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Electronic states of the DNA polynucleotides poly(dG)-poly(dC) in the presence of iodine
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The electronic states of chemically doped DNA polynucleotides [poly(dG)-poly(dC)] have been studied by
photoelectron spectroscopy, x-ray absorption spectroscopy, and Raman spectroscopy, in order to understand the
charge conduction mechanism of this material. Upon iodine doping (i.e., hole doping), we clearly observed
radical cation formation on DNA bases, and the appearance of additional occupied and unoccupied electronic
states within the band gap of poly(dG)-poly(dC). Referring to the analogous studies for 7-conjugated conduc-
tive polymers, we point out that the charges induced by iodine doping and their derived electronic states are
important origins of the hole-conductive electrical properties of poly(dG)-poly(dC).
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I. INTRODUCTION

Understanding the mechanism of charge conduction in
DNA is of great importance not only for biochemistry but
also for applications to molecular-scale electronic devices.!=
In the biochemical aspect, the charge conduction mechanism
in DNA strands has been discussed for elucidation of long-
range oxidative DNA damage and repair, in which hole mi-
gration has been examined mostly based on photoinduced
charge transfer measurements using several types of modi-
fied DNAs in solutions*!' with various theoretical
analyses.!>!8 Upon the progress in nanotechnology, from the
end of the 1990s, the electric conductivity of DNA strands
has directly been measured on a molecular scale under dry
conditions,?>?® which became a diverging point and pro-
vided us with the interesting subject of conductivity for one-
dimensional organic molecules from the physical
aspect."»?7-35 Most of the above studies have claimed that
the creation and stability of charges (particularly holes) are
important for the charge conduction in DNA.

The charge conduction mechanism should reflect the elec-
tronic structure of the material. In the case of DNA, despite
its importance, there are only limited numbers of experimen-
tal electronic state observations,?$236 compared to the the-
oretical studies'®1%-23:31-33 to elucidate the charge conduction
mechanism. From a physical point of view, therefore, we
have investigated the electronic states of DNA (core levels,
and occupied and unoccupied states around the Fermi level
Ep) in the presence of hole charges. Since an oxidizing
agent, such as iodine, creates hole charges in molecular ma-
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terials, the iodine-doped DNA strands were prepared and
characterized by means of several spectroscopic techniques
under dry conditions.

In general, when holes are doped by chemical oxidation in
an insulating neutral polymer, for example, polypyrrole and
polythiophene, polymeric radical cation sites are created in
it.3*! In doped polymers, simultaneously, localized occu-
pied and unoccupied electronic states appear within the band
gap, due to a local upward shift Ae of (the highest occupied
molecular orbital (HOMO)) and a downward shift of (the
lowest occupied molecular orbital (LUMO)).3® These elec-
tronic states provide a high electrical conductivity, because
the excitation energy of a hole from the additional occupied
electronic states to the valence band decreases.’® For these
polymers, spectroscopic evidence confirming the doping ef-
fect is obtained, i.e., radical cation formation and appearance
of new electronic states within the band gap. Radical ionic
species can be detected from “chemical shifts” of core levels
using x-ray photoelectron spectroscopy (x-ray PES).*>* The
occupied and unoccupied electronic states near Ep can be
obtained by vacuum-ultraviolet PES (vuv PES) and x-ray
absorption spectroscopy (XAS), respectively.*-4¢

Taniguchi et al. have recently revealed that the dc conduc-
tivity of the homogeneous base-paired DNA polynucleotide
poly(dG)-poly(dC) increases according to the rate of iodine
doping (i.e., hole doping; oxidation), while another type of
polynucleotide, poly(dA)-poly(dT), hardly shows such a
characteristic feature.” This demonstrates that the hole
charges are introduced into poly(dG)-poly(dC) upon iodine
doping, similar to the case of m-conjugated conductive
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polymers.3’-4¢ The aim of our present study is to experimen-
tally characterize the iodine-doping effect on the electronic
states of poly(dG)-poly(dC), and to clarify the origin of its
electrical properties.

In this paper, we show the iodine-doping effect on the
electronic and vibrational spectra of poly(dG)-poly(dC) us-
ing x-ray PES, vuv PES, XAS, and Raman spectroscopy.
Quantum chemical simulations have also been carried out in
order to support the Raman results. From PES and XAS, we
confirmed the existence of radical cationic species on the
DNA bases and the appearance of additional occupied and
unoccupied electronic states within the intrinsic band gap of
poly(dG)-poly(dC), when the iodine species were introduced
into this material. The Raman spectra of iodine-doped
poly(dG)-poly(dC) also showed evolution of the Raman
band for the guanine radical cation, which allows us to con-
clude that the doping preferentially affects the guanine site
and creates a hole in the poly(dG)-poly(dC) material.

II. EXPERIMENT

A. Spectroscopic measurements and quantum chemical
simulations

PES and XAS measurements were performed at BL4B,
UVSOR (IMS, Okazaki, Japan), in which the end station
[ultrahigh vaccum (UHV)] is equipped with an electron en-
ergy analyzer (Scienta SES200) and a retarding-field electron
detector for XAS.”® The resolutions of x-ray PE spectra
(Mg Ka, hv=1253.6 eV), vuv PE spectra (hv=170 eV), and
N K-edge XA spectra were 1.0 eV, 150 meV, and 100 meV,
respectively. Photon energies for XAS were calibrated using
the energy separations of Au 4f,,, peaks excited by the first-
order (fundamental, ~v) and second-order (false, 2hv) dif-
fraction lights of the grating.?®

During PES measurements, an electron flood gun was
used for all samples in order to exclude the charging effects.
Binding energies (BE) for PESs were calibrated by referring
to Si 2p of bulk p-type Si (99.1 eV),*” and P 2p in the back-
bone of the DNA system. P 2p x-ray PE spectra always
showed a singlet peak at BE of approximately 134.0 eV,
with a full width at half maximum (FWHM) of
22-24eV.8

Raman measurements were carried out under atmospheric
conditions using a Jobin-Yvon U-1000 spectrometer (ap-
proximately 4 cm™' resolution) at RIKEN (Wako, Japan).
The excitation source was an Ar ion laser emitting at
514.5 nm (2.4 eV excitation). Since the notch filter was uti-
lized for the reduction of excitation light in these measure-
ments, the signals below 200 cm~! was not obtained. At the
spectra shown in this paper, a broad background component
possibly due to luminescence was already subtracted. Vibra-
tion energies for the spectrometer were calibrated using that
of toluene.*

In order to assign the Raman spectra, density functional
theory calculations were carried out with the GAUSSIAN
program> using Becke’s three-parameter exchange func-
tional in combination with the LYP correlation functional
(B3LYP).’! The 6-31G" basis set,’>>3 which is a split valence
set and includes d polarization functions for heavy atoms,
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was used throughout this study as a compromise between
accuracy and applicability to large molecules.

B. Sample preparation

The homogenous base-paired DNA double helix
poly(dG)-poly(dC) (Amersham Biosciences, 1.7-2.9 um
long) was dissolved in deionized water (17.8 M{) cm) at a
concentration of 1.25 mg/ml, followed by dialyzation to re-
duce the concentration of sodium ions to approximately
10° ppm.2® All the film samples were fabricated by casting
this solution onto the substrates under atmospheric condi-
tions. Depending on the measurement methods, suitable pa-
rameters such as substrates, film thickness, and doping time
were selected as described below.

For PES and XAS measurements, we prepared poly(dG)-
poly(dC) films (=50 nm thick; Ref. 26) onto RCA-treated
Si0,/p-Si(111) substrates (p~ 10-50  cm).>* The samples
were mounted in a UHV chamber via a sample entry system
from atmospheric conditions, without baking procedures.?®
Special care to maintain the freshness of the DNA samples
was taken throughout the experiments, in order to avoid any
chemical changes. In the PES and XAS experiments, the
sample was frequently replaced with a new one, at least
twice a day. This procedure also excluded the accumulation
of x-ray radiation damage on the surface.?®

Todine-doped film samples were fabricated through expo-
sure to iodine atmosphere of 107 Torr for 20 h at room tem-
perature. According to Taniguchi et al., the dc electrical con-
ductivity reaches a maximum under these conditions,
indicating that the dopant is saturated.?® Since iodine is vola-
tile, the actual amount of dopant was quantitatively analyzed
for every sample, using x-ray PES, by integrating the photo-
electron intensity of I 3ds;, and comparing the relative inten-
sity to that of N 1s. In Sec. III A, the typical iodine-doping
effects on the electronic states of poly(dG)-poly(dC) are dis-
cussed based on the PES and XAS results.

For Raman measurements, Al,05(0001) was used as a
substrate and thicker films of the order of micrometers were
deposited; a thickness that is required for obtaining sufficient
Raman signals. Todine-doped samples were fabricated by ex-
posing the film to iodine vapor of 10~ Torr for almost 1
week at room temperature.>® After the doping, samples were
immediately transferred to the Raman spectrometer. The
presence of dopant was also confirmed by the Raman bands
arising from the vibration modes of anionic iodine
species.”®7 In Sec. III B, we show Raman spectra of iodine-
doped poly(dG)-poly(dC) with various doping levels, and
discuss the radical site strongly affected by the doping.

III. RESULTS
A. X-ray PES, vuv PES, and XAS
Figures 1(a)-1(c) show typical x-ray PE spectra (Mg Ka,
hv=1253.6 eV) of nondoped and iodine-doped poly(dG)-
poly(dC) films [substrate: SiO,/p-Si(111); Ref. 54] in the
region of the I 3d core levels. While the nondoped poly(dG)-

poly(dC) film (hereafter NGC) does not show any I 3d pho-
toemission signals [Fig. 1(a)], iodine-doped poly(dG)-
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FIG. 1. X-ray PE spectra (Mg Ka, m hv=1253.6 eV) for non-
doped poly(dG)-poly(dC) (NGC) and iodine-doped poly(dG)-
poly(dC) (IGC-1 and IGC-2) films in the BE regions of (a)—(c) I 3d
and (d)—(f) N s core levels. All of the film samples were fabricated
onto SiO,/p-Si(111) substrates with a thickness of approximately
50 nm. The measurements were done at room temperature with
energy resolution of approximately 1.0 eV. For all of the displayed
N 1s x-ray PE spectra, the raw data are plotted by closed diamonds.
In the peak assignments for each N 1s spectrum, the contribution of
secondary electrons was first subtracted from the raw data by means
of the Proctor-Sherwood method. The individual N 1s components
were evaluated by a least squares fitting. The iodine-doping effect is
observed as the appearance of a higher-BE component attributed to
the radical cationic nitrogen species.

poly(dC) films (hereafter IGC-1 and IGC-2) always provide
doublet peaks at BEs of 620.0 and 631.1 eV, attributed to
I 3ds;, and 1 3d5), respectively [Figs. 1(b) and 1(c)]. The
observed BEs are identical to those for the iodine-doped Cg
system,’® and thus the iodine in IGC-1 and IGC-2 is identi-
fied to be the I3~ ion, which implies that the evaporated io-
dine acts as an electron acceptor and may create holes in
poly(dG)-poly(dC).%’

Figures 1(d)-1(f) show N 1s core levels of NGC, IGC-1,
and IGC-2. As described in the experimental section, the
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ratio of integrated photoelectron peak intensity of I 3ds,, to
that of N 1s provides the quantitative dopant concentration.*?
By considering the atomic sensitivity factors of I 3ds,, and
N s (4.4 and 0.38 at the Mg Ka excitation, respectively),*
we estimate the dopant concentration of IGC-1 to be 35%,
which means that the ratio of the number of I;~ ions to that
of guanine-cytosine base pairs is approximately 1:3 in the
observed region of IGC-1. The dopant concentration of
IGC-2 is approximately 66%, which is almost twice as high
as that of IGC-1. Comparing these two films at different
doping levels, i.e., IGC-1 and IGC-2, with the nondoped
sample (NGC), we characterized the effect of iodine doping
on the chemical states of poly(dG)-poly(dC).

A typical effect of iodine doping appears as a chemical
shift of N 1s core levels [Figs. 1(e) and 1(f)]. The N 1s for
NGC consists of two main components [Fig. 1(d)]; one at
around 401.0 eV and the other at around 399.5 eV, corre-
sponding to the amine (—NH—) and imine (—N==) nitro-
gens, respectively.”® For both of the doped samples IGC-1
and IGC-2 [Figs. 1(e) and 1(f)], the intensity of an additional
photoelectron peak at higher BE region increases, which is
attributed to a radical cationic nitrogen (—N—: BE
~402.8 eV). Simultaneously, the imine nitrogen peak de-
creases in its intensity. A small photoelectron peak attributed
to the radical cationic nitrogen is recognized even for NGC
[Fig. 1(d)], which probably is derived from the contribution
of a small amount of initially oxidized species in
poly(dG)-poly(dC).#>60:61 In Table I, the composition of in-
tegrated intensities for imine, amine, and radical cationic ni-
trogen peaks to that of total N 1s is summarized. While the
contribution of amine species is always the same (=50%),
the imine species decreases and the radical cationic species
increases with the increasing doping level. This suggests that
imine species in guanine-cytosine base pairs are partially
chemically transformed into a radical cationic species upon
doping. Similar results have been reported for hole-doped
polyaniline, a 7r-conjugated polymer containing imine nitro-
gen; Zeng et al.** and Nakajima et al.®? have observed in
x-ray PES measurements that a radical cation is formed at
the nitrogen site of quinoid structural units when polyaniline
was doped with iodine, HCI, and/or HBF,.

The occupied electronic states near Eg for NGC, 1GC-1,
and IGC-2 were observed using vuv PES (hv=170 eV), as

TABLE 1. Summary of the doping concentration of I3~ ion and the relative composition of imine, amine,
and radical cationic nitrogen atoms at three different film samples of nondoped poly(dG)-poly(dC) (NGC)
and iodine-doped poly(dG)-poly(dC) (IGC-1 and IGC-2).

Doping
Sample concentration (%)* Composition of each N 1s integral (%)P
N — —NH— —N=
IGC-2 65.582 10.841 48.960 40.204
IGC-1 34.955 5.659 50.730 43.610
NGC 0.000 2.233¢ 49.858 47.909

#Ratio of the number of I3~ ions to that of guanine-cytosine base pairs by estimation from the I 3ds;, and
N Is integral considering the atomic sensitivity factors (4.4 and 0.38 at Mg K« excitation, respectively).
bComposition estimated by fitting of the individual N 1s components, as shown in Fig. 1.

“This may be due to a small amount of initially oxidized species.
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FIG. 2. Valence-band electronic states (occupied states) for (a)
NGC (dotted line), (b) IGC-1 (dashed line), and (c) IGC-2 (solid
line), characterized by vuv PES (hv=170 eV). These samples are
the same ones utilized for the x-ray PES measurements shown in
Fig. 1. The spectra were measured at room temperature with energy
resolution of 150 meV. Overall the shapes of the spectra are com-
parable to each other, indicating that the chemical structure of
poly(dG)-poly(dC) is not significantly modified upon iodine doping.

shown in Fig. 2. Two major intense bands are detected at
around 6 and 10 eV. These binding energies resemble those
reported for m-conjugated polymers,%® where they are as-
signed to the energy for the orbitals with 7 character and
m+0 character, respectively. These spectra show that the
general shapes of spectra are basically the same, which indi-
cates that the chemical structure of poly(dG)-poly(dC) is not
significantly modified upon iodine doping.*?

A prominent effect caused by the iodine doping is ob-
served close to the valence band maximum (Fig. 3). As the
doping level increases (IGC-1 and IGC-2), the onset of spec-
trum gradually shifts toward Ep, compared with that for
NGC. Core level spectra of P 2p are also shown in the inset
of this figure, where an identical single peak centered at
around 134.0 eV is observed with the FWHM value of
2.2-2.4 eV.® Since these values do not significantly differ
from each other, the observed shifts in the valence band edge
do not reflect the broadening of the spectra due to charge-up
or other effects, which is often suffered as a problem in PES
measurements for organic materials. We conclude that the
observed shift in the valence band edge is due to a change in
the valence state, i.e., the appearance of new occupied elec-
tronic states above the intrinsic 7 band, which is caused by
the modification of occupied electronic states of poly(dG)-
poly(dC) upon iodine doping. This is basically in good
agreement with the features observed for m-conjugated con-
ductive polymers.*»** For example, Biitz et al. have investi-
gated the valence band electronic states of polypyrrole films
and have found that anion doping (i.e., hole doping) causes a
shift of the peak edge relative to its Ef, indicating a p-type
electrical conductivity.*3

The unoccupied electronic states of NGC, IGC-1, and
IGC-2 were observed by XAS of the N K-edge, as shown in
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FIG. 3. Expanded VUV PE spectra in the range close to the
valence band maximum for NGC (dotted line), IGC-1 (dashed line),
and IGC-2 (solid line), in which the energy resolution is identical to
that in Fig. 2. These samples are also the same ones utilized at the
x-ray PES (Fig. 1) and VUV PES (Fig. 2) measurements. In the
inset, P 2p core levels of these samples are displayed with their full
width at half maximum values, which clearly indicate the broaden-
ing by charge-up or other effects was neglected in these measure-
ments. The iodine-doping (hole-doping) effect is observed as a shift
of the valence band edge toward the Fermi level (indicated by the
arrow). This feature implies the appearance of additional occupied
electronic states above the intrinsic 7 band of poly(dG)-poly(dC).

Fig. 4. The N K-edge spectrum for NGC [Fig. 4(a)] shows
three characteristic resonance peaks, which resembles those
reported by Kirtley et al. previously.’® They are attributed to
the excitation from N 1s core levels to WiN: (photon en-

N K-edge

lodine-doping effect
: shoulder
¢

; TE*.N= TE*.NH.

Intensity [arb. units]

| L L A S A
396 398 400 402 404 406
Photon energy [eV]

FIG. 4. Unoccupied electronic states for (a) NGC, (b) IGC-1,
and (c) IGC-2 characterized by nitrogen K-edge XAS. These
samples are the same ones utilized in Figs. 1-3. The spectra were
measured at room temperature with a resolution of 300 meV, and
the intensities were normalized in the regions of 395-398 and
420-425 eV (not shown here). A typical iodine-doping (hole-
doping) effect is observed as the appearance of a shoulder compo-
nent below the wiN: resonance peak (indicated by the arrow).
This feature implies the appearance of additional unoccupied elec-
tronic states below the intrinsic 7" band of poly(dG)-poly(dC).
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FIG. 5. Raman spectra (Ar ion laser excitation, A\=514.5 nm) of
(a) nondoped poly(dG)-poly(dC), and (b)—(e) iodine-doped
poly(dG)-poly(dC) at various doping levels. For these measure-
ments, the films were fabricated onto Al,05(0001) substrates with a
thickness of the order of micrometers. The measurements were car-
ried out under atmospheric conditions with a resolution of approxi-
mately 4 cm™!. Intensities of the obtained spectra were normalized
with the Raman peak at 788 cm™! (O-P-O stretch vibration mode in
the backbone of the DNA strand, denoted “Bk”). The 2v; and 3,
(“Region X”’) Raman bands correspond to the second and third har-
monics of the symmetrical stretching mode of the I3~ ion, respec-
tively (v;=~107 cm™!). The Raman band of “Region Y” is mainly
contributed by the deformation mode of guanine (partly, that of
cytosine). The inset plots the Raman intensity integral of Region Y
versus that of Region X. From this relationship, it is clear that the
evolution of the Region Y Raman band strongly depends on the
amount of I3~ ion in the sample.

ergy of 399-401 eV), WiNHi (401-404 eV), and o (above
405 eV) states.>*%* For iodine-doped samples of IGC-1 and
IGC-2 [Figs. 4(b) and 4(c), respectively], the absence of
shifts in the continuum o resonance suggests that the bond
lengths, and thus the w-conjugated ring structure, do not
change markedly upon doping,*> which are also confirmed in
the vuv PE spectra, as mentioned above in the text and the
captions of Fig. 2.

The effect of iodine doping appears in the W:N: reso-
nance peak. The intensity of W*_N: resonance peak height is
reduced slightly, accompanied by the appearance of a shoul-
der in the low-energy side [Figs. 4(b) and 4(c)]. Referring to
the XAS studies of 7-conjugated conductive polymers,*>46
we conclude that the iodine doping provides the appearance
of new unoccupied states below the intrinsic 77~ band of
poly(dG)-poly(dC).

Consequently, from x-ray PES, vuv PES, and XAS, we
have found two distinct features, when the 15~ ions are intro-
duced into this material: the radical cation formation on
DNA bases (Fig. 1), and the appearance of additional occu-
pied and unoccupied electronic states within the intrinsic
band gap of poly(dG)-poly(dC) (Figs. 2—4). In the next sec-
tion, we show the results of Raman spectra in order to reveal
the most chemically affected site of this material upon dop-

ing.
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FIG. 6. (a) Difference in Raman intensities between nondoped
and iodine-doped poly(dG)-poly(dC) spectra [Figs. 5(a) and 5(e),
respectively]. The signal change originating from the iodine doping
is clearly seen in the higher-wave-number regions. Calculated Ra-
man spectra (B3LYP/6-31G”) are shown for (b) radical cation
phase of guanine (GY), (c) neutral guanine (G), (d) radical cation
phase of cytosine (C), and (e) neutral cytosine (C). A scale factor
of 0.96 was used for the calculated vibration frequencies.

B. Raman spectroscopy

Typical Raman spectra of iodine-doped and nondoped
poly(dG)-poly(dC) films (substrate: Al,04(0001)), taken
with Ar ion laser excitation (A=514.5 nm; 2.4 eV), are dis-
played in Fig. 5. Raman shifts for nondoped poly(dG)-
poly(dC) [Fig. 5(a)] are assigned as follows according to the
literature:%>-% Two peaks at 1259 and 1546 cm™' are attrib-
uted to the deformation modes (deformations) of cytosine.
The peaks at 1329, 1365, 1485, 1579, and 1602 cm™! are the
deformations of guanine, and 1417 cm™ is the C(2')H, scis-
sor mode in the deoxyribose. The peak at 788 cm™' is the
O-P-0O stretching mode in the backbone (“Bk” in this
figure).%> As a whole, the shape of this spectrum indicates
that this material is a mixture of A- and B-formed double
helices.®

In the Raman spectra of iodine-doped poly(dG)-poly(dC)
[Figs. 5(b)-5(e)], the effect of iodine doping appear in the
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regions of ¥<<400 cm™! and 1450 < »<1650 cm™~'. Two Ra-
man bands, observed below 400 cm™!, are attributed to the
second and third harmonics of the symmetric stretching
mode (v; =107 cm™!) of I;7, i.e., 27, and 37, (“Region X” in
this figure), respectively.’>>” Although the v, band cannot be
detected directly because the notch filter cuts off the light
below ~200 cm™!, the observed 2v; and 3v, bands clearly
indicate again that iodine is in the form of 15~ ion in iodine-
doped poly(dG)-poly(dC), as described in the previous sec-
tion [see the I 3d levels characterized with x-ray PES; Figs.
1(b) and 1(c)]. Note that the intensities of these 2v; and 3v,
bands decreased gradually during the measurements, which
is due to the volatility of iodine under our conditions of
Raman measurements. Consequently, Raman spectra of dif-
ferent amount of 15~ dopant were obtained [Figs. 5(b)-5(e)],
which allows us to discuss the doping effect on the Raman
signals of iodine-doped poly(dG)-poly(dC) under various
doping levels, as described below.

As the Raman signals of 2v; and 3»; (Region X) increase
in intensity, the evolution of a Raman band in region of
1450<v<1650 cm™ (Region Y) increases. Comparing
these spectra with that of nondoped poly(dG)-poly(dC) [Fig.
5(a)], the Raman band in the region of 1450<v
<1650 cm™! (mainly deformations of guanine), rather than
that in 1200<»<1300 cm™' (deformations of cytosine),
shows broadening and enhancement with increasing the dop-
ing level. This feature is also confirmed in the inset of Fig. 5,
where the integrated intensity of Region Y is almost propor-
tional to that of Region X.

The spectrum evolution due to iodine doping is more
clearly exhibited in the difference spectrum between non-
doped and iodine-doped poly(dG)-poly(dC) [Figs. 5(a) and
5(e), respectively], as shown in Fig. 6(a). In order to under-
stand the origin of this difference spectrum, Raman spectra
were theoretically calculated (B3LYP/6-31G”) for single
guanine and cytosine molecules with their neutral and radical
cationic phases [Figs. 6(b)-6(e)]. The spectrum of a guanine
radical cation [G; Fig. 6(b)] shows a characteristic peak at
1593 cm™! that is at least four times larger than the other
peaks, whereas that of cytosine radical cation [CT; Fig. 6(d)]
shows four peaks in the region of 1100—1500 cm™!. The
intense peak at 1593 cm™' of G [Fig. 6(b)] originates from
the enhancement and the blueshift of the peak at 1568 cm™!
of neutral guanine [G; Fig. 6(c)], which is attributed mainly
to the stretching vibration of C(3)-N(4).%® These results in-
dicate that the difference spectrum [Fig. 6(a)] reflects the
theoretical spectrum of G [Fig. 6(b)] rather than C! [Fig.
6(d)], which means that the radical cation formation [as ob-
served also in the x-ray PES of N 1s; Figs. 1(e) and 1(f)]
preferentially occurs at the guanine site in poly(dG)-
poly(dC) upon iodine doping (hole doping). The G forma-
tion is quite reasonable from the experimental and theoretical
studies on the oxidation of nucleobases.5%¢!

IV. DISCUSSION

A. Charge conduction upon iodine doping

According to the current-voltage measurements per-
formed by Taniguchi et al., the electric conductance of non-
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doped poly(dG)-poly(dC) is quite low, i.e., insulating.?® The
results from visible-ultraviolet absorption spectroscopy and
theoretical simulations also show that the material intrinsi-
cally has the band gap of a few eV.!33370 The electrical con-
ductivity of DNA strands is increased by chemical doping
with iodine,?® as well as the hole doping by electric field.>
Based on those measurements, it was expected that the io-
dine doping would create hole charges in poly(dG)-poly(dC)
and thus increase the conductivity.

As investigated from our spectroscopic study, iodine ex-
ists as an I3~ ion [Figs. 1(a)-1(c)] interacting with poly(dG)-
poly(dC). As a result, the iodine doping provides hole
charges and creates G species (Figs. 1, 5, and 6). We have
also found the appearance of additional occupied and unoc-
cupied electronic states within the intrinsic band gap of the
material upon doping (Figs. 2 and 3). Since the features ob-
served in the electrical conductivity measurement®® and our
spectroscopic results resemble those of 7-conjugated con-
ductive polymers,*>~4¢ we conclude that the charges induced
by doping and their derived electronic states play significant
role in the electrical properties of hole-doped
poly(dG)-poly(dC).?>2° This implies that the enhancement of
electrical conductivity is due to a decrease in the excitation
energy of a hole from the additional occupied electronic
states to the valence band.?

In order to further explain the charge conduction process
in this material, we have to mention two antithetical
models.?> One is bandlike conduction, in which the injected
charge is instantaneously delocalized through a continuous
molecular orbital of DNA strand. Another one is charge hop-
ping, in which the charge hops between the discrete (local-
ized) molecular orbital of adjacent base pairs. A similar mat-
ter has already been discussed for distance dependence of
hole migration rate at photoinduced charge transfer measure-
ments of DNA in solutions.*'¢ Consequently, it is generally
accepted that the hole hopping between DNA base orbirals is
dominant for the long-range charge migration, while the
ballistic tunneling process is effective for short transfer, by
the results of experimental'! and theoretical’>"!® studies.
In electric conductivity studies in molecular scale, this matter
must be discussed again because of the various experimental
reports explained wusing the delocalized electronic
states?!:22:24.34 and the localized electronic
states 20:23,25,28,30-33,35

Our experimental results, especially from Raman mea-
surement, have revealed that the doped hole charge is local-
ized on guanine (Figs. 5 and 6), but not on cytosine, deox-
yribose, or phosphate. Our finding is in good agreement with
the theoretical report given by Alexandre et al.,’! where ab
initio calculations for both neutral and hole-doped fragments
of poly(dG)-poly(dC) with one to four guanine-cytosine base
pair(s) are carried out. Their calculation results have shown
that the HOMO of hole-doped poly(dG)-poly(dC) is
spreaded mostly on a single guanine base, but not on cy-
tosine; in the other words, a hole charge is confined to a
single guanine base. They have also suggested that the
lengths of hydrogen bonds between guanine and cytosine are
modified a little upon doping, which leads to a hole-lattice
coupling interaction.?!

The localization of a hole charge would also be expected
from the electronic states of nondoped
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poly(dG)-poly(dC).?®33 For example, the lifetime of reso-
nantly excited 7 states (LUMO) from the N s core state
was found to be longer than several femtoseconds, which
corresponds to the core hole lifetime (the time scale of Auger
transition).”® This means that the LUMO of poly(dG)-
poly(dC) consists of localized molecular orbital. Since its
HOMO is energetically deeper and more compact in shape, it
should be more localized compared to LUMO. The band
calculations given by Taniguchi et al. have suggested that the
transfer integral between guanine’s HOMO in poly(dG)-
poly(dC) is small and thus the bandwidth at the valence band
is narrow.?® Therefore, the hole charge most likely tends to
localize on each guanine. Consequently, it is natural to con-
sider charge-hopping conduction, rather than bandlike con-
duction, as the origin of charge conduction in poly(dG)-
poly(dC), where the charge hops between the adjacent base
pairs, overcoming some activation barrier E,. According to
the experiments on [-V characteristics for poly(dG)-
poly(dC), the E, value for the hole hopping has been esti-
mated to be 0.12 eV at around room temperature,? which is
in agreement with the theoretically estimated hopping acti-
vation energy of 0.15 eV.3! However, the exact argument of
the hopping rate derived from the electronic states should
take account of additional factors at a finite temperature,
such as practical phonon coupling,'®3> reorganization and
free energies,'>! and counterion effects,!33? as discussed so
far.

B. Created states at G¥

In this section, we focus on the created electronic states in
iodine-doped poly(dG)-poly(dC), in connection with the en-
hanced Raman signals of G species in Figs. 5 and 6 (Sec.
III B). As described in Secs. IIl B and IV A, we conclude
that the iodine doping affects the guanine site in poly(dG)-
poly(dC) and creates the radical cationic species, i.e., G..
Our results also hold the possibility that the signal arising
from GI species was observed strongly due to a resonance
enhancement effect’’ by the G-derived electronic states, for
which the absorption should occur at 514.5 nm (2.4 eV) ex-
citation (Ar ion laser utilized in our Raman measurement), as
follows.

In a study of pulse radiolysis measurements,”"-’? it has
been shown that the radical cationic phase of deoxygua-
nosine and 1-methylguanosine, and short-length DNA oligo-
nucleotides containing G¥ have a broad absorbance band,
which is continuously located in the visible-light region of
A=450-700 nm (i.e., 1.7-2.8 €V), in which the maximum
absorption is located at \,,~460-480 nm (2.6-2.7 V).
This “broad” band appears in addition to an intrinsic -7
absorption band (X, =260 nm; 4.8 eV).”" Therefore, our
sample, iodine-doped poly(dG)-poly(dC) containing G, is
also considered to have a similar absorption band in this
visible-light region. This feature is actually expected from
our vuv PES and XAS results (Figs. 2-4), in which the ad-
ditional occupied and unoccupied electronic states appear
above the intrinsic 77 band and below the intrinsic 7" band of
poly(dG)-poly(dC), respectively.

Because of the electronic features discussed above, it is
expected that our Raman result reveals a direct relationship
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between the new electronic states (Figs. 2-4) and radical
cation formed on guanine (Figs. 1, 5, and 6). With the
514.5 nm (2.4 eV) excitation, a resonance Raman effect may
have occurred, in which the vibration signal arising from G
species (Figs. 1, 5, and 6) was observed obviously due to the
excitation of their derived electronic states (Figs. 2—-4). Reso-
nance Raman spectroscopy for m-conjugated conductive
polymer systems has been summarized by Furukawa,’’
where the enhancement is explained by the existence of
charged self-localized excitations, such as polarons.38 In
terms of polymer science, a positive polaron (hole polaron)
is regarded as a sort of radical cation associated with a lattice
distortion and with the presence of two localized states
within the band gap, i.e., an occupied (half-filled) polaron
state and an unoccupied (empty) polaron state.3”-3® Our find-
ings of the radical cation and the additional occupied and
unoccupied states within the intrinsic band gap for iodine-
doped poly(dG)-poly(dC) are in good agreement with the
general polaron electronic states.

For the charge conduction mechanism of DNA, the po-
laronic behavior has already been suggested from photoin-
duced charge transfer measurement,'” current-voltage
characteristics,? and theoretical calculations.!73%3135 For ex-
ample, Yoo et al. have suggested, from their current-voltage
characteristic measurements, that the temperature-dependent
electrical conductivity is explained by a polaron hopping
model.? In addition, as described in the previous section, the
theoretical calculation given by Alexandre ef al. have shown
that the hole doping provides a modification of lengths of
hydrogen bond between guanine and cytosine, which leads to
a hole-lattice coupling interaction, causing a small polaron.’!
Together with the above studies, our findings by several
spectroscopic characterizations additionally give evidence
for the existence of a polaron state in hole-doped poly(dG)-
poly(dC). Since polaronlike conduction of the DNA strands
has been proposed in both solution'®!” and dry?-3%3135 con-
ditions, our results seem to be reflecting a common elec-
tronic feature for the charge conduction mechanism in DNA.

Finally, it is noted that the 514.5 nm (2.4 eV) excitation
may also contribute to the light absorption of the I3~ ion
(Apax =440 nm; 2.8 eV).”” Therefore, the observed large Ra-
man signals of 2v; and 3, (the second and third harmonics
of the stretch vibration of the I3~ ion; »;) in Fig. 5 have
probably been enhanced by the resonant excitation.

V. CONCLUSIONS

We have investigated the hole-doping effect on the elec-
tronic states of iodine-doped poly(dG)-poly(dC), in order to
understand the possible electrical conduction mechanism in
this material. When iodine was introduced into this material,
x-ray PE spectra and Raman spectra have identified the
chemical structure of dopant species to be the I3~ ion. Upon
iodine doping, we found the appearance of additional occu-
pied and unoccupied electronic states within the band gap
and the radical cation species formed favorably at the gua-
nine site, i.e., G©. These electronic state features are analo-
gous to -conjugated conducting polymers, where their
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electrical conductivities are enhanced due to the doping.
Therefore, we conclude that the positive charges, i.e., holes,
induced by iodine doping induce additional electronic states
which will play an essential role in the charge conducting
properties of poly(dG)-poly(dC) DNA.
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