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Abstract

In this paper we deal with statistical caiculstion of kinetic coefficient characte-
rizing the process of electron transfer from the donor molecules co the acceptor molecu-
les in a molecular chain with cubic anharmonicity.

1. INTRODUCTION

The basic idea of Davydov’s soliton theory |1j is that vibrational energy beco-
mes self trapped through interaction with low-frequency phonons. In the case of one-di-
mensional molecular chain, where the lattice have the cubic nonlinear vibrations, the
supersonic Davydov solitons appears. In distinction to ref. |2| where the probability of
the individual act of the electron transfer by a supersonic soliton is derived, here we deal
with the kinetic process by using the method of nonequilibrium statistical mechanics.
The mentioned phenomena may play a significant role in biochemical process where elec-
trons are transferred from the donor molecules to the acceptor ones via long biopolymer
molecules.

2. THE HAMILTONIAN OF THE SYSTEM

Let us consider a specimen of molecular chain with a large number of identical
molecules (N >> 1) separated by equilibrium distance Ro-

We emphasize that v donors and v, acceptors are statisticaly tied to the
chain.

We start from the Hamiltonian of the system as follows
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ex—ph

H= Hanh

+H (A, D) + Hj (2.1)

The part of Hamiltonian describing the exciton and anharmonic phonon degre-
es of freedom has the form

ex—ph L 2 k 2
Ha h =4 z B B _-é_ z B {Bn+1 + Bﬂ 1} + = [—-—-— pn + ——{U 1} +
n
kq 3 +
5 (up—up—1) 1+ x 2B, By lupyq —up_yq), (2.2)

n .
where we introduce the set of denotations;

- Bn and Bn+ are annihilation and creation operators satisfying Bose commu-
tation relations and describing presence and absence of an extraelectron at the site n with
corresponding energy A;

— L is the resonance interaction between excited nearest-neighbour molecules
of the chain;

- Prl denotes the conjugated momentum to the displacement un of molecule
(n) with the mass M;

[Up P ] = 1S, (2.3)

— k and k1 are the coeficient of elasticity of the chain, and the parameter of
anharmonicity, respectively;

— X is the extra electron-phonon coupling interaction.

The role of donor and acceptor molecules joined statisticaly to the chain is
given by the Hamiltonian H(A, D) as follows

¢ + ¥ + +
HAD)= X egAjAi+ 2 gD Dy + T fwyjag ) ag) + T hoy (2.9)
I=1 m =1 gl ¥, m
+
o dym

- A, A|+ and Dm' Dm+ are, respectively, annihilation and creation Fermi
operators of an electron in the acceptor ground state with energy €ar and in the donor
ground state with energy €p; +

— a5 a andd d ym are respectively, annihilation and creation Bose
operators of vibronic levels o'? acceptor (o) with energy h"’ol' and of donor (y) with
energy hw
}lnally, the interaction between the chain and donor and acceptor molecules
has the form
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(o) + (o) + +

Hint = £ [V ByAjag*+Vy, agA B+
nl,o
(2.5)
{y} + v+ + +
+ Z [ an l:"n Dm d'rm +an d7rn Dm Bn]
nm,7:
() (7) . . .
- an and W are the matrix elements of the interaction of an extra elec-

tron on the site n with the vibronic level (0) of the acceptor at site |, and with the vibro-
nic level () of the donor at site m, respectively.
3. THE SUPERSONIC SOLITON SOLUTION

Let us consider now the problem by introducing the normal mode expansion
for extra-electron and phonon variables

1/2 .
n= Z By exp (ikRyn) (3.1)
k
| h ]"2(+ + ag ) exp (kR n)
u. = ————— a a X 1 n L
= > Lot _kta o (3.2.a)
Mw(k +
PR=iZ [ wl ),]"2 (ay —ay) exp (ikRyn) (3.2b)
k

where we have well-known dispersion relation

kR

) - k . 2 o
wi(k) =k — sin® (—) (3.2.0)

M 2

We first transform the Hamiltonian (2.1) by using the expansions (3.1)..(3.2).
On the other hand, we introduce the Davydov’s Ansatz state vector in the coherent state
representation

leo| >=1 Iﬁk >ig >, (3.3)
k

where the eigenfunctions IBk > and |y, > satisfy the definitions

a, {t) !ak >= ay (t): a > (3.4.3)

Bk {t) iﬁk > = ﬁk {t) wk> (3.4.b)
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In order to determine the amplitudes of extra-electron By (t) and of anharmo-
nic phonons a,, (t) we form the expectation value of Hamiltonian (2.1) (in the invese lat-
tice) in the state (3.3), see ref. |3].

ex—ph ex—ph

Jcanh = <Dsol l Hanh IDsol> =

=Z § 1B + Zhowlk) (lgy* +1/2) + N2 2 F(K) Bpper By (@ g + @) +

k k k, k'
-1 * * »
+N z ¢ (kq, ka2, k3) (@ X, +ak1) (a %, +ak2) (a ' +a’k3) 5 (kg +
ki, kg k3
+k2 +k3)r (3.5)

where we introduce the new energy parameters

& =A—Lcos kR, (3.5.3)
F(k)=2ix[—2—]"‘- sin kR (3.5.b)
2Mw(k‘) o o

kq iRo
¢(k1.kz.k3)- — ( )3" (2))°N-1? exp — [—- (kg +k, +k3)]

3 sin( ki F‘°)
P 2
j=1 Volk (35.c)

The parameters a; (t) and B, (t) are treated as generalized coordinates with
corresponding generalized momenta lfn (t) and ifB," (t). The equations of motion for
these generalized dynamical variables are taken to Ee classical Hamilton equations in
which the expectation value of the quantum Hamiltonian (3.5) appears as the Hamilton
function.

Going over to the continuum approximation and having in mind that the fun-
ctions a (£) and B (£) and their derivatives tend to zero when £, = oo, after calculation
explicitely given in |3| we obtain well-known bel shaped solitonic solution which descri-
be the solitonic localization of extra-electron transported along the chain with velocity

v;(E=x—xo-vt).

e, = G2 exp [ i (kx —we 1]

u
ch? [— (x—x
[Ro

o — Vil (3.6)
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where we have the set of denotations

I'(5/2)
G2 = é_f‘ﬁ ; D(X) isgamma function (3.6.a)
w
v
p=[3(s* = 1)'?; s=— >1; v, is the sound velocity (3.6.b)
v
o
- h . .
k = Vi Xg s the center of soliton (3.6.c)
LR?,

4. THE STATISTICAL CALCULATION OF THE KINETIC COEFFICIENT
FOR THE SUPERSONIC SOLITONS

The statistical formalism for description of the electron transfer along the
one-dimensional molecular chain is generally given in our previous paper |4|. Here we
use only final result of this theory.

In this sense the kinetic coefficient is given as follows(')

N ® o et 1 . —ﬂ‘l‘lT. MT
LINgAiNpy)= [ dt e [ dr<Npe Np(the >q (4.1)

- 00 o

€ is small parameter including the time; the corresponding population of particles are

A+ o+
Na= Z AA: Np= I DD (4.1.a)
I=1 m=1

and N Ar ND are the corresponding curents. The part of Hamiltonian which play the ef-
fective role in statistical tretman is

+ + +
n r m

+

+
* I Twgiag e, + 2 h"“’-ym m ‘ym]

al Y. m

- -1 (4.1.b)
= txgT)

(*) The dot represents the derivation with respect to time
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K, Hp and Hp are the corresponding chemical potentials.

The subscript < >q denote the correspondent average value with respect quasi
reversible matrix

~ ~

-M »
pq=e  [Spe ] (4.1.c)

The expression (4.1) may be transformed into Onsager’s formula by using a bo-
son retarded Green’s function. In the next step the correlators of the Green’s function
may be averaged over the Bose operators B | (t) taken in the coherent state description
(3.4.b) :5|.

Finally we obtain

G

.. Vot Vo © €A
LINA;Npl = £ ————— [ dtexp [et_('T+wal)t] X
n, ny BEO ~co
o,
#{—v) . — ~
x—5 By O 8 (0 N7 exp (618 - upl], (4.2)
where
E0=A_€A"h‘"al“‘8+“A (4.2.1)
N = {exp [Blep —mp)l+ 1} (4.2.2)
7= {exp (Bioy) — 1} ~* (4.2.3)

G " —t) is the step function

Let us now consider the contribution of supersonic Davydov solitons to the
value of kinetic coefficient. In this sense we take into account that the functions ﬁn (0)
and B'n (t) in the formula (4.2) are the solitonic amplitudes given by the expression
(3.6).

Substituting (3.6) into (4.2) we qet

[V 012 -

S =
z — ] I, (52 (4.3)
ol Eq eh? {E (1 -1,))

|

L “QA" ﬁlA) = o

=Y
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o eleosQt

Q)= [ dt — exp [—B (B —ug)]; (43.2)
Iot J i l— 1 — Yo B
LY Ro
X X0 €p
lI=—; |I_= : Q=  —t — — (4.3.b)
r ’ I I
Ro % R, sol 79 h

The above time integration (4.3.a) will be approximately performed so that we

have
2

‘h'.QRO 1 'ﬁv
Io= ~ {1—2th[7f(l—lo)][ -

2 2 v? 2 em i 72Rg o

ch® [a(t—1y)]sh { ——)
2uv
n2szno . NQRO) wﬂzRé'B e [ — L] Q@2 ng)} wa
- t - th? [1 (1 - - —— .
fiv 2fiv w2 ° 1% v?

(B, is the Bernoulli’s number)

If we consider the case where the concentration of the donor and acceptor mo-
lecules is high enough the sum over to | in formula (4.3) may be replaced by the integra-
+ 00
tion ¥ — [ dz Finally, we take into account the fact that the quantities N, n and
| _oo
E, have constant values independent of the sites I. After all, the expression (4.3) becomes

o IV, P NR  nRRY  exp[—B(A—up)]
L (NA; N,) = *
A BE, 2 v o ("o, (4.5)

a

2iiv

5. CONCLUSIONS AND DISCUSSION

We see that the kinetic coefficient decrease with increasing of solitonic velo-
city. It is a consequence of the fact that the probability of capture of an extra-electron by

a fast soliton is smaller than that of a slow soliton.
The time dependence of average curent of acceptors (reaction rate) may be

represented by the accustomed relation
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\J t
<Np>=const * exp(— —) (6.1)
T
rel

where the relaxation time Trel is related with the kinetic coefficient by simple relation
~ X . . -1 62
Trel [L (NA, NA)] ( )

If we wish to estimate the value of the kinetic coefficient (4.5) we suppose that
inequality .Q.Ro << uv hold. In this case we easily obtain

(o),
’ » 2 [vo ] Ro ° - 1 -~
L(Np:Ny) =———— N Tav— exp [—B (A - pg)] (6.3)

BE, I
At last, we conclude that the combination of energy parameters containable in

E, tend to zero then the corresponding kinetic coefficient may increase enough and then
mentioned mechanism play significant role in electron transport.
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