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ABSTRACT: The charge transfer through single-steh@dnd double-stranded DNA
polymer molecules has been the subject of numesgparimental and theoretical studies
concerning their applications in molecular eleciten However, the underlying
mechanisms responsible for their different eleatriconductivity observed in the
experiments are poorly understood. Here we uselfa@ssistent quantum molecular
dynamics method to study the effect of an appliedtec field along the molecular axis
on charge transfer through single-stranded andldesitanded DNA polymer molecules
with an injected electron or hole and assess theeguences for electronic applications.
Charge transfer through both single-stranded andbldestranded DNA polymer

molecules is predicted, regardless of the signhef injected charge, the molecular



structure and the base sequence. The amount gfectransfer through a double-stranded
DNA polymer molecule is slightly lower than througfre corresponding two isolated
single-strands as a result of the lower chargespart through the purine-pyrimidine
base-stacking as compared with through DNA nuclsetstacking. These results suggest
that each DNA polymer strand can act as a moleeutar with both the sugar-phosphate
backbone and the bases playing an important rothamge transfer, which opens new

perspectives for molecular electronics applications
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INTRODUCTION

The charge transfer through deoxyribonucleic adiNA) strands has attracted
considerable attention during the past decade,usecaf its biological importanceand
its potential applications in electrochemical seago® and molecular electronics °.
Motivated by these potential applications, a langenber of theoretical and experimental
studies have been carried out on charge transtesfiort in DNA molecules, which has
been recently reviewed and analySedExperimental studies based on electrochemical
DNA sensors® have shown that electrical conductivity of doustended DNA
molecules is greater than single-stranded DNA nuidsc Other experimental studies of
electron transfer through DNA using electrogenerateemiluminescencé suggested
that single-stranded DNA strands with 15 bases kamegnot electronically conductive.

However, the electrical characterization of seleasbled single- and double-stranded



DNA monolayers, without upper thiol end-groups awih 26 bases long, by a
conductive atomic force microscope (AFM) showed that electrical currents of
approximately 2.5 nA and 0.6 nA flow through singteanded and double-stranded
DNA monolayers, respectively, for the applied l@8V. Therefore, the charge transfer
properties through single- and double-stranded DiNélecules responsible for their
conducting behaviour in the above experiments remantroversial.

Clearly, theoretical studies need to be done taveirthe underlying mechanism that
manifests the difference in the charge transfesugin single- and double-stranded DNA
molecules suggested by the above experiments. dae\theoretical attemptsfail to
consider the intra-strand interactions betweenbidmes and sugar-phosphate groups for
studying the charge transfer, which were shown l&y @n important role in charge
transfer'® and charge transport of synthetic double-stranded DNA polymer molecules
In this work, we consider the contributions of clevaly bonded phosphate groups with
deoxyribose sugar and bases as well as non-bonuedadgtions to elucidate the
difference in charge transfer properties betweemlsei and double-stranded DNA
polymer molecules. In order to address the inttingroperties of DNA polymer
molecules for charge transfer we do not considgreanrvironment or electrical contacts
related effects, which have been shown to affeatgdhtransport in DNA-based devices

12,13 The dependence on the molecular structure areldsmgience is also examined.

THEORETICAL METHODS AND COMPUTATIONAL DETAILS
In the present study, we investigated the chamester properties through four types

of single-stranded DNA polymer molecules consistioigly of Adenine (Poly(A)),



Thymine (Poly(T)), Cytosine (Poly(C)) and Guaniri®oly(G)) base and two types of
double-stranded DNA polymer molecules consistingly oof Adenine-Thymine
(Poly(dA)-Poly(dT)) or Cytosine-Guanine (Poly(d®ely(dG)) base pair, with the
molecular structures adopted in aqueous solutie+ofn), as well as in their dry state
(A—form).

We start from the single- and double-stranded DAmper molecules with the standard
A-form and B—form geometries shown in Figure 1.HEawlecule considered in this
work has 10 nucleotides per strand and the danglamgls saturated by hydrogen atoms.
We use the self-consistent quantum molecular dycmmiethod, implemented in the
CHEMOS code** *° to study the atomic charge distribution of thiaxed uncharged
molecules with the lowest triplet ground state ggerand the effect of injecting an
electron or hole on that charge distribution, botihresponding to a doublet state. The
same theoretical method was also used to studghge transfer from one end of the
molecule to the other, with no net flow of chargeluced by a strong uniform electric
field applied to the charged DNA polymer molecubdeng the directions shown in
Figure 1.

Because of the strong level of electron-latticepdiog in DNA polymer molecules, it is
necessary to perform self-consistent calculatidredexctronic wave functions and atomic
positions in order to properly study the chargadfar in these molecules. The method
used in this work solves simultaneously the Schmgeli equation for the entire system,
using the semi-empirical molecular orbital theatyich works at the CNDO (Complete
Neglect of Differential Overlap) level within a niinum basis set> *’, for obtaining the

electronic structure of an isolated DNA polymer ewlle and Newton’s equations for



obtaining the nuclear motion, using the forces wWated self-consistently at each time
step, assuming that the initial velocities of alclkei are zero. When an electric field is
applied, the Hamiltonian of the DNA polymer molezgjets modified which affects not
only the wave functions and energy of the moledule also the force acting on each
nucleus. Although nuclear motion and the effecintfinsic fluctuations, resulting self-

consistent inter-atomic interactions and the apgibn of the external electric field, are
included in the quantum molecular dynamics simateti performed in this work, no

rescaling of nuclear velocities was done during #im@ulations in order to assure
guantum molecular dynamics simulations at congtmperature. Therefore, the results
present here are a useful approximation of problagleviour at the temperature of zero
Kelvin or at closely packed structures within a mlayer because thermal fluctuations

are constrained by intermolecular interactions.

The reliability of this self-consistent approachséd on the CNDO method to predict
the right trends for the molecular properties of dNand to give quantitative estimates
for electric field induced charge mobility alongethmolecular axis of conjugated
polymers, in very good agreement with the experisieis thoroughly described in our

previous publications” 8
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Figure 1. The types of molecular structure of single- andulde-stranded DNA
molecules considered in this work. All DNA polymapolecules have 10 nucleotides per
strand. The arrows indicate the direction of theemal electric field to be applied and

the nucleotides (phosphate-sugar-base) are numftmredsier identification.

RESULTS AND DISCUSSION

Figure 2 shows the results obtained for the distitim of the negative injected charge
per nucleotide throughout the molecular axes degiot Figure 1. The analyses of these
results show interesting features. One is thairjeeted electron is distributed differently
throughout the molecular axis of the same polyrntransg for single- and double-stranded

DNA molecules, regardless of the molecular strectand the type of base. Another



important aspect is that the maximum charge st@ednucleotide does not change
significantly for single- and double-stranded DNAlecules. One striking result is that
charge injection is most strongly localized forgdgistranded DNA molecule of A—form

consisting only of cytosine base. Similar featuaes found when an electron is removed

from these DNA molecules.
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Figure 2. Change in the charge of the nucleotides of eagmdtwhen one electron is
added to the single- and double-stranded DNA mdédscshown in Figure 1. The marks
indicate the data points that were calculated eitjglj whilst the curves are simply a

guide to the eye.



When a strong uniform electric field is applied ttee charged single- and double-
stranded DNA polymer molecules along the directidaepicted in Figure 1, there is a
transfer of the injected charge towards the mokeoethd favoured by the applied electric
field and an additional electron transfer alongheB®&A strand in the opposite direction
to the applied field, leading to a gradient of geadistribution in the presence of external
field (see Figure 3). Both charge transfers talkeelbefore the nuclei are allowed to
move. The amount of positive and negative chargeedtat both ends of each DNA
strand depends on the type of DNA molecule, itssmdlr structure and type of bases.
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Figure 3. The effect of the applied electric field on thistdbution of the injected
electron into the single- and double-stranded DN&letules, for each molecular strand
in A- and B-forms and an external applied elecfiedd of 100 MV/cm along the
direction shown in Figure 1. The marks indicate tfaa points that were calculated
explicitly, whilst the curves are simply a guidethe eye.



Before we can relate the amount of charge traraéerg each DNA strand, induced by
the strong applied electric field, with the chatgesfer characteristics or conductivity of
single- and doubled-strand DNA polymer molecules,nged to test the reliability of the
self-consistent quantum molecular dynamics apprdeged on the CNDO method in
predicting the different charge transfer charastes of molecular systems, where
atomic positions and electronic structure as calipleblems, in the presence of a strong
electric field, such as conjugated polymer strands.

As we have shown previousl{ when one electron (or hole) is injected into aigtrt
polymer strand with 16 monomer units of pg(a-phenylene vinylene (PPV) and its
derivative poly(2,5-dimethoxpara-phenylene vinylene) (DMeO-PPV), there is a charge
rearrangement of the polymer backbone atoms wisi@tcompanied by a change in its
dimerisation pattern (defined by the absolute valti¢ghe difference between adjacent
carbon-carbon bond length at each carbon atomthdrabsence of an applied electric
field, the polaron-type charge-induced defects ftrare localized at the central region
of the conjugated polymer strand, regardless ofsige of the injected charge and the
polymer chemistry. When the strength of the appé&ttric field, along the molecular
axis, is just below the threshold value neededhdéimice coherent transport of the injected
charge (the strength of the applied electric fildd which the coupling between the
injected charge and the induced structural defedhe polymer backbone is broken and
the injected charge moves to the strand end fadooyethe applied electric field before
nuclear motion occurs), we predicted that PPV hasegative polaron-type mobility
along the conjugated polymer strand approximately times larger than DMeO-PPV.

Figure 4 shows the effect of an external appliettel field of 100 MV/cm, along the



molecular axis of PPV and DMeO-PPV, on the distidyuof the injected electron into

these molecules.
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Figure 4. The effect of the applied electric field on thistdbution of the injected
electron into straight conjugated polymer strandth W6 repeated monomer units of
poly(para-phenylene vinylene) (PPV) and poly(2,5-dimethgeya-phenylene vinylene)
(DMeO-PPV), for an external applied electric fiedl 100 MV/cm along the direction
shown by the arrow. The marks indicate the datatpdhat were calculated explicitly,

whilst the curves are simply a guide to the eyee Tapeated monomer units are

numbered for easier identification.

When a strong electric field was applied to negattharged PPV and DMeO-PPV
strands, we found the disappearance of the lochligected charge at the strand end
favoured the external applied field. This was obsérfor field strengths significantly
higher than the threshold value for coherent chdrgasport along the conjugated
polymer strands, before the nuclei motion is alldwend the formation of a gradient of

charge distribution similar to those obtained fothbsingle- and doubled-strand DNA

10



polymer molecules in the presence of a strong ratefield, with each strand in the B-
form (see right-end side of Figure 3). Moreoveg #mount of charge transfer through
the PPV strand is significantly larger than througb DMeO-PPV, which seems to be
correlated with the difference in charge transpaobility along the molecular strands of
both polymers. Therefore, the results shown in g8 suggest that charge transfer
through a double-stranded DNA molecule is signiftbalarger than through a single-
stranded DNA molecule with the same length, mokcstructure and base sequence,
because both strands of the double-stranded DNAecutd contribute to the charge
transfer, which is in agreement with the experiraersing electrochemical DNA chips

In order to study the effect of inter-strand iatgions in charge transfer through
double-stranded DNA molecules with A- and B- forwe compare in Figure 5 the
amount of charge stored in each nucleotide pattonible-stranded DNA molecule with
the sum of the charge stored in two isolated sisgiended DNA molecules with the
same base sequence and molecular structure fagathe applied electric field. These
results suggest that charge transfer through aldatianded DNA molecule is slightly
lower than through the corresponding two isolatetyls-stranded DNA molecules,
regardless the type of molecular structure and tyipe of base pairs, which is in
agreement with conductive AFM measurements thrauglacked monolayer of single-
and double-stranded DNA molecules with a complesebaequencé, because the
number of DNA strands connecting the conducting AfifMand the substrate should be

similar in both cases.

11
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Figure 5. The comparison between the effect of the appliedtrgc field of 100 MV/cm

on the distribution of the injected electron intmuble-stranded DNA molecules and the
two isolated single-stranded DNA molecules with shene base sequence and molecular
structure. The marks indicate the data points Wexe calculated explicitly, whilst the

curves are simply a guide to the eye.

In order to understand the effects of both nudtkpfragments, consisting of the sugar-
phosphate backbone and the DNA bases, on chargeaddoy a strong electric field
transfer through double-stranded DNA polymer mdiesand through the corresponding
two isolated single-stranded DNA molecules indubgda strong electric field, we will

consider only DNA polymer molecules with the B—forgeometry. In Figure 6, we

12



compare the results obtained for the DNA polymetatudes considered in this work
with the corresponding nucleic acid base-stackingtifese cases the sugar-phosphate

backbone of the DNA strands are not included inctideulations).
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Figure 6. The comparison between the effect of the appliedtrgc field of 100 MV/cm

on the distribution of the injected electron inte tsugar-phosphate backbone and the
DNA bases of double-stranded DNA polymer molecwdad the two isolated single-
stranded DNA polymer molecules with the same basgence (left-hand side) and the
corresponding nucleic acid base-stacking (rightehaide), both with the B-form
geometry. The marks indicate the data points theakvealculated explicitly, whilst the
curves are simply a guide to the eye.

When a strong electric field is applied to both Di8lymer molecules (single- and
double-stranded oligomers) and the correspondimfeimuacid base-stacking, a gradient
of charge distribution similar to those obtaineddonjugated polymer strands is formed,

before the nuclei motion is allowed, as result oherent charge transfer through the

13



DNA polymer molecules and nucleic acid base-stagkithough, the charge transfer
through the sugar-phosphate backbone is largerttirangh the bases of DNA polymer
molecules, the double-stranded DNAs have less ehaapsfer than the sum of two
single-stranded DNAs, as a consequence of thereliffecharge transfer through the
bases in single- and double-strand DNA polymer mdés, since the charge transfer
through the DNA backbones is similar in both ca$®s.also found that charge transfer
through the double-stranded nucleic acid base-sigcis lower than charge transfer
through the sum of the corresponding two isolategls-stranded nucleic acid base-
stacking, and their difference is similar to whatswobtained for charge transfer through
the DNA bases in single- and double-stranded palynaecules.

The results described above suggest that the misamswof charge transfer through the
bases of single- and double-stranded DNA polymereautes and through the
corresponding nucleic acid base-stacking, withole tsugar-phosphate backbone
included in the calculations, induced by an appleectric field should be similar.
However, the distribution of the injected chargdée¢on or hole) throughout the
direction of the applied electric field depictedRigure 1 is completely different in both
cases (see Figure 7). When one adds or remove®leogon from a DNA polymer
molecule, the excess charge distribution is foundbe delocalised over several
neighbouring bases in single and double-strandedA pdlymer molecules, in agreement
with the theoretical results of Berlin et &, the effect being more pronounced for the
single-stranded molecules, and the distributiotepatvarying with the type of base and
the sign of the injected charge. These results estgipat band-like motion (coherent

charge transport) or phonon-assisted polaron hgp(polaron drifting) should dominate

14



the injected charge transport through the baséstin single- and double-stranded DNA
polymer molecules. In contrast, the excess of @angnucleic acid base-stacking is
found to be strongly confined to a single nucleebas agreement wittab initio
calculations at Density Functional Theory leffef* The position of the injected charge
depends on the type of stack (single-base stabks®-pair stack), the base sequence and

the sign of the injected charge.
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Figure 7. Change in the charge of the bases (or base-péiex) one electron is added
(Q =-1) or removed (Q = +1) from single- and dasbiranded DNA molecules shown
in Figure 1 (left-hand side) and from nucleic abake (base-pair) stacking without the
sugar-phosphate backbone (right-hand side). Th&sadicate the data points that were
calculated explicitly, whilst the curves are simplguide to the eye.

In the case of nucleic acid base-stacking, it syda distinguish from the excess of

injected charge distribution, the sign and locéiisaof the injected charge, and to follow

15



its transport along the stack as a function of ¢trength of the applied electric field.

Therefore, in order to understand the charge t@hsmechanisms through the

nucleobases of DNA polymer molecules, we will stalg effect of an applied electric

field of variable strength on the injected changi® isingle- and double-stranded nucleic
acid base-stacking with B-DNA geometry.

When an electron or hole is injected into a defdri@anucleic acid base-stacking, it
induces distortions around the position where tkeegs of charge is localised, either
inside the bases involving the change of chemicalds and the positions of hydrogen
and oxygen in agreement with thb initio calculations of Alexander et &° and the
change in the inter-base distance in agreement thithSSH model calculations of
Rakhmanova et af® and Wei et al**, leading to the formation of a charged polaron.

If there is a uniform electric field applied paedlto the stack axis, and its strength is
smaller than a threshold value, both positive aagative polaron-like transports can be
realized along the stack. In this case, the maticthe polaron is a continuous translation
along the stacking (polaron drifting) and smalkimdic fluctuations do not disturb the
polaron motion in agreement with nonlinear latticedel calculations of Komineas et al.
5 When the strength of applied electric field istjequal or above that threshold value,
the coupling between the injected charge and ttecied structural distortion is broken
and the injected charge moves coherently towarelstdick end favoured by the applied
electric, before the nuclei is allowed to move, dilocalised orbitals along the base-
stack units in agreement with the results from tick fermion modef®. When the
strength of applied electric field is strong enoutte injected charge localised at the

stack end disappears and a gradient of the exbesgecdistribution is formed, as shown

16



in the Figure 6, leading to a delocalised polaragreement with the SSH model work
of Johansson et &,

In order to estimate and compare the charged polaability of all nucleic acid base-
stacking considered in this work, we use the didini of charge mobility as charge
velocity per unit applied electric field and estimdhe velocity of the single injected
charge (electron or hole) for the same strengththef applied field, lower than the
threshold value for coherent charge transport akdhgucleic acid base-stacking, using
the self-consistent quantum molecular dynamics agibr based on the CNDO method.
The results obtained for both the electric fielceihold and the charged polaron mobility
for an applied electric field of 0.1 MV/cm are showm Table 1.

The analysis of our results presented in Table dwshseveral interesting features.
First, there is clear dependence of the electmtd fithreshold for coherent charge
transport along the nucleic acid base-stacking len liase sequence, the interaction
between the bases in hydrogen-bonded base-panlsmngjaand the sign of the injected
charge. Secondly, hole mobility is larger than et mobility in double-stranded
nucleic acid base-stacking. Thirdly, the polarorbitity in poly(dA)-Poly(dT) is higher
than poly(dC)-Poy(dG), for the same applied elecfield and injected charge, in
agreement with the results from the extended tghding model of Cui et af®. Another
important aspect, it is that single-stranded nodceid base-stacking have higher polaron
mobility than the double-stranded nucleic acid kstaeking for both electron and hole
injection, which should be responsible for the geatransfer through a double-stranded
DNA molecule to be slightly lower than through tt@rresponding two isolated single-

stranded DNA molecules induced by a strong apmiedtric field and these results are
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in agreement with conductive AFM measurements tjincapacked monolayer of single-
and double-stranded DNA molecules with a compleselsequenct One striking result,

it is that the lowest electric field threshold fooherent charge transport and polaron
mobility occurs for electron transport along thacgt of cytosine-guanine base pairs, due
to a strong interaction between these nucleobagdsh leads to a delocalisation of the
injected electron over both nucleobases of the dgait-bonded base pair during the
electron transport between adjacent base-pairgoirirast with the almost complete
localization of the injected charge to an individonacleobase in the DNA duplex for the
other cases.

We should note that, the calculated electroniccttine and the molecular orbitals are
strongly dependent on the CNDO parameters usedhenthasis set of atomic orbitals
used to construct the wave function. Therefore, ahsolute value of the calculated
electric field threshold for coherent charge trams@nd polaron mobility may not be
correct, but we expect the predicted trends to édmhle and these show important
features, which are a useful approximation of pbbddehaviour at the temperature of
zero Kelvin or at closely packed structures witlanmonolayer because thermal
fluctuations are constrained by intermolecularratéons.

Since the structure of single- and double-stran®®tA polymer molecules, the
distortion within their nucleobases and the distabetween their stacked bases are
expect to change drastically with the increaséneftemperature and in aqueous solutions
%29 the predicted results for the electric field #ireld for coherent charge transport and
charged polaron mobility should be significantlyfelient in those cases than the ones

reported in Table 1, but their estimates is outhefscope of this work. Previous results
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showed that the disorder, due to the increasintgmperature and environment, might

decrease (increase) charge transfer in DNA molsoulth homogeneous base sequence

(random base sequenc#¥) 93043

Table 1. The strength of the electric field threshold nektte coherent transport of the
injected electron (Q = -1) and hole (Q = +1) arel ¢tharged polaron mobility induced by
an uniform applied electric field of 0.1 MV/cm, ferarious nucleic acid base-stacking
with 10 nucleobases (or nucleobase-pairs) per staBkDNA conformations.

_ Threshold for Charge moblllty fgr
Injected the applied electric
Base stack coherent charge .
Charge field of 0.1 MV/cm
transport (MV/cm) (cm2V s

(A) +1 9.6 4.64E-02

M) +1 7.4 5.33E-02

©) +1 5.2 4.25E-02

(G) +1 45 4.53E-02
Adenine- -1 3 2.79E-02
Thymine

+ . .63E-

(AT) 1 7.8 3.63E-02
Cytosine- -1 0.2 1.98E-02
Guanine

+ . 19E-

(CG) 1 54 3.19E-02

If we assume that there is an uniform electricdfiapplied along the tilted 26 bases

long DNA molecules (8.5 nm length), contributingtkee current flow in the conductive

AFM measurements through a packed monolayer oflesirand double-stranded DNA

molecules with complex sequende with a strength of approximately 2MV/cm
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(estimated from the experimental conditions reghréend only a single charge is allowed
to be injected into each molecule and to move alibriy polaron drifting before the
injection of the next one, as a result of Coulonirkade, we can estimate the current
flow through each one of them (I=/&}/ where e is the electron chargeis the time for
the injected charge moves along the entire molgcule

Considering that the polaron velocities, calculdtedn Table 1, are field-independent
and the lowest polaron velocity is the determinstep in the transport of the injected
charge through the nucleic acid base-stacking, amercughly estimate the current flow
through single- and double-stranded base-staclongpdth electron and hole injection.
The results obtained by this rough estimation fecteon (hole) transport are 0.5 nA (0.6
nA) for the double-stranded base stacking, 1.5 1A (A) for two single-stranded base-
stacking and 2.3 nA (2.4 nA) for three single-sti@h base-stacking, and they are in very
good agreement with the experimental findifidgswe consider that one double-stranded
and three single-stranded DNA molecules contritiotethe current obtained in the
experiments. Our results suggest that the maximumber of molecules contributing to
the current flow in the experimental system usealikhbe three, in agreement with the

conclusion drawn from further experiments usingshme experimental setdf,

CONCLUSIONS

We studied the distribution of the injected chafgee electron or one hole) into
isolated single- and double-stranded DNA polymefteamudes, with the same length and
different molecular structures and base sequerssekb the effect of an applied electric

field on the injected charge.
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Our results show that when a strong electric fisldpplied along the molecular axis
there is charge transfer along all the moleculensts that compose the DNA polymer
molecule giving rise to a gradient of charge disttion as a result of coherent charge
transport, regardless of the sign of the injectedrge, the molecular structure and the
base sequence. Moreover, the amount of chargddrahsough each strand of a double-
stranded DNA molecule is slightly lower than thrbuge corresponding isolated single-
stranded DNA molecules. These results correlatéwitd polaron mobility induced by a
low applied electric field through single-strandese-stacking being higher than through
double-stranded base-stacking for both electron hakd injection. Therefore, the
mechanisms for charge transport through single- douable-stranded DNA polymer
molecules should be similar and charge mobilityusthdoe dependent on the strength of
the applied electric field. The difference in themaunt of charge transfer/transport
observed in the experiments seems to depend on Digkecular structure and the

number of the strands involved in the electricaldiaction process.
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