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Delayed luminescence of biological systems arising from correlated many-soliton states

Larissa Brizhik
Bogolyubov Institute for Theoretical Physics, 03143 Kyiv, Ukraine

Agata Scordind, Antonio Triglia, and Francesco Musumeci
Dipartimento di Metodologie Fisiche e Chimiche per I'lngegneria, UnkéM, Universitadi Catania,
viale A. Doria 6, 1-95125 Catania, Italy
(Received 5 March 2001; published 14 August 2001

The kinetics of the delayed luminescence arising from correlated coherent many-soliton states in low-
dimensional macromolecular systems, is calculated and shown to be different from the one arising from
independent soliton states. The correlation between coherent electron states is essential at relatively high levels
of excitation in the presence of very long macromolecules in a system. These conditions can be fulfilled in such
biological systems, like alga@cetabularia AcetabulumThe cytoskeleton of this unicellular alga contains
macromolecular structuréactin filaments, microtubules, exaf the length of several hundreds angstroms and
more, in which many-soliton coherent states can exist. Indeed, the correlated coherent model is shown to give
better fit of the experimental data for this type of algae in a wide range of intensities of the stimulating light,
as compared with the model of noncorrelated solitons. The nonlinearity of the dependence of delayed lumi-
nescence intensity on the level of excitation increases with the increase of correlation between solitons.
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I. INTRODUCTION The first one[13] considers the luminescence in photo-
synthetic material as the visible sign of a minor imperfection
The phenomenon of the delayed luminesceribd.), in the primary photochemical charge separation, generated

which consists of photoinduced light emission a long timeby charge recombination. The decay can be connected both
(seconds and moyeafter illumination, has been proved to to a biequimolecular reaction and to the existence of a con-
exist not only in solid state systems, but in biological sys-tinuum of kinetic states with decay constants exponentially
tems as wel[1]. It has been actively studied during the last distributed; the latter explanation is consistent with the large
2 decades and a lot of experimental data have been accumgomber of charge carriers and reaction pathways occurring in
lated. Concerning bio-systems, these studies reveal a numbgfiotosynthesi$l].
of characteristic properties of this phenomenon, which are The second one asserts that the coherérmieerent states
sensitive to the chemical, physical, and physiological state 0&nd field$ plays an important role in the functioning of liv-
the system and can give the global information about theng matter(see, e.g.[14]), and, in particular, might be re-
state of the organisif2—12. Because of strong correlation sponsible for the DL spectra of biological systefts]. Ac-
between the properties of the DL emission and the biologicatording to this hypothesis, in fact, the DL in biological
state of systems, DL is regarded as a powerful tool for medisystems originates from a fully coherent field, which is es-
cal investigations, food, and water quality control, etc.sential for the promotion and control of living processes.
Among the common characteristics of DL in bio-systems the  Up to now neither of the two hypotheses has been able to
most essential are the followirig1]: explain the main characteristic of DL. Both models, in fact,
(@) DL kinetics in a wide time interval satisfies the phe- predict the hyperbolic law Eq(1) with « equal to 1 or 2,
nomenological Becquerel law, given by the hyperbolic timewhile according to experimental data, the valuengfiwhich

dependence: fits the data, varies for various systems and conditions in a
large interval(from 1 to 5. Besides this, they are not con-
I(t)=(a+bt)™?, (1) cerned with the other two propertiéls) and(c) of DL.
Recent results of experimentally observed correlation be-
which becomes linear in a |og-|og Sca|e; tween the DL and Chloroplast organizati{)lﬁ] and analo-

(b) The various components of the emission spectrurrgieS in certain features of DL spectra from biological and
have the same time trends, i.e., the same value of the hypeyome solid-state systerfit7] indicate that this phenomenon
bolic parametew in Eq. (1); in biological systems can be connected with the collective

(c) The initial intensity of DL,I(t=0), depends on the electron states. On the other hand, in view of the long dura-
intensity of the stimulating light in a nonlinear way. tion of DL and high physiological temperatures of bio-

There are two basic hypotheses about the Origin of desyStemS, it can hal‘dly be connected with delocalized States,
layed luminescence. such as conventional band electrons or excitons. Based on

this, another model to explain the main properties of the DL

of simple biological systems has been suggesteld &). It
*Email address: brizhik@bitp.kiev.ua takes into account that during the charge and energy transfer
"Email address: demone@dmifci.unict.it processes the nonlinear coherent self-trapped electron states
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are formed in low-dimensional macromolecular structures. Irmigrates to a specific protein complexeaction center
particular, the model assumes that the DL is connected witlwhere it initiates electron transfer chemistry. Rapid charge
the formation and dissociation of localized exciton and elecseparation(~5 ps occurs and a radical pair sta” is

tron states(solitons and electrosolitonswvhich are much formed (lifetime ~10 n9. Effective charge separation is in-
more stable than the corresponding delocalized states, arffieased by the secondary and tertiary chemical reactions
can be created by the preillumination of the sample. Thigelectron transport chainin PSI and PSII which work in
model has been shown to be consistent with the main fez3€ries of the overall scheme

tures of .the DL in bio-systems. It also givgs a qualitative H0—Z PssdQaQsl PQyoo— PC P700X— NADP*
explanation and reasonably good quantitative fit of the ex-

perimental results for the unicellular algecetabularia ac- HereZ is the electron donor of the PSII reaction cent@y,
etabulum (A.3.[18]. In the meantime, as it has been indi- andQg are the primary and secondary quinone acceptors of
cated in[18], despite the goog? value achieved in a short PSII, respectivelyX is the primary electron acceptor of PSI,
time interval, at longer times the precision of the fit de-the pool of plastoquinone molecules PQ and the plastocyanin
creases and the deviation of the theoretical and experimentBC represent the first and the last component, respectively, of
time trends of the DL fronA.a increases. This can be due to the charge transfer system that connects the two photosys-
neglecting correlation between solitons in the model. As it€Ms, NADF' is the oxidized form of nicotinamide adenine
will be shown below, the account of soliton correlation re-dinucleotide phosphate. The pigmeriggo and P7oo are
sults in more linear time trends of DL intensities in a log-log SPecial chlorophylle molecules, which act as primary elec-
scale at relatively high levels of excitation and kinetics ratesO" donors .Of photosynthetic reaction centers of PSIl and
This gives higher precision of the theoretical fit of experi- PSI, respectively. The complexes PgX andZPesQaQs

. . are PSI| and PSIl reaction centers, respectively. Besides
mental data foA.a. as compared with our previous model. the group of the reaction center, PSII includes the light

harvesting complex and the complex that releases molecular
Il. THE MODEL oxygen.

As it was mentioned in Sec. I, the long duration of DL and A. Self-trapped electron states in macromolecules
its main properties in bio-systems indicate this phenomenon As it was mentioned above, the PS I photosystem partici-
can be connected with coherent electron states in macromagpates in the transport of electrons, and includes transmem-
ecules. In a biological cell there is a large variety of low- brane polypeptide chains with molecular mass greater than
dimensional macromolecules as, for instance, alpha-helic00 kD.
polypeptide proteins, actin filaments, etc., whose structure is Just in these macromolecules, as well as in micrototubules
represented by the arrays of parallel quasi-one-dimensionaind actin filaments in alpha-conformation, extra electrons
(quasi-1D polypeptide chains formed by the periodically can form electrosolitonf20,21]. When in the electron trans-
placed peptide groups. The chains are characterized by tf@r chain an extra electron is transferred from a donor mol-
strong exchange and/or resonance interaction between ti§§ule to one of the subunits of the macromolecule, it affects
neighboring molecules, while the interaction between théhe nearest surrounding due to the exchange interaction with
chains is much weaker. From the point of view of electronicthe nearest neighbors and electron-phonon interaction with
structure, these macromolecules are semiconductor-likBydrogen bonds along a chain. This results in the creation of
quasi-1D systems with the filled valence band and empt)} e local dlstortlon of the chain which, in its turn, plays the
conduction band, separated by the gap of finite widsy. role of the po.tent|al well fpr the electron itself and leads to

These characiesic properies of bological macromol 1 se-Isppngautlocazatonof an elecon, The 0y,
ecules favor the existence of coherent collective electron angl, =" yo< Cibed by the system of nonlinear coupled equa-
exciton states, in gengral, and solitons in particular. The C.Onﬂons, which in the traveling wave approximation in the con-
cept of molecular solitons or 1D polaron-type states, whichyj, ym |imit can be reduced to the nonlinear Satinger
participate in charge and_ energy transport during the mEtaéquation[Zl]
bolic processes, was first suggested by Davydov and

Kislukha[20]. It has been useful to explain numerous phe- A

nomena in biological systeni21,22 and some experimental 'ﬁW+J—2+2JG|‘I’|2‘I’:Eo‘1’, 2
evidence for soliton existence in biological systems has been X

found [23]. with the nonlinearity parametes, determined in the general

Here we consider the charge transfer processes in sysase by the dimensionless electron-phonon coupling constant
tems, which produce photosynthesis. Photosynthesis takeg
place in chloroplasts, which include so called photosystem |

(PS), that produces nicotinamide adrenine dinucleotide — Y _ o’ 2_V2
phosphatédNADPH) and has 730 nm maximum in the fluo- 9= (1-2) 9755w S RV )
rescence spectrum, and photosysteniP8ll) that partici- &

pates in the transport of electrons and produces moleculand the spectral parametgg,

oxygen and has 680 nm maximu(see, e.g.[1,24]). The . )

initial step of photosynthesis is the photon absorption by a Eo=JJ (ﬂ) —2G|W[*|dx. ()
pigment system. The captured energy of the photon rapidly o[\ dX
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HereW¥ (x,t) is the amplitude of the electron probability dis- If the number of extra electrons in a chain is essentially

tribution, J is the exchange interaction with the nearestbigger than one, the theoretical model predicts the existence

neighbors,o is the constant of electron-phonon interaction,of coherent many-electron stat®7,2g. At small values of

w is the elasticity coefficient of the chaim=MV?2/a?, V,.  electron concentration such a state is described byZgn

is the sound velocity in the chailN| is the mass of a unit cell which G=2g, and the wave function satisfies the periodic

anda is the equilibrium distance between periodically placedconditionW (x+1,t) =¥ (x,t). It accounts for the fact that in

monomers in the chain of the lengtha. the average per each peribdthere are two electrons with
The self-consistent deformation of a chaptx,t), caused opposite spins which, in the limit of a very large period, can

by the electron-phonon coupling, is proportional to the elecbe approximated by the bisoliton function EGO) [26,27.

tron probability The period of functiort and concentration of bisolitonsare

connected by a relatioh=1/6. A periodical solution of Eq.

X 2 (2) is given by a cnoidal wave, the envelope of which is
p(x.t)= W'W(X'm ’ 5) described by a periodic Jacoby function
and has the ener x—Vt/a
W V(X t)= ﬁE‘%k)dn(u,k
2 2 E(k)
MVaC L 2
W=—23 fo prdx ® X expli(gx—Dr(1)]. (12

Therefore, the total energy of the excitation, which satisfied!€r€E(K) is a complete elliptic integral of the second kind,

Eq. (2) and is bound with the deformation field, also includestn® modulus of whiclk is determined by the space period of
the energy of deformation the function, and, hence, by bisoliton concentratnal/l,

according to the following relation:
E=Ey+W. 7)
gl=2E(k)K(k), (13
In particular, in the case of one extra electron the nonlinear-
ity parameter equals the electron-phonon coupling constan¥ith K(k) being a complete elliptic integral of the first kind.

G=g. An exact analytical solution of Eq2) is given by the ~ The energy of the cnoidal wave per period, i.e., the energy
function per bisoliton in a coherent superlattice, reads as

exdi(gx—Pg(t))]
coshg(x—Vt/a)/2]’

FAAE
® e0=23 || 2] “2aviffax s

1
Vi(x.0=3g .

which describes the self-trapped state called the solitorsubstituting the explicit expression of the wave function Eq.

which moves together with the local distortion with a certain(12) into Eq. (14) and carrying out the integration, we find

velocity V<V, to the opposite end of the macromolecule. that the energy Eq.7) of such cnoidal wave is function of

Here and in what follows function®;(t) are the phases of the concentration of bisolitons

corresponding solutions, ampis the wave number, which is

connected with the velocity by the relatiop=%V/(2Ja). Er(0)=—2Jg5E(k)(2—k?) + K (k) (1—k?)JE3(k).
Substituting Eq(8) into Egs.(4) and (7), we determine (15

that the total energy of a soliton state is lower than the en- ) ) _ _

ergy of the lowest delocalized state, which coincides with thel "€ analysis of expressiofi3) shows that the inequality

energy of the conduction band bottom, by the vaiyé9,10]  takes place at>Ilq=m?/2go. This means, there is some
critical value of bisoliton concentration

1
Es(0)=— Jg5. ©) 2
12 ) (16
In the case when there are two extra electrons with opposite m
spins, they form a singlet bisoIitc{r25,2_@, WhiC'h Qescribes above which, ats>é8,,, the cnoidal wave does not exist
a boupd state of two eIectrons Iogahzed Wlthln'the SaM&ecause of the too strong repulsion between the electrons. It
potential well .crea'Fed by the d|sFort|on of a chain. In this 5,56 follows from Eq(15) that the energy gap that separates
case the nonlinearity parameter in Eg) reads asG=29.  he |ocalized electron level from the delocalized states in the

The bisoliton wave function is conduction band vanishes whértends tos,, .
gexpi(gx—Pudt))] - :
P x,t)= \/; cosligix—Via)] (10 B. Kinetics of the delayed luminescence

We assume the following general scheme of the process
According to Egs(4)—(7), the energy of a bisoliton at rest is of delayed luminescence. Electrons released in the ionized
o centers of luminescendghe charge separation complexes
Epd0)=—35J30p5. (1) with a certain probability are self trapped in the macromol-
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Condiuction band ((jj_lt} = — Pyis?? + PiocN(vo— V). (21
P P Here vy is the number of available localized states, deter-
foc diss ) . . . -
v E. mined by the maximum available concentration(bi)soli-
tons in a macromoleculezg=246.,, where é,, is given by
p Eq. (16); pgissis the rate ofbi)solitons dissociatioh29—31],
rog Prec IS the rate of electron-hole recombination at the reaction
center, andp,. is the rate of electron localization which is
n E, determined by the energy of localization in the correspond-
ing state

ploc:T- (22
FIG. 1. The energy level scheme of the DL in the presence of

the self-trapped states. Hekg is the energy level of the reaction A|| rates are calculated per unit time.
center, ande; is the level of a self-trapped statejs the number of In the case when solitons are noncorrelatatvery small
ionized reaction centerd) is the number of free electrons in the concentrations, in not long enough macromolecules),etc.
conduction band, and is the number of electrons in localized electrons localize in the independeihi)soliton states, and
(bi)soliton statespy;ss is the rate of(bi)soliton dissociationp,e is the probability of electron localization, according to E(}B
the _rate of electron-hole recorr_]bin'ation at the reaction center, an r (11), does not depend on soliton éoncentrat(dlis cor-
Pioc iS the rate of electron localization. responds to the model suggested[i8]). In the opposite

case of strongly correlated coherent electrons the dependence

ecules. The luminescence arises from the decay of these | - -
calized states into the conductive electron band with the fol-?)T the energy of the localized level on the concentration of

; T L . ~electrons is essential. In this latter case, which is the aim of
lowing fast transition into the recombination centers, I-€the present study, the energy of electron localization is
ionized centers of luminescence. A comparison of the experi- ’
mentally measured fluorescence and DL emission spectra E. =1E..(0)—E.(0)]=L1J02F(k 23
[16] reveals no energy shift, therefore, we neglect the prob- o= 2[ Eqef 0) = Ecn(0)]= 33GoF (K, 23
ability of the dlrect trans_mons of electrons from the self-\ynere E4(0) is the electron energy in a delocalized state,
trapped states into reaction centers. The spatial argumengs (0) is determined in Eq(15)
support this model as well: a soliton is localized within a few " ’

lattice sites in a macromolecule and can transit to the distant 2 2pe2 2

reaction center via the conducting band by back reaction. F(k)= (1+kDERIK () +kiK(k) ~ 3E (k), (24)
The energy level diagram of this process is shown in Fig. 1. E3(k)K (k)

According to the above, the electron-hole recombination pro-

cesses determine the intensity of DL andk? is additional elliptic modulusk?=1—k?. At the con-

centrations of bisolitons lower than the critical value Eq.
(16), the relatiork§<1 is fulfilled. In this case the complete
elliptic integrals take the asymptotic valugg?]

B dn

wheren, the number of the ionized reaction centers, is con-

nected with the number of free electrons in the conduction

bandN and the number of electrons in localizéul)soliton

statesv by the relation and from Eq.(13) we get the explicit relation between the
additional modulus and bisoliton concentration:

4
E(k)~1, K(k)%logk—l, k<1, (25)

n=N+v. (18

o _ _ k?~16 ex;{ - @) . (26)
In a biological systenfcells, organisms, etcthere is a large 6

number of macromolecules, therefore the mean-field descrip- o )

tion is applicable and the following system of equations is/n the same limitk7<1 we find from Eqs(24)—(25)

valid:

F~[ 14K Kelog -~ —> | ~[1-2
dn (k)=~ 1—K7109 Ky 2|~ 5]’
a =—PpreNN, (19) Iog k_l
(27)
dN hered,=g,/6. Therefore, the probability of electron local-
a = Pdiss¥ — pre(.Nn_ plocN(VO_ V), (20) w 0~ Yo ' P y

ization takes the value
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v
Pioc= pO( 1- V_) ) (28)
0
where
o7
pozg, V:26, VO:250. (29)

The rate of(bi)soliton dissociationpgssis much smaller than
the decay rate of band electrof®9]. Hence, the relatiolN

<v is fulfilled, which corresponds to the quasistationary re-

gime,

dN dv
_<_

at Sdr (30)

From Egs.(19)—(21) and(28) in the approximation Eq.30)
we get

N(t)~ PaissV (1)

(31)

Pred (1) + Po(vo— v(t))[ 1— %)
0

This together with the relation Eq1l7) determines the time
dependence of the number of ionized reaction centers

dn <
d_ - deSJ] . ’ (32)
t yro+n(1—2vy)+ynlv,
where the notation is introduced
Po
=—, 33
7 Prec 33

Integrating Eq.(32) with the initial conditionn(t=0)=n,,
the following relation can be obtained:

1 1 0%
ﬁ_—> _v_o(n_nO)'

No
Paisd = (1— y)log RMRAL no
(34

Equations(17), (32)—(34) determine the intensity and kinet-

PH'SICAL REVIEW E 64 031902

FIG. 2. Theoretical dependence of the initial value of the DL on
the level of excitatiorx, and the kinetics rates within the corre-
lated model, as given by Eq&6)—(37).

Y
7)==y (39
vy(1
T=(y— 1)|09(y)+x—0 y—l) (39

that formally coincide with the equations, obtained[88]

for crystallophosphors, and which are valid in a more general
case for systems possessing the band structure with the col-
lectivised electron/exciton states.

Analysis of Eqs.(36) and (37) shows that the kinetics of
the DL, as in our previous mod¢l8], depends on the two
basic parametergi) on the kinetics ratey, determined by
Eq. (33) as the ratio of the characteristic rates of the local-
ization and recombination processes, &indon the level of
excitation,xo=ng/ vy.

According to Egs.(36) and (37), the initial intensityl
=1(7=0) in the general case is a nonlinear function of the
level of excitationxg:

% (40
o= o
Xo+ Y(1—Xg)?

ics of the delayed luminescence. Itis convenient to introducghich becomes linear in the limit of zero values afonly.

the dimensionless variables

_Ng (7)= I(t) ,

Vo Pdisso

n
7= Pgisd, Y= n’ (39

in which the system of equations for the intensity of DL

takes the suitable for numerical study form of:

Xoy?
I(7)= >
XY + (1 —=XqY)

(36)

1
7= (2y-Dlog(y)+ - ——1)—yx0<y—1>. 37)
o\Y

Recall the DL within the noncorrelated model8] is de-
scribed by the system of equations

The dependence of the initial intensity on the level of exci-
tation xq for various kinetics ratey<<1 is shown in Fig. 2.
Indeed, the experimental study of the DL of the biological
systems reveals the nonlinear dependendg oh the inten-

sity of the stimulating ligh{11]. For a comparison, this de-
pendence within the noncorrelated model E&8) and(39)

is shown in Fig. 3. At small values of the kinetics rates

<1 (not shown in the figurgsboth models predict similar
behavior ofl4(Xg). Increasing the value of, the deviation
between the two models increases and is significant even at
vy<1. The bigger the value of, the bigger the difference
between the correlated and noncorrelated models. This de-
pendence within the former model a&1 is given by a
nonlinear curve with the saturation, while it can be approxi-
mated by a linear dependence in a wide interval efxQ
<X<1 within the latter modelcompare Figs. 2 and)3
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TABLE |. Range of variability of the excitation leve{, at the
different intensities of the stimulating ligh;.

lst Xo
100% 0.76-0.85
70% 0.66-0.77
50% 0.59-0.69
20% 0.35-0.45
10% 0.22-0.29

which seems to be a system admitting the existence of cor-

related self-trapped electron states. In particulaA.mthere

are very long macromolecules, like actin filaments and mi-
FIG. 3. Theoretical dependence of the initial value of the DL oncrotubules, which form the cytoskeleton of c¢lBl—36 and

the level of excitatior, and the kinetics rate, within the noncor-  are responsible for the motility of organelles and the stream-

related model, as given by Eq88) and (39). ing of cytoplasma in the whole. These microfilaments have

. , largely variable length from 10-20 to a few hundreds of

The difference between the two models is also revealed by gubunits; they have a double-chain helical struciai@, and

g?nnéﬁﬁ{;?/gé(fstg: Sg?g\;rends of the intensity of DL in Iargein the presence of the fimbrin protein they are bundled to-

It is worth noting that while for most of the conventional gether into parallel arrays. These macromolecules are good

solid-state systems the excitation level practically alway<andidates for a system in which a large number of corre-
reaches saturation, i.exo=1, the stimulating light used in lated ele_ctrosolltons can be e>_<C|tqu under certain conditions.
our study of biological systems is of low intensity, therefore, ~EXxperiments consisted of illuminating the sample, con-
in th|s |atter case the most probab'e is the regmgl_ For S|St|ng of anA.a. Ce” placed na plaStIC Petri d|Sh f|"ed W|th
the sake of clarity the dependence of the DL decay accordingttificial sea water, with a short light pulgiess than 3 msof

to Egs.(36) and (37) on the excitation levek, is shown in  selected wavelength and measuring the time dependence of
Fig. 4. the number of photons emitted. In the results reported below

As in our previous mode]18], different components of we used stimulating light of 450 nm at the maximum inten-
the emission spectrum correspond to electron transitionsity |y.=2.4X 10 photons/crVs. The illumination was
from different energy levels of electrons in the conductionobtained filtering a flash lam@Metz 45CLJ with a broad-
band. Hence, in the first approximation every componenband filter (40 nm full width half maixmum, Andover
should obey Eqg36) and(37) with the same value of, and ~ 110FA40Q. Starting from this maximum value of illumination
therefore, the time trends of various components of the emisntensity, reduced intensitids, of the stimulating light were
sion SpeCtl’um Sh0u|d_ be identical. Indeed SU(_)h behaVior hqﬁ)tained by using metallic neutral density fi|tékndover
been observed experimentally [ih6] for the emission spec- g FN46. In particular, we used as stimulating lighg the
tra of A.a. samples. values 100%, 70%, 50%, 20%, 10% of the maximum inten-
sity | max- The experimental setup, materials, and method are
described elsewheffd0,12,14.

We have applied our theoretical model to explain some of To apply the model to experimental data, it is necessary to
the experimental data on the DL of unicellular aldaa, estimate the numerical value ¢f Using the parameter val-
ues for polypeptide§22] we get from Eq.(29) that pg
~10" s~ 1. The characteristic rate of charge recombination
Prec Varies in the interval from to 10"t s [1]. Substi-
tuting these values in the definition E¢33), we get y
=1-100.

According to our experimental data, the total number of
photons emitted depends on the intensity of the impinging
photons in a nonmonotonous wg38], reaching some satu-
ration value. In the current experiments with algae the maxi-
mum intensity of the stimulating light 100%, i.¢ 4= yax.
was lower than the saturation value shown in Fig.38],
which corresponds to the excitation lewgj=1. So, using
the data of Fig. 4, Ref.38] and starting with some value of
the impinging photons corresponding to saturation, the val-

FIG. 4. Theoretical dependence of the DL decay on the excitatles of the excitation levet, for the intensities used have
tion level x, according to Eqs(36)—(37). Curves are calculated at been estimated. Next, from the relation between the values of
the kinetic ratey=10, and different values foxy: xo=1 (solid |4 andx, for any two intensities of impinging light the esti-
line), xo=0.7 (dashed ling andx,= 0.4 (dotted ling, respectively. ~mate ofy has been obtained, using relati88). In order to

I1Il. COMPARISON WITH EXPERIMENTAL DATA

1:

=
-

0.01

I (dimensionless)

0.01 0.1 1 10 100

7 (dimensionless)
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FIG. 5. Time trends of the intensities of DL from.a. at different intensities of the stimulating lighg;. Symbols show normalized
experimental data, solid and dashed lines correspond to theoretical fit within the coherent correlated and noncorrelated models, respectively,
at y=10, for the following values of;; andXy: (@) | =1 max,» Xo=0.85; (D) 15=0.701 nax, Xo=0.71; () 1=0.501 125, Xo=0.62;(d) I
=0.201 max» Xo=0.35;(e) 13=0.101 2, Xo=0.22. In the figures where the error bars are not reported, the errors are as large as the size of

the marker.

take into account all causes of error we considered an uncethe whole time interval of measurements is obtainedy at
tainty of 20% on the starting point of the evaluation proce-=10, with pge<=5.2 s 1. These results are represented in
dure. From this analysis determined that the maximum intenFig. 5: symbols show the experimental data normalized to
sity of the stimulating light,l =12 coOrresponds toKy  the highest value of the initial intensity, and solid and dashed
values in the interval 0.%x,=<0.85 and correspondingly  lines correspond to the fit within the correlated and noncor-
should vary in the interval € y<12. Table | reports the related[18] theoretical models, respectively.

range of variability of thexy values at the reduced intensities

used in the experiment.
. L . IV. CONCLUSION
Our calculations for the DL kinetics foh.a at a stimu-
lating light of 450 nm show that a reasonably best(/f&- Both mechanisms of the DL, suggested 18] and in the

ducedy? values ranging from 1.6 to 3.8&f the experimental present paper, are based on the assumption that the photoin-
data at the five different intensities of the impinging light in duced light emission of biological systems is connected with

031902-7



BRIZHIK, SCORDINO, TRIGLIA, AND MUSUMECI PHYSICAL REVIEW E64 031902

the self-trapped electron states that provide the charge and The above analysis shows that the nonlinear coherent
energy transfer processes. In particular, in green plants suchodel of the DL provides a qualitative and quantitative ex-
an emission is connected with the processes occurring iplanation of the main characteristic features of the DL spec-
chloroplasts, and is related to the presence of self-trappetia from A.a. These include the kinetics of time decay, the
soliton levels in macromolecules forming the photosystermonlinear dependence on the intensity of the stimulating
and the cytoskeleton of a cell. Accordingly, a correlation bedight, and the same time trend for all the emission spectral
tween the DL and chloroplast organization has been expereomponents. In addition, the correlated model gives higher
mentally observed ir\.a. [16]. The preliminary results of the precision of the theoretical fit of experimental data4oa.in
application of our model to the DL from bio-systems that dothe wide interval of intensities of the stimulating light and in
not possess photosystems, in particular, from yeast, alsine whole time interval of experimental measurements, as
show satisfactorily good agreemerthis work is in  compared with the noncorrelated model. The correlation be-
progress tween the DL and the state of the organism is easily ex-
Worth noting, the two mechanisms of the DL, discussedplained within this model. The change of the physiological
here, can complement each other. Realization of one or arconditions affects the processes of charge transfer in the
other depends on the biological system and the corresponévhole, and electrosoliton transfer in particular, which is re-
ing conditions. Both mechanisms assume the DL is conflected in the change of the parameterand hence, in the
nected with the presence of self-trapped electron states ichange of the time trend of DL. When the changes in the
macromolecules, where one model accounts for the noncoorganism are reversible, the changes of the DL spectra are
related soliton states, and the present one accounts for tmeversible andiice versaat the irreversible change the spec-
correlated ones. One of the reasons of the correlated behatrum is not recoverefil0,12.
ior, like in unicellular algaA.a, and less important or negli-

gibly small in other systems with shorter macromolecgles. ACKNOWLEDGMENT
Another reason can be due to the state of the metabolic ac-
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