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Grenoble cedex 9, France.

2 Institut Laue Langevin, BP 156, 6, rue Jules Horowitz 38042 Grenoble Cedex 9, France.
3 CNRS, Institut NEEL, F-38042 Grenoble, France
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Abstract. Double-helix DNA molecules can be found under different conformational structures driven by
ionic and hydration surroundings. Usually, only the B-form of DNA, which is the only form stable in aqueous
solution, can be studied by dielectric measurements. Here, the dielectric responses of DNA molecules in
the A- and B-form, oriented co-linearly within fibres assembled in a film have been analyzed. The dielectric
dispersion, permittivity and dissipation factor, have been measured as a function of frequency, strength
voltage, time, temperature and nature of the counter-ions. Besides a high electrode polarization component,
two relaxation peaks have been observed and fitted by two Cole-Cole relaxation terms. In the frequency
range that we investigated (0.1 Hz to 5 106 Hz) the dielectric properties are dominated by the mobility
and diffusivity of the counter-ions and their interactions with the DNA molecules, which can therefore be
characterized for the A- and B-forms of DNA.

PACS. 87.14.gk DNA – 77:22.-d Dielectric properties of solids and liquids

1 Introduction

Studies of the dielectric dispersion of DNA have a long
history as they started even before its molecular structure
had been discovered [1] and were regularly pursued since
then [2–9]. There is a double motivation for these stud-
ies. First they provide data on DNA properties. For in-
stance the earlier studies intended to determine its molec-
ular weight [1] or dipole moment. Second DNA is a highly
charged polymer due to the charged phosphate groups
along the strands. As its solutions also contain positive
counter-ions that stabilize its molecular structure, it is a
perfect model polyelectrolyte. This is what motivated in-
vestigations by pioneers of the dielectric theory, such as
Mandel [10] or Cole [11]. Then speculations on the mecha-
nism of electronic conduction along DNA were at the ori-
gin of various attemps to measure its electrical conductiv-
ity, including studies of wet-spun solid samples [12]. This
long history does not mean that all questions are solved,
as discussed for instance in a more recent paper [9].

There are technical difficulties in the measurements be-
cause DNA samples are highly conducting due to the pres-
ence of counter-ions. This leads to very strong electrode
polarization effects, which makes the detection and anal-
ysis of the other dielectric relaxations harder. But there
are also many difficulties in the understanding of the re-
sults. Dielectric spectroscopy is sensible to all sources of

polarization fluctuations. In the DNA solutions, used most
of the experiments up to now, this includes the internal
polarization of the DNA molecules, the dynamics of the
counter-ions, but also the motion of the DNA molecules
themselves that contributes to a large orientational polar-
ization.

The present study re-examines the dielectric proper-
ties of DNA from a completely new perspective because,
instead of studying DNA solutions, we investigate films
made of DNA fibers, i.e. a sample in a solid phase, in
which the molecules are oriented. This has multiple in-
terests. First it eliminates the orientational contribution
of the polarization. Second, as we know the orientation
of the molecules with respect to the electric field used
in the measurements, we can take advantage of it in the
assignment of the observed relaxations, which is often a
difficult question in dielectric spectroscopy. But there is
a third interest which is perhaps even more important,
we can study the different molecular forms of DNA [13].
The familiar double helix schematically drawn in the fa-
mous Watson-Crick paper [14], with its backbone made
of sugar-phosphate strands connected by flat molecular
groups, the AT and GC base pairs, which are perpendic-
ular to the helix axis, is the B-form of DNA. This is the
structure which is present in biological cells and in DNA
aqueous solutions. DNA can however adopt other molec-
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ular structures, particularly the A-form, which is also a
double helix but has its base pairs inclined with respect
to the axis and positioned in such a way that the diame-
ter of the helix is significantly larger than in the B-form.
The A-form of DNA is the structure from which Rosalind
Franklin, who was studying fiber samples, obtained the
nicest X-ray diagrams of DNA because its fibers are more
crystalline than those of the B-form. It seems that it is ac-
tually the X-ray pattern of the A-form which gave Watson
and Crick the clue for the B-DNA structure [15].

The A-form is obtained when the hydration of DNA
is reduced. This is why it cannot be observed in aqueous
solutions. Working with fiber samples we study here two
types of DNA films, a highly hydrated film of Li-DNA
(i.e. with Li+ counter-ions) in which DNA is in the B-
form, and a weakly hydrated Na-DNA film (i.e. with Na+

counter-ions) in which DNA is in the A-form [16]. This
allows us to perform what we believe is the first dielectric
study of A-DNA.

Our measurements are performed in the low-frequency
range (0.1 Hz to 5 106 Hz) which is suitable to study
the properties resulting from the presence of the counter-
ions, which play a large role in the DNA structure and
stabilization because they screen the repulsion between
the charged phosphates in the strands. In the presence of
Li+ ions DNA remains in the B-form in a wider water-
content [17]. This is why we use Li-DNA to study DNA
in its B-form and Na-DNA to investigate the A-form.

2 Experimental Methods

2.1 Sample Preparation

The samples were prepared using the “wet spinning tech-
nique” [18,19]. A solution of DNA, extracted from salmon
testes (Sigma), in the presence of a counter-ion, is spinned
to form DNA fibers. In the process, the solution is injected
through a spinneret, which pre-orients the molecules, into
an alcoholic solution, which flows down a glass tube about
1 meter long. The flow completes the orientations of the
molecules, and the alcoholic medium leads to their aggre-
gation into a long fiber which is then rolled over a glass
cylinder, still in alcoholic solution. The fibers tend to ag-
gregate to each other and form a thin film made of ori-
ented DNA molecules. Fig 1 shows the optical observation
of the fiber structure of a DNA film. Measurements using
gel diffusion show that the DNA molecules in a film have
lengths of 20000 base pairs or larger, i.e. of about 6 µm or
larger [20].

The structure of DNA is strongly dependent on the
ionicity of its surrounding medium. DNA strands include
negatively charged phosphate groups so that, in the double
helix their repulsion tends to destabilize the helix. This is
compensated by counter ions, which screen the phosphate
repulsive forces. When DNA is heated to high tempera-
ture (typically 85 to 100◦C, depending on its sequence and
the ionicity of the solution) the thermal fluctuations can
nevertheless break the double helix structure and separate
the two strands. This is known as the “melting” of DNA.

The melting temperature is higher in solutions with a high
ionic content. When DNA melting occurs in a film, this
destabilizes the organized film structure. The denaturated
DNA strands are highly flexible and their entropic elastic-
ity leads to a collapse of the fiber and film structure. When
they are cooled down again after the thermal denaturation
of DNA, the films exhibit a glassy behavior associated to a
complex organization of the DNA polymeric strands [21].

Fig. 1. Optic Microscopy image of a film of Li-DNA, where
the orientation of the fibers is visible.

DNA films were obtained from two different solutions.
Li-DNA is prepared from a solution with 0.6 g/L of DNA,
i.e. about 10−3 M/L of base pairs, and a high concentra-
tion of lithium chloride LiCl 0.4 M. Therefore there are
about 400 Li+ ions per base pair in the solution. Na-DNA
is obtained with a solution containing 1.58 g/L of DNA
(≈ 2.6 10−3 M for base pairs) and 0.15 M sodium chloride
NaCl, correspondig to about 57 Na+ ions per base pair.
However the ionic concentration in the films is certainly
different from that in the injected solution and it is not
exactly known.

Once the films are made they are humidified at room
temperature under different relative humidities (RH), in
deionized water, in order to induce the desired DNA con-
formation. For the purpose of our experiments, the films
containing sodium (0.15 M) were humidified at 56% RH
and those containing lithium (0.4 M) at 92% RH. This
preparation process leads to two different DNA structures
[16]. The highly hydrated Li-DNA is in B-form while the
weakly hydrated Na-DNA is in A-form.

The films used in the dielectric measurements were of
the order of 80 µm thick, and weighted about 50 mg. As
the DNA molecules lie in the film plane, their are orthog-
onal to the electric field.

2.2 Dielectric Experiments

Dielectric measurements were performed with a Novocon-
trol Alpha–A high resolution Spectrometer. The complex



Abdelkader Kahouli et. al.: Ionic mobility in DNA films 3

impedance Z∗ was measured in the frequency range 0.1 Hz
to 5 106 Hz at various temperatures from room temper-
ature to 80◦ C or 90◦ C. Some datasets were however re-
stricted to 106 Hz when the conductivity of the samples
became to high to allow reliable measurements. From the
impedance measurements and the geometry of the mea-
suring cell one can derive the complex dielectric response
function versus frequency ǫ⋆(f) = ǫ′(f) − i ǫ′′(f), or the
conductivity σ(f) of the sample.

The sample cell uses gold plated electrodes. The lower
electrode is a 40 mm-diameter disk, heated from below,
supporting the ≈ 80 µm-thick DNA film, which is pressed
under an upper disk, having a diameter of 20 mm, sur-
rounded by a guard ring. To measure the dielectric prop-
erties of DNA fibers within a controlled relative humid-
ity, the measurements were carried out in a hydrothermal
chamber (Votsch “VC7018” industrie technick Fisher Bi-
olock Scientific) which can maintain relative humidities
(RH) from 0 to 100% RH.

We tested the possible influence of an applied volt-
age on the dielectric response of the system to make sure
that the measurements were carried in the linear response
regime and to check that the electrical stress due to the
applied potential did not lead to changes in the sam-
ple (change in the conformation and configuration of the
molecular chains, a possible electrolysis of water, or even
an electrical denaturation of the double helix). Voltages
between 0.001 to 3 V were applied on test samples. These
preliminary studies showed that there is a threshold volt-
age of ∼ 1 V above which the dielectric response en-
ters a non-linear regime. The dielectric constant ǫ′ and,
in particular, the dissipation factor tan δ showed an ir-
reversible response after the sample was subjected to a
voltage higher than this threshold voltage. All the data
reported in this work were obtained with an applied volt-
age of 0.1 V, ≈ 1250 V/m taking into account the tickness
of our samples, low enough to stay in the linear regime.

Even for low applied voltage, dielectric measurements
on complex samples such as biological samples [22] show
some time evolution before reaching a steady state. This
phenomenon was also observed in the DNA films investi-
gated in the present study. It is likely to be caused by some
reorganization of the ionic distribution in the presence of
an electric field. A waiting time of 12 to 16 minutes was
necessary to allow the dissipation factor tan δ to stabilize
before recording data.

3 Experimental results

3.1 Li-DNA

Figure 2 shows the variation of the real and imaginary
parts, ǫ′(f) and ǫ′′(f), of the dielectric response function
of the Li-DNA film versus frequency in logarithmic scales
at different temperatures. Their very high values, partic-
ularly at low frequency, and quasi-linear variation in the
log-log plots suggests that the dielectric response of the
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Fig. 2. Variation of the real(top panel) and imaginary (bottom
panel) parts of the dielectric response function ǫ⋆(f) of the
Li-DNA film versus frequency at different temperatures. The
points are the measurements and the lines show the theoretical
fits discussed in 3.2.

sample includes the contribution of a strong electrode po-
larization effect associated to mobile charge carriers within
the sample. This is confirmed by the Cole-Cole plot of the
impedance shown in Fig. 3 and the variation of the con-
ductivity σ shown in Fig. 4

The Cole-Cole plot of the impedance shows the pres-
ence of a least two types of dielectric responses. The arc
near the origin corresponds to high frequencies and it can
be associated to the relaxation that appears as a devia-
tion to the straight line in the log-log plot of the dielectric
response function (Fig. 2). The conductivity σ = 2πfǫ0ǫ

′′,
where ǫ0 is the dielectric permittivity of vacuum, plotted
in Fig. 4, shows a rather large conductivity contribution
which approximately follows a power law with however
two deviations from a perfect power law. In the high fre-
quency range, around 105 Hz, one notices a large devia-
tion from the straight line in the log-log plot, associated
to the relaxation also visible on Fig. 2 showing the imag-
inary part of the response function. Although it appears
weaker on the plot of the conductivity, one also notices a
low frequency relaxation, around 10 Hz at T = 20◦C.
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Fig. 3. Cole-Cole plot of the complex impedance Z⋆ of the Li-
DNA film at different temperatures. The points are the mea-
surements and the lines show the theoretical fits discussed in
Sec. 3.2.
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Fig. 4. Variation of the conductivity σ(f) of the Li-DNA film
versus frequency at different temperatures. The points are the
measurements and the full (blue) lines show the theoretical fits
discussed in Sec. 3.2. The (red) dash line is a guide to the eye to
illustrate the deviation from a simple power law at T = 20◦C.

3.2 Analysis of the dielectric spectra.

As shown by the shape of the dielectric response function
and the Cole-Cole plot of the impedance, the conductivity
of the sample is responsible for a strong electrode polar-
ization effect. For our experiments, as the voltage is suf-
ficiently low to exclude ionic reactions at the electrodes,
there is no static conductivity component. The polariza-
tion effect, which leads to a space- and time-dependent
local ionic concentration, can therefore be described by a
power law dependence on the frequency f [23,24] as ob-
served from the conductivity plot. Moreover, as discussed
above, the experimental results on the Li-DNA film point
out the presence of two dielectric relaxations. To analyze
the data quantitatively we have therefore fitted the re-

sponse function with the following expression

ǫ⋆ =
A

fδ
− i

B

fδ
+ ǫ∞ +

∆ǫ1
1 + (if/f1)β1

+
∆ǫ2

1 + (if/f2)β2
(1)

We have chosen to describe the relaxations by Cole-Cole
expressions [25], each one depending on three parameters,
its frequency fi, the prefactor ∆ǫi measuring the strength
of the relaxation, and the exponent βi ≤ 1 that indicates
how this relaxations deviates from a simple Debye relax-
ation. The more general model introduced by Havriliak
and Negami [26], which contains an additional parameter,
could give a better fit, however, owing to the large polar-
ization component that dominates the dielectric spectrum
and makes the fit of the relaxation part harder, the relia-
bility of the parameter determination would be limited if
we introduced too many parameters. This is why we used
the simpler Cole-Cole expression, which is sufficient to fit
the data with a rather good accuracy as shown in figures
2, 3 and 4 which superimpose the theoretical curves ob-
tained from Eq. (1) to the experimental points.

For this multi-parameter problem, in order to get re-
liable fits we proceed in steps. The parameters of the
electrode polarization component, A, B, δ, are estimated
first, from a fit of the conductivity in the low frequency
range. Then the conductivity is fitted in the high fre-
quency range to determine parameters of the strongest
relaxation, and then in the low frequency range for the
second relaxation, before performing a global optimiza-
tion of the curves ǫ′(f), ǫ′′(f). Figure 5 showing the loss
tangent tan δ = ǫ′′/ǫ′ versus frequency gives an idea of the
quality of the fits that can be obtained with Eq. (1). When
examining this figure which shows that the fit is not per-
fect, one should however keep in mind that tan δ, of the
order of unity, is the ratio of two quantities which are in
the range 103 to 108, which are fitted with parameters
which are not adjusted independently for the numerator
and denominator.

Figure 6 shows the variation versus temperature of the
parameters used to fit the dielectric response of the Li-
DNA film versus temperature. Before discussing these re-
sults in Sec. 4 let us first present the experimental results
obtained on a Na-DNA film.

3.3 Na-DNA

As shown by Fig. 7 the variation of the dielectric permit-
tivity of the Na-DNA-film is qualitatively similar to that
of the Li-DNA film, although the measured values are ap-
proximately three orders of magnitude smaller. This is due
to the lower conductivity of the Na-DNA-film (Fig. 8) re-
lated to its lower ionic content. As a result the relaxation
part of the dielectric spectrum is more apparent. Figure
9, showing the loss tangent, still points out to the ex-
istence of two dielectric relaxations within the frequency
domain that we investigated. Therefore the analysis of the
data has been performed with the same model function,
Eq. (1). The results are shown on Fig. 10.
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Fig. 5. Loss tangent tan δ = ǫ′′/ǫ′ versus frequency for the
Li-DNA film at T = 20◦C. The points are the measurements
and the line shows the theoretical fit with Eq. (1).

4 Discussion

Although there are quantitative difference between the re-
sults obtained on Li-DNA and Na-DNA their global simi-
larity is remarkable if one thinks that the structures of the
DNA molecules are different in the two films. The common
feature of the samples is that they are made of fibers of
aggregated molecules, which are highly charged polymers
due to the phosphate groups in DNA strands, with lengths
of a few microns, and have a high ionic content, larger for
Li-DNA than Na-DNA. The dielectric measurements show
that these global characteristics are more important than
the precise molecular structure to determine the dielectric
properties of the films on the range of 0.1 Hz to 5 106 Hz.

In both cases, the dielectric results are dominated by a
strong electrode polarization effect. Such phenomena are
complex, but, in the case of a solid electrolyte they can
be related to the conductivity of the sample as well as
the diffusivity of the charge carriers [27,28]. A theory was
proposed for the case of a single type of charge carriers
[28]. Although the structure of DNA films is more complex
than the case of solid electrolytes dicussed in [28] there is
some similarity because the system has both fixed charges
(the phosphate groups) and mobile carriers (the Li+ or
Na+ counter ions). Electrode polarization effects are gen-
erally considered as a nuisance for dielectric measurements
[27]. Indeed in our case they tend to mask other dielec-
tric relaxation effects. Nevertheless, if we cannot get rid of
them because they are intrisically linked to the properties
of the sample, we can extract some physical information
from their analysis because they provide indirect infor-
mation on the carrier mobility and diffusivity. In such an
approach it is important to realize that the first two terms
of Eq. (1) are not a feature of the sample alone because
they also depends on the geometry of the measurement
cell. However their magnitude and frequency dependence,
i.e. the time-dependent charge relaxation, is deeply con-
nected to the mobility and diffusivity of the charge carri-
ers [27] in the bulk. This appears clearly in the theoretical
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analysis [28] of the electrode polarization effects because
these two properties are the basic ingredients entering in
the fundamental equations of the theory (Sect. 2 of [28]).

The measurements (Figs 4 and 8) show that the con-
ductivity of the Li-DNA film is about 104 times larger than
the conductivity of the Na-DNA film. The ionic concentra-
tion per DNA base pair is 7 times larger in the solution
used to preapare the Li-DNA film than in the solution
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used to prepare the Na-DNA film. It is likely that the ra-
tio of the ionic concentrations in the films themselves is of
the same order of magnitude. Therefore the charge carrier
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Fig. 9. Loss tangent tan δ = ǫ′′/ǫ′ versus frequency for the
Na-DNA film at T = 20◦C. The points are the measurements
and the line shows the theoretical fit with Eq. (1).

density is not the only explanation of the much higher con-
ductivity of the Li-DNA film. The mobility of the carriers
must also be significantly larger in the Li-DNA film. In
both samples the coefficients A and B used to model the
electrode polarization in Eq. 1 increase sharply with tem-
perature. Figure 11 shows an Arrhenius plot of ln(A) and
ln(B) versus 1/T , where T is the absolute temperature.
It indicates that their variation is dominated by thermal
activation, although there are additional effects that con-
tribute to its variation. A linear fit gives an activation
energy of about 0.31 eV for the Li-DNA film and 1.16 eV
for the Na-DNA film. These results are crude because the
temperature range of our study is limited, and there are
significant deviations from a perfect Arhhenius law due
to additional phenomena. However the large temperature
variation which is observed for the coefficients A and B
suggests an activation process and, even if the values of
the activation energies have to be taken with caution, the
difference observed between the two films is certainly sig-
nificant. The larger value of the activation energy and the
lower carrier mobility in the Na-DNA film, in which the
molecules are in the A-form, is consistent with what is
known about the structures of DNA fibers. The fibers of
the B-form, which are more hydrated, leave more room
for the motion of the counter-ions, whereas the fibers of
the A-form have a higher crystalline content in which the
molecules are closely packed [17]. The average volume per
base pair is approximately two times larger in Li-DNA
at 92% RH than in Na-DNA at 56% RH and therefore
it is not surprising to find a significantly higher barrier
for ionic motion in the Na-DNA film, and a lower charge
carrier mobility.

Moreover, for the Na-DNA film, the results show a
significant drop of the conductivity at high temperature.
This is visible on Fig. 8 because the curve at 90◦C is below
the curve at 80◦C, and this is reflected in the drop of the
parameters A and B at the highest temperature in Fig. 10-
a. This can be related to the thermal denaturation of the
DNA molecules, which is observed in the Na-DNA film
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that was studied to higher temperatures than the Li-DNA
film, and which has moreover a lower ionic content that
drives the denaturation temperature down. The denatura-
tion is associated to a collapse of the organized molecular
structure in the film [20,21]. The entangled-polymer struc-
ture obtained after thermal denaturation of DNA appears
to hinder the ionic mobility.
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Fig. 11. Arrhenius plots of the coefficients A and B model-
ing the conductivity, i.e. plot of lnA (open circles), lnB (open
squares) versus 1/T , where T is the absolute temperature in
Kelvin. Top panel: Li-DNA film, bottom panel: Na-DNA film.
The oblique dash line corresponds to the linear fit of the tem-
perature dependence of these quantities.

In addition to the thermal denaturation in the Na-
DNA film that may alter the Arrhenius behavior corre-
sponding to the thermal activation of the ionic motions,
both samples show a small peak in the A and B param-
eters followed by a decay, occurring around 35◦C for Li-
DNA (see figures 6-a and 11) and 55◦C for Na-DNA (see
figures 10-a and 11). In the case of Na-DNA, which is in
the A-form, one could think of a B-to-A transition due to
a residual amount of B-form, that was observed in some
A-DNA samples [16]. However this is unlikely because this
A-to-B transition is normally observed at lower temper-
atures and moreover it cannot explain the similar peak
in Li-DNA, which is known to be stable in the B-form,
particularly at high hydration. It is more likely that this
phenomenon is related to a small structural rearrange-
ment in the film, which is associated to some changes in
the ionic distribution within the sample as shown by as-
sociated changes in the two dielectric relaxations that we
have observed.

The assignment of relaxations in dielectric spectroscopy
is always difficult because there are many possible sources
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for polarization fluctuations. However, we have several
clues that can help in this assignment.

First the frequencies of the relaxations are similar for
Li-DNA and Na-DNA. The low frequency relaxation of
Li-DNA is in the range 0.8 Hz to 20 Hz, while it is in the
range 0.45 Hz to 65 Hz for Na-DNA. For the high fre-
quency relaxation we have 2.9 104 ≤ f2 ≤ 1.1 106 Hz for
Li-DNA and 1.7 104 ≤ f2 ≤ 1.4 106 Hz for Na-DNA (ex-
cept for the highest temperatures where it drops to the
kHz range in this sample). The low values of these fre-
quencies, and their similarity for two samples with differ-
ent molecular structures, the B-form for Li-DNA and the
A-form for Na-DNA, make very unlikely an assignment
involving dipolar fluctuations within the DNA molecule
itself.

Second, as we are working with DNA films, a rotational
contribution of the molecules is excluded. The possible role
of orientational fluctuations in the dielectric response of
DNA has been the subject of an intense debate [2,3,5,6,
11]. Here the orientational fluctuations are ruled out.

This suggests that the dielectric relaxations that we
observe come from the ions present in our samples, which
also contribute to the measured conductivity. A recent
study of low-frequency dielectric relaxations in DNA aque-
ous solutions [9] also found two relaxation modes, which
were attributed to the role of counter-ions: a high fre-
quency mode, in the range 0.1 MHz to 15 MHz is at-
tributed to the hopping of ions between neighboring mole-
cules and a mode at lower frequency, in the range 0.5 kHz
to 70 kHz is connected to the persistence length of the
molecules and therefore attributed to ionic motions along
a single molecule. An older paper [29] also reports two
modes attributed to counter-ions, a strong mode in the
1 Hz to 100 Hz range attributed to counter-ions diffusing
along the molecules, and a weaker mode in the Mz range
attributed to bound counter-ions, vibrating in the vicinity
of a negative charge of the DNA strands.

It appears likely that the two relaxations that we ob-
serve have similar origins, but, as we are working with
samples in which the average orientation of the molecules
is known, we get further hints to confirm this assignment.
As the DNA molecules lie in the plane of the film, they are
almost perpendicular to the electric field used in the mea-
surements. This should preclude the observation of the
ionic diffusion along the molecules. However in our sam-
ples the molecules preserve their orientation for distances
which are much longer than the 50 nm of the persistence
length of DNA in solution. Thus we can expect lower fre-
quencies for modes connected to ionic diffusion along the
molecules. This is the case if we compare our frequen-
cies to the 0.5 kHz to 70 kHz reported by [9]. Moreover
the long distance diffusion could lead to very high dipo-
lar moments. Any slight disorientation of the molecules
with respect to the in-plane position can therefore lead to
a sizeable response in our geometry although the field is
orthogonal to the film. As a result we could nevertheless
expect to detect such motions but they should show up as
a weak signal only. An estimate of the relative strength of
the two modes can be deduced from the magnitude of the

dipole moments due to the different ionic motions. The
vibrational displacement of ions bound to DNA charges
or hopping between nearby molecules is of the order of a
few Angströms. Displacements along the DNA molecules,
in samples in which molecules are oriented, estimated to
be of the order of the persistence length (50 nm) in [9]
when the frequencies are of the order of kHz, could rather
be two orders of magnitude greater in our samples, in rela-
tion to the very low frequency of mode 1. Therefore, if we
assign the low frequency mode to motions along the DNA
molecules, the corresponding dipolar moment could be at
least four orders of magnitude greater than for the high
frequency mode corresponding to highly localized ionic
motions. Instead we find that ∆ǫ1 is less than 3 orders of
magnitude greater than ∆ǫ2 (less than 2 orders of magni-
tude for Na-DNA). This is understandable in our oriented
sample for experiments with an electric field which only
has a very small component along the fibers. While the
low frequency mode dominates the spectrum for measure-
ments in solution [9], in our experiments with an electric
field perpenducular to the film, it is hardly visible on the
plots of the dielectric response function and only shows up
clearly on the loss tangent figures. Therefore, taking into
account all the available information, it seems reasonable
to assign the low frequency relaxation to diffusion of the
counter ions along the DNA molecules.

Conversely, the high frequency relaxation is strong in
our measurements, which is consistent with ionic jumps
between adjacent molecules, driven by the electric field
transverse to the plane, as proposed in [9].

This assignment of the two relaxations that we observe
explains why it is so difficult to make sense of the param-
eters of the relaxations, beyond the order of magnitude
of their frequencies. Figures 6 and 10 show that these pa-
rameters vary widely with temperature. This is plausible
because the ionic motions involved in the two relaxations
are certainly highly sensitive to the local structure and
ionic distribution within the samples because they are not
highly local but involve longer range displacements either
from a molecule to another or along a DNA molecule.
Any small reorganization of the film structure due to a
temperature change, a local variation of the hydration,
or to the ionic displacements themselves, may affect the
displacements of the ions and therefore the parameters of
the relaxations. This is a difficulty of measurements with a
solid sample such as our DNA films compared to solutions
where the average environment of the DNA molecules is
stable.

Our DNA films are similar to the wet-spun samples
studied by Kutnjak et al. [12] however the emphasis of
the two studies is different although they may be comple-
mentary. The question addressed in [12] is the mechanism
of the electronic conductivity along the DNA molecules.
This is why most of the results concern samples cut per-
pendicularly to the DNA fibers. Moreover the focus is on
dc-conductivity, which implies the transmission of a cur-
rent in the connecting wires, i.e. an electronic conductiv-
ity. However it is surprising that ref. [12] does not dis-
cuss the role of the ions which are necessarily present
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in lithium DNA. Although the ions do not contribute to
the electronic dc-conductivity, at least for voltages suffi-
ciently low to avoid ionizations or electronic recombina-
tions at the electrodes, their presence might nevertheless
affect the results discussed in [12] because, due to the elec-
trode polarization effects they modify the distribution of
the electric field inside the sample. This effect depends on
the applied voltage and it might contribute to the nonlin-
earities discussed in [12]. Our study could therefore bring
some additional elements to analyze these experiments.
The paper also presents some results on the frequency de-
pendence of the conductivity. The general trend is a power
law increase similar to the one that we show in Fig. 4 but
the data are not accurate enough to allow a quantitative
comparison. They nevertheless raise a question because we
show that effects that we can unambiguously attribute to
mobile ions by comparing different ionicities appear sim-
ilar to results attributed to hopping hole conduction in
[12]. Further investigations to clarify this point, with dif-
ferent sample geometries or ionicity, would be interesting.

5 Conclusion

As in earlier dielectric studies of DNA in solution, the mea-
surements on films made of DNA fibers meets the difficulty
of the strong conductivity of the samples, which leads to
a very strong electrode polarization response that tends
to dominate the dielectric relaxations, but gives however
some information on the mobility and diffusivity of the
charge carriers. There are nevertheless various interests in
studying DNA in this fiber form:

– By avoiding the rotations of the molecules, it elimi-
nates one possible contribution to the dielectric fluc-
tuations,

– The orientation of the molecules in the films can more-
over be used for the assignment of the dielectric relax-
ations,

– and perhaps more importantly this allowed the first di-
electric study of DNA in its A-form, with a molecular
structure which is significantly different from that of
the familiar B-DNA. It turns out however, that, as the
low-frequency dielectric response is due to the dynam-
ics of the counter-ions, which contribute to the sta-
bilization of the DNA structure, the two forms show
qualitatively similar dielectric behaviors. However the
activation energy for the ionic motions is significantly
higher in A-DNA fibers, which are more crystalline and
less hydrated, leaving less room for the ions to move.
It would be interesting to study similar film samples
in the radio-frequency domain, allowing the observa-
tion of polarization effects coming from the internal
structure of the DNA molecule itself.
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