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Abstract. The paper examines various mechanisms of charge transfer in DNA.
Some of them, tunneling and the hopping mechanisms, are impossible due to a
rapid decrease in probability with increasing transfer distance. Two models of
charge transfer due to polarons are considered in detail. In both models (Peyrard-
Bishop-Holstein and Su-Schrieffer-Heeger), the polaron is unstable with respect to
destruction due to large amplitudes of thermal fluctuations. Based on the available
experimental results, an alternative charge transfer mechanism is considered, which
is weakly sensitive to temperature changes.
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INTRODUCTION

Charge transfer (CT) is of great importance in such biochemical processes as
photosynthesis [1, 2], where the absorption of a quantum of light causes primary charge
separation; respiration [3, 4], as well as in many other biological reactions [5, 6].

Along with vital reactions, CT can lead to oxidative damage of DNA [7]. Guanine (G)
oxidation is one example of oxidative stress, since G has the lowest ionization potential of all
four DNA bases.

On the other hand, there is an interesting assumption that there are DNA sequences that
“sacrifice themselves” (sacrificial nucleobase sequences), thereby protecting more important
parts of the genome from oxidative damage [8]. Charge transfer also plays a key role in this
mechanism. It is reported [9] that it is possible to “heal” several damages on the DNA chain,
formed as a result of UV irradiation with the help of a single electron “traveling” along the
DNA chain.

When discussing possible mechanisms of CT, the molecular structure of the DNA chain
should be taken into account. This structure is similar to a spiral staircase, in which the steps
are approximately parallel oriented conjugated heterocyclic DNA bases. Their n-m interaction
provides the exchange electron interaction of the bases and the stability of the entire structure.
A similar organization of m-orbitals is typical for some molecular crystals consisting of
organic aromatic molecules and possessing a metallic type of conductivity. This analogy
suggests that DNA conductivity can be carried out along a chain of n-conjugated bases [10,
11] and gives grounds to believe that DNA can be used as a molecular conductor.

There are several mechanisms that claim to explain the nature of conductivity.
Historically, the first one was the Marcus theory [12, 13]. However, it was shown [14] that in
the D-(b)r-A system, consisting of a donor D, n repeating structural units b (a conducting
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ON CHARGE TRANSFER IN DNA

bridge of DNA bases or peptide groups) and an acceptor A, the probability of charge transfer
decreases exponentially with increasing distance between D and A. Therefore, it turned out to
be difficult to explain the charge transfer over long distances using the Marcus theory.

A hopping mechanism of charge transfer in DNA has been proposed [15]. For the hopping
mechanism, the probability of charge transfer also decreases rapidly with the distance R over
which this charge is transferred, but according to a power law with a constant k ~ R, where
a <1 is the attenuation parameter for hopping charge transport. Tunneling is also an unlikely
process of transport over long distances with an exponentially rapid decrease in the
probability of charge transfer with distance.

The polaron theory of charge transfer in DNA has become widespread. Apparently, the
first mention of the possibility of charge transport by means of polarons is contained in works
[16, 17]. In turn, these studies were based on the first experimental results on charge transfer
in DNA [18, 19]. Recently, it is the polaron paradigm that has been considered as the main
mechanism of charge transfer.

Below we will consider some experimental results on charge transfer in biological
systems*. The object of study for CT is a natural or artificial DNA biomacromolecule. A
donor and an acceptor are attached to it on both sides: D-(b)s-A. The donor serves to inject a
charge into the chain, and the acceptor registers the charge that has reached it in one way or
another. The bridge consists of n structural units b, which are DNA bases or peptide groups.
Charge transfer involves three main stages: 1) generation of a charge on D and its transfer to
the chain; 2) charge transport along the chain and 3) charge capture by the acceptor and its
registration.

Donors and acceptors should satisfy certain requirements. First, the donor should interact
well with the DNA bases so that the charge transfer from the donor to the chain occurs
efficiently. Given that access to the bases is shielded by peripheral phosphate groups, one
possibility is to attach D and A molecules directly to the DNA bases at the ends of the chain.
Another convenient way is to insert D molecules between the DNA bases by intercalation. In
addition, the donor should initiate the charge transfer with a good quantum vyield. The
acceptor should serve as an efficient charge transfer detector.

The charge transfer in this experimental technique is shown schematically in Figure 1.
The attached molecules D and A are metal complexes (MC). The MC ligands, usually planar
aromatic heterocyclic molecules, are inserted (intercalated) between two adjacent DNA bases.
This ensures sufficient electron m—r overlap between the m orbitals of the MC ligand and the
DNA bases for efficient charge transfer.

Fig. 1. Schematic illustration of charge transfer in an artificial DNA fragment. On the left is an
intercalated Ru metal complex. On the right is an intercalated Rh metal complex. Upon photoexcitation,
an electron from the Ru metal complex is transferred to the DNA helix, moves along the chain, and is
captured by the Rh metal complex followed by registration. The right panel shows one of the variants of
the Ru metal complex in more detail.

1 Work led by Jacqueline Barton on charge transfer and related biochemical processes was recognized by the
highest US award for achievements in science, with the wording: “For discovery of a new property of the DNA
helix, long-range electron transfer, and for showing that electron transfer depends upon stacking of the base
pairs and DNA dynamics. Her experiments reveal a strategy for how DNA repair proteins locate DNA lesions
and demonstrate a biological role for DNA-mediated charge transfer.”
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Fig. 2. Schematic representation of the ping-pong reaction. In this diagram, ‘I’ stands for the synthetic
analogue of adenine. The directions of the arrows are opposite to the directions of the electron motion.

From the analysis of the mechanisms of natural biochemical reactions and numerous
experiments on model systems, it follows that the place where the charge is born and the
place where this charge, after migration along the DNA chain, causes a photophysical
response or biochemical reactions, can be separated in space. Such reactions are called
“chemistry at a distance” [20].

Another experiment worthy of attention is the so-called “ping-pong” reaction, which
proves that charge transfer occurs via the n—n conjugation of parallel bases of only one DNA
helix [21]. This is shown schematically in Figure 2.

The mechanism of the “ping-pong” reaction is as follows. An artificial fragment of the
DNA chain shown in Fig. 2 was synthesized. The metal complex Ir is intercalated into the
adenine sequence of the DNA helix. Cyclopropyl adenine “°A (a synthetic analogue of
adenine) is embedded into the same sequence at some distance from the metal complex.
Bromuridine B'U (a synthetic analogue of thymine) is embedded in the complementary helix
of thymine bases. Upon photoexcitation of the Ir complex (365 nm), electron transfer occurs
with the reduction of “PA: Ir?* — e —Ir¥" and A + ¢~ — “PA". This is a “ping” reaction of
direct electron transfer.

The reverse “pong” reaction occurs via the thymine pathway with the transfer of an
electron from B'U back to the Ir complex and restoration of its initial charge +2. Both
compounds A and B'U undergo irreversible chemical transformations, which allows one to
make necessary quantitative measurements with the reaction products.
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Fig. 3. Chemical structure and schematic illustrations of helical peptides of different lengths.
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Fig. 4. Monolayer of DNA oligomers on a gold substrate.

Another important result [22] is the almost complete absence of dependence of the
probability of charge transfer on the chain length for helical a-proteins (Fig. 3). Their parallel
functional groups are very similar to biological systems. In this work, monolayers of helical
peptides on a gold substrate with peptide lengths from 8-mers to 64-mers were prepared. The
attachment of peptides was carried out by coupling sulfur-containing cycles with the gold
substrate.

Monolayers of DNA oligomers with a base sequence consisting only of adenine-thymine
pairs of 40 base pairs long and attached to a gold substrate were obtained (Fig. 4) [23]. This
technique made it possible to carry out thorough quantitative measurements of the charge
transfer probability. And, in contrast to earlier experiments, a dependence of the charge
transfer probability on the DNA chain length was nevertheless revealed.

More detailed information on charge transfer in DNA can be found in a number of
reviews [23-27].

IS THE POLARON CHARGE TRANSFER MECHANISM IN DNA EFFICIENT?

A possible semiclassical polaron model of charge transfer in DNA could be the use of the
Peyrard Bishop Holstein (PBH) approximation [28] (more precisely, the Peyrard-Bishop-
Daxous-Holstein model, see, for example, [29]), where the classical energy functional is:

HPEH ZVo (1—670% )2 +§[2+ eﬁ(yﬁyju)}(y j_yj—l)2 (1)
J

with the parameter values: o.=4.45 A, B=0.35 A, k=0.04 eV A2 Newton's equations of
dynamics in an electric field are: my; :—(aH PeH )/(Wj)—x‘wj‘z, where the first term is the

derivative of functional (1).
The Schrédinger equation for a polaron in an electric field has the form:

ih\l’j =_|e|E(ja)\|/j _tO(Wj—l+\|/j+1)+ijWj’ )

where the first term is the interaction of an electric field of intensity E (\V/A) with the charge
of the polaron e (numerically equal to one), the second term is the exchange interaction with
the hopping integral t,=0.1 eV and the third one is the electron-phonon interaction with the

parameter y = 0.6 eV A,

The parameter a, the distance between lattice sites, is not included in either the dynamics
equation or the Schrodinger equations. By default, it is assumed that distances along the chain
are measured in lattice sites. The reason is that all variables are indexed by site numbers.
Without loss of generality, for convenience, we can set a = 1 A, which numerically coincides
with the difference in the numbers of adjacent sites. If we are interested in the real values of
coordinates and velocities, then for DNA, for example, we can a=3.4 A. Thus, a is an
arbitrary parameter.
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In addition to numerous results on the study of polaron dynamics in an electric field, we
will make one addition. Figure 5 shows the dependences of the polaron coordinates on time
for several values of the electric field intensity. After some acceleration time, depending on
the electric field intensity, the polaron velocity acquires a steady-state value. If
E=5-10°V/A, then v,=6.8-103 A/fs. If E=10"* V/A, then v,=9-10° A/fs. With an
increase in the field intensity by 20 times, the velocity increases only by ~ 1.3 times. Detailed
studies of the dependence of the velocity on the external electric field intensity for the
Holstein polaron were performed in [30].

At short times, when the polaron is accelerated, the dependence of the coordinate on time
obeys with very good accuracy the law x(t) = xo + at¥2 for all electric field intensities. In
Figure 5 this is shown by the dotted line for E =10 B/A. For this field intensity, the
acceleration is a=1.6 - 10° A/fs?. Such kinematics of motion follows from the Newtonian
relation F = mpa, where mp is the polaron mass and is F = E|e| the force acting on the polaron
charge from the electric field. And the polaron mass is m, =6 eVfs?A=2. The ratio EleJ/a
which determines the polaron mass, is practically the same for all field intensities, which
means that the polaron mass is independent of E.

The effective mass of a polaron m* is usually expressed as a ratio to the mass of an
electron: m*= mp/me . The mass of an electron is me = 0.0057 eV fs A2 Moreover, the
polaron turns out to be very “heavy”, — m* = 10%+10*[30]. For comparison, the effective mass
of a polaron in polyacetylene is m* ~1.29.
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Fig. 5. Polaron coordinates depending on the electric field intensities (the intensity values in V/A units
are shown in the inset). The dotted line shows the dependence x(t) = x, + at?/2, where x, = 50 is the initial
coordinate of the polaron.

Figure 6 shows a “photograph” of a polaron after evolution for 15000 fs in a field with
intensity of E = 10° B/A. The polaron is translationally invariant, its shape practically does
not change (the dotted line shows the initial condition for a polaron with the center at jo = 50).
The polaron is followed by lattice oscillations. These oscillations are monochromatic and the
wave number k of these oscillations does not depend on the electric field intensity and is
determined only by the polaron velocity. The explanation for the occurrence of lattice
oscillations is as follows: the electric field performs the work of moving the charge and the
energy transmitted to the entire system from the electric field is converted only into the
energy of monochromatic lattice oscillations [31] with a constant value of the wave number.
An increase in the field intensity (an increase in the energy imparted to the lattice) leads only
to an increase in the amplitudes of monochromatic oscillations without changing their
dispersion. This effect is similar to that observed for polyacetylene [32]. The presence of an
oscillating monochromatic “tail” following the polaron is an inherent property of the polaron
being supersonic. In contrast to the case considered, for the Holstein polaron, in the absence
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of dispersion in the spectrum of the chain oscillations, the polaron is always followed by a
“tail" [33].

The PBH polaron is destroyed quite quickly in electric fields with intensity of
E>3-10*V/A.

Although very interesting results were obtained for the polaron in the PBH model at T = 0,
it turned out that the polaron is unstable at physiological temperatures [34]. Previously, for the
Holstein model, the temperature instability of the polaron was investigated in [35-37], and at
physiological temperatures, the polaron in DNA also collapses very quickly [37]. For this
reason, such a naive picture can hardly be used to describe charge transfer in biological
systems. The reason for the instability can be illustrated by Figure 7. Panel a) shows a polaron
in the PBH model at a temperature of T = 200 K after thermalization for 4 ps. The initial state
of the polaron is shown in panel b). It follows from the figure that already at T =200 K the
amplitudes of thermal fluctuations are greater than the amplitude of displacements of sites
from equilibrium positions in the steady-state state of the polaron. Therefore, these random
high-amplitude thermal fluctuations play a leading role in the dynamics of the wave function
and the stability of the polaron is violated.
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Fig. 6. A polaron in an electric field of intensity E = 105 B/A. The upper panel shows the moduli of the
wave functions (red line) and the values of the displacements from the equilibrium positions z; (green
lines). The lower panel shows the values of the corresponding velocities. The polaron is initially centered
on the site jo= 50 (shown by the dotted line).

Based on the above-mentioned experimental results on “ping-pong” charge transfer, an
alternative polaron model of charge transfer can be formulated. It follows from the
experiments that the charge is transferred along a chain of = - = conjugated parallel-oriented
heteroaromatic bases of one DNA helix. In this case, the electron-phonon interaction is much
stronger than in the PBH model, and it can be expected that the polaron will be more stable.

The simplest and most effective way to consider such systems is the Su-Schriffer-Heeger
(SSH) approximation [38, 39] for the wave function of a charge in an electric field. In this
approximation, the electron energy functional has the form (see, for example, [40]):

HY =2 [to —a(Xpa =X, )} ey iaw; + [to —a(x; - Xj—l)] A (3)

]

where X; is the longitudinal deviation of the j-th particle (DNA base) from the equilibrium
position, to is the hopping integral at equilibrium, o is the electron-phonon interaction
parameter.

Here, another method is used to account for the interaction of the polaron with the electric

field — the multiplier exp(—iBt) is introduced and B = Eea/ %, where E, e is the electric field
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intensity and the electron charge, a is the distance between the lattice sites. The parameters of
the quantum functional [41] are: the hopping integral at equilibrium to=0.3 eV and the
electron-phonon interaction parameter o = 0.6 eVA™.

The multiplier exp(—iBt) depends only on time and affects the phases of the partial wave

functions ; at the lattice sites. Thus, the classical dynamics of the polaron is additionally
determined by the phases of the wave function. Apparently, the importance of taking phases
into account was first pointed out in [42]. The influence of the phases of the wave functions
on the dynamics of a supersonic polaron in polyacetylene is considered in more detail in [32].
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Fig. 7. Panel a): the modulus of the wave function in the PBH model (solid red line) and thermal
fluctuations - deviations of bond lengths from equilibrium positions (dashed blue line) at T = 200 K and
t=4ps after the start of thermalization. Panel b): the initial condition for the polaron is shown for
comparison. The scale along the y-axis is the same for both panels.

Schrodinger equation for the wave function of a charge in an electric field:
iy, = —[to —oc(xj - xj_l)] ey, —[to —oc(xj+1 -X )]e‘iB‘\ym (4)

Below, by analogy with the classical harmonic potential [43], we will use the expression for
the classical energy functional:

| m N -2 N _B(X__x_ ) 2
H ¢ :Eij+ZDO(1—e , ) (5)
j=1 j=2

with the Morse potential taking into account the = — = interactions of adjacent parallel DNA
bases. The parameters of the classical potential are: m = 15510 eV fs? A2 (m = 150 Da is the
average mass of the base of one helix). Do = 0.3 eV, p=1.2 A1 [43, 44].

The equations of lattice dynamics, taking into account the interaction of a charge with an
electric field, have the form:

cl

mX; =— +°‘[eiBt (Pras =Pig) +&™ (Pra _pj,ﬁl)} ' (6)
j
where the first term is the dynamic forces from functional (5) and pj,i = yj*yi .

Noteworthy is the importance of the influence of the wave function phases on the polaron
dynamics during the charge transport in an electric field. This follows from the fact that the
real right-hand sides of equation (6) are a combination of complex expressions of the type

(e‘Btwjflw’; + ey ,y;) and it is obvious that the dynamic forces also depend on the
phases of the wave functions (the expression in square brackets depends on the amplitudes of
the wave functions and their phases).

There are two ways to account for the interaction of a charge with an electric field. The
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first one is used above for the problem with the PBH functional. The second way is to
introduce the phase multiplier exp(—iBt). It is possible to show the equivalence of both

approaches to account for the influence of the electric field [45-47], which is a consequence
of the gauge invariance of the vector potential.

Since the phase multiplier exp(—iBt), responsible for the interaction with the electric

field, does not contain coordinates, it is convenient to use it for lattices with cyclic boundary
conditions. Then it is possible to monitor the dynamics of the polaron, which can “spin” along
a closed circular trajectory an unlimited number of times.

The initial condition for the polaron is determined as follows. In the steady state, the
velocities are zero and the wave functions are real. Then expressions (3) and (5) can be
rewritten as:

el
HY ==t —az; . )wwia, (7)
j
where v ; is a real wave function, and

HY = iDO (1— g P )2 . (8)
j=2

For brevity, the notation has been introduced above zj,j-1 = (Xj — Xj-1). Having minimized the
sum of expressions (7) and (8) over z;j j-1, we have:

ZOC\V] Via + ZBDO (l— (i‘iﬁzj‘j*l )eiBZj‘H =0. (9)
The solution of this equation for zj, j-1 has the form:

. BD, +[B2DZ + 4aBDyy v,
M 26D,

(10)

The initial state of the polaron is found as follows. Some trial values zj, j-1 are specified. 1) The
(N x N)-matrix is filled with the values of the elements on the secondary diagonals

G(j,j—1):G(j—1,j):—(to—azj’j_l). 2) This matrix is diagonalized (the eigenvalue

problem is solved). 3) The wave function receives the eigenvector values corresponding to the
ground state (the eigenvalue with the lowest energy). 4) New values of zj j1 are calculated
from equation (10). 5) The energy ¢ is calculated, equal to the sum of the energy functionals
(7) and (8). And the iteration process returns to point 1). The criterion for completing the
iteration process is the difference in energies ¢ at two subsequent iteration steps. Usually it is
sufficient for the difference to be 107, Upon completion of the procedure, the initial condition
for the polaron is obtained. The wave function gets the values of the eigenvector at the last
iteration cycle, and the relative coordinates are determined as follows: x1 =0, Xj= Xj-1+ zj,j1
(G=2,3,...,N).

The iterative process converges quite quickly and gives a very accurate initial state of the
polaron. This method for finding the initial state of the polaron can be used for other types of
functionals of electron and classical energies. A necessary condition for the implementation
of the iterative process is the presence of a relationship between the relative displacements
and the wave function.

Some properties of polaron dynamics for the PBH and SSH models are qualitatively
similar. The effective mass of the SSH polaron was estimated in the same way as for the PBH
polaron. It turned out that the effective mass is very large, m ~ 1.2 x 10*. Compared to the
PBH polaron, the steady-state velocity is slightly less, 102 A/fs.

The speed of sound on a lattice with functional (5) in the harmonic approximation is
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V., =avk/m, where k is the rigidity of the harmonic coupling and the distance between the

lattice sites is a=1 A. The expansion of the Morse potential (5) into the Taylor series is
0.432x%—0.518x3+... with the coupling rigidity coefficient k = 0.864 eV A2, Then the speed
of sound Vsng ~ 3.7 x 1073 A/fs. And the velocity of the polaron is less than the speed of sound.
Note that if in model (5) the polaron is subsonic, then the polaron will lack an oscillating
“tail”.

[P Z()A

0 20 40 60 80 j 40 45 50 55 60

Fig. 8. Panel a): The modulus of the wave function in the SSH model (solid red line) and thermal
fluctuations — deviations of bond lengths from the equilibrium positions (dashed blue line) at T =300 K
and t = 4 ps. Panel b): the initial condition for the polaron is shown for comparison. The scale along the
y-axis is the same for both panels.

Figure 8 shows a polaron in the SSH approximation on a thermalized lattice (similar to
Figure 7). It is evident that the polaron is more stable (the amplitude of the lattice deformation
in the polaron region is greater than in the PBH model due to the greater electron-phonon
interaction — panel b). And this “polaron deformation” is commensurate with thermal
fluctuations). The maximum of the wave function is determined by the minimum value of the
parameter z (in the figure — the triangle with the apex down). A significant part of the wave
function is limited on both sides by positive fluctuations (the triangles with the apex up).
These fluctuations prevent the propagation of the wave function. At long times (t > 10 ns), the
polaron finally loses stability.

In addition to the temperature instability, there are additional factors that make the polaron
mechanism of charge transport require further investigation. Apparently, the main obstacle is
the process of polaron formation. It is not known what the wave function of the charge looks
like after transfer to the lattice, i.e. what the initial conditions for the polaron formation are.
Detailed modeling of the process of formation of the polaron state in the Holstein model was
carried out in [48, 49]. Thus, it is necessary for a “well” of negative relative displacements of
the lattice to form and for the wave function to become an eigenfunction of this well. Two
factors hinder the implementation of this mechanism. First, the slow dynamic subsystem does
not have time to coordinate its dynamics with the fast dynamics of the quantum subsystem
(see Fig. 9 below). And secondly, the chaotic dynamics of thermal fluctuations destroys the
coherent dynamics necessary for the formation of a polaron and is an additional factor
preventing the formation of polarons.

For a long time, the electrical conductivity of polyacetylene was a classic example of the
applicability of the polaron theory. However, it turned out that polarons in polyacetylene in
the SSH approximation are also temperature unstable [50, 51].

Therefore, there is a need to develop a model that would be able to describe charge
transport in DNA in accordance with experimental results.
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Evolution of the charge wave function after transfer to the DNA chain

In charge transfer experiments, the initial process is the photoexcitation of the donor and
the subsequent charge transfer to the DNA helix. It can be assumed that the charge from the
donor “hops” to the DNA chain in the form of a highly localized wave function. The limiting
case is the d-function at the first lattice site and the initial state of the wave function is
Y(t=0)=(1,0,0,..,0). First, let us consider the dynamics of the wave function with this
initial condition at T = 0 K.

Figure 9 shows the evolution of the wave function. The wave function is formed as a
moving wave packet®. The wave packet is reflected several times from the boundaries of the
lattice. At the moments of reflection, a partial localization of the wave function occurs.
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Fig. 9. The wave packet of the wave function at different moments of time (the moments of time are
shown in the insets to the figure). At the moment of time t = 115 fs (panel c), the wave packet is reflected
from the right boundary of the lattice. In panel (d), the wave packet moves to the left. Panel d shows the
wave function at the moment when the front of the wave function meets the left boundary of the lattice.

The exact solution of the maximally simplified problem (4) for the evolution of a wave
packet in the absence of an electric field, when the Schrédinger equation for the j-th site has
the form iy; =y, +y,,,, isgivenin [52, 53].

If the wave function is localized as a & -function on some lattice site jo, then from the form
of the Schrodinger equations for sites j = j + 1 at the first moment of time: v, ,, = —ih’]‘to\ljj0 it

follows that the initial wave &-function is divided into two symmetric wave packets that begin
to move in opposite directions with a normalization equal to 1/2 for each. After several
reflections of the wave packet from the lattice boundaries and interference of the wave
function, the time-averaged density of the wave function on each site tends to a constant value

§ The wave packet is formed only on a discrete lattice. In the continuous case, the initial localized condition for
the wave function spreads out and the “center of gravity” of the wave function does not change its position.
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(viw;)_ =1/N, where N is the number of lattice sites.

It is precisely this behavior of the wave function after charge transfer from the donor to
the DNA chain that makes the formation of a polaron unlikely due to the lack of time for the
formation of a polaron.

Detailed modeling of charge dynamics in homogeneous chains and charge transfer from
the donor to the acceptor (when modeling the donor and the acceptor by simple trapping
potentials) was performed in [54].

Model of charge transfer in DNA
Let the N-th lattice site be connected to an electron acceptor, which forms a “drain” of the
wave function from the lattice to the acceptor, thereby simulating the charge transfer to the
acceptor according to the D-bn-A system. A simple way to simulate the “drain” process is to
add the term —i%/ t to the Schrodinger equation (4), where t is the characteristic “drain” time
[55]. Then the Schrédinger equation for the wave function at site N has the form (for a lattice
with free boundaries):
.0 h
m%:-(to ~azyy )W -z (11)
The classical potential has the form (5) with the dynamic equations (6).
The simulation at finite temperatures is performed as follows: the lattice is thermalized to
a temperature T without a wave function. The simulation is continued by adding an initial
condition for the wave function in the form of W(t=0) = (1,0, ..., 0). The probability of
charge transfer to the acceptor is determined by the decrease in the normalization of the wave
function P(t) = 1 - Q(t), where Q(t) = >y, (t)y] (t) at time t. Unity is the normalization of
J

the wave function at time t = 0.

Figure 10 shows the change in the probability of capture of the charge carrier by the
acceptor P(t) depending on time for two lattice lengths: N =100 and N =200 at T =100 K.
These dependencies are well approximated by the dependencies:

Pt)=1-Nr(t)=1- exp(—t/%). And the parameter 1, which differs from t, depends on the

lattice length and temperature.

The decay of the normalization of the wave function Nr(t) is exponential. The exponential
decrease of the wave function with time is explained as follows. Let the drain be localized at
an arbitrary jo-th site. Then expression (11) for the rate of change of the wave function at this
site can be rewritten as:

8\ljjo —i Wjo

ot :g[_(to_“Zjo,jo—l)‘l’jo—l_(to_O‘Zjoﬂ,Jo)‘Vw]_ .
If, as a result of reflections with interference, the wave function is distributed with
approximately the same density v, (t) ] (t) along the chain and the average values z, ., (t)
during thermalization are also the same, then the first term on the right-hand side of (11)

vanishes. Then v, (t)/dt=—y (t)/t with the exponential solution

v, (t)= Ae? (13)

It also follows from Figure 10 that there is a dependence of the probability of charge transfer
on the length of the chain. And this dependence has an explanation: If the charge wave
function has (on average) a constant value along the chain, then the amplitude of the wave

function at each site is = 1/</N , including at the end site from which the drain comes. Then
the coefficient A in (13) is also proportional to 1/+/N .
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A realistic case of charge transfer in DNA corresponds to shorter chains at physiological
temperature T =310 K. Let us consider this case in more detail for N=10 and N =15.
Figure 11 shows the probability of capture of a charge carrier by the acceptor for two values
of the lattice lengths and two values of t. The probability of capture increases with decreasing
lattice length and decreasing parameter t.

0.7

500 1000 1500 ¢ fs

0.3

0.2

0.1

—— N=100, T=100K

0.0 ———  N=200, T=100K

T T
0 500 1000 1500 2000

t fs

Fig. 10. The probability of capture of a charge carrier by the acceptor at T =100 K for a lattice with
lengths N; = 100 and N, = 200. The parameters: y = 10~ fs!, t =20 fs, 10 MD trajectories. The inset

shows the ratio of the probabilities of charge transfer P, (t)/P, (t)for different lattice lengths. This
ratio tends to \/5 at large times.

——— N=15,t=20fs
08 ——— N=15.t=50fs
= N=10,t=20fs -5
a ——— N=10,t=50fs
06 -
04 -
0.2 -
0.0 + T T T T
0 200 400 600 800 1000

t, fs

Fig. 11. The probability of capture of a charge carrier by the acceptor depends on the length of the lattice
N and the parameter z. The line of red dots is an exponential approximation of the dependence P(t).
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CONCLUSION

It is shown that charge transfer (CT) mechanisms that have proven themselves well in
molecular systems, such as the Marcus mechanism, the hopping mechanism, and tunneling,
cannot be responsible for charge transport in DNA due to the rapid decrease in the CT
probability with increasing distance. The polaron paradigm, which uses different models of
dynamic and quantum interactions, has long been considered to be the main CT mechanism in
biological systems, including DNA. In these models, at temperatures close to T =0, very
interesting results were obtained. However, it turned out that at physiological temperatures
polarons are destroyed quite quickly due to the electron-phonon interaction, which is
responsible for both the formation of the polaron and its destruction by thermal fluctuations.
We considered a well-known method for modeling the polaron based on the inclusion of a
dissipative term for the wave function in the Schrédinger equation. This approach leads to a
weak dependence of the probability of charge transport on temperature and can be a
mechanism for charge transfer in DNA.
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