8" International Conference on Microelectronics and Computer Science, Chisinau, Republic of Moldova, October 22-25, 2014

Electron Transfer Dynamics as Regulator of
Biological Activity in Biomolecular Systems
Coordinated by Trimer Nanoclusters

0.V. YALTYCHENKO?, E.Yu. KANAROVSKIP
®Institute of Applied Physics of ASM, Academy StKishinev, MD-2028, Republic of Moldova
kanarovskii@gmail.com

Abstract — In the given paper the minimal theoretical modefor the description of kinetic processes in the
organic nanocomposite material is offered. The subgt of simulation is a three-center nanocluster engulded
in an organic matrix. It is assumed that this threecenter nanocluster has two equivalent centers turak
coupled with the intermediate center. Here, it is dken into account the influence on the electron and
vibrational dynamics of such nanocluster the followng external factors: the periodic electric field ad the
surrounding matrix. It is supposed that the organicmatrix contains in a basis the biopolymer or a sum-
molecular protein system, and also it is considereds a weak ordered and nondissipative. Applying the
extended Holstein’'s Hamiltonian, choosing the wavéunction in the form electron-vibrational coherent
package and using the canonical Hamilton’s equatianthe differential equation system relatively the ltosen
variational parameters was obtained. Hereafter, thé differential equation system was solved numeridgl and
some of the results, which represent the most intesting regimes of the electron density distributionwere
depicted graphically. Finally, these regimes are alyzed with regard to their possible application inthe
optoelectronics and regard to their ability to affet the biological activity of investigated system.

Index Terms — electric field, electron localization, protein aml biopolymer matrix, trimer nanocluster,
vibrational modes

I. INTRODUCTION II. THEORETIALAPPROUCH

The supra-molecular protein systems and synthetic Further, in this paper it is offered the minimal
biopolymers coordinated by the various nanoclustarge microscopic model for the organic nanocompositeenieit
been widely used as the components of organicrelécs This is the model for the three-center NC with tevecess”
and pharmaceuticals [1, 2]. Whereby, there is tnicued tunneling electron, which is embedded in an orgamatrix
interest in characterizing of the properties of hsucand is under the action of an external periodictetefield.
biocomposite materials connected with the electransfer In the given model the matrix is taken into accoasta
dynamics [1, 2]. The most interesting problems floe nondissipative and the NC is the trimer of bridgpetin
supra-molecular protein systems and biopolymersthas which the trimer's centers are considered togethih
systems with a weak ordering and expressetieirs nearest ligands environment. Such consideratf
inhomogeneity, are related to a nature of localigiades in the embedded NCs can be applied as for the simgriesi
such systems and possibility of structural changd$Cs in which the centers are the ions 3d-metalsthen
connected with a trapping of the charge or exctathn oxides with the various oxidation degrees and for a
these states [2, 3]. The structural complexity ofjamic simulation of the large supra-molecular protein ptaxres,
composite systems leads naturally to many questiormuch as the Fenna-Matthews-Olson (FMO) protein
concerning to a correct description of the localiznd complex. The FMO protein complex, which is the base
delocalized states in such weak ordered systergardig functional unit coordinated in the vicinity of aati site of
to a relation of the protein conformation and el@tt the photosynthetic light-harvesting system, is adoimer
excitations; relating to a connection of the stk because it consists from the three pigment-pratemplex
relaxation dynamics and electron localization; @bloow [4, 5]. One of the main features proved experinlgnfar
can explicity to observe and effectively to cohtr@ the supra-molecular protein systems is the existefiche
conformational rearrangement in such biocomposites$ long-lived coherences [4, 5]. In our model considien
what are those parameters or processes that fopdinpose this fact takes into account by a use of Davydanisatz
are the most suitable. The theoretical approacipgs®d for the wave function: it is expressed through atonal
here gives an enough complete description witrattteunt parameters which are convenient for the simulation.
of main factors that can to influence on a biolabgxctivity For the theoretical simulation of the intracluster
of the synthetic biopolymers and supra-moleculaitggn vibrational dynamics and extent of electron locaiian
systems coordinated by the trimer nanoclusters JNO® (delocalization) the model Holstein’s Hamiltonia6, [7]
specific properties of the trimer NC as well asaaganic supplemented by the terms responsible for theantems
weak ordered matrix take into account by an appaipr of a NC with an external periodic electric fielddawith a
choice of model parameters. vibrational system of a nondissipative matrix, $ed:
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vibrational subsystem. Here also, it is assumed the
equation of motion for the external mode of mahras the
form characteristic for the harmonic oscillator andhe
action of the driving force, whose role is perfochigy the
vibrational subsystem of trimer NC:

d2
2 +ddQ=pA- 1, @

All frequencies contained in the expressions (14)-are
taken in the units of characteristic frequensy of the
matrix’s mode, i.e. it is taken thaiy = w,. Also, in the

Here,ty, gm @andA, respectively, the tunneling parameterexpression (1), all summands are given in the uiaits

of an electron between the trimer’s centers, thestamt of
the electron-vibrational interaction fanth (m = 1, 2)

Hereatfter, it is used that the processes in theatrdnal
system of the matrix can be considered as a muxhes!

intracluster vibrational modeg, and the detuning energy, than in the NC. It allows to neglect the secondvadive in

which characterizes the nonequivalence of the nmeeliate
trimer’s center. Two other centers are considersd
equivalent with equal values of electron energyelgv
which is taken as the origin of count. The givetnaaluster
vibrational modes are obtained after what a selooél

vibrational modes was transformed into a set obgalized
vibrational modes and the full-symmetric vibratibnmaode

was eliminated from a consideration.

(4), and the resultant expression @rto substitute in (3a).
&lerein also, the constanig are supposed equal, iyg.= y.
As a result, the vibrational degrees of freedomtlod
surrounding matrix are completely eliminated. T feme
the equations for the intracluster modes will beliekly
linked. In addition to that the intracluster modase
implicitly connected due to electron-vibrationalaraction.

The existence of such cross-relations between the

A further reasoning is based on the use of the -timintracluster modes significantly affects on theralter of

dependent wave function, which has been writtenrdas/

a superposition of electron-vibrational states
coherent package form:
3 . P &

@) ="a; (] ex{_hag, 2 (Ba)p, —nm(t)qm)} 0 @
=1 meL

ine t

energy exchange between them.

Note that, such consideration of the vibrationatesn of
matrix corresponds to the simplest approximation —
continuum, i.e. a matrix is considered as a quasi-
homogeneous and is characterized by a single modz.
more general case the model Hamiltonian (1) wititam

Here, (1), Sn(t), 7n(t) are the time-dependent variationale terms, which describe the contributions of toidal

paragneters. They have a physical sense, respgctivehairixv's modes with other frequencies and varigyi.e.
ls(OI” — the electron population grth center (= 1, 2, 3), \yjj| need to perform the summation on the indlex
Pn(t) and z(t) — the quantum-mechanical average values

for the coordinate and impulse amplitudes wo¥fth Il. RESULTSAND DISCUSSION

intracluster vibration. Further, for obtaining difet system
of differential equations relatively the indicatedriational
parameters values the canonical Hamilton’s equsitane
used.

Thus, the system of differential equations obtaired
result has the following form:

d
d_]:l = _a{zﬁ1 - g1(|a'1|2 —|0’3|2) -¥Q.
dn, _ 2 2
T - _wzzlgz - gz(|a1| +|0’3| )~ yzQi ' (3a)
dﬂl — dﬁz —
"
i % =@, + 9,84, +9,5,0, +dE cosQt)a,
i% =t,(a, +a,) +Aa, (3b)
iddatls =t,a, — 9,805 + 9,5,0; —dE,cosQt)a,

The numerical decision according to (3a) and (3) f
many different sets of model parameters were caegple
and some of the most interesting characteristiénreg
leading to the stable electron density distribwion
represented graphically on Fig.1 as the cases)a) tor
the values of electron populations on the NC’s éesnand
on Fig.2 as the same cases a), b), ¢) for the vadfe
vibrational energy of the intracluster modes.

The analysis of the numerical results obtained iwithe
given theoretical model allows to make the condnsi
about the extent of electron localization in thianér's
centers, and about the distribution of vibratioeakergy
between the intracluster modes, and how they defrenu
the internal model parameters. Also, from the oietdidata
follows that such external model parameters, as a
frequency of the external periodic electric fielahda
intensity of the interaction of the NC’s electrarbsystem
with the periodic electric field, are the convernieperating
parameters for switching of the electron density
distribution regimes in the trimer NC (as it follevfrom a

Note that the equations (3a) for the intraclustef@mparison of Fig.la and Fig.1b). Besides, thetelac
vibrational subsystem include the quantities, whicfensity distribution in the trimer NC is considesab
characterize the NC's electron subsystem and mmtrixietérmined by the account of the interaction of its
vibrational modeQ;, and the equations (3b) for the NC'sintracluster modes with the external mode of surdiug

electron subsystem contains the parameters of
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Fig.1. The time dependence of the electron pomniatj(t)]? onj-th center
(G=1,273).

For all cases a), b), ¢) shown on Fig.1 and or2Ftg=
1/5,0; = g, = 1 and the time is expressed in the unifs.
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Fig.2. The time dependence of the vibrational epergt) for m-th
intracluster mode (M = 1, 2,(t)= Y2(Bn(t)*+ 7n(t)?).

So, in our model the external periodic electricldfie
affects not only on the electron dynamics in the NC

The Fig.la and on Fig.2a shows the case without tifexplicit), but also on the intraclucter vibratidomynamics

influence of external factors. In this case theegponding
parameters for the electric field and the surrongdnatrix

are taken equal to zero, i.elE; =0 and y=0. For the

cases b), ¢) on Fig.1 and Fig.2 the electric fpddameters
are dE, =4 and Q=1/88. The other model parameters

through the cross-relation between these modedatiee
electron-vibrational interaction (implicit).

Note also that, a more complete model description
suggests the account of dissipative effects imthgix. So,
as it was indicated in paper [4], in the supra-rooliar
protein systems the influence of dissipative effdot the

for the cases shown on Fig.1 and Fig.2 are: in a) matrix leads to the noise-assistant transport aitation

A=47, B0)=0 70)=4 w,=V2,inb)-
BO=0 10)=4 w,=2, A =55
B0)=0 7(0)=09 7(0)=09 w,=4 y=0235.

It is revealed that depending on the ratio of titernal
and external parameters of the presented modebcaur
or accumulation (localization) of the electron dgnsn
any of the centers of the trimer NC according ® share
of its population, and in this case two other censetively

in ¢) -

exchange an electron (delocalization), or on alle¢h

centers a some certain distribution of electronsdgns

established. At that the vibrational and electrainsystems

of the NC remain during a time evolution in a foofthe
coherent electron-vibrational package distributed the

and at the certain conditions a noise in conjunctigth a
long-lived coherence can to play a constructivee rol
supporting the transport of excitation.

Despite this, the specificity of our model consisthat
the vibrational energy is redistributed between the
intracluster modes and besides there is the emerget
exchange each of them with the external mode ofixpat
therefore even in the presence of dissipative effacthe
matrix they can be compensated due to the influarice
electric field. Besides, the damping can be negtect
according to a common reason, if the kinetic preesdn
the NC are a more fast in comparison with the @tiar
rate in the dissipative matrix. As mentioned, oundel
already uses the assumption that the processhe imatrix
are considered as the slowest. However, if theaenised to

NC's centers according to an extent of the electroiye into account the dissipative effects in thérimghen it

localization on these centers.

An advantage of the offered model is that therethee

different relations between its subsystems not emiylicit

according to the corresponding terms in (1), bwoal imer NC can to

implicit as the cross-relations.

can be done by the various methods, according, 18, [4].
From the data represented on Fig.1 and Fig.2 libvial
as the regimes in the electron and vibrational ystbms of
influence on the bioactivity of
biocomposite system in whole. So, the cases a)barah
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Fig.1 and Fig.2 correspond to the situation whennttutual
influence of the protein matrix and trimer NC issaht
because the interaction between them is equalrto (ze=

0). In our model, it is understood as a situatiofoteethe
coordination of NC on the protein matrix, therefdre
biological activity of the protein matrix does nmtange in
these cases. Once NC is embedded in the matrix

dipole moment. The given model, from this pointvadw
can be interesting to possible a practical apptioadf the
simulation results in the opto- and microelectreniwhen
in the biopolymer matrix (for example, in the forof a
film or a plate) a sufficiently large number of thamilar
trimer NCs is introduced, but herewith their cortcation
tise't so great and hence their coupling could beé

no

situation changes substantially as can be seefigohcFand considered. In this case, if to assume that tmeetriNCs
Fig.2c ¢ # 0). As a rule, the embedded cluster ieing chaotically distributed in a biopolymer matout yet
coordinated through its intermediate center inviwénity to have the definite common orientation, then diifgcon
to the active site of the supra-molecular protgstem. such biopolymer material by the external periodackic
The case c) corresponds to almost the maximum afluefield it is possible significantly to change its lgazing
electron population on the intermediate centerrohdr properties, as a conformation and biological atstivit will

NC. Such changing of the charge distribution in theorrespond to the agreed switchings of the dipmaments
embedded NC will significantly affect on a biologlic in the separate trimer nanoclusters following ® etectron

activity of the protein system. Additionally, inishcase the
account of interaction between the intracluster esodnd
matrix's mode occurs and this promotes to

accumulation of energy in the degrees of freedonthef
protein matrix. Thereby, the probability of confational
rearrangement of the protein system rises sigmifigaand
it can easily make the transition to the new camgmtion.
But in the various conformations the protein systesmally
has the different level of biological activity. this regard,
we note that our model implies the possibility @lization
of an interesting effect — let's call it the effeat the
cascade changes of protein conformation. In genésal
each new protein conformation is necessary to tate
account other values for the parametgrand w,. With
these updated values and w, the regime of electron
density distribution in the NC and the energy regiof the

intracluster modes will vary, respectively, and ythean

become optimal again for
transition in a protein system, and so on. If nsags in
addition to this, it is possible to vary the paréeng of
periodic electric field to facilitate obtaining tffie optimal

regime in the NC capable to induce conformational

changes in the supra-molecular protein system.

IV. CONCLUSIONS

Thus, the offered model is quite acceptable to rilesc
the picture of the biological activity of supra-raoular
protein and synthetic biopolymer systems coorduhdig
the different type of trimer NCs and the methods do
regulation of it. Indeed, the existence of the et
density distribution regimes in the trimer NC cdaeded
through its intermediate center in the vicinity tfe
protein’s active site gives the possibilities tgulkate the
level of biological activity by adjusting the cosmonding
set of model parameters. So, if the parameters |
and frequency) of electric field are changed, timethhe NC
a new charge and vibrational regimes are estalolisinel
theirs cumulative effect on the protein’s activee sis
modified, so that a biological activity is altertab.

Note that a switching of the electron density distiion
regimes in the trimer NC is directly associatedhwiihe

thenany

the next conformational

density dynamics in them.

Thus, the theoretical approach developed here gesvi

opportunities  for the effective

the complex biological nanocomposite systems.
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