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Resonant inelastic x-ray scattering �RIXS� measurements of dried metallic DNA with metal ions incorpo-
rated inside the helix ��X�·M-DNA, X=Co,Ni�, dried DNA with metal ions attached to the outside of the helix
��X�·B-DNA, X=Co,Ni�, and dried double-strand DNA �B-DNA� are presented. The metal L edge RIXS
spectra show that the I�L2� / I�L3� intensity ratio can be used as a probe of metallicity in 3d metal-containing
systems because of the influence of nonradiative Coster-Kronig transitions. Using this technique it is found that
�X�·B-DNA has fewer mobile charge carriers than �X�·M-DNA. X-ray absorption measurements at the L edge
of the 3d metals are compared to density functional calculations to confirm that spectral features are not simply
results of residual metal impurities. Nitrogen RIXS measurements reveal that the occupied electronic states are
more localized in B-DNA than in �X�·M-DNA systems.
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I. INTRODUCTION

Charge transfer in DNA was first suggested in 1962 by
Eley and Spevey,1 nearly ten years after the discovery of the
DNA double helix structure.2 Electron transport through
DNA molecules has received great attention in recent years
because of possible applications ranging from nanoelectronic
devices3,4 to long-range detection of damage in DNA.5,6

However, the results of experiments investigating the con-
ductivity of DNA are often found to be contradictory, with
electrical properties ranging from insulating,7–10 semicon-
ducting,4,11,12 highly conductive,3 to superconducting13 be-
havior.

Differences in the type and setup of the measurement, the
sample preparation techniques and the environmental condi-
tions all contribute to the variety of experimental conductiv-
ity results found in the literature. Specifically, the interaction
of the DNA molecules with the substrate and the interaction
at the contact points between the DNA and electrodes are
primary factors, which are difficult to control with a micro-
scopic setup required to measure conductivity directly.14 As a
result, the development of indirect methods �free of contacts�
for probing carriers in DNA systems is of great interest.

In general, it is supposed that DNA is a wide band gap
semiconductor.12 Significant research has been done to em-
ploy metal ions to increase the conductivity of DNA, as de-
scribed in a recent review article.15 For example, the conduc-
tivity of DNA can be improved by the deposition of silver
atoms along the helical structure, but this process is essen-
tially irreversible.7 Another possibility is to convert dried
double-strand DNA �B-DNA� to dried metallic DNA with
metal ions incorporated inside the helix ��X�·M-DNA� by the
addition of divalent metal ions �Zn2+, Co2+, and Ni2+� at pH
values above 8.5.16

The electron transport through �Zn�·M-DNA molecules
has been monitored mainly by fluorescence spectroscopy of
duplexes labeled at opposite ends with donor and acceptor

fluorophores.16 Direct measurements of conductivity have
confirmed that �Zn�·M-DNA exhibits metallic-like conduc-
tivity and electron transfer can be observed in duplexes as
long as 15 �m.12

Investigating the electronic structure with soft x-ray ab-
sorption �XAS� and emission �XES� spectroscopy using syn-
chrotron radiation presents a spectroscopic approach that
provides valuable information about the occupied and unoc-
cupied partial densities of states without the requirement of a
microscopic setup. Previous experiments involving �X�·M-
DNA have measured the current versus voltage �I-V� rela-
tionship using a microscopic setup, while this current study
incorporates a spectroscopic and macroscopic approach. Our
main focus for this study is to use spectroscopy to probe the
interaction of the metal ions with the DNA molecules and
determine what influence the metal has on the electronic
structure of DNA.

Recently, we have shown that resonant inelastic x-ray
scattering �RIXS� measurements near the L absorption edge
of a 3d metal can be used for probing carriers in Co-doped
TiO2 and other diluted magnetic semiconductors.17 The L
edge spectra of 3d elements are sensitive to the metallicity of
the system. We have used RIXS measurements to study car-
riers in the �X�·M-DNA and �X�·B-DNA �X=Co,Ni� sys-
tems. Cobalt and nickel L edge x-ray absorption measure-
ments are compared to density functional calculations of
several model compounds to determine the origin of spectral
contributions. Nitrogen K edge RIXS measurements are pre-
sented to compare the degree of localization of the electronic
nitrogen states in B-DNA and �X�·M-DNA.

II. SAMPLE PREPARATION

In general, �X�·M-DNA can be produced from all duplex
sequences at pH values between 8 and 9 with Zn2+, Ni2+ and
Co2+, but not with Mg or Mn ions.18 The conditions under
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which �X�·M-DNA can form are fairly restricted. If the pH is
too low �X�·M-DNA will not form and if the pH is too high,
the metal salts will precipitate. �X�·M-DNA can be readily
converted to B-DNA upon lowering the pH value, which
suggests that the double helical structure remains intact.18 If
metal ions are added to a B-DNA solution and the pH is not
sufficiently high to form �X�·M-DNA, the result will be a
B-DNA complex with metal ions attached only to the outside
of the helix, rather than directly inside the nucleobases.16

This structure is referred to as �X�·B-DNA for this study. It is
likely that both the �X�·B-DNA and �X�·M-DNA powdered
samples will have excess metal ions which are not bonded
directly to the DNA strand.

All samples of DNA were prepared in a buffer solution
�required to stabilize the pH�, then dried using lyophiliza-
tion, and measured in powder form. Calf thymus DNA �42%
G-C, 58% A-T� and tris�hydroxymethyl�aminomethane
�TRIS� buffer were purchased from Sigma. Metal chloride
salts were obtained from Aldrich. A concentrated DNA stock
solution ��1.5 mg/ml� was prepared and diluted to a final
concentration of 100 �g/ml. The DNA was sheared by five
passages of the stock solution through a syringe needle.19

The B-DNA sample was prepared by lyophilization of 25 ml
of 100 �g/ml calf thymus DNA prepared in 10 mM TRIS
buffer �pH 7.5�. �X�·B-DNA samples were prepared by the
addition of NiCl2 or CoCl2 �0.1 mM� to the pH 7.5 B-DNA.
The �X�·M-DNA samples were prepared using TRIS buffer
�pH adjusted with HCl� and 0.1 mM NiCl2 or CoCl2 at pH
8.5 according to the technique previously described.16,18

III. EXPERIMENT

Beamline 8.0.1 at the Advanced Light Source, located at
Lawrence Berkeley National Laboratory, was used for the
soft x-ray spectroscopic measurements included in this study.
The x-ray absorption spectra �XAS� presented in this study
were measured in total electron yield mode. The resolution
for the 3d metal absorption spectra is about 0.2 eV at the
nickel and cobalt edges. The emitted radiation is partially
collected in a Rowland circle-type spectrometer with spheri-
cal gratings and recorded with an area-sensitive multi-
channel detector for the emission measurements. The details
of this end station are described elsewhere.20 The experimen-
tal resolution for the nickel L2,3 x-ray emission spectra is
2.2 eV full width at half maximum �FWHM�, resolution for
the cobalt L2,3 x-ray emission spectra is 1.8 eV FWHM, and
the resolution for the nitrogen K� x-ray emission region is
0.75 eV FWHM. All absorption and emission spectra are
normalized to the number of photons incident on the sample,
monitored by a highly transparent gold mesh located in front
of the sample chamber. The angle of incident radiation was
60° and the same experimental geometry was used for all
measurements. The energy scales of the 3d metal absorption
spectra were calibrated using reference spectra for the
nickel21 and cobalt edges.22 To allow for peak ratio compari-
sons, cobalt and nickel L edge RIXS spectra were shifted to
align with energy values presented by Bearden.23 Energy
calibration for the nitrogen edge RIXS was completed using
measurements of a reference sample �h-BN� and shifting the
energy using known energy values.24

For comparison purposes results from previous studies of
CoO are included to compare with our measurements of co-
balt metal, nickel metal, NiO, and the DNA samples. In-
cluded in this study is resonant x-ray emission for CoO mea-
sured by Magnuson et al.22 Nonresonant x-ray emission data
of CoO measured with a lab source is also presented for
comparison.

IV. CALCULATIONS

The program STOBE25 was designed to analyze the elec-
tronic structure of molecules and is used to simulate x-ray
absorption spectra. The program uses a linear combination of
Gaussian-type orbitals approach to form self-consistent solu-
tions of the Kohn-Sham density functional theory �DFT�
equations. Triple-zeta plus valence polarization �TZVP�
Huzinaga orbital basis sets and A5 auxiliary basis sets de-
rived from the TZVP basis sets were used in this study.26

The calculations of the absorption spectra with STOBE use
a combination of the transition potential method and a
double basis set technique integrated into density functional
theory. In this approach, the core electron undergoing the
excitation is replaced by a half-occupied core hole.27 The
excited state orbitals are then calculated, and the probabili-
ties for transitions between the core level and the unoccupied
states are determined. To assist with convergence in the 3d
metal XAS calculations, the half core hole was spread evenly
across the three 2p3/2 core orbitals.

Several compounds were selected to represent a sampling
of possible residual metal structures that could form from the
metal ions not directly bonded to the DNA molecules. Metal
chlorides were included since CoCl2 and NiCl2 were added
to the solution to provide metal ions during sample prepara-
tion. The metal oxides CoO, CoOH, NiO, and NiOH repre-
sent other possible structures that may form through various
interactions with the buffer solution. These selections are not
intended to represent all of the possible structures that will
exist in the sample, just some of the common ones. Models
of the NiO, �NiOH�+, NiCl2, �CoO�+, CoOH and �CoCl2�+

molecules were first created using SPARTAN 04 �Ref. 28� and
then optimized using STOBE.

The complexity of DNA results in challenges when devel-
oping analytical and theoretical approaches to understanding
the biomolecules. This often results in applying models of
simpler systems to the more complicated picture. To help
determine spectral contributions from the metal ions interact-
ing directly with the B-DNA molecule, it was desirable to
create a model of the nucleobases of �X�·M-DNA. The heli-
cal structure of DNA and the nucleobase pairs are displayed
in Fig. 1, along with the numbering scheme of the atoms in
the nucleobases. One of the proposed structures of �X�·M-
DNA shows a metal ion replacing the hydrogen atom at the
N3 position of thymine and the N1 position of guanine of
every base pair, which is supported by nuclear magnetic
resonance measurements,18 but not yet confirmed by crystal-
lographic data. Previous studies involving the interaction of
DNA base pairs with Group IIa and Group IIb metal cations
have presented models with the cations interacting with the
N7 of adenine and the N7 and O6 atoms of guanine.29–31 In
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general, the N7 sites of guanine and adenine are preferable
metal binding sites,32,33 however a modified adenine-thymine
base pair with the proton at the N3 location of thymine
replaced with a Pt�II� ion has been found for the mixed
1-methylthymine, 9-methyladenine complex of trans-
�Pt�II��NH2Me�2�.32 Metal ion interactions with the N3 site
are possible but less prevalent than bonding with the N7 site,
however if an increase in pH effectively deprotonates the N3
site, it may increase the likelihood of a metal ion binding at
that site.33

Previously, DFT calculations of a Zn�II� guanine-cytosine
M-DNA nucleobase pair were attempted, but it was found to
be difficult to find a planar equilibrium structure.34 This may
indicate problems with the model, or that the inclusion of
stacking interactions is important when optimizing the struc-
ture. For our study we desired to calculate the effects of the
metal-nucleobase interaction on x-ray absorption spectra and
have chosen to use the originally proposed model for sim-
plicity. The hydrogen atom at the N3 position of thymine and
the N1 position of guanine were replaced with a metal ion
�Ni� or metal atom �Co� and the Watson-Crick nucleobases
were allowed to rotate by 20° around an axis perpendicular
to the plane of the bases, in order to allow the bond length
between the metal and the nitrogen to increase to 2 Å.16

XAS spectra were calculated for the nickel adenine-thymine
�Ni-AT�, nickel guanine-cytosine �Ni-GC� nucleobase pairs
and the equivalent structures with cobalt �Co-AT and Co-
GC� using STOBE.

Gaussian linewidths used for the simulated spectra were
1.0 eV �FWHM� up to the ionization potential and then lin-
early increasing to 4.0 eV �FWHM� over the next 10 eV.
These linewidths were chosen to correspond to the experi-
mentally observed results. In all cases the theoretical spectra
have been shifted in energy to align with the experimental
data. The minimum intensity value has been set to zero for
all spectra.

V. RESULTS AND DISCUSSION

Figures 2 and 3 show the cobalt and nickel 2p x-ray ab-
sorption spectra, respectively. Transition metal 2p edge ab-

sorption spectroscopy has been an effective technique for
examining the electronic structure of biological systems, in
particular determining the oxidation states and spin states of
Ni containing enzymes.35,36 The metal 2p spin orbit interac-
tion splits the spectrum into two sections, which consist of
the 2p3/2 �L3� and the 2p1/2 �L2� features. The multiplet struc-
ture in the spectra is the result of the Coulomb and exchange
interactions between the 3d shell and the core hole and this
fine structure can reveal information about the transition
metal oxidation state. Specifically for the Ni�II� state, unique
spectral features can distinguish between the 3d8 high and
low spin configurations.37 It is found that Ni�I� spectra ex-
hibit no multiplet structure due to a full d shell in the final
state, high spin Ni�II� spectra have multiplet structure on the
high energy slope of the L3 peak and a broad or split L2 edge,
low spin Ni�II� spectra have minimal multiplet features on
the L3 peak and a sharper L2 edge, ionic Ni�III� multiplet
features are found on the low energy side of the L3 peak and
covalently bonded Ni�III� has broad features lacking multi-
plet structure.35 The experimental spectra in Fig. 3 show
multiplet structure on the high energy side of the L3 peak,
indicating a high spin Ni�II� configuration for the nickel
samples. Octahedral, tetrahedral, or square planar symmetry
may result from this configuration. Similarly, using the XAS
spectra as fingerprints of the metal coordination for the co-
balt edge in Fig. 2 and comparing to multiplet calculations
and spectra of reference compounds, it is found that the co-
balt coordination in our metallic DNA samples is most likely
Co�II� with tetrahedral-type symmetry.38,39

Although our techniques probe all metal ions in the
sample, it is important for this study that the spectra are not

FIG. 1. Structure of a DNA molecule is shown on the left �ten
nucleobase pairs�. The ribbons follow the phosphate backbone dem-
onstrating the helical shape and the stack of nucleobase pairs occurs
in the center of the helix. Complementary Watson-Crick adenine-
thymine and guanine-cytosine nucleobase pairs are shown in detail
on the right, and the diagrams include the atom numbering scheme.

FIG. 2. Experimental cobalt 2p XAS spectra of �Co�·B-DNA
and �Co�·M-DNA compared to theoretical spectra of CoO, CoOH,
CoCl2, Co-AT, and Co-GC. The vertical dotted line has been added
to assist with comparing spectral features and an offset to the y axis
has been added for clarity.
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dominated by contributions from residual metal structures.
By comparing the spectra of �X�·B-DNA and �X�·M-DNA
with simulations of various model compounds intended to
represent excess metal structures �CoO, CoOH, CoCl2, NiO,
NiOH, and NiCl2�, it is found that the spectra of the model
compounds do not seem to be very similar to the spectra of
the DNA samples. By comparing the theoretical spectra of
the compounds CoO, CoCl2, and NiCl2 to the experimental
spectra, it is seen that these structures have minimal impact
on the experimental results. The calculations of CoOH, NiO,
and NiOH display features that are seen in the measurements
of the DNA, including the first shoulder after the main L3
peak, usually associated with oxidation. However, the calcu-
lations do not characterize all of the experimental features.
This indicates that the spectra are not dominated by residual
metal structures; rather they include influence from both the
metal-DNA interaction and the excess metal.

The calculations of the cobalt and nickel M-DNA nucleo-
base pairs have been included to model the interaction of the
metal ion with the DNA strand. The XAS spectra for both the
�X�·B-DNA and �X�·M-DNA samples are very similar, and
both have features that seem to correspond to the calcula-
tions used to model the metal-DNA interaction. These fea-
tures are indicated in Figs. 2 and 3 by the dotted lines. While
the XAS results do not prove that the models are the correct
structures for the metallic nucleobase pairs, they do reveal
that the spectra are influenced by the metal ions interacting
with the DNA strands.

The L�1 and L�1,2 x-ray emission from 3d elements cor-
responds to x-ray transitions from the occupied 3d4s valence

states to the 2p1/2 and 2p3/2 core levels when neglecting
higher multipole transitions, correlation effects, and the in-
fluence of the core hole relaxation. For free atoms with a
fully occupied d shell, the integral intensity ratio of the L2
and L3 XES lines, I�L2� / I�L3�, is determined by the statistical
population of the 2p1/2 and 2p3/2 levels. Therefore, the inten-
sity ratio should be equal to 1

2 when not taking into account
nonradiative transitions. Condensing the free 3d atoms to a
solid state can cause this ratio to change from the predicted
value of 1

2 due to the electrostatic interaction between 2p
core holes and electrons in the unfilled 3d shell. This allows
the integral intensity ratio I�L2� / I�L3� to provide information
concerning the 2p-3d interaction.

Aside from the 2p-3d electrostatic interaction, nonradia-
tive L2L3M4,5 Coster-Kronig �CK� transitions can also influ-
ence the intensity ratio I�L2� / I�L3� in 3d metal solids. Gen-
erally, CK transitions partially depopulate the L3 state when
radiationless transitions from the L3 to the L2 level occur
before the emission process can take place. The transition
energy can be released via emission of 3d Auger electrons.
The probability for this process to occur in free atoms is
minimal, but it is strongly enhanced in condensed matter
systems. This enhancement is due to the screening of intra-
atomic electron interactions in solids and it leads to a de-
crease in the energy difference between initial and final states
of the nonradiative CK process. This effect is particularly
prominent in metals.40,41 In metals, the optical potential
reaches its maximum value at plasma vibrations of about
10–15 eV, which coincides with the magnitude of the L2,3
level spin-orbit splitting, at which point it will only depend
on the concentration of the conducting electrons.42 When an
L3 electron relaxes to the L2 level the relaxation energy is
transferred to the electron cloud, giving rise to plasma vibra-
tions.

Taking into account these factors, we used the following
expression for the I�L2� / I�L3� ratio:43

I�L2�
I�L3�

=
1 − f2,3

f2,3 + �3/�2
, �1�

where f2,3 is the probability for the CK process to occur and
�3 /�2 is the ratio of the absorption coefficients for the exci-
tation energies at the L3 and the L2 threshold. When the
excitation energy is set well above the L2 threshold �nonreso-
nant regime�, �3 /�2 has a constant value of 2 for all ele-
ments. Therefore, the ratio I�L2� / I�L3� is determined only by
the parameter f2,3, which increases for a given element �Co
and Ni in our case� with the number of mobile d carriers
available.41 For the resonant excitation, the parameter �3 /�2
changes with the excitation energy and becomes minimal
when exciting at the L2 threshold.43 This results in a strongly
increased excitation at the L2 threshold.

The influence of nonradiative CK transitions for the non-
resonant L� ,� NXES excited well above the L2 edge and the
resonant L� ,� RXES excited at the L2 edge can be seen in
Figs. 4 and 5. For both resonant and nonresonant spectra the
I�L2� / I�L3� intensity ratio for �X�·M-DNA and �X�·B-DNA
differs and the spectra occupy the intermediate positions be-
tween the metal oxide and the pure metal spectra. It is typical

FIG. 3. Experimental nickel 2p XAS spectra of �Ni�·B-DNA and
�Ni�·M-DNA compared with theoretical spectra of NiO, NiOH,
NiCl2, Ni-AT, and Ni-GC. A vertical dotted line has been added to
assist with comparing spectral features and an offset to the y axis
has been added for clarity.
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that the I�L2� / I�L3� intensity ratio increases upon going from
pure 3d metals to their oxides, because the nonradiative
L2L3M4,5 CK transition probability is expected to be lower
for 3d metal oxides than for metals due to the reduced num-
ber of electrons.

The intermediate position of the I�L2� / I�L3� intensity ratio
of �X�·M-DNA between the metal oxide and the pure metal
indicates that the number of carriers in �X�·M-DNA systems
is higher than in the insulating metal oxide and less than in
the case of the pure metal. The higher sensitivity of resonant
spectra with respect to nonresonant spectra allowed differ-
ences in the I�L2� / I�L3� intensity ratio between �X�·B-DNA
and �X�·M-DNA to be found in Fig. 5. For both the cobalt
and nickel systems, we conclude that the number of carriers
is higher for �X�·M-DNA than for �X�·B-DNA systems, but
is still less than in the case of a pure metal. Previous results
have shown that B-DNA is less conducting than �X�·M-DNA
�Ref. 44� and our results are in agreement.

We have also used nitrogen RIXS spectra to investigate
the electronic structure of the DNA samples. In the DNA
structure the nitrogen atoms are located exclusively in
nucleobases, not in the backbone, allowing the electronic
orbital features of the nucleobases to be probed directly. Fig-
ure 6 shows the RIXS spectra of B-DNA, �Co�·M-DNA and

�Ni�·M-DNA excited near the N 1s threshold. Since the TRIS
buffer contains nitrogen atoms, it is important to note that the
nitrogen in DNA and in the buffer both influence this spec-
trum, and it is not possible to distinguish between the two
contributions. However, all three samples were prepared with
the same TRIS buffer, ensuring that the measurements are
comparable.

Figure 6 shows that unique results are found in the nitro-
gen RIXS data for each of the DNA samples. The RIXS
technique is a direct probe of the occupied electronic states
of the systems. The nitrogen emission results from a multi-
tude of transitions occurring from occupied states with p
symmetry to the open K shells in the various nitrogen atoms.
Since emission features in the RIXS spectra do not track the
excitation energy it is assumed that features are not the result
of inelastic loss features, rather they are the consequence of
normal emission processes. The intensity changes of the
emission peaks in the spectra measured at the various exci-
tation energies are caused by transitions to different interme-
diate states. The sharp high-energy features in the resonant
spectra are elastic peaks.

Differences observed in nitrogen spectra are further proof
that we are probing structural differences in the DNA
samples with the metal RIXS spectra, not just excess transi-
tion metal ions. Comparing the B-DNA data to the �X�·M-
DNA spectra it is found that B-DNA has sharper features at
all excitation energies. This is especially true for the resonant
energies, where features are much less defined for the �X�·M-
DNA systems. At an incoming energy of 400.2 eV, the
B-DNA spectrum has a well-defined two peak structure cen-
tered at 393.4 eV, while in the metallic DNA samples for the
same excitation energy the peak splitting is not as pro-
nounced. The broadening of these peaks in the RIXS spectra
of �Co�·M-DNA and �Ni�·M-DNA directly indicates that the
valence states are more delocalized for the �X�·M-DNA sys-
tems than in the B-DNA sample.

VI. CONCLUSION

In this study we characterize the electronic structure of
the �X�·M-DNA and �X�·B-DNA systems using RIXS spectra

FIG. 4. L� ,� NXES spectra of �X�·B-DNA and
�X�·M-DNA.

FIG. 5. L� ,� RXES spectra of �X�·B-DNA and
�X�·M-DNA.

FIG. 6. Nitrogen RIXS spectra of �a� B-DNA, �b� �Co�·M-DNA,
and �b� �Ni�·M-DNA. The excitation energy is labeled on the left
side of each spectrum. An offset to the y axis has been added for
clarity.
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near the transition metal L and nitrogen K edges. The
I�L2� / I�L3� intensity ratios in the metal L edge spectra are
found to be reduced for the �X�·M-DNA compared to the
�X�·B-DNA system, which is attributed to a higher number
of charge carriers in the first system. By using the XAS
spectra as fingerprints of the metal coordination, it is found
that the cobalt coordination in our metallic DNA samples is
most likely Co�II� in a tetrahedral-type symmetry, and a high
spin Ni�II� coordination was determined for the nickel com-
pounds. It is found that metal 2p XAS spectra are influenced
by the interaction of the metal ions with the DNA molecules.
While this agreement does not prove that the models are
correct for the �X�·M-DNA structure, it does show that we
are indeed probing the interaction of metal ions with the
DNA samples, not simply excessive metal impurities found
in the local chemical environment. Further evidence that we
are investigating the metal-DNA interaction with our tech-
nique is seen in the differences found in the nitrogen spectra.
The well-defined, sharp peaks of the nitrogen RIXS spectra

indicate localized occupied electronic states in B-DNA. The
broadening of these features directly suggests delocalization
of the occupied electronic states in the �X�·M-DNA systems.
Further understanding of the conductive mechanisms in
DNA systems is a necessary precursor to the ability to ma-
nipulate biomolecules for applications in fields such as na-
noelectronics.
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