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Abstract:

In this study, a nonlinear analysis technique, Lyapunov Coefficient, and the conductance
measurements are used to understand the properties of DNA Nanowire as a Quasi-One-Dimensional
Tight-Binding Chain. Lyapunov Coefficient for five DNA sequences including [(G/C)24], [(A/T)24],
[periodic)24], [(code periodic)24] and [(random)24] were studied. Its magnitude and behavior as
well as the conductance-temperature dependence are proved to be very useful for providing
considerable information about DNA Nanowire system. In addition, the transmission of these five

sequences and temperature-dependent conductance (vary from 0K to 300K)has been investigated.

Keywords: Lyapunov Coefficient, DNA Nanowire, Conductance, Transmission

Y



-

J@&S‘M\@-Z\AM\ ?MZ\*U:\S\E%‘SM.;A
Y YA Ol oY ddadl (A ol
Website: jceps.utq.edu.iqg Email: jceps@eps.utq.edu.iqg

1. Introduction
The DNA molecule, as a carrier of genetic code of all living organisms and as a promising candidate
for molecular electronics, has attracted considerable attention among physics, chemistry, and biology
communities recently. Since the original statement proposed by Eley and Spivey which stated that
DNA could provide a natural pathway for conducting electrons[1], much progress on charge
migration along duplex DNA has been achieved experimentally. The ab initio calculations [2-10]
with form-based Hamiltonians [11-15] are generally accepted to explain the variation of
experimental results and to investigate substantial electron transport mechanisms. On one hand,
photoinduced experiments have demonstrated that duplex DNA could serve as a molecular bridge for
long-range electron transfer on the picosecond time scale [16], or contrarily that it is somewhat more
effective than protein as a mediumfor electron transfer [17]. On the other hand, the results ofdirect
charge transport measurements, mainly on poly(G)-poly(C) and A-DNA molecules, are sometimes
contradict, andthey indicate that they might be insulators[18-21], semiconductors[22-24], or
conductors. Such different transportstem behaviors from a wide range of experimental complications
include the DNA samples, counterions, humidity,interaction of DNA with substrate, and different

situations ofcontacts between DNA and electrodes.

2. Definitionofthe problem
The first case considered in this paperis the case of fishbone model that illustrated in Fig. 1. Each
base pair is considered as one active region while effects of backbones are incorporated in the
coupling interactions with each base site. The total number of active regions equals M. Each active

region has energy sites equals to E, with m=1,2,3,....... M.
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Fig.(1):A schematic illustration for the DNAas a quasi-one-dimensional model.
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The model Hamiltonian that used to treat this case is given by the following time-independent one,

which takes into account all sub-systems interactions,
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The third term is concerning to the energy sites of the active regions.Vmm+1 represents the interaction

between the nearest neighbors active regions, while kapm represents the interaction between each

active region with the backbone energy sites. Wave function of the system can be written as,

W(©) = Co®ID) + CADIA) + ) Cu®lm) + ) G, Olke) + > Ciey Olki)
m Ky, kg

£ iy k) - @)

p=1, Kpp
The index k; is the energy wave vector, and the equation of motion for Cj(t) can be obtained by using

Schrodinger equation(in atomic unit)[19]

ay (1)
ot

The equations of motion for Cj(t) can be obtained by using time dependent Schrodinger equation,

With By is given by[20]:

= —iHy(®) ... 3)

Byp(E) = z |vkb | Cpp = I'pp (E) JVPPPTy(E) + VPPAC, (E) + Z vbpme, (E)} 4

Kpp
Now we define,
dppm (E) = Lbp (E)vbpm
eppm (E) = Ty (E)V™PP 1...(5)
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I'(E) is defined by eq.(15) with I=bp and m.

Qup(E) = Ty (E)Y{VPPPCh(E) + VPPAC, (B} ... (6)
Then, equations (4) and (5) are rewritten as follows,
Bup(E) = ) fopm(E)Cm(E) = Qup(E) .. @
€bpm (E)Bbp (E) - Cm (E)
+ Z £ (E)C,(E) = 0 .. ®)

Possibilities of connections: For the connection of both donor and acceptor with the up backbone,
we can write the following,

VAPTB, (E)
E—Ep — Xar(E)

In order to solve the system of over-mentioned related equations, the following matrix-form equation

CA (E) = (_:D(E) ©)

has been constructed:
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Then, by defining,
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Notably, each element in equations (10) to (12) is a function of energy, butit has been hidden for

simplicity. Equation (9) can be written in the following form:
VAP Dy 10 (E)

(E — Ex — Xar(E))D(E) — VAP Dy (E)

Where: Yq(E) = [VK|” [, (E)...(14)

represents the interaction self-energy with:

Cp(E) ... (13)

Ca(E) =

F,(E):Z%...(IS)

k; K,

With ki=kr , kr , ksr and ks .

The transmission amplitude and the transmission probability [8] are respectively defined by:

_ Ca(B)
t(E) = ) (16)
and
T(E) = [t(E)|? ... 17)
The Lyapunov coefficient is given by [23],
—In[T(E
GG a®

The conductance for the sequence (G/C) will be calculated as a function of temperature, i.e. the lead
temperature, in the case of thermal equilibrium. Results will summarize for the conductance, as long

as the transmission probability is obtainable in our model by using the following formula [24]:

G = 2e? " dE T(E)2E) (19)
n) T
fu(E) is Fermi distribution function of electrons in the lead o, with a=L, R,
E—pq -
f(E) = {1 + exp [ KT, ]} (20)
s the chemical potential of the lead a, with y; = % and ugp = —g, where V is the bias voltage. The

ther.ilibrium is considered in our calculation Tr=T =T with0 < T < 300 K.
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3. Results and discussion

A fishbone model with disoriented base-pairs due to the thermal fluctuations can be viewed as a
quasi-one-dimensional disordered system. In this system, the disorder leads to electronic localization.
Hence, the thermal structural fluctuations will considerably limit electron transport through DNA and
make electron wave functions more localized. Figures (2-4) show two plots of the transmission
coefficient as a function of electron energy due to the existence of intra-coupling along the
backbones, the inclusion of the hydrogen bonds between the base pairs, and the coupling between
bases and backbone sites. Additionally, it can be observedthat the spectrum of transmission in (G/C)
sequence is wider than (A/T) sequence due to difference between them in the energy onsite and the
interactions among their components. The magnitude of the envelopes in the transmission spectrum,
which initially have unit transmission, becomes suppressed and smears out below unity due to the
decreasing in the number of transmitting states, while the resonance positions are shifted due to the
phase changes of electrons.

Figures(2) to (7) show the energy-dependent transmission coefficient as well as the Lyapunov
coefficient. They indicate transmission coefficient and Lyapunov coefficient for (a) the homogeneous
poly (G/C)24 bases sequence, (b) the homogeneous poly (A/T)24 bases sequence,(c) the periodic
(GA)24 sequence, (d) the periodic (AGTC)24 sequence, and (e) the random sequence, respectively.
The Lyapunov coefficient is calculated using the transmission coefficients in order to compare the
transmission properties depending on the different sequences. The Lyapunov coefficient is inversely
related to the localization length. If the system becomes randomized, the Lyapunov coefficient
becomes bigger because the transmission has poor behavior according to the relationship, 7 o expl-

2yL] , where L is total length of the system. In our case, it is fixed at 24 bases.

0.7 T T T T T T T T T 0.7

(a) (b)

0.6 4 0.6

0.5F 4 0.5

04t ( 1 0.1 i
0 . . . . ,m‘\ A ‘\HH\ 0 [ L4 »n“

5 4 3 2 A 0 1 2 3 4 5 5 4 3 2 - 0 1 2 3 4 5
E(eV) E(eV)

Fig.(2): Transmission probability as a function of energy at (300K) temperature and sequence:

a)(G/C)24, b)(4/T)24 and connections as Donor-°-DNA-3-Accepter for fishbone model with
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Parameters: VAP=- (.5,VAb =75, VP =0.75, V*¥P =.0.5 | 4t=-0.7, t;=-0.75 and t=-0.5 all are in
eV.
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Fig.(3): Transmission probability as a function of energy at (300K) temperature and sequence:
a)(periodic)24, b)(periodic code)24 and connections as Donor-°-DNA-3-Accepter for fishbone
model with Parameters: VA®=- 0.5,VA" =.0.75, V?P =075, v*P =05 | t=-0.7, t,=-0.75 and t=-
0.5 all are in eV.
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Fig.(4): Transmission probability as a function of energy at (300K) temperature and sequence
(random)24 and connections as Donor-°-DNA-3-Accepter for fishbone model with Parameters:
VAbu=_ ()5, VAbd =0 75, VPP =(,75, VP =05 | ,=-0.7, t;=-0.75 and t=-0.5 all are ineV.

The resulting Lyapunov coefficientsare shown in Figures (5) to (7). They are zero for the protracted
states in the two bands, but finite outside, showing the rapidincrease of Lyapunov coefficient out the
bands. Interestingly, the behavior obtained for the sequences is in good agreement with previous
theoretical studies [25], suggesting that the underlying structure of y (E)given by Eq. (18) can also
reflect the self-similarity associated with the partitioning of the spectrum. From an analysis over
many substitutional sequences with well-organized concatenation rules, it is found that they perfectly

exhibit the self-similarity. In this system, the disorder leads to electronic localization. Lyapunov
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coefficient reflects the level of backscattering events in the charge transport through the DNA chain.
Notice that the magnitude of Lyapunov coefficient for GGGGGGGGGGGGGGGGGGGGGGQG,
(AAAAAAAAAAAAAAAAAAAAAAAA)24, periodic GAGAGAGAGAGAGAGAGAGAGAGA,
periodic AGTCAGTCAGTCAGTCAGTCAGTC and AAGGAAAAGAAGGGAGAAAAGAGG
sequences areapproximately the same, and there are slightly wave behavior differences.The littleness

of the volume of the system makes the resonance peaks more complex and, that is perhaps, by the

.

dynamical influences which are omitted in our work.
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Fig.(5): Lyapunov coefficient as a function of energy at (300K) temperature with sequence:
a)(G/C)24, b)(A/T)24 and connections as Donor-°-DNA-3-Accepter for fishbone model with
Parameters: VA™'=- 0.5,VA% =_(.75, VPP =075, V?P =05 | t,=-0.7, t,=-0.75 and t=-0.5 all are in
eV.
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Fig.(6): Lyapunov coefficient as a function of energy at (300K) temperature with sequence:
a)(periodic)24, b)(periodic code)24 and connections as Donor-°-DNA-3-Accepter for fishbone
model with Parameters: VAY=- 0.5, VA% =075 V?P =075 V*P =05  t,=-0.7, t;=-0.75 and t=-
0.5 all are ineV.

YA



Journal of College of Education for Pure Sciences

Volume 8, Number 2, June 2018
Website: jceps.utq.edu.iq Email: jceps@eps.utg.edu.iq
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Fig.(7): Lyapunov coefficient as a function of energy at (300K)temperature with sequence
(random)24 and connections as Donor-°-DNA-3-Accepter for fishbone model with Parameters:
VA= (.5 VAb =0 75 VPP =075, VP =05 | t,=-0.7, t,=-0.75 and t=-0.5 all are ineV.

From our results showed in Figures (8) to (10), wecan observe that the conductance is independent
on temperature for 0 < T <200 K. We note that the conductance remainchangeless with the growth of
temperature even it touches200 K. Whilst it is nonlinear for T >200 K at which we can observe
strongincreasing suddenly in the conductance with regular increasing of temperature. This might be
because of the thermal broadening of the Fermi function since our work does not include the effects
of molecular vibrations. Also, strong conductance — temperature dependence at relatively high
temperatures may be attributed to the access in the hybridization between the active region energy
levels with the left and right leads levels as the temperature increases. For T >200 K, we can suppose
that the conductance is boosted by the hopping transport mechanism between the chemical potentials
and active region energy levels putting above the chemical potential and then between adjacent sites.

The values of conductance are different with variation of types of sequences.

x10° 10°
6 ; ; - - T

(a)

o

| , . I , , 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Temperature(K) Temperature(K)

Fig.(8): Conductance as a function of temperature with sequence: a)(G/C)24, b)(4/T)24 and
connections as Donor-°-DNA-3-Accepter for fishbone model with Parameters: VA% =- (.5, VA =

0.75, VPP =0.75, V*¥ =05 | t,=-0.7, t;=-0.75 and t=-0.5 all are ineV.
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Fig.(9): Conductance as a function of temperature with sequence: a)( period)24, b)(periodic code)
and connections as Donor--DNA-3-Accepter for fishbone model with Parameters: VA =- (.5, VA
=-0.75, V?'P =(.75, V*P =0.5 | ;=-0.7, t;=-0.75 and t=-0.5 all are ineV.
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Fig.(10): Conductance as a function of temperature with sequence (random)24 and connections as
Donor-°-DNA-3-Accepter for fishbone model with Parameters: VA% =- 0.5, VAM =075, VP =0 75,
VP =05 | t4=-0.7, t;=-0.75 and t=-0.5 all are in eV.

4. Conclusion
The results of this studycan be briefed in the following highlights. First, the degeneracy in some
energy levels that make number of peak-dip transmissions is showing up less than N, also
magnitudes and onsitesenergy of the transmission spectravary with kind of sequences. Second, it is
noticed that the magnitude of Lyapunov coefficient for (G/C), (A/T), periodic (GA)24, periodic
(AGTC)24 and (random)24 sequences are approximately the same, and since Lyapunov coefficient
represents the level of backscattering events in the charge transport through the DNA chain, no clear
difference was detected between sequences. Further, the conductance at 0 < T < 200 K is

approximatelyzero for all sequences, whileitisdepending on temperature at T > 200 K. The curves of
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conductance are behaving similarly for all sequences nearly, but values of conductance are varying
with change of the sequences.
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