron energy5,6

and DNA bases.7 Other experiments have been performed on
the building blocks of DNA in the gas8,9 and condensed10,11

phases. Additional gas-phase studies 12–17 have shown that
isolated nucleobases undergo dissociative electron attachment
at subexcitation energies, which leads to the loss of neutral
hydrogen.

It is now widely accepted that very low energy electrons (with
energies below 4 eV) play an important role in the damaging
of single- and double-stranded DNA (ss- and ds-DNA, respec-
tively). The importance of this finding stems from the fact that
irradiation of cells with high-energy photons or particles
produces large amounts of very low energy electrons as the
dominant secondary species (ca. 5 × 104 electrons per mega-
electronvolt18). Therefore, it is most likely that low-energy

electrons contribute to DNA damage accumulation, which is
one of the major sources of human cancer.

To study DNA damage induced by low-energy electrons
mechanistically, it is essential to investigate the energetics and
dynamics of the process. Recently, we introduced the possibility
of investigating the interaction of electrons having well-defined
energies with ss- and ds-DNA oligomers adsorbed on gold
surfaces as organized self-assembled monolayers (SAMs).19,20

These systems were also used to obtain detailed information
on the damage occurring in DNA by electrons.21,22

Here, we present results from a study of the inelastic
scattering of low-energy electrons from self-assembled mono-
layers of DNA and from XPS studies on these layers. These
studies provide information on the structure of the monolayers
(their density, uniformity, thickness, etc.), as well as direct
evidence on the role of the interaction of the backbone with
the electrons as compared to that of the bases. In addition, insight
into the charge state of the DNA in the layer is provided.

Experimental Section

A detailed experimental description is provided in the
Supporting Information. In this section, we briefly describe the
sample preparation and the experimental methods used.

DNA Sample Preparation and Adsorption. Self-assembled
DNA monolayers on gold films were prepared by deposition
of 3′-end-thiolated ss-DNA and ds-DNA of different sequences
(Table 1). The details of the adsorption procedure are provided
in the Supporting Information. In general, a 10 µM solution of
DNA (in 20 mM Tris-HCl, pH 7.5, 0.4 M NaCl) was spotted
onto a clean gold slide for a given time, and humidity was
controlled to avoid dryness. After adsorption at room temper-
ature, the slide was rinsed in sterile deionized water to wash
away excess DNA. The slide was then soaked in the same buffer
while being shaken for 15 min. This wash was then followed
by 15 min of shaking in 20 mM Tris-HCl (pH 7.5, 0.2 M NaCl),
15 min of soaking in 20 mM Tris-HCl (pH 7.5), a thorough
rinse in 20 mM Tris-HCl (pH 7.5), and a quick rinse in sterile
deionized (Millipore) water to remove any excess salt left on
the surface. The DNA was adsorbed on either n-type single-
crystal (111) silicon wafers or glass slides coated with gold.

Techniques. In a HREELS experiment, electrons are pro-
duced by a hot filament; energy is selected in a double-pass
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127° cylindrical electrostatic condenser, the monochromator, and
then focused onto the sample with a kinetic energy, Ep, ranging
from 0 to 10 eV. As all fields are conservative along the electron
path, incident electron kinetic energy, Ep, is defined by the
difference between the electric potential of the filament and that
of the surface of the sample. Electrons backscattered from the
sample surface in a given direction, measured relatively to the
normal to the surface, are then accelerated into an identical
electrostatic condenser, the analyzer; selected in energy; and
counted by an electron multiplier. The analyzer can be moved
around the sample, enabling the angle profile to be recorded.
In such a case, the intensity of scattered electrons undergoing
a certain energy loss is represented as a function of the analyzed
direction.

Vibrational and electronic losses were studied. Energy losses
were recorded using three different HREEL spectrometers: A
Leybold-Heraeus ELS-22 spectrometer and an LK Technologies
ELS3000 spectrometer were used for the vibrational spectra,
corresponding to energy losses lower than 0.5 eV. An LK2000R
spectrometer was used for analyzing higher losses corresponding
to excited electronic states. Spectral resolution better than 7
meV, taken as the full width at half-maximum (fwhm) of the
elastic peak after reflection from the sample, was achieved using
the LK Technologies ELS3000 spectrometer in the vibrational
domain. Spectral resolution of the electronic losses was around
13 meV for all samples. In all cases, the vacuum was better
than 10-9 mbar. In fact, most of the DNA samples could be
irradiated for several days without noticeable damage or charge
effects.

The XP spectrometer used was an XSAM800 instrument
(Kratos) operated in fixed analyzer transmission (FAT) mode,
with a pass energy of 20 eV, nonmonochromatized Al KR
X-radiation (hν ) 1486.7 eV), and a power of 120 W. Details
on the data acquisition are included in the Supporting Informa-
tion. Photoelectrons were analyzed at takeoff angles (TOAs)
of 90° and 30° relative to the surface.

Results

HREELS Vibrational Excitation. In a HREELS experiment,
the colliding electrons can lose energy either by short-range
impact collisions or by long-range electron-dipole interac-
tions.23 The first mechanism is expected to become more
efficient with increasing collision energy, whereas the excitation
efficiency of the second mechanism decreases with increasing
collision energy. Both of these processes can contribute
concomitantly to the energy loss intensity, yielding a hybrid
dependence on the incident electron energy.24 In any case, the
initial kinetic energy of the electrons backscattered by the
adsorbed molecules can be reduced through inelastic collisions
with the molecular groups exposed to the vacuum. In the impact
regime, the analysis method has analysis depths of less than 1
nm, whereas dipolar collisions typically occur at distances of
about 10 nm. Hence, the nature of the interaction, revealed by

the dependence of the cross sections on the incident electron
energy, determines the distance of the incident electron with
the excited group.

Figure 1 shows two spectra, one for a sample of adenine
directly adsorbed on a gold substrate and the other one recorded
from a single strand of 26 adenine bases, that is, an all-adenine
oligomer [ss-poly(A), Table 1]. The incident electron energy
was 5 eV, and the vibrational spectra did not vary when taken
at specular or off-specular geometries.

Assignments of the spectral features appearing in the vibra-
tional spectra presented in this study are listed in Table 2.25,26

One can see significant differences in the spectra of the directly
adsorbed adenine and the oligomer film. Several characteristic
bands of adenine that appear in the spectrum of adsorbed
adenine are not present in the spectrum of the oligomer,

TABLE 1: DNA Oligomers Used in the Present Study

oligomer sequence

ss-GAT HOsCATTAATGCTATGCAGAAAATCTTAGsC3sSH
ss-GTAsOH HOsCTAAGATTTTCTGCATAGCATTAATGsC3sSH
ss-poly(C) HOsCCCCCCCCCCCCCCCsC3sSH
ss-poly(A) HOsAAAAAAAAAAAAAAAAAAAAAAAAAAsC3sSH
ss-poly(T) HOsTTTTTTTTTTTTTTTTTTTTTTTTTTsC3sSH
ss-GCGT HOsGCTGGATGGTATGGAGAAGATGTGCGsC3sSH
ss-CGAC HOsCGCACATCTTCTCCATACCATCCAGCsC3sSH
ds-poly(T)/poly(A) AAAAAAAAAAAAAAAAAAAAAAAAAAsOHSHsTTTTTTTTTTTTTTTTTTTTTTTTTT

TABLE 2: Main Vibrations Corresponding to
Characteristic Energy Losses in HREELS

vibration (cm-1) assignment

565 δ ring deformation
700-850 symmetric PsOsC stretching +

CH out-of-plane deformation
1089 PsOH stretching, asymmetric PsOsC

and CsOsC
1256 PdO stretching
1365 CH (CH3) deformation
1447 CH deformation
1651 NH deformation
2920 aliphatic CH stretching
3040 aromatic CH stretching
3398 NH stretching + OH stretching

Figure 1. Comparison of HREEL spectra of a single strand of ss-
poly(A) (black) and a layer of adenine (red) deposited on gold. Spectra
were recorded using 5 eV electrons and an off-specular geometry with
an incident angle of 60° and an analysis angle of 30°.
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including the out-of-plane CH deformation at 738 cm-1 and
the NH stretch at 3398 cm-1. The same is true for all of the
other vibrations associated with the aromatic ring, which do
not appear in the spectrum recorded with the oligomer film.
For instance, the peak corresponding to the CH stretch is broader
in the adenine spectrum, because it contains a perceptible
contribution from the aromatic CH stretching. Another marked
difference is observed in the peak around 1651 cm-1, corre-
sponding to the NH symmetric bending motion, which is clearly
observed in the adenine spectrum, but does not appear in the
spectrum of the adsorbed oligomer.

Figure 2 presents spectra of two types of single-stranded DNA
oligomers: an all-adenine strand [ss-poly(A)] and an all-thymine
strand [ss-poly(T)]. Remarkably, both spectra exhibit outstanding
resolution, despite the complexity of the molecular system. Most
of the peaks appearing in Figure 1 can be recognized around
the same positions. This observation reveals a smooth surface
from which electrons are uniformly backscattered. The low
elastic peak widths (fwhm), narrower than 55 cm-1, indicate
that both molecular samples exhibit uniform and well-organized
surfaces.27 No significant differences can be observed between
the two spectra recorded from two different oligomers. Both
spectra are mostly dominated by electron energy losses corre-
sponding to the excitations of symmetric and asymmetric
stretching modes of the phosphate and oxyribose groups between
800 and 1450 cm-1. In addition to these bands, characteristic
of the backbone, the thymine sample clearly shows a sharp
structure at 1675 cm-1 assigned to the CdO stretching mode
of the thymine rings. This band is associated with a long-range
electron-dipole interaction, as shown in Figure 3. No excitation
of any SH stretching is detected, thus confirming that all of the
thiols were involved in the chemisorption of the strand on the
gold substrate and that none were exposed to the vacuum.

On the other hand, spectra of the same samples recorded with
incident energies higher than 5 eV reveal the existence of a
band around 3700 cm-1, likely produced by impact scattering
(see Figure 3). This energy loss feature, assigned to the
stretching mode of free or/and vicinal OH groups, confirms that
hydroxyl groups present in the extremities of the DNA strands
(see Table 1) are mostly exposed to the vacuum, standing on
the extreme surface of the monolayer.

To unravel the nature of the electron interactions, spectra of
different samples were recorded as a function of the incident

electron energy. Figure 4A presents the electron collision
energy-dependent spectra of monolayers obtained with ds-DNA,
made of oligomers containing 26 bases, all adenine and all
thymine, poly(A)/poly(T). Spectra were recorded in a specular
geometry, using electron incident energies varying from 2.5 to
7 eV. Again, as in the other spectra, the most intense peaks

Figure 2. Comparison of HREEL spectra of samples ss-poly(A) (black)
and ss-poly(T) (blue) of DNA monolayers deposited on gold surfaces
recorded in a specular geometry (60°/60°) with an incident electron
energy of 5 eV.

Figure 3. Domain of the OH stretching mode in spectra of ss-poly(A)
(black) and ss-poly(T) (gray) characteristic of individual hydroxyl
groups.

Figure 4. (A) Comparison of HREEL spectra of a double-stranded
DNA monolayer [ds-poly(T)/poly(A)] deposited on a gold surface
recorded in specular geometry (60°/60°) using different incident energies
from 2.5 to 7 eV. The resolution is ∼7 meV. (B) Differential cross
sections of the different components of the HREEL spectra as a function
of the electron incident energy.
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characterize the interactions of the electrons with the backbone
structure of the DNA strands. The intensity and area of each
spectral component were determined using a Gaussian sum
fitting where the bandwidth was fixed to the elastic peak fwhm.
Component positions were consistent for all spectra and were
considered as fixed parameters in the Gaussian analysis.

Figure 4B shows the energy dependence of some of the
differential cross sections corresponding to some of the peaks
present in spectra of Figure 4A, where the peak intensities are
normalized to that of the elastic peak. Similar results were
obtained for all samples. Whereas some of the differential cross
sections slightly decrease with increasing collision energy (e.g.,
the peak at 1673 cm-1), others increase with the collision energy
(e.g., the peaks at 1365 and 2940 cm-1), and some do not change
(e.g., the peaks at 805 and 1085 cm-1). The results obtained
are consistent with a picture where incident electrons mainly
interact through both long- and short-range interactions with
the backbone structure of the DNA strand, but mostly through
long-range interactions with the bases.

HREELS Electronic Excitation. When the electron kinetic
energy is high enough, it is possible to observe higher energy
losses that correspond to electronic excitations. Figure 5 shows
the electronic spectra recorded in an off-specular geometry at a
nominal energy of 8 eV for three different samples of DNA
oligomers: ss-poly(A), ss-poly(T), and ds-poly(T)/poly(A). The
threshold of the electronic excitations appears around 3.0 ( 0.3
eV. The fitting of the spectra with a Gaussian sum is not
straightforward. However, a good fitting could be obtained
yielding Gaussians centered at 3.9, 4.8, 6.0, 7.0, and 7.8 ( 0.2
eV. These values are in good agreement with those found in
the electronic HREEL spectra of ultrathin layers containing
aromatic groups assigned to a suite of triplet and singlet states.28

It should be noted here that triplet states can easily be excited
by exterior electrons as the spin rule is not broken. Hence, the
electronic part of the spectra indicates the excitation of π-π*
transitions in the bases through impact electron interactions. This
does not contradict the results reported above, related to the
vibrational excitation, where energy losses involving the bases
are essentially absent. In the case of the vibrational part of the
energy loss spectra, the interaction of the electrons with the
bases is masked by a much more effective interaction of the
electrons with the sugar and phosphate moieties. In the electronic
excitation region, it is not expected that any DNA component
other than the bases will be electronically excited. Therefore,
in this energy range, because no other energy losses occur, one
can detect the electronic excitation of the conjugated rings of
the bases, even though the cross sections are very low.

XPS Results. All ss-DNA samples listed in Table 1 were
characterized by XPS. Table 3 reports the results of the
quantitative analysis. The relevant regions of the spectra are
shown in Figure 6. Assignments of the peaks are presented in
Table 4. Atoms are labeled as presented in Figure 7.

For the detailed study, three ss-DNA samples are particularly
interesting, specifically those containing only a single base type:
samples ss-poly(C), ss-poly(A), and ss-poly(T). The main
differences among the XP spectra of ss-poly(C), ss-poly(A), and
ss-poly(T) are seen in the N 1s region (Figure 6a). The N 1s
region of the cytosine-base oligomer is composed of two peaks
centered at 398.6 and 400.1 eV: peak 1 is assigned to conjugated
N (sp2), and peak 2 has contributions from the amine group
sNH2 and nonconjugated N (sp3). The area of peak 2 is twice
the area of peak 1. The N 1s region of ss-poly(A) is also
composed of two peaks, centered at 399.0 and 400.2 eV, with
the same assignments as for ss-poly(C) (in this case, the area
of peak 1 is 1.5 times the area of peak 2). This region also
presents an extra peak at 401.4 eV assigned to NH3

+. In ss-
poly(T), the N 1s region contains a single peak centered at 400.0
eV that is attributed to Ns(CdO)sN. This peak could include
an extra component at lower binding energies. The presence of
two peaks in the N 1s region of thymine adsorbed on gold
surfaces has been reported before.29 In the earlier studies, the
component shifted to lower binding energies was attributed to
the interaction between nitrogen N3 of thymine and the
substrate. However, in the present case, this type of interaction
cannot be inferred from the N 1s region of this spectrum.

Another important feature that strongly confirms the
presence of the adsorbed oligomers on gold is the P 2p region
(Figure 6b). Despite the poor signal-to-noise ratio, it is
possible to detect a peak around 133.8 eV associated with
phosphorus (The P 2p peak is a doublet because of spin-orbit
splitting, ∆BE ) 0.87 eV30). Lee et al. reported a peak
centered at 133.9 eV for pure DNA monolayers deposited
on gold and proposed that it arises from nonthiol interactions
of the DNA polyanions with the gold substrate.34 However,
this binding energy is lower than that reported for phosphoric
acid (BE of P 2p3/2 in H3PO4 ) 135.2 eV30), being closer to
the BE of phosphorus in sodium phosphate (NaH2PO4,
134-134.2 eV). In fact, sodium is detected in some samples
but not in all of them. For example, it is missing in the cases
of ss-poly(T) and ss-CGAC. Samples rich in Na+ (all of the
ds-DNA samples) also present a chlorine peak, indicating
that salt is present. In these samples, the O 1s region also
contains a component at high binding energies that can be
assigned to water (Figure 6d). In some samples, the amount
of sodium is much lower than the amount of phosphorus;
hence, it is not enough to ensure neutrality. Because no other

Figure 5. HREELS electronic spectra taken at a nominal energy of 8
eV for three different samples of DNA oligomers: ss-poly(A) (thin
black), ss-poly(T) (thick black), and ds-poly(T)/poly(A) (gray). The
incident and analysis angles relative to the normal to the sample were
60° and 30°, respectively (off-specular).
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candidate for counterion was detected, we can conclude that
the large exchange should have been with hydrogen.

The C 1s regions were fitted with a minimum of three
components (Figure 6c), where each component was the sum
of several contributions. Peak 1, centered at 285 eV, includes
aliphatic carbons of the mercapto-propane terminal group
s(CH2)3sSH, carbons of the sugar group, and carbons of
aliphatic contamination. All of these contributions are common
to all samples. In ss-poly(T), peak 1 also contains components
attributed to carbons of the thymine base, namely, the methyl
group and the aromatic carbon C5. Single-stranded poly(C) also
exhibits a contribution from the aromatic carbon C5. Peak 2 of
ss-poly(A), centered at 286.7 eV, has a strong contribution from
carbon bound to nitrogen in adenine, in addition to CsO bonds
of the sugar groups and sugarsphosphate bonds that, obviously,
are present in all samples. The peak centered at higher binding
energies, between 288.3 and 288.7 eV (peak 3), is assigned to
carbonyl groups in thymine and cytosine bases that are not
present in ss-poly(A).

The O 1s regions were fitted with two components (Figure
6d): One, at 531.3 ( 0.2 eV, is assigned to the oxygen present
in the bases and sugars. The other, at 532.7 ( 0.2 eV, is assigned
to the backbone phosphate group. In the samples of ss-poly(C),
there is a third component, around 535.4 ( 0.1 eV, that is
assigned to water, as mentioned above.

Sulfur, in principle, is at the same level as gold because it
binds directly to it. However, the detection of sulfur is not
obvious, first because it is located at the Au-CH3 interface,
i.e., deep in the layer; second because its photoionization cross
section is very low compared to that of Au 4f; and finally
because its atomic density is much lower than the gold atomic
density. In ss-DNA, traces of sulfur can be detected [samples
ss-GTAsOH, ss-poly(C), ss-GCAT, and ss-CGAC]; the S 2p3/2

peak is centered at 161.4 ( 0.4 eV (not shown), which is typical
for sulfur bound to a gold surface.

The thicknesses of the different ss-DNA samples [ss-poly(C),
ss-poly(A), and ss-poly(T)] adsorbed on Au were estimated from
the quantitative XPS results. The estimations were based on

TABLE 3: Quantitative XPS Elemental Analysis Results for All of the Samplesa

XPS
region ss-poly(C) ss-poly(A) ss-poly(T) ss-GTA-OH ss-GAT ss-GCAT ss-CGAC

C 1s 39.5 40.9 39.5 40.9 43.8 40.7 45.2
N 1s 6.9 7.4 5.4 8.1 10.7 8.8 6.6
O 1s 27.9 14.9 15.5 23.3 23.7 21.1 25.4
P 2p 1.4 0.9 1.4 1.6 2.1 1.4 1.0
Au 4f 19.2 34.8 38.2 25.6 19.6 27.6 21.5
Na 1s 3.6 1.0 b 0.2 0.1 0.2 b

S 2p 0.2 b b 0.2 b 0.3 0.3
Cl 2p 1.4 b b b b b b

a Spectra were acquired with Al KR radiation at TOA ) 90°. b Not detected.

Figure 6. XP spectra of single strands of ss-poly(C), ss-poly(A), and ss-poly(T): (a) N 1s, (b) P 2p with ∆BE ) 0.87 eV, (c) C 1s, and (d) O 1s.
Spectra were acquired with Al KR radiation at TOA ) 90°. Source satellites were subtracted. For peak assignments, see Table 4.

Interaction of SAMs of DNA with Electrons J. Phys. Chem. B, Vol. 112, No. 23, 2008 6961



the C 1s/Au 4f, N 1s/Au 4f, and P 2p/Au atomic ratios 4f for
two different TOAs (90° and 30°). Two models were tested: a
homogeneous, continuous monolayer of constant thickness
completely covering the substrate and an island-like layer. The
first model did not fit at all of the experimental data, but the
second model, although very schematic, can describe these
adsorbed layers quite well.

Equation 1 was fitted to the experimental ratios

X
Au

)
nX

nAu

f[1- exp(- l
λX sin θ)]

(1- f )+ fexp(- l
λAu 4f sin θ)

(1)

where X is C 1s, N 1s, or P 2p. The value θ is the takeoff
angle (TOA ) 90° or 30°), and λ represents the photoelectron
inelastic mean free paths of C 1s, N 1s, P 2p, and Au 4f. The
values of λ were determined by Wagner’s expression λ ) kEm,
where E is the photoelectron kinetic energy and k and m are
parameters attributed to DNA, equal to 0.130 and 0.792,
respectively. 36 The value nX/nAu is the atomic density ratio,
where nX and nAu are the carbon, nitrogen, or phosphorus density
in the film and the gold density in the substrate, respectively.
The thickness, l, and the covered surface fraction, f, were fitted
parameters. For the three monolayers, l was found to be about
6, 5, and 5 nm and f to be 0.9, 0.7, and 0.8 for the monolayers
made from ss-poly(C), ss-poly(A), and ss- poly(T), respectively.
Nevertheless, eq 1 does not take into account shadow effects
and heterogeneous distributions of the elements P and N as

should be the case for highly organized layers and the obtained
values should be taken as merely qualitative.

The estimated thicknesses of ∼5 nm indicates that the single-
stranded oligonucleotides of 26 bases either are not stretched
or are oriented away from the surface normal, because the
lengths of those strands when unfolded are on the order of 8
nm.37

The monolayer of ss-poly(A) seems to be less packed than
the monolayers of the other oligomers, confirming previous
observations.37 Single-stranded poly(C), even though a shorter
oligomer with only 15 of cytosine bases, provides a well-covered
surface, similarly to the other oligomers, and seems to be in an
upright position, taking into account the estimated thickness of
6 nm.

Discussion

The vibrational HREEL spectra exhibit exceptionally sharp
peaks, indicating that the monolayers are uniform and well-
ordered. However, these results are not in complete agreement
with the XPS data from which it was concluded that the
coverage of the surface was lowest for ss-poly(A) (∼70%),
intermediate for ss-poly(T) (∼80%), and highest for ss-poly(C)
(∼90%). The last value is the value expected for a well-ordered
layer presenting a compact hexagonal structure. This discrepancy
between the conclusions based on the two techniques might arise
from the fact that each of the techniques is sensitive to a different
region of the monolayer. Whereas HREELS probes mainly the
end of the molecules facing the vacuum, as most processes are

TABLE 4: Corrected Binding Energies (BEs) (eV) a and Assignmentsb,c

region position ss-poly(C) ss-poly(A) ss-poly(T) literature29–35 assignment

N 1s 1 398.6 399.0 399.0-399.3 sNd conjugated
2 400.1 400.2 400.2 399.9-401.0 sNH2 and >Ns (in C and A);Ns(CO)sN (T)
3 401.4 sNH3

+

P 2p 1 133.4 133.7 134 133.9-134.2 P 2p3/2 sPO4
s (backbone)

2 134.2 134.6 134.9 +0.87 P 2p1/2

C 1s 1 285 285 285 284.7-286.2 sCsCs (deoxyribose);sCd (C5 in C);sCH (alkyl
chain sC3SH, methylgroup in T and aliphatic contamination);
(CO)sCd (C5 in T)

2 286.6 286.7 287 286.0-287.0 CsN and NsCdN(A and C6 in C and T);CsOsC cyclic ether
(deoxyribose);sCH2sOs (sugarsphosphate bond)

3 288.3 288.6 288.7 287.8-289.1 CsNH2 (C6 in A and C4 in C);Ns(CO)sC (C4 in T);
Ns(CO)sN (C2 in C and T)

O 1s 1 531.2 531.3 531.4 531.1 CsOsC cyclic ether (deoxyribose);Ns(CO)sX (X ) C or N)
(bases)

2 532.7 532.7 532.8 532-534 PO4
s (backbone)

3 535.3 H2O
Au 4f 1 83.4 84.2 84.2 Au 4f7/2 (substrate)

2 87.1 87.8 87.9 Au 4f5/2

S 2p 1 160.9 S 2p3/2 SsAu
2 162.1 S 2p1/2

Na 1s 1 1071.1 1071.2 counterion
Cl 2p 1 198.2 Cl 2p3/2

2 199.8 Cl 2p1/2

a Using C 1s ) 285 eV as a reference. Error ) (0.2 eV. b C, cytosine; A, adenine; T, thymine. c For atom positions, see Figure 7.

Figure 7. Structures of the four bases of DNA.
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due to impact mechanisms, XPS probes the coverage on the
gold itself. It is quite possible that, although the layer is not
dense and fully ordered near the substrate, the long molecules
arrange themselves in such a way that their tails, facing the
vacuum, are well-ordered. This effect is expected especially in
the case of single strands that are flexible.

All of the vibrational HREEL spectra are dominated by
features related to the phosphate and deoxyribose units of the
backbone, with some minor contribution from the bases. The
most intense bands are located around 800 cm-1 and around
1080 cm-1. The first is assigned to the out-of-plane deformation
modes of CH in the bases mixed with the PsOsC symmetric
stretching modes; the second is assigned to the phosphate
stretching modes and the CsOsC unit of the chain. Excitation
of the CdO stretching mode can be observed in all of the spectra
except for those where adenine is the main component. The
dependence of the intensity of the bands on the electron kinetic
energy (Figure 4B) shows that the main peaks have an impact
or hybrid character; that is, energy is lost either by direct impact
of the electrons with the specific group on the surface or by
impact and electron-dipole interaction. One can conclude that
incident electrons are mostly backscattered from the backbone
of the DNA strand. The CdO stretching mode in the bases has
a striking dipolar character confirmed by the decrease of the
differential cross sections with increasing electron incident
energy. This observation confirms that electrons excite the bases
mainly by a long-range interaction.

The strong interaction between the electrons and the phos-
phate groups is surprising if one assumes that the phosphates
are negatively charged. However, the XPS results indicate that
most of the phosphates cannot be negatively charged, because
in some samples, the number of cations (Na+) is lower than
the number of phosphorus atoms. That is, it seems that the
phosphate groups become neutral as a result of hydrogen
association. These results are consistent with earlier studies in
which cations in self-assembled monolayers of DNA were not
observed.38 This effect might result from the crowding of the
DNA when self-assembled. The interaction might affect the pKa

of the phosphate group, resulting in the transformation of these
groups into the protonated form, instead of the ionic one. This
phenomenon of a crowding-induced change in pKa is well-
known in proteins39 and other systems.40

The peaks of the thermalized electrons localized at the end
of the HREEL spectra indicate that the electron affinities of
the samples are close to zero, that is, the bottom of the
conduction band is near the vacuum level. It is important to
emphasize that this statement is valid only if one considers
vertical electron affinity, that is, the situation in which the
molecules do not reorganize themselves as a result of the
interaction with the extra electron. It is possible that the adiabatic
electron affinity is positive, or that the conduction band for the
system, after being reorganized, is below the vacuum level.

These results also confirm previous studies in which it was
proposed that DNA, when organized as a self-assembled
monolayer, is not completely charged. Also, the finding that
low-energy electrons mainly interact with the backbone of the
DNA should indicate that damage occurring during interactions
with electrons is mainly localized on the DNA backbone. 41

Supporting Information Available: Experimental methods,
XP spectra, table of corrected binding energies, structures of
the four bases of DNA, table of estimated thicknesses and
covered surface fractions, and additional references. This

material is available free of charge via the Internet at http://
pubs.acs.org.
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