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Static and steady State of polarons in DNA system

F. A. Qassim and S.I.Easa

Physics department, college of Education, Basrah University, Basrah, Iraq

Abstract

This study investigate in details the effect of the phonon vibration on the electrical properties for
some short sequences of DNA. The theoretical study is based on the Anderson-Holstein model
Hamiltonian for small polaron and on the extended Holstein model Hamiltonian for large polaron.
These models provides a convenient description of the charge transport with local and non-local
electron —phonon on site interaction. It is extensively, investigated the properties of the stationary
state polaron and the stady state polaron. Where, It is showed that the system parameters such us
local and non-local electron-phonon interactions, the electron interaction between DNA bases, the
DNA base vibration frequency and base on site energy all have pronounced effects on all kinds of

polarons states .

Key words: local and non-local electron-phonon interactions, Steady State of Polarons, Static of

Polarons
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Introduction

We study the electron-phonon coupling effects on the electron transfer through vibrating DNA
molecules we choice two models, the first model describes the interaction of charges with local
vibration (small polaron) and second model describes the interaction of charges with local and non-
local vibration (large polaron). Our concern in this paper is to investigate the effects of the system
parameters on the static as well as dynamic states of the polaron in DNA system.

Our concern in this paper is to investigate a Hamiltonian model describing the DNA coupling under
the presence of dynamic structural fluctuations. Such local and non-local vibrations, are known to
strongly influence charge transfer in DNA molecules [1, 2, 3, 4]. For simplicity, we consider a
system bases sites where electronic degree of freedom is coupled to an effective local vibrational
degree of freedom. Let us assume that initially the charge is entirely localized on the j™ base site

(source base) with energy Eg, then, the tunneling of the charge takes place from this base (source

base) to the other bases sites with the same energy.

(1) Theoretical treatment for small polaron model

We choice dimensional dependent Holsten Hamiltonian which contain harmonic dispersion of
optical phonons that contain N basis of DNA molecules, identifying every base pair with one
electronic site. This is motivated by the fact that the molecular orbitals (HOMOs) of the charge
carriers (holes) are located mainly on the purine bases, G or A [5,6]. In the small-polaron theory,
which has been developed to describe strong electron vibration coupling is that every DNA base can
vibrate (quasi) independently from its neighbors, i.e. every site is connected to an independent

oscillator. Thus, the Hamiltonian is read as[6],
H =Y EgCei()Cai() +X (B (OB;(t)+1/2)
| |
+% 4Cgi (DCq (H(B; (1) + By (1))
|

+ 2 [tii.1Cai (1) Coiy () + i1 Cgi (N Coiy (1) + C.C'](l)

Where, Cgi (t); ( %g :P;denotesthecreation(annihilation) operator, with E; represents the i™ energy

level position, with the index i denote the base number. The vibronic degrees of freedom are

described by the boson operators B, and B, for the vibronwith frequency @, . Thet; is represent the

coupling interaction constant between the bases number ! and ] , with t; =t;;. The parameterﬂ“i is
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the electron-phonon coupling which represent the interaction between the electronic charge and the
vibrated of the base in i"site.

Equation of motion for Cp; (t) can be obtained by using [7],

Cai(1) =—w
dCei(t) e
Con(0)=—{Eg, + A (By(®) + B} (1))Cay (1) +1,,Ci» (1)

h ...(3a)

G (D) = —é{[EBN + Ay (By (1) + B (1) Can (D +tN,N_ICBn_1<t>}(3b)

i {[EBi + 4 (Bi(t) + Bj (1))ICgi (1)
h

CBi(t):__ I<i<N
+14i-1Caio1 (1) + i1 Cpia (1) (3¢)

B0 = haB O+ ACHOCK0]

(2) Stationary state of small polaron
The stationary state solution technique allow us to discuss the static state polaron for our model, then

we used the following stationary state technique,
0= {EBI + 4 (B, +B)ICg, +t12C|32} ..(4a)
0= iEBN + Ay (By +Br)ICen +tn.n-1CBni }...(4b)

0= iEBi +4(B; +B)ICq; +1;;_,Cgi +tii+lcbi+l} I<i<N (40)

0= 1B, + 4C3Cai . (4d)
Bi Z—A”i
hoy (s

In order to solve the system of linear equations which described by eqs.(4), we construct the

following matrix-form equation after defining,

A=Eg+4(Bi+B"). =t =t
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A°G 000 0 0 0 0 0]Cg 0
G A GOO 0 0 0 0 0]|Cg 0
0 G 0 0
0 0 G 0 0
0 0 G A 0 _|-GCy
0 0 A G 0 ~GCy
0 0 G 0 0
0 0 G 0 0
0 0 00 0 0 G Ay G 0
0 0 00 0 0 0 G AyCa 0

(7

Assume, initially the base number j is the donor base i.e. Cy =1. Then, solving the above set of

equations (eqs.(7)) to obtain the values of C However, we can determined the charge on the

Bi=j *

source base j by, Céj =1- Zcéi

i]
The displacement or the stretching length is related to,

>
Xi=(Bi+B) = —2hicéi

1
In the following, we suppose the charge initially is localized on the 5™ base site (we call it donor
base).

For this model, there are two important functions depends on the number of bases, namely the charge

on the bases C7,, the quantity related to the displacement or the stretching length X, . And, one needs
to study the effect of the following system parameters, the electron-vibration coupling constant

4 =4, , the electron transfer integral t; =tand the frequency of vibration @, = @, .

Fig.(1a,b) shows the vibration coupling constant A, effects the charge distribution C; and the
stretching length X, as a function of bases number.

It is obvious that a narrower and higher polaron will form when the value of A, increases, i.e.,
increasing the localization of charge in their site. When the value of A, is nearly 1.0 eV, a polaron

will extend only a few base pairs, even locate at one base pair for large values of 4,. Contrasting to

the effect of a vibration coupling constant, the increasing values of a transfer integral and vibration

frequency can make polaron more extended as depicted in fig.(2a,b) and fig.(3a,b). The value of the

charge transfer integral t depends on the configuration of the DNA geometry and the solvent
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environment [8]. Experiments shows t might be smaller far from 0.01 eV [8,9], while the scope of

0.05-0.3 eV is estimated theoretically [10,11].
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ij o
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Fig.(1): The influence of the vibration coupling constant A, on (a) the charge distribution C;. and on

(b) the stretching length X, .
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Fig.(2): The effect of increasing the values of transfer integral t; on (a) the charge distribution Ca

and on (b) the stretchinglength X;.
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Fig.(3): The effect of increasing the values of vibration frequency @, on (a) the charge distribution

Cz and on (b) the stretching length X;.

From the result of figs.(1,2,3),we note that
1- On increasing the electron-phonon coupling 4, it led to:
a- Localization of the charge on the base (charge increases on the 5™ base (donor base) and
decreases on the others).
b- Consequently, the value of the stretching length of the corresponding base is increased

(due to the increasing of the Coulomb force).
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2- When increasing the hopping integral U between the bases led to:
a- Largelycharge decreasing on the base (5"base) due to increasing the hopping of the
charge to other bases.
b- Consequently, the value of the stretching length decreases for the corresponding base

(5"base) and it is increases for other bases.

3- When increasing the vibration frequency @, led to the charge decreasing on the base (5"base)

and increases on the other bases. Consequently, the value of the stretching length of the
corresponding 5" base is also decreased, while it is increases for the others.
The polaron play an important role in the process of charge migration through duplex DNA stack.
We investigate properties of hole polarons in DNA molecules containing identical base pairs, either
poly(G)-poly(C) or poly(A)-poly(T). The transfer integral and electron-phonon coupling parameters,
according to the theoretical calculations have different values for different base pair dimers.
Fig(4) show the Properties of hole polarons in poly(G)-poly(C) and poly(A)-poly(T) DNA
molecules, where we see that the polaron in poly(A)-poly(T) has a larger width than polaron in
poly(G)-poly(C) DNA molecule, and the hole state in poly(A)-poly(T) is more delocalized than that
in the other DNA duplex this results can be interpreted because the transfer integral between GC
base pairs is larger than that between AT base pairs in magnitude as calculated with ab initio
approach[12].
The polaron in the consecutive AT DNA stack is approximately8 sites wide, while the width of
polaron in the other DNA chain is only approximately 4 sites i.e, it is more localize. At the central
site of the polaron region, both charge population and relative displacement reach their maximum
(absolute value for the relativedisplacement)[ 12].

Table (1) the parameters of poly (G)-poly(C) and of poly (A)-poly (T) all in eV units[12].

Types of DNA E 1
: t 1)
chain B' 0 0
(GC), -0.35 0.365 0.188 0.016
(AT), -0.85 0.164 0.081 0.011
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Fig(4): The charge distribution and the stretching length of polaron in poly(G)-poly(C) (a)and in
poly(A)-poly(T) DNA (b) molecules with parameters listed in table(2-1).

For the polaron in poly(G)-poly(C), the maximum of charge density is about 0.64, and the greatest
reduction of separation distance is about —0.55 A. For the polaron in poly(A)-poly(T), the maximum

ofcharge density is about 0.29, and the minimum X is only —0.26 A.
(3) Steady state of small polaron

To evaluate the energy of small polaron we apply the steady state solution to our system equations.

The following steady state technique will applied,
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CX (t) — Cxe—iEt/h

Then, we have a similar set of equations as eqgs.(4):

O=iEgl—E+/11(B1+Bl+)]CBl+t12CB2} ...(8a)

0= {[EBN —E+y(By +BY)ICay +1n.N-1CBn1 }(Sb)

0={Eg ~E+4 (B +B)ICq +t, (i +hiCoivt) 1<i<N 80)

0={rarB; + 4C5Cei | (8d)

The system of the above linear equations (egs.(8)) can be put in the following matrix-form equation,

it has same shape as eq.(7) with,(t - tij ), and,
A:EBi_ﬂiXi_E; G=t ...(9)

We note that, increasing the polaron energy led to:
1- The polaron become higher, narrower and more localized.
2- The central base charge and its stretching length are increases.

3.

A =01eV o =0.01eV t=0.1eV
0 o 1]

(a)

Energy

Number Of Bases
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Fig.(5):The steady state of a small polaron (a) The charge distributions on the bases and (b) The

corresponding starching length all as a functions to polaron energy E.

(4)Theoretical treatment for large polaron model

We considered a DNA sequence with N base pairs, the first and last of which are coupled to semi-
infinite metal electrodes. We further allow for a coupling to (in general multiple) vibrational modes,
that can be excited by local and non-local coupling to the charge carriers on the DNA. When later
performing the numerical calculations we will restrict ourselves to a single vibrational mode of the
DNA, base pair, e.g., the ‘stretch’ mode [13]. We consider an extended Holstein model of an electron
hopping between two sites, but interacting with all surrounding ions of the lattice via a long-range
electron-phonon coupling, like in a simple case of a one dimensional ionic chain, vibrating in the

direction perpendicular to the chain[6], the Hamiltonian is read as,

H=Y EgCai(OCsM)+X i, (Bl (1B, (1)+1/2)+
> ¥ ACHEHM®Cg 1)(B, (1) + By (t)+
> (B, (t) + B, (0)X[4ii41Cgi (1)Coi1 (1) + 41 Ci (DCpiy (1)]

+ X [ti:1Cai (DCit (D + i Cgi (DCpi_ (D]
! (10)
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The vibronic degrees of freedom are described by boson operators B, "and B, for the vibron mode

a

o with frequency w, . where 4; and /; are the strengths for the local and non-local electron-vibron

coupling, respectively. We further restrict our self the non-local coupling terms to nearest neighbors,

Aj =40, iy, - Note that, the vibron modes and their coupling to electrons assumed independent of

the base pairs involved, an approximation that is reasonable for some modes of interest, including the
base pair stretch mode [13].
The equation of motion for Cg; (t) can be obtained by using eq.(2) to get,
[Egi + 42 (B, (t)+ B, (1)[Cq (1)

C (t)=—l g
Bl T+ 2,3 (B, (1) + By (1))Cay (1) +1,Cps (1)

...(11a)
[Egy +An2 (B, (1) +Bg (1)ICay (1)
Can (t) = L ¢
R+ Ay 2 (B (1) + B (1)Cay_y () + tyn 1 Can i ()
a (11b)
[Egi + 4% (B, (t)+B,(1)Cq(t)
o)== 1+ (B (0+ B D) Coia (1)

+ iz Caicy (O] 4 i1 Cin (O + 511 Cpicy (V) 1<i<No

[ha,B, () + T ACE®CH 1)
Ba(t):_l !
M4+ 2 2i1Ci (DChi4 () + 41 Cai (DCii (1)]

i (11d)

(5) The stationary state of a large polaron:
We apply the stationary state solution technique to allow us to discuss the static state for the large

polaron model, then equations (eqs.(11)) gives,

[Eg; + 4Y (B, +B.)ICq + [Egn +AnY (B, +B)ICen
0= « 0= “
4122 (B, +B;)Cpgy +11,Cs) + Anno1 2 (By + B )Cay 1 +tun—1Can—i
o (12a) o
(12b)

142



Journal of College of Education for pure sciences(JCEPS)
Web Site: http://jceps.utqg.edu.iq/ Email: jceps@eps.utq.edu.iqg
Volume 8, Number 1, March 2018

[Egi+ 4 (B, +B)ICqi +

0=4%(B, +B;)[4isCpgis1 + 4i_1Cqi_i]

a

+4i.1Cpivt + i Caiy

for 1<i<N (12c¢)
hw,B, + > Angi +
i

0=
> [4i+1CaiCais1 + 4ii-1CaiChi-1]
i (12d)
. C+C S
Ba __ ZﬂinBi +Z[/’l1|+1 E: Bi+1 /ha)a
' b AioiCeiCaiil (12¢)

Then, we have the same shape of matrix eq.(7), with,

A =Egi + 1,2 (B, +B}) G=t+ 4% (B, +B;

).t:tij

In fig.(2-9) and for certain value of A, # 0, we show the influence of the local vibration coupling

2
constant A4, = A, on the charge distribution Cai and on the stretching length X, . However, now one

can see the nonlocal effect of charge, since it spread on the bases. Increasing A4, led to more

localization of charge on the 5™ base (donor) and faster decreases of the stretching length till it

saturated to a zero value.In fig.(10) and for a certain value of A, we show the effect of increasing the

nonlocal vibration coupling constant A, ; = A, led to more charge increasing on the 5"base (donor

iji
base)and other bases, also increasing the stretching length.

The result of figs.(9,10,11,12) can be summarized as follow:

Increasing A, led to more localization of charge on the 5" base (donor base) and faster decreases of
the stretching length till it saturated to a zero value.

When increasing the hopping integral U between the bases led to faster charge decreasing on the 5"
base (donor base) due to increasing the hopping of the charge to other bases. Consequently, the

absolute value of the stretching length decreases faster.

When increasing the vibration frequency @, led to the charge decreasing on the 5™base (donor base)

and faster decreases the value of the stretching length of the.
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Fig.(6): The influence of the local vibration coupling constant A, on (a) the charge distribution on

the bases C2, and (b) the stretching length X .
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Fig.(7): The influence of the nonlocal vibration coupling constant Ao on (a) the charge distribution

2
on the bases Cai and (b) the stretching length X )
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Also, we investigate properties of hole polarons in DNA molecules containing identical base pairs,

either poly(G)-poly(C) or poly(A)-poly(T) in the presence of the nonlocal electron-phonon coupling
parameters.

Fig(13) show the Properties of hole polarons in poly(G)-poly(C) and poly(A)-poly(T) DNA
molecules, where we see that the polaron in poly(A)-poly(T) still has a larger width than polaron in
poly(G)-poly(C) DNA molecule, and the hole state in poly(A)-poly(T) is less delocalized than that in
the other DNA duplex this results can be interpreted because the larger transfer integral between GC
base pairs than that in between AT base pairs.

At the central site of the polaron region, the charge population for GC base pairsis larger than that for

AT base pairs and on increasing the local electron-phonon coupling ~ O then the relative

displacement decreases for both kind of base pairs but small values for GC base pairsfor the range

Jo > 0.058

For the polaron in poly(G)-poly(C), the maximum of charge density is about 0.57, and the greatest
reduction of separation distance is about —0.091 A. For the polaron in poly(A)-poly(T), the

maximum ofcharge density is about 0.48, and the minimum Xa is only —0.098 A.

x°=50 meV x1=5 meV tij=0.1 eV m°=0.01eV
0.7

| +(GC)n
0.6 (a) —o—(AT), -

Number of bases
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tij=0.1eV 0=0.01eV x1=5meV
-0.03

—e—(GC) | |
-0.04| —e— (AT)_

-0.05+

-0.06 (b)

>~ -0.07

-0.08

0.05 0.06 0.07 0.08 0.09 0.1
xo(eV)

Fig(10): (a) The charge distribution as function of base number and (b) The stretching length of

polaron as a function of Ao in poly(G)-poly(C) and in poly(A)-poly(T) DNA molecules with

(6) The steady state of a large polaron:
The steady state technique solution of our system equations (egs.(11),give the followingset of

equations,

[Eg; —E+ 42> (B, + B;:)]CBI +
0= «
A2 (B, +B,)Cqg, +1,Cp)
a (13a)

[Egn —E+AyY (B, +B2)ICen
0= a

+ Ann-1 2 (B, + B )Cay 1 +tun-1Cant
a (13b)

[Egi —E+A4Y (B, +B))ICq +

0=1<%(B, +B;)[4i;Cais1 + 4i_1Cqi_i]

a

+4i+1Cpivt + i Caiy

for I<i<N (13¢)
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ha)a BO! + ZEinBi +
i

O:
> [4i+1CaiCais1 + 4ii-1CpiCpi_ +CC.]
' (13d)
Z[ﬂimcgicsm +

. /ha,
P 4ii1CgiCpi_; +CC.]

Ba = ZﬂinBi +
! (13¢)
Here, we have the same shape of matrix eq.(2-7) but with,
A =Eg+4,>(B,+B)-E G=t+4X(B,+B,
[04 . [04

2

);t:ﬁlna@

We note that for A, # 0, increasing the polaron energy led to:

1- The polaron become not localized, the charge spread to other bases.

2- The charge of the central base (the 5™ base) decreases.

A =50meV A _=0meV o =0.01eV t =0.1eV
o 1 o ij

Number Of Bases

A =50 meV A ,=25meV ® _=0.01eV t.=0.1eV
o 1 o ij

Number Of Bases

Fig.(11): The steady state of a large polaronwith (a) 4, =0 and (b) 4, #0.
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