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Influence of counter-ion-induced disorder in DNA conduction
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Disorder along a DNA strand due to nonuniformity associatedwvith the counterion type and
location,andin rise andtwist areinvestigatedusing densityfunctionaltheory We thenmodelthe
conductancéhrougha poly(G) DNA strandby includingtheinfluenceof disorder We showthatthe
conductancealropsby a few ordersof magnitudebetweentypical lengthsof 10 and 100 nm. Such
a decreaseccurswith on-site potentialdisorderthat is larger than 100 meV. © 2003 American

Institute of Physics. [DOI: 10.1063/1.156381]

During the last few years,the possibility to useDNA in
nanotechnologyand as a hanodevicehas beenincreasingly
investigated.This interest stemsfrom the ability of con-
trolled growth of nucleotidesequenceand DNAs surprising
conductingproperties.Transportmeasurements’ have led
to a broadrangeof conductancesppeninga huge contro-
versyon this issue While Ref. 1 foundalong (600 nm) rope
of DNA strandsto be metallic (resistancein the 2-MQ
range, Ref. 2 founda shortstrand(8 nm) to be semiconduct-
ing (resistancan the gigaohmrange. Refs.6 and 7 found
both poly(G)—poly(C) and A-DNA to be insulating over a
lengthscaleof 40 and30 nm, respectivelyln contrastto the
above,Ref. 4 found DNA could be inducedto superconduct.
The physicalmechanismdeadingto the wide rangeof re-
sultsis unclear It is hopedthat modelingof variousfactors
controlling DNA conductancevould eventuallyhelp in un-
derstandingthe mechanismsWe expectDNA conductance
to be very sensitiveto the natureof the metal contacts,de-
fects, conformationalchanges,and to the location of the
Fermi enegy, amongother factors. In this letter, we study
the role of counterions in causingconductancereduction
with increasein strandlength of dry DNA. The main moti-
vationfor this work wasRefs.2 and 6, which showa super
linear increasen resistanceawith length of poly(G)—poly(C)
(the experimentaketupswere differend.

The distancebetweenbasepairsin B-DNA is approxi-
mately 3.4 A andthe hybridizationenegy (U) betweenthe
highestunoccupiednolecularorbital (HOMO) levels of ad-
jacentguaninesof a poly(G) sequences small (around87
meV).2&9 The correspondintdOMO bandwidth (4 U) is a
narrow 350 meV. Small changesn the environmentof the
basepairs or irregularitiesalong the length of the poly(G)
moleculeareboundto existin dry DNA. For exampleupon
drying, it is unlikely that the counterions of the phosphate
group will all be identical and periodically arranged.It is
alsoconceivablethat a counterion could be missingfrom a
phosphategroup. Such nonidealitieswill leadto changein
the enepgy eigenvaluegon-sitepotentia) of basepairsalong
the strand.If this perturbationis small comparedo U, then
transportthroughpoly(G) will be unafected.The mainidea
of this letteris thatthe eigenvalue®f basepairsaremodified
by valuescomparableto U becauseof irregularities. Then,
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electronicdelocalizationarising from the # stackingof the
basepairsis brokenoverlong distancesandthe conductance
of evena poly(G) moleculewill significantly diminish with
increasen length.

We investigatethe influenceof variousstructuralirregu-
larities, suchaschangein rise andtwist, andion mismatches
on the eigenvaluesof a dimer of guanines.The ab initio
calculationsareperformedusingGaussiar98'® in the density
functional approximationwith the B3LYP!? exchange-
correlationfunctional. The basissetusedherecorrespondso
6-21G.More diffuseor completebasissetslike the 6-31Gd)
do not significantly affect our results.Eachbasepair is as-
sumedto haveonly a single counterion asdiscussedubse-
quently We note that work on dry DNA that clarifies the
numberof counterions aroundeachbasepair would be use-
ful and could quantitatively changeour results. We have
comparedahe eigenvaluegorrespondingo the HOMO, low-
est unoccupiedmolecularorbital (LUMO) and the average
differencebetweenall the eigenvaluef the system(Table
I). Changeof rise andtwist (by 6°) do notleadto very large
variationsof the HOMO and LUMO eigenvaluesVariation
in the counterion characteristicsaffect the HOMO and
LUMO eigenvaluesmore significantly The HOMO eigen
value changesby 100 and 50 meV in the caseswhereboth
H,O" arereplacedby Na" andK ™ Variationsof thedistance
betweerthe counterion andthe phosphatgroupalsoleadto
variationsof the orderof 50 meV. A larger difference nearly
500 and 1000 meV, in the HOMO and LUMO valuesis
found betweerhydrogen(bondedto oneoxygenof the phos-
phate andH;0" andNa" counterions.We shouldnotethat
the occurrenceof a hydrogenbondedto the phosphateis
ratherunlikely. Overall,the changein eigenvaluesn Tablel
makes our suggestionthat irregularities along a poly(G)
causes reductionin conductancevith lengthplausible.

The conductanceis calculated using the Landauer
Buttiker approach? The Hamiltonianfor an extendedsys-
tem of basepairsis contructedby startingfrom the Hamil-
tonian of dimers, following the nearest-neighber
approximationschemeof Refs.14 and 15. The Hamiltonian
of the dimers are calculatedusing Gaussian98 and the
transmissionprobability is calculatedusing the schemein
Ref.16. A key ingredientto the calculationis the strengthof
the disorderpotential. The disorderis introducedvia a uni-
form changein the on-site potential of all atomsin a base
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TABLE I. Eigenvaluedifferenceqfor the HOMO andLUMO eigenvaluesndalsofor the averageifferences
betweenall the eigenvaluesbetweenvariousdimers.Threekinds of systemvariationsare presentedMismatch
of the counterions (first sevenrows), mismatchof the distanceof the counterionswith respecto the phosphate
group (nexttwo rows) and mismatchof the twist andrise of the dimer (next sevenrows).

A€romo AeLumo Ae (meV)

(meV) (meV)
Na* vs H;O* 93.4 136.4 125.9
K* vs H;O" 69.6 89.8 106.7
Na*, Na* vs Na", H,O" 49.1 65.3 59.7
H;0"%, H;O" vs Na™, H,O" 44.3 71.1 68.1
K* vs Na* 23.8 46.6 58.6
H_ vs H;O* 552.8 1054.4 1161.1
H_ vs Na* 646.2 1190.8 1285.5
Na' distance(Ad=+0.1A) 27.1 51.0 48.3
Na* distance(Ad=—0.2 A) 63.1 119.4 114.6
Twist (AQ==+2°) 2.0 5. 32.0
Twist (AQ=—6°) 0.9 19.5 115.6
Twist (AQ=+6°) 16.9 10.4 73.1
Rise(Ar=-0.1A) 17.4 12.9 47.7
Rise (Ar=+0.1A) 14.6 11.1 43.9
Rise(Ar=—0.2A) 37.9 28.6 98.2
Rise (Ar=+0.2A) 26.6 20.8 81.5

pair by de;, wherei correspondgo the basepair labeledi.

Further it is expectedhatfor two adjacennucleotidesthere
is somedegreeof correlationbetweenthe amplitudeof dis-
orderpotentialat neighboringbasepairs.A correlationin the
variation of the on-site potential of the basepairsis intro-

ducedusingthe following procedure The disorderpotential
of the first nucleotidein the sequencés choserrandomlyin

theinterval = | ey|. The disorderof the secondnucleotideis

chosenrandomly subjectto the constraintthat de, cannot
differ from e, by morethan €y,/2. This procedurds contin-
ued for the other basepairs. A typical potential profile is

shownin Fig. 1. To justify the useof the smoothingproce-
dure,we havecomparedhe eigenvalue®f dimerswith two

Na*, two H;O" and a Na" andH;O™ eachWe find thatthe
changen the HOMO level of thethird caseis in betweerthe
first two cases.Finally, in order to focus on the effect of

disorder the open boundariescorrespondto disorderfree
semi-infinite nanotubeleadsinsteadof realistic metal con-
tacts.

For a DNA moleculetrappedbetweentwo electrodes,
the HOMO/LUMO are the most importantin determining
the conductanceHere,we investigatethe conductancevhen
the Fermi enepy is closeto the HOMO channef The sys-
tem consideredis a poly(G) without the backbone.This
shouldbe a goodapproximatiorbecausdor regularB-DNA
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FIG. 1. Amplitude of the disordersas function of the length of the device.
The solid line correspondgo a maximum amplitudeof the disorderof 50
meV andthe dashedine to 150 meV.

the HOMO is dueto the basesandthe backboneonly plays
a role in the structural stability The conductancefor a
disorderfree poly(G) moleculeis presentedn Fig. 2. The
HOMO channelis located at around —5.5 eV and has a
width of approximately350meV. At zerobias,the maximum
possible conductancewith this molecule is around 2G,
(where Gy=1/12.9 k(}). The experimentallyobservedcon-
ductanceshave beenordersof magnitudesmaller Various
factors such as DNA-—contact coupling, conformational
changesf the DNA lying on the metalandon the substrate
will play a role in determiningthe conductanceAlso, mis-
matchin the work function of the metaland DNA will play
a role in determiningthe conductanceFor example,in a
long strandof DNA, the bandbendingbetweerDNA regions
lying on the metal contactand over the substratecould be
largerthanthe HOMO bandwidth. Neglectingthe aforemen-
tionedissues(especiallythe lastitem which is importantfor
systemswith a small enegy bandwidth), we focus on the
role of disorderin affecting the linear responseconductance.
Basedon the review of Ref. 17, it is expectedhat the con-
ductancewill decreaselrasticallyfor devicesongerthanthe
localizationlength. This is what we basically observe.The
conductancgfor a Fermi level of —5.55 eV, which corre-
spondsto the maximumvalue of the conductancenbtained
without disordej asa function of the lengthof the devicefor

1 T T T T
0.8 |
L0.6 F
o~
()
N
~0.4 |-
(&)
0.2 F
| i |
-6 —4 -2
Egp (eV)

FIG. 2. Conductancerersusfermi enegy for an infinite poly(G) DNA mol-
eculein a B conformationwithout disorders.
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FIG. 3. Conductancgat T=298 K and a Fermi level of —5.55¢eV) of a
poly(G) B-DNA moleculeasfunctionof its length.Thelineswith diamonds,
stars,andtrianglescorrespondo casesn which the maximumamplitude of

the disorderis 50, 100, and 150 meV respectively

differentvalue of the disorderstrengthe,, (is shownin Fig.

3). The exponentialdecreasever the length scaleshownis
notobservedor smalldisorderq €),=50 meV), andthecon-
ductanceremainsof the orderof unity for lengthsup to 300
nm (not presented However for valuesof €, larger than
100 meV, the conductanceendsto drop very rapidly with

lengthoverthelengthscaleof 100 nm considereddueto the
large mismatchof the on-site potential betweenthe nucle-
otides.The plot shownfor €,,=150 meV is an exampleof

this. Furthermore consideringthat small disorders(smaller
than100meV) do not leadto significantdrop of the conduc-
tanceover a length scaleof 100 nm, it seemsvery unlikely
thattwist or rise mismatchegof the strengthshownin Table
I) canexplainthe phenomenorf very large resistancegx-
perimentallyobserved Mismatchin the counterions could
leadto a large decreasén conductancevith lengthbut such
an effect can only be verified if both shortand long DNA

strandsare suspendedetweenthe metal contacts A direct
comparisorto the experimentds difficult becausevhile the
DNA strandwassuspendedh Ref. 2, it waslying on a sub-
stratein Ref. 6. In this letter, we did not modelthe DNA—

substrateinteractionand an experimentalsetupsuch as in

Ref. 18, where a nanotubewas suspendedetweenmetal
contactsmay be ableto verify our prediction.

In conclusion,we have shownthat disorderinducedby
variationin the specifics(type and distancé of the counter
ionsalonga DNA strandis likely to hinderthe delocalization
of the 7 orbitals evenin a poly(G) molecule.We find that,
while randomchangesn the twist andrise affect the eigen-
valuesof the guaninesa noncrystallinecounterion arrange-
ment, can lead to significantchangesn the eigenvaluesof
basepairs when comparedto the hybridization enegy be-
tweenguaninesn poly(G). We calculatedthe coherentcon-
ductancethrougha poly(G) moleculeandfind that the con-
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ductanceof strandsover a length scale of 100 nm is
significantly affected when counterions causea changein
the eigenvaluef guaninesby more than about100 meV.
Modeling of the coupling of electronsto vibrationaldegrees
of freedom,which will leadto realisticvaluesof theresidual
conductancewith disorder was beyond the scope of this
work.
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