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The investigation of concentration effects in the
solutions of luminescent compounds allows us to obtain
the detailed information concerning interactions bet-
ween molecules of dissolved substance., The increasing
concentration of dye and pigment solutions is known to
lead to the concentration depolarization phenomena
(CDF) and the concentration auenching of fluorescence
(CQF). At present the overall of these phenomena is ra-
ther widely investigated both in theoretical and expe=-
rimental aspects. Nevertheless the problem of the mu-
tual relation of the concentration depolarization and
the concentration fluorescence quenching remains yet
unsolved, The improvment of the CDF theory, underta-
ken in last years, as well the using new methods of in-
vestigation, give the real possibility to carry out

the comparison of theory and experiment more strictlv.
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Such comparison permits to determine the mechanism and
the regularities of energetic interaction between mole-
cules definitely and to investigate the reasons of CyF
more protoundly, and ascertain its influence on CDF.

In present paper the results of experimental in-
vestigation of concentration influence on spectral-lu-
minescent characteristics of pigment salutions will be
presented and the analysis of obtained data with use of
calculations according to modern theories of CDF will
be carried out. The second range of questions, investiga-
ted in the paper, is connected with the elucidation of
possible reasons of CQt and the role of intermolecular
interaction in the electronic excitation energy deacti-
vation processes in concentrated solutions and the assgo-
ciates of pigment molacules, From this point of view the
regularities of the association and the mixed association
of different pigments and the energetics of such systems
are investigated as well the investigation of excitation
trapping efficiency either by associates or directly in
mixed aggregated complexes under variation of their com-
position is carried out,

CUNCENTRALIUN DBPULARIZATIUN OF FLUORKSCENCE

The modern theories of CDF [{-5] are mainly based
on the calculations of fluorescence emission probability

P from the initially excited molecules since every ener-
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gy transfer act results practically in full emission depo-
larization as shown by Galanin [6] and therefore the emis-
sion of initially excited molecules brings the cardinal
contribution to polarized fluorescence of solution. The-
se theories are based on the following common assump-
tions: {) the interacting molecules have not the nonge~
nerated excited states and have been excited to their
lowest excited states; 2) the quantum yield of fluores-
cence doesn't depend on molecule concentration; 3) the
distribution of molecules in soclution is chaotic and
isotropic; 4) the rotational depolarization doesn't oc-
cur; 5) the energy migration between molecules is des-
cribed by the Foraster-Galanin inductive resonance theo-
ry [7,8] . Ihe theory of CDF developed by Bodunov [5]
is also based on these common assumptions but, in cont-
rast with the other theoretical models, stated in works
[4~4]) and connected with specific assumptions about the
character of excitation movement in system, In his theo-
ry the most common case is considered with the usage of
the Monte Carlo method of calculation. In the case of
dipole-dipole interaction between molecules in accordan-
ce with the data of work [5] the theoretical valuees of
emission anisotropy within the accuracy up to 2% are
packing up the curve, in the range of 0,1 < ¥ < 10,

described by the function:
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=1[1+ -2"1& ¥ + 0,555 %2+ 0,035 x3]':m
where X:c/co ;" is the anisotropy emission of solu-
tion with concentration c ; No is the anisotropy, when
C =0 ;Cgis the critical concentration corresponding
to the conditions at which the paired transfer proba-
bility is equal to the total probability of all intra-
molecular deactivation proce.s:ses,cg,=(‘%T Rg )..‘In accor-
dance with inductive resonance theory, the value of the
critical transfer distance Ro is calculated with the

formulae [7,8]

¢ _ 9000-2ni0-K"B
Ro = Sgeavmion .“n(") €A,

where ¥ 1is the wa.venumbez',sA is the molar dec:l.mal ex-

tinction coefficient of acceptor;{-‘b is the spectral
distribution of the donor molecule fluorescence (mea-
gured in quanta and normalized to { in wavenumber sca-
le); N is the Avagadro number; M is the refraction
index of solvent; Bo is the donor guantum yield in ab-
gence of transfer; Ke' is the orientation factor (Kz=%
for the isotropic solutions of middle viscosity).

The CDF phenomenon for chlorophyll and its analogs
in solutions of different nature and properties has
been inveastigated by us [9-11]. Por the comparison of
theory and experiment the viscous isotropic pigment so-
lution in castor oil were chosen [9) , which are cor-

reaponding to a best extent common assumption in CDF



CONCENTRATION EFFECTS IN PIGMENT SOLUTIONS 497

theories. In addition the high solubility of chloro-
phyll and its derivatives in this solvent (up to 10'1
m/1l ) permits to carry out the comparison of the
theory and the experiment in the wide range of concen-
tration. It is worthy to note that in contrast with
theoretical consideration supposing the constancy of
fluorescence quantum yield, in experimental conditions,
UQF is observed for all investigated pigments, hesults
of determing R, according to the Forster-Galanin theo~
ry and by fluorescence depolarization with usage of the
method stated in [{2] are listed in Table { , where the
basic spectral-luminescent parameters of pigments are
involved.
As shown in Table |, the changing of production BgX
‘S.FDN) EA(\;)d‘) by order doesn't lead to essential devi-
atlon of Rth values from R ®XP ones. The analogous ac-
cordance was observed for these pigments in the deter-
gent micells [{0] and in the rigid polyvinvlbythiral
films [11] investigated by us earlier. These facts can
serve as the evidence of the inductive-resonance bonds
between pigment molecules in the examined systems,

For the comparison of theoretical calculation of
the CDF curve by the formulae ( { ) with experimental
data Rtheor value calculated by the formulae (2) must

be taken as far as this value is determined by dipole-
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TABLE 1
Spectral-luminescent Characteristics and Tranafer Para-

meters of Chlorophvll and Its Analogs

* Pigment Solvent.|g max] » Cpe Y | th  pexp
pair €a doflor °“%43‘ vel © 2 2

Chl b==Chl b casigr 47000 | 0,45 3,3 43 43
0

Pheo g —

— FPheo @ | castor {50300 ] 0,21 3.2 46 52
oil

4VPChl — castor (32800 | 0,tt 141 34 40

— 4VIChl oil

PChl -= Chl a | castor |32800 | 0,47 2,7 42 -
oil

Chl b==Chl a | castor |47000 | 0,45 5,6 47 -
oil

Chl a=Chl b | castor |77500] 0,35 0,9 40 -
oil

Chl g =Chl a| castor |77500| 0,35 5,5 54 50
oil

Chl a-=Chl a| pyridi-|77200] 0,35 4,5 54 -
ne

Chl a=Chl a| acetone| 83500| 0,34 5,3 55 -

Chl a-=Chl a| ether 9 086| 0,32 5,2 53 -

dipole interaction onlv and is not connected with the
other additional assumptions. Really, it should be no-
ted from Table { , for series of solvents differing
through refractive index and influence on the pigment

elsctronic spectra, theor velues for chlorophvll a

differ unessentiallv. In contrast with this Rgxp va-
lues found for the same pigment differ essentially,

beceuse the determination of RgxP was carried out by
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different methods, which suppose beforehand either mo-
del of transfer in the limits of inductive bond bet-
ween molecules.

Figure | shows the CDF theoretical curve calcu-
lated in work [5] and the experimental points obtai-
ned by us for chlorophylls g and b, pheophvtin and

4-vinyl-protochlorophylls (4VPChl). As it followed
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Comparison of theory and experiment on CUF. Solid cur-

ve is theoretical one (equation (4)); A: ® -chlorophyll

a; 0 =-chlorophyll b. B: ® -pheophytin a; O =-4VPChl;
T & -4VPChltchlorophyll a (4:4). Solvent - castor oil,
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from this figure for all pigments the good agreement
is observed up to values ¥=0,3+0,4, At the great valu-
es of ¥ the experimental points lie higher than the
theoretical curve. For chlorophyll a and 4VPChl at
high concentration range the essential discrepancy of
the theory and the experiment is observed. The compa-
rison of these results with the CyF experimental curve
for investigated pigments, shown in Figure 2, permits

to discover the real relation between CDF and CuF., In-

o O
o (o]
_ofe

o

O
-5 -4 -3 -2 -1 29 C (m/l)
PIG.2
Relative fluorescence yield of pigments in castor oil
as a function of concentration: A: e -chlorophyll a;
o -chlorophyll bs; B: @ =-pheophytin a; O -4VEChl,
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deed, as one can see from Figure 2 the concentration
emission quenching of solutions is yet insignificant

up to concentration of order 10-3'"/1(8/30::0,9-+
0,95). In this case the good agreement of the theory
and the experiment 1s marked for the CDF phenomena,
Subsequent rising of pigment concentration leads to tine
essential quenching of luminescence quantum yield and
correspondingly, to the deviation of experimental resu-
1ts from CDF theoretical curve calculated as has alrea-
dy been noted for the case of constant quantum yield of
molecule emission., The desicive importance shouldnt be
probably attached to the coincidence of theoretical ca-
lculations and experimental data in the case of 4VPChl
up to C=|O'2%} as far as it had been assumed in calcul-
ations of Rgheor so for that pigment the molar decimal
extinction coefficient had been equal to protochloro-
phyll one which is known from literature[{5].

It should be noted that the discovered dependence
of the emission depolarization on the concentration
change of the luminescence quantum yield in the inves-
tigated systems have not full physical interpretation
at present, though the influence of fluorescence quen=-
ching on CDF was investigated in several works U6- 18].
In work [16] the increase of the fluorescence polariza-
tion degree of pigment concentrated solutions is sup-

posed to be conditioned by shortening of the lifetime
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of the molecule excited states., But under the same co-
nditions of the intermolecular dipole-dipole interac-
tions and of the high viscosity of solvent the shorte=-
ning of lifetime due to guenching processes should'nt
change the ratio between the initially excited molecu-
les and the molecule-acceptor of energy. In contrast
with this the rising of fluorescence polarization deg-
ree in comparison with the theoretical curve observed
at ¥ 0,4 signifies that the portion of nonpolarized
luminescence in total emission becomes smaller., Such
selective luminescence quenching of molecules of se-
cond type may be explained as follows: quencher mo-
lecules which quantity increases under concentration
rise affect the whole system of molecules taking part
in energy transfer during the excitation presence in
system. At first, by shortening the lifetime of ini-
tially excited molecules, the quencher results in
decrease of the second-excited molecule portion for
which energy migration takes place, But under this
condition ratio between the initially and the second-
excited molecules retains constant. Then when excita-
tion localizes at second molecule ensemble due to mig-
ration the gunecher affects the second molecules, deac=-
tivating their addition part and therefore, decrea-
sing portion of nonpolarized luminescence in total

emission, The experiments with 4VPChl solutions con-
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taining the equimolecular concentration of the chloro-
phyll a as a quencher are the direct confirmation

of supposed explanation [{9] . 48 one can see from Fi-
gure { , experimental points corresponding to CDF of
4VPChl alone are arranged considerably lower than the
experimental points obtained for 4VPChl and ehlorophyll
mixture at the same conditions. The slowing down of ex-
perimental CoF in comparison with the theoretical cal-
culations observed, in separated solutions of 4VPChl
and chlorophyll a at C > 10'2, may be also explained
by the selective quenching of monomer luminescence due
to migration processes to forming pigment aggregated
forms [13] . Thus, the difference observed between the
theoretical and the experimental results on CDF for
pigment solutions at ¥> 0,4 are stipulated by the in-
fluence of concentration fluorescence quenching only.
CUNCENTRATIUN QUENCHING UF FLUORESCENCE AND INTxRiMO-
LECULAR INTEHACTION

The concentration guenching of fluorescence is
characteristic for chlorophyll a and its derivatives
(Figure 2) as for many dyes but it is not always ex-
plained by the presence of admixture or associates
[9,43,18,20-22] . The fact that the quenching occurs
in solvents of high and low viscosity with egual ef-
ficiency rules out diffusional processes as a result

of quenching. Porter et al. suppose that the mecha-
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nism of concentration quenching in chlorophyll solu-
tions is energy transfer between chlorophvll molecules
by inductive resonance followed by capture at a non-
fluorescent trap,., The latter, in polar solvents, is me-
rely a pair of chloropayll molecules the separation of
which, although a pair of the eguilibrium statistical
distribution, is less than a critical distance Ro’ and
the electronic spectra of these quasi-dimers are not
different from monomer ones [48,22] ., Such interpreta-
tion of results is essentially analogous to Vavilov's
ideas [23] and the mechanism of excitation deactivati-
on at such auenching in guencher molecules remains un-
known as before.

Parallel investigation of CQF and the formation of
pigment triplet states in solution can give an additi-
onal information in this plan. First measurements of
guch sort were undertaken in work [24] in which it was
shown that up to C= +10'2'"h for chlorophyll a in cho-
lesterol the parallelism was observed in the course of
fluorescence quenching and triplet state formation. But
it is impossible to disseminate this conclusion to the
most interesting concentration range 1072 + PiO-“ﬁﬁ.
where average intermolecular distances change from 34&
to0 15 X and the interaction between molecules can es-
sentially influence on the energetics of intramolecu-

lar transitions, Experimental results of measurement
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of fluorescence and triplet state formation relative
quantum yields depending on pigment concentration (ch-
lorophyll a, pheophytin a), which we obtained in wide
concentration range [13,25.26] , are represented in
Figure 3. As is seen from Fig.3 at C > 10'2‘“/1

the B/Bo curve for chlorophyll stretches lower than the
curve of relative changing of triplet state formation
quehtum yield K/Xo. Analogous differences are observed
for Al-Cl phtalocianine in castor oil - dimethylforma-
mide mixture ( 4:4 ) [27] . Neither changes of electro-
nic spectra, showing to molecular association, are dis-
covered for all pigments up to C= 1-10'2%1. Therefore,
the coincidence of B/Bo and X/Xo curves, observed up
to Cm 4-107° testifies the basic channel of excitation

deactivation in this concentration range is the pro-

B/Bo» ¥/¥o
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Concentration dependence of relative quantum yields of
fluorescence and triplet state formation of chlorophyll
a solutions in castor oil.
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cess, caused by internal conversion increasing from sing-
let excited level. Probably, the excitation migration
between molecules increases quenching action of such
centres,

The analysis of possible reasons, resulting in

the difference of B/B0 and § /xocurves at c>1wo‘2

z,
carried out in [25~-27] , permits to conclude that it
can be connected with the increasing of intersystem
crossing probability which for chlorophyll a“at

C= 1 -10"'%& is 5 times greater than analogoue value
in low concentration solution. The changing of intra-
molecular transition probabilities in pigment molecu-
les at high concentrations is probably conditioned by
intermolecular interaction which does'nt ye! result in
the formation of true associates but as a perturbing
factor influences on the charascteristics of intramole-
cular transitions. Thus, data obtained point out again
the formation of specific centres in the concentrated
pigment solutions which have sharplv decreased fluores-
cence guantum yield due to increasing of intersystem
crogsing and internal conversion probabilities. It is
important to note that the intermolecular interaction
does be the principal reason of such center formation.
For 4VPChl and pheophvtin a such interaction results
in formation of true aggregates, presence of which is

readily observed at C > 10~%2 by the changing of absor-
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ption and luminescence spectra [{13,28]. it the same ti-
me these centres for chlorophyll a don't practically
distingquish from monomers by its spectral properties.
At this point of view it is interesting to esti=-
mate excitation deactivation rates in systems with sh-
arplv changed transition probabilities due to the mu-
tual influence of molecules against each other. iwhe-
ther it is probable considerable increasing of inter-
system crossing probability and correspondingly, de=-
creasing of luminescence aquantum yield in associated
pigment complexes? Really, results of the spectral-
luminescent investigation of energetics of chlorophvll
and bacteriochlorophyll in dry petroleum ether showed
that the association of molecules results in decrea-
sing of intersvstem crossing probability (in 3-40 ti-
mes) at invariable radiative deactivation probability
[{29] . The principal channel of singlet excitation ene~
rgv deactivation in such systems are nonradiation tra-
nsitions by internal and intersvstem crossing conver-
sion, It is also observed (for associated pigment co-
mplexes in water-dioxane mixtures) the essential shor-
tening of excited state lifetime and the decreasing of
fluoreacence quantum yield up to values 102 < 40'3.
that is the excitation deactivation probability cor-

responds to 40'0-+10“sec" [30,31].
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But even with such high excitation deactivation
probabilities intermolecular interaction in associates
ot chlorophyll and its derivatives can result in fluo-
rescence quenching. The direct experimental confirma-
tion is the discovering of intracomplex energy trans-
fer in mixed pigment associates from weakfluorescent
or nonfluorescent donors (quantum yield of which is
B4 10”°) and also for systems with weak overlapping
spectra [30] . Estimates obtained with using the spec-
tral-luminescent characteristics of donor-acceptor
pairs (including circular dichroism spectra) showed
that the excitation transfer probability in mixed pig-
ment aggregates account for F:=3,5-4042%1,2-40'3sec"
and upper limit of interaction energy corresponds to
Y 12275 ca~ ! [3t] . In that case as long as the mig-
ration process probability in complex is comparable
with the vibration relaxation probability in complex
organic molecules (W 10'2 210sec™!) in such svs-
tems it is possible to discover phenomena which take
place before or during the process of Boltzmann dis-
tribution of vibrational energy in the excited elec-
tronic states of interacting molecules.

The before-relaxation electronic excitation
energy transfer which was discovered in mixed asso-

ciates containing donor component (protochlorophyll
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or 4VPChl) and increasing acceptor guantity (chloro-
phvll a; Pd-pheophytin a; Cu-pheophytin a) [32,33] is
beleived to such processes., It was shown (in our ex-
periments) that under similar conditions(ratio of do-
nor and acceptor components, resonance conditions;

s; - s: = AES> KT) the quenching of protochlorophyll
luminescence by Cu-pheophvtin a molecules in mixed ag-
gregate excels in order the emission quenching of this
pigment by chlorophyll a and Pd-pheophytin a molecules
(Fig.4). Listed estimates of excitation migration pro-
bability values for complex and available experiment-
al facts permitted to conclude that in systems pro-

tochlorophyll - chlorophyll a and protochlorophyll -

4,
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Changing of protochlorophyll luminescence relative
quantum yield in mixed associates under increasing

of relative concentration of different acceptors

({ -chlorophyll a; 2-Pd-pheophytin a; 3-Cu-pheophytin
a) in water-dioxane (4 :4 ) mixtures,
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-Pd-pheophytin a back before~relaxation energyv transfer
took place. It occurs before or during the process of
establishment of thermal equilibrium among vibration le=-
vels of acceptor excited states. fxcitation migration
from protochlorophyll to Cu-pheophytin a in such condi-
tions is essentially irreversible due to the high exci-
tation deactivation probability in acceptor which is

not lower thanior%'iaccording to our estimations.

It may be considered that aggregstes of complex
molecules are the intermediate link between crystal sta-
te and solutions, so far as there is definite order in
the structure of such systems [3{], and the intermola-
cular‘interaction energy can correapond to the case of
localized exciton. Unfortunatelv, the general and stri-
¢t theory of such interactions in associated systems is
absent and this ias the serious obstacle for full inter-
pretation of the whole complex of experimental facts,

It may be hoped that solution of this problem permits
to consider the regularities of different concentration
effects more definitely and differentiallv, and also to

take into account their mutual influence.
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