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Disorder
�

along a DNA strand due to nonuniformity associatedwith the counter ion type and
location,
�

andin rise andtwist areinvestigatedusingdensityfunctional theory. We thenmodel the
conductance� throughapoly� G	 
 DNA strandby includingtheinfluenceof disorder. Weshowthatthe
conductance� dropsby a few ordersof magnitudebetweentypical lengthsof 10 and100 nm. Such
a� decreaseoccurswith on-sitepotentialdisorderthat is larger than100 meV. © 2003

�
American

Institute



of Physics. � DOI:
�

10.1063/1.1563811�

During
�

the last few years,the possibility to useDNA in
nanotechnologyand as a nanodevicehasbeenincreasingly
investigated.This interest stems from the ability of con-
trolled
�

growthof nucleotidesequencesandDNAs surprising
conducting� properties.Transportmeasurements1–7 have

�
led

to
�

a broad rangeof conductances,openinga huge contro-
versy� on this issue.While Ref. 1 founda long � 600

�
nm� rope

of� DNA strands to be metallic � resistance� in the 2-M�
range� � ,� Ref.2 founda shortstrand� 8 n

�
m� to

�
besemiconduct-

ing � resistancein the gigaohmrange . Refs.6 and 7 found
both
!

poly" G	 # –poly$ C% & and� ' -DNA to be insulating over a
length
�

scaleof 40 and30 nm, respectively. In contrastto the
above,� Ref. 4 foundDNA couldbe inducedto superconduct.
The physicalmechanismsleading to the wide rangeof re-
sults( is unclear. It is hopedthat modelingof variousfactors
controlling� DNA conductancewould eventuallyhelp in un-
derstanding
)

the mechanisms.We expectDNA conductance
to
�

be very sensitiveto the natureof the metal contacts,de-
fects,
*

conformationalchanges,and to the location of the
Fermi energy, amongother factors. In this letter, we study
the
�

role of counter ions in causingconductancereduction
with+ increasein strandlengthof dry DNA. The main moti-
vation� for this work wasRefs.2 and6, which showa super-
linear increasein resistancewith lengthof poly, G	 - –poly. C% /0
the
�

experimentalsetupsweredifferent1 .
The
2

distancebetweenbasepairs in B-DNA is approxi-
mately3 3.4 Å and the hybridizationenergy 4 U5 6 between

!
the

highestunoccupiedmolecularorbital 7 HOMO8 levelsof ad-
jacent
9

guaninesof a poly: G	 ; sequence( is small < around� 87
meV3 = .3,8,9

>
The
2

correspondingHOMO bandwidth ? 4 U
@ A

is
B

a
narrowC 350 meV. Small changesin the environmentof the
base
!

pairs or irregularitiesalong the length of the polyD G	 E
molecule3 areboundto exist in dry DNA. For example,upon
drying,
)

it is unlikely that the counterions of the phosphate
groupF will all be identical and periodically arranged.It is
also� conceivablethat a counterion could be missingfrom a
phosphateG group. Suchnonidealitieswill lead to changein
the
�

energy eigenvaluesH on-site� potentialI of� basepairsalong
the
�

strand.If this perturbationis small comparedto U, then
transport
�

throughpolyJ G	 K will+ be unaffected.The main idea
of� this letteris thattheeigenvaluesof basepairsaremodified
by
!

valuescomparableto U becauseof irregularities.Then,

electronicL delocalizationarising from the M stacking( of the
base
!

pairsis brokenoverlong distances,andtheconductance
of� evena polyN G	 O moleculewill significantlydiminish with
increase
B

in length.
W
P

e investigatethe influenceof variousstructuralirregu-
larities,suchaschangein riseandtwist, andion mismatches
on� the eigenvaluesof a dimer of guanines.The abQ initio
calculations� areperformedusingGaussian9810 in

B
thedensity

functional approximation with the B3LYP11,12 exchange-L
correlation� functional.Thebasissetusedherecorrespondsto
6-21G.
�

More diffuseor completebasissetslike the6-31GR d) S
do
)

not significantly affect our results.Eachbasepair is as-
sumed( to haveonly a singlecounterion asdiscussedsubse-
quentlyT . We note that work on dry DNA that clarifies the
numberC of counterionsaroundeachbasepair would beuse-
ful
*

and could quantitatively changeour results.We have
compared� theeigenvaluescorrespondingto theHOMO, low-
estL unoccupiedmolecularorbital U LUMO

V W
and� the average

dif
)

ferencebetweenall the eigenvaluesof the system X T2 able
I Y . Changeof riseandtwist Z by

!
6°[ do

)
not leadto very large

variations� of the HOMO andLUMO eigenvalues.Variation
in
B

the counter ion characteristicsaffect the HOMO and
LUMO
V

eigenvaluesmore significantly. The HOMO eigen
value� changesby 100 and 50 meV in the caseswhereboth
H
\

3
> O] ^ are� replacedby Na_ and� K ` V

a
ariationsof thedistance

between
!

thecounterion andthephosphategroupalsoleadto
variations� of theorderof 50 meV. A largerdifference,nearly
500
b

and 1000 meV, in the HOMO and LUMO values is
found
*

betweenhydrogenc bonded
!

to oneoxygenof thephos-
phateG d and� H3

> O] e and� Naf counter� ions.We shouldnotethat
the
�

occurrenceof a hydrogenbondedto the phosphateis
ratherunlikely. Overall, thechangein eigenvaluesin TableI
makes3 our suggestionthat irregularities along a polyg G	 h
causes� a reductionin conductancewith lengthplausible.

The conductanceis calculated using the Landauer–
Buttiker
i

approach.13 The
2

Hamiltonian for an extendedsys-
tem
�

of basepairs is contructedby startingfrom the Hamil-
tonian
�

of dimers, following the nearest-neighbor-
approximation� schemeof Refs.14 and15. The Hamiltonian
of� the dimers are calculatedusing Gaussian9810 and� the
transmission
�

probability is calculatedusing the schemein
Ref. 16.A key ingredientto thecalculationis thestrengthof
the
�

disorderpotential.The disorderis introducedvia a uni-
form
*

changein the on-sitepotentialof all atomsin a baseaj k Electronicmail: christophe.adessi@lpmcn.univ-lyon1.fr
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pairG by lnm i ,� wherei
o

corresponds� to the basepair labeledi
o
.

Further
p

, it is expectedthatfor two adjacentnucleotides,there
is
B

somedegreeof correlationbetweenthe amplitudeof dis-
order� potentialat neighboringbasepairs.A correlationin the
variation� of the on-sitepotentialof the basepairs is intro-
duced
)

usingthe following procedure.The disorderpotential
of� the first nucleotidein the sequenceis chosenrandomlyin
the
�

interval qsrut M v . The disorderof the secondnucleotideis
chosen� randomly subject to the constraintthat wnx 2

y cannot�
dif
)

fer from z 1 by
!

morethan { M
| /2.
}

This procedureis contin-
ued~ for the other basepairs. A typical potential profile is
shown( in Fig. 1. To justify the useof the smoothingproce-
dure,
)

we havecomparedthe eigenvaluesof dimerswith two
Na
� �

,� two H3
> O] � a� nd a Na� and� H3

> O] � each.L We find thatthe
change� in theHOMO level of thethird caseis in betweenthe
first two cases.Finally, in order to focus on the effect of
disorder
)

, the open boundariescorrespondto disorder-free
semi-infinite( nanotubeleadsinsteadof realistic metal con-
tacts.
�

For a DNA molecule trappedbetweentwo electrodes,
the
�

HOMO/LUMO are the most important in determining
the
�

conductance.Here,we investigatetheconductancewhen
the
�

Fermi energy is closeto the HOMO channel.2
y

The sys-
tem
�

consideredis a poly� G	 � without+ the backbone.This
should( bea goodapproximationbecausefor regularB-DNA

the
�

HOMO is dueto the basesandthe backboneonly plays
a� role in the structural stability. The conductancefor a
disorder
)

-free poly� G	 � molecule3 is presentedin Fig. 2. The
HOMO channel is located at around � 5.5

b
eV and has a

width+ of approximately350meV. At zerobias,themaximum
possibleG conductancewith this molecule is around 2G0

��
where+ G0

� � 1/12.9 k��� . The experimentallyobservedcon-
ductances
)

have beenordersof magnitudesmaller. Various
factors such as DNA–contact coupling, conformational
changes� of the DNA lying on the metalandon the substrate
will+ play a role in determiningthe conductance.Also, mis-
matchin the work function of the metalandDNA will play
a� role in determiningthe conductance.For example,in a
long
�

strandof DNA, thebandbendingbetweenDNA regions
lying on the metal contactand over the substratecould be
largerthantheHOMO bandwidth. Neglectingtheaforemen-
tioned
�

issues� especiallyL the last item which is importantfor
systems( with a small energy bandwidth� ,� we focus on the
role of disorderin affecting the linear responseconductance.
Basedon the review of Ref. 17, it is expectedthat the con-
ductance
)

will decreasedrasticallyfor deviceslongerthanthe
localization
�

length.This is what we basicallyobserve.The
conductance� � for a Fermi level of � 5.55

b
eV, which corre-

sponds( to the maximumvalue of the conductanceobtained
without+ disorder� as� a functionof thelengthof thedevicefor

FIG. 1. Amplitude of the disordersasfunction of the lengthof the device.
The
�

solid line correspondsto a maximum amplitudeof the disorderof 50
meV andthe dashedline to 150 meV.

FIG.
�

2. Conductanceversusfermi energy for an infinite poly � G� DNA
�

mol-
eculein� a B conformationwithout disorders.

TABLE I. Eigenvaluedifferences� for theHOMO andLUMO eigenvaluesandalsofor theaveragedifferences
between
�

all theeigenvalues� between
�

variousdimers.Threekindsof systemvariationsarepresented:Mismatch
of thecounterions � first sevenrows� , mismatchof thedistanceof thecounterionswith respectto thephosphate
group � next� two rows  andmismatchof the twist andrise of the dimer ¡ next� sevenrows¢ .

£¥¤
HOMO¦

meV§
ª̈©

LUMO«
meV¬

­ª®°¯
meV±

Na
² ³

vs H3
´ O µ 93.4 136.4 125.9

K ¶ vs H3
´ O · 69.6 89.8 106.7

Na
² ¸

, Na¹ vs Naº , H3
´ O » 49.1

¼
65.3 59.7

H3
´ O ½ , H3

´ O ¾ vs Na¿ , H3
´ O À 44.3 71.1 68.1

K Á vs NaÂ 23.8 46.6 58.6
H Ã vs H3

´ O Ä 552.8 1054.4 1161.1
H Å vs NaÆ 646.2 1190.8 1285.5
Na
² Ç

distance( È d
É ÊÌË

0.1 Å Í 27.1 51.0 48.3
Na
² Î

distance( Ï d
É ÐÌÑ

0.2 Å Ò 63.1 119.4 114.6
Twist Ó ÔÖÕØ×ÌÙ 2°Ú 2.0 5. 32.0
Twist Û ÜÖÝØÞÌß 6°à 0.9 19.5 115.6
T
�

wist á âÖãØäÌå 6°æ 16.9 10.4 73.1
Rise
ç

( è r éëê 0.1 Å ì 17.4 12.9 47.7
Rise
ç

( í r îëï 0.1 Å ð 14.6 11.1 43.9
Rise( ñ r òëó 0.2 Å ô 37.9 28.6 98.2
Rise( õ r öë÷ 0.2 Å ø 26.6 20.8 81.5
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dif
)

ferentvalueof the disorderstrengthù M
| ú isB shownin Fig.

3
û ü

. The exponentialdecreaseover the lengthscaleshownis
not observedfor smalldisorders( ý M þ 50

b
meVÿ ,� andthecon-

ductance
)

remainsof the orderof unity for lengthsup to 300
nmC � notC presented� . However, for valuesof � M

| lar
�

ger than
100 meV, the conductancetendsto drop very rapidly with
lengthoverthelengthscaleof 100nm considered,dueto the
large mismatchof the on-site potential betweenthe nucle-
otides.� The plot shownfor � M

| � 150 meV is an exampleof
this.
�

Furthermore,consideringthat small disorders � smaller(
than
�

100meV� do
)

not leadto significantdropof theconduc-
tance
�

over a lengthscaleof 100 nm, it seemsvery unlikely
that
�

twist or risemismatches� of� thestrengthshownin Table
I � can� explain the phenomenonof very large resistancesex-
perimentallyG observed.Mismatch in the counterions could
lead
�

to a large decreasein conductancewith lengthbut such
an� effect can only be verified if both short and long DNA
strands( are suspendedbetweenthe metal contacts.A direct
comparison� to the experimentsis difficult becausewhile the
DNA
�

strandwassuspendedin Ref. 2, it waslying on a sub-
strate( in Ref. 6. In this letter, we did not model the DNA–
substrate( interactionand an experimentalsetupsuch as in
Ref. 18, where a nanotubewas suspendedbetweenmetal
contacts,� may be ableto verify our prediction.

In
	

conclusion,we haveshownthat disorderinducedby
variation� in the specifics 
 type

�
and distance� of� the counter

ionsalonga DNA strandis likely to hinderthedelocalization
of� the � orbitals� evenin a poly
 G	 �

molecule.3 We find that,
while+ randomchangesin the twist andrise affect the eigen-
values� of the guanines,a noncrystallinecounterion arrange-
ment,3 can lead to significantchangesin the eigenvaluesof
base
!

pairs when comparedto the hybridization energy be-
tween
�

guaninesin poly� G	 �
. We calculatedthe coherentcon-

ductance
)

througha poly� G	 �
moleculeandfind that the con-

ductance
)

of strands over a length scale of 100 nm is
significantly( affectedwhen counterions causea changein
the
�

eigenvaluesof guaninesby more than about100 meV.
Modeling
�

of the couplingof electronsto vibrationaldegrees
of� freedom,which will leadto realisticvaluesof theresidual
conductance� with disorder was beyond the scope of this
work.+
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