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The paper deals with a simple three sites model for charge transfer phenomena in an one-dimensional donor
(D) - bridge (B) — acceptor (A) system coupled with vibrational dynamics of the B site. It is found that in a
certain range of parameters the vibrational coupling leads to an enhancement of the effective donor — acceptor
electronic coupling as a result of the formation of the polaron on the B site. This enhancement of the charge
transfer efficiency is maximum at the resonance, where the effective energy of the fluctuating B site coincides

with the donor (acceptor) energy.
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Molecular electronics is progressing so rapidly that
it is now possible to do measurements and assembly at
the level of individual or few molecules [1, 2]. Charge
transport is known to occur in a wide range of linear
chain molecules including the DNA double strand mole-
cules. For DNA) it is believed that the charge transport
phenomenom is involved in the protection of the DNA
encoded information against the oxidative damage [3].
As the DNA molecule is essentially a dynamic struc-
ture on the time scale of charge transport, one expects
that vibrational dynamics to play an important role for
DNA electronics, and, in general, for any property of
biological molecules because biological functions of life
are associated with molecular motions but not to the
static or dead structure (i.e., equilibrium positions of all
atoms).

In this paper we are interested in an one-dimensional
DNA wire or bridge (B) connecting a donor (D) and
an acceptor (A) sites. Usually, the bridge consists of
N sites with one state per site (see the abundant lit-
erature devoted to this issue in the Refs. [4-23]), and
theoretical analysis of this problem requires to solve a
system of N + 2 non-linear coupled equations. Unfortu-
nately, such a problem cannot be solved analytically for
N > 1, and we have to recourse to numerical solution.
However, many insights and essential features of the dy-
namics can already be gained and captured by studying
a simple three sites: D—B—A. Generally speaking, the
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interaction between the donor and acceptor involves all
states of the bridging subsystem. This bridge mediated
interaction can be characterized, under certain condi-
tions, by a single energy dependent parameter — effective
coupling — which plays the key role in the charge trans-
fer. For small systems the phase coherence of charges
is maintained over the entire system, and the quantum
effects are crucial in determining the system properties.
On the contrast, for the long N > 1 bridges, fast re-
laxation processes result in a strong dephasing between
charges in the system. Therefore, this leads to a rapid
falloff of the off-diagonal elements of the density matrix
such that the diagonal elements can described by a set
of kinetic equations [17, 24].

Our concern in this paper is to investigate a Hamil-
tonian model describing the D — A coupling under in the
presence of dynamic structural fluctuations. Such lo-
cal fluctuations, including local vibrations, twist mo-
tions, radial deformations and hydrogen-bond stretch-
ing or opening, are known to strongly influence charge
transfer in DNA molecules [25—30]. For simplicity, we
consider a three sites D—-B—A system where electronic
degree of freedom is coupled to an effective local vibra-
tional degree of freedom.

Let us assume that initially the charge is entirely lo-
calized on the donor site with energy e. Then owing to
the non-zero overlapping integrals of the electronic wave
functions between the two neighboring sites, the tunnel-
ing of the charge takes place from the donor to the accep-
tor site with the same energy. Denoting by {|d), |b), |a)}
the localized states on the the donor, bridge and accep-
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tor, respectively, the Hamiltonian of the bridge - me-
diated charge transfer between the donor and acceptor
acquires the form,

p2 mw2r2

H=H,+ —
et om T T2

+ kr [b)(8], 1)
in which the bare electronic part reads as,

He = ¢ [|d)(d] + |a){a|] + &5 [b)(b] +
+ vap [|d) (8] + [b)(d]] + vpa [[b)(a] + [a)(B]],  (2)

where € is the one-site energy of the donor and acceptor,
€y the one-site energy of the bridge, m (m ~ 300amu)
is the mass of the bridge base pair, r is its radial dis-
placement in the localized vibrational mode with fre-
quency w, the momentum p is conjugated to r, and k
is the electron-localized vibration mode coupling con-
stant. The localized bridge mode can be treated clas-
sically since the corresponding vibrational displacement
amplitude is larger than zero point quantum fluctuations
for characteristic DNA parameters [25—28] (see also the
following).

The frequency of typical vibrations in DNA ranges
w ~ 101 — 1012571, and the scale of electronic over-
lap integrals between base pairs in DNA is v =
= /2(v3, +v},) ~ 0.2eV leading to an electronic char-
acteristic frequency, v/h ~ 3 -10%s71. As a conse-
quence of the small (adiabatic) parameter, vw/h < 1,
the slow vibrational and fast electronic motions can be
decoupled. Therefore, to solve the problem of bridge-
mediated charge transfer between the donor and the
acceptor, we employ the adiabatic procedure to elimi-
nate the slow vibrational motions and derive an effective
Hamiltonian for fast electronic motions. To proceed,
we take the wave function of the charge in the form,
[T () = cq(t)|d) +cp(t)|b) + co(t)|a), where ¢, (t) are the
time dependent amplitudes of the probability to have the
charge at the nth site. From the Hamiltonian (1) we ar-
rive at the following equations of motion for the quantum
amplitude ¢, (t),

d Cd € Vdb 0 C4d
ih 7l e || v et kr  wpe e | ,(3)
Ca 0 Vba € Ca

and for the classical dynamic mode,

d2r

Mmoo = —mw’r — k|cp|? . 4)

Next, we seek for stationary solutions of the form ¢, (t) =
= ¢, e *Ft/h ogcillating with frequency E/h. To work

with dimensionless quantities, we use from now the di-
mensionless variables u, 0 and k defined in Table. Us-
ing ¢,(t) in the equations of motions, we find that the
stationary bridge displacement is r = —k c? and the sta-
tionary probability distribution is,

u?/(1+ 2u?), (5)

where the root u satisfies the characteristic equation,
4u* +4(k* — o)u® —20u —1=0. (6)

Solutions of this equation provides the ground u, plus
one or three (depending upon values of x and o) excited
energies of the “polaron”, i.e. the state created by the
charge coupling with the DNA structural deformation.
These stationary polaron solutions allows us to elimi-

Definition of dimensionless variables

definition variable

energy scale v= \/2(v§b +vZ)
length scale £ = v/mw?
coupling asymmetry 7 = Udb/Vba
dimensionless polaron energy u=(E —¢)/v
dimensionless energy barrier o= (ep—¢)/v
reduced electron-vibration coupling | k = k€/v

nate from (1) the structural deformation 7 and to obtain
the effective Hamiltonian for the charge transfer as,

Hor = % (Ho — 1) = Au) [b) (b] +

__n
+ s 161+ el +
1
+ s (el + )0, ™)

where, A(u) = 0 — k%cZ(u), is the renormalized effective
energy of the bridge due to electron — vibration cou-
pling, and 1 is the unit matrix. To calculate the effective
charge coupling between the donor and the acceptor, we
have to solve first the time dependent problem to de-
termine the probability of charge transfer defined as,
Py_o(t) = [{a|¥(t))|?, where |¥(t)) is the solution of
the Schrédinger equation,
in 120y — Hewe),

with the initial condition, |¥(0)) = |d). It is easy to
show that, when ¢t — oo we have Py_,,(t) ~ kg,t, where
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the charge transfer rate kg4, is given by the Fermi Golden
rule,

2 0(E2(u) — E1(u)); o> K%c}
kde = — |Haa|? ,(8
de = Ty | Haal” {J(E3(u)—E1(u)); oo ®

with the (dimensionless) effective donor — acceptor cou-
pling [18],

__m
Hael' = FTpy
1/[(E3(u) — E1(w))(E3(u) — Ea(u))]; 0 > K’c
) (9)
1/ [(E1(u) — B2 (u))(E3(u) — E2(u))]; o < K¢

where E;(u) are the eigen-energies of Heg given by
Ei(u) = 0 and 2E>3(u) = A F+/A2? + 2. Finally, we
end up with the effective D-A coupling given by,

n2

X
2(1+n2)2v/A2 +2
1

% [A]+ VA2 +2]°

and the ratio p, allowing to measure the effect of vibra-
tions on the D-A coupling, reads:

|Hda(u> n,0, H/)|2 =

(10)

_ |Hda(’u'777a0'> K’)lz _
Pl oK) = a0, O
_ | leltvert2 ) [”2“]1/2 (11)
A+ VA +2 A2t2|

The expressions (10) and (11) are the main results of
this paper. They provide close formulas for evaluating
how the dynamical disorder affects the effective donor-
acceptor coupling in various situations. As a direct ap-
plications of our main findings, we consider the following
illustrative examples.

Charge density versus polaron energy. It re-
sults from Eq.(5) that the charge densities on the donor,
bridge and acceptor are even functions of the polaron en-
ergy u. For all u, the ratio of the density of the donor to
that of the acceptor is equal the square of the asymmetry
energy 7 (see the Table). For v = 0, there is no charge
on the bridge site, and the charge density is distributed
between the donor and acceptor sites in proportion of
7. In contrast, for the limits of very high (or low) po-
laron energy when |u| gets larger, the charge density
decreases considerably on the donor and acceptor sites
while it gets higher on the bridge site leading hence to
small charge transfer efficiency. These features are il-
lustrated in Fig.1 for the energy asymmetry parameter
IIucema B AT Tom 82
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Fig.1. Stationary charge density in Eq.(5) versus energy
for the coupling asymmetry # = 0.5. The quoted letters d,
b, and a stand for the donor, bridge and acceptor, respec-
tively

n = 0.5. Likewise, at the resonance u,, where the renor-
malized effective energy of the bridge is equal to zero
(the donor/acceptor energy),

L 12
Vw1

the distribution of charge density reduces to,

Alup) =0 = up ==

ci(um) = nzcﬁ(um),
& (um) = o/, (13)
ca(um) = [1 - cf(um)]/(1 +7%).

At this resonance point, the charge density on the bridge
site decreases either upon approaching to the bare reso-
nance for o — 0 or by increasing the electron-vibration
coupling parameter k above /0.

Effective D-A coupling versus u. The effec-
tive D-A coupling scales as, |Hgq| ~ 1/A for A > 1.
However, at the resonance A = 0 defined in Eq.(12),
the |Hg,(u,n, o, k)|?, and thus the ratio p(u, o, k), attain
their maxima, given by,

2

Ui
|Hga (U, 0,K)[> = AT+ (14)
and
(a+\/02+2) Vo2 +2
P(Um,0,K) = 2 . (15)

Simple inspection of this equation shows two character-
istic features. First, at the resonance the effective D-A
coupling is enhanced by the coupling to structural dy-
namics, and second, as it is illustrated in the Fig.2, the
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enhancement factor p of the effective D-A coupling due
to electron-vibration interactions increases with energy
barrier . To rationalize these observations in terms of
the polaron energy and electron-vibration coupling, we
have depicted in Fig.2 the ratio p(u, o, k) as a function
of u for increasing values of ¢ and k. Two different
regimes can be distinguished:

e k < 4/o: below the resonance value, the effective
D-A coupling is a monotonic increasing function
of the polaron energy |ul;

e k > +/o: the effective D-A coupling increases for
|u| < |wm|, attains its maximum at the resonance
|u| = |um|, and decreases for |u| > |up|. As a
consequence of |Hg, (u, 0,0)| ~ 1/0, both the max-
imum of p at the resonance and its limit at high
|u| increase with o.

Effective D-A coupling versus . As we have
discussed above and illustrated in Fig.2, the electron-
vibration may lead to an increase or decrease of the
effective D-A coupling depending on the value of |u| and
the regime of o. Similarly, Fig.3 displays the enhance-
ment factor p at the polaron ground state as a func-
tion of the electron-vibration coupling . It is clear that
there is a certain threshold value k.(uy) below which
the electron-vibration coupling leads to enhancement of
the effective D-A coupling, and above which the effective
D-A coupling is drastically reduced affecting hence the
charge transfer efficiency.

As above, two different regimes can be distinguished:

e o < 1: equation (6) has two distinct roots corre-
sponding to the ground and excited states, respec-
tively. The maximum enhancement, p(um,d, kc)
given by Eq.(15), is attained at the resonance
A =0, where u, = —\/5/ 2 (and the excited state,
—uy) and kc(uy) = v/20, obtained from the com-
bination of Eqgs.(6) and (12). In this regime, the
ground state coincide with the resonant energy,
Ug = Um;

e o > 1: there is an interval, K.(uy) < K < Kmax,
within which Eq.(6) admits four distinct roots (the
lowest one corresponding to the ground state) and
out of which it has two distinct roots. In this case,
the ground state is no longer resonant, ug # up,
but two excited states coincide with the resonant
energies given by u,, = iﬁ/ 2. As a result, the
maximum enhancement p(uy,0, k) < p(Um,0, ke)
as A(ug) # 0. For instance, for 0 = 2, the
four distinct roots interval is 1.9336 < xk < 2.175
with x. = 1.9336 and the maximum enhancement

p(u, G, )

Fig.2. Effective coupling ratio in Eq.(11) as a function
of the energy. Filled circles correspond to p(ug,o,k) at
the ground state energy uy. The quoted numbers cor-
respond to the electron-vibration coupling values, i.e.,
k=0,05,1,2,5

p(ug,0,k:) = 3.198 is obtained for u, = —1.097.
At the resonance A = 0 for o = 2, we have k = 2,
uy, = —1.707, A(u,) = —v2 and p(uy,0,k) =
= 1.596.
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Fig.3. Effective coupling ratio in Eq.(11) at the ground
state energy uy as a function of the electron-vibration cou-
pling. The quoted numbers correspond to the energy bar-
rier values, i.e., 0 =0.5, 1, 2

In summary, we have shown that the electronic cou-
pling with the vibration dynamics of the bridge results
in a formation of a polaron that may, under certain con-
ditions, leads to an enhancement of the charge transfer
efficency. Figures 2 and 3 show that the enhancement
factor p is greater than one for a wide range of the energy
barrier ¢ and the electron-vibration coupling x. These
findings are very suggestive for the issue of charge trans-
port assisted by structural dynamical along the DNA
chain. To study the basic mechanism of vibration en-
hancement of charge transport we have focused in this
work on the simple three sites model with a single har-
monic structural dynamic mode (reaction coordinate).
Meanwhile, the method employed in this work is not
limited to this model and the extension of the theory to
several sites and anharmonic reaction coordinates (see
e.g., Refs.[27, 28]), and several resonance states can be
handled within the framework developed in Ref. [18].
Nevertheless, further theoretical studies need to be con-
duct along the ideas outlined above in order to gain a
better understanding of charge transport properties in
biological systems and technological applications of sig-
nificant importance.
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