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RECULERITIES P INTERMOLZOULAR INTERACTION
AND EsgaCY TRARSZED Il MIxfED ASSOCIAIZS OF
CHLORUEFHYLL AKD I23 AKALOGS

E.l.Zenkeviteh, A.FP.losev, G AJKocnubesyv,
GePeurinoviten, iiinsik, USSH
The nzature of g interzcticon cof cklicropivli mole-
culies and en2rgy TrahSier in ziIgrsiates is 0o pariicu-
ilar interesyv in relation To the organizaticn of tnrese
molecules in paotosynthstic systems, It may be consi-
dered that associates and mixed zssociestes of different

and solutions, so far as tahere is 4
e structure of these complexss, end i
la> interaction energy correspond to the

lized exciton, Our investigation of model sysiems is
arnn attewpt tc study general rezularities of the mixed
z3gsociatior anid estimate tae efficiecy of energy trapp-
ing in mixed aggregaites of different pigments under
varyins the agaregate compositiorn,

Tne procedures Tfor preparation of mixed aggregates
cf chlorophyll znd 1it3 snalogs in water—-diocxane mixz-
tures (4:I) and methods of spectral-luminesceni mea-
aurements were essentially the same zs in our prsvious
papers [ I,2]. Protochlorophyll (PCzl) ané 4-vinyl-pro-
tochlorophyll (4VPChl) of constant concentration Cs

‘h

C. cus =I+I0"° 9&) were used z=zs = donor componert
initial ¢

(in energy transfer) while the relzstive acceptor con-
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centration (chlorophylli "a'" - Chl, Fd-phlecoplkyviin "2 -
PdPh, Cu-pheophytin "a" - CuPa, btacteriocialoropkyll -
BChl) war increased froam 0,001 Cy up to squimoclar one,
he scauence ia the choice of geceptors Chl, PdPh and
uPh corresponds to the probability deterioration of
dzactivation nonradiative processes whieh for Cubh is

~ _L .
noe less then IULB sec . The basic spectral-luminescent
charactericstica zand

=3

-

(D

ﬁ
&

rgetic parameters are listed in
Table I. Ths increasing of relative acceptor concentra-
: P

TABLE {. SPECTRAL-LUMINESCENT PROPETIES OF AGGRE -
SATED FORMS OF PIGMENTS IN MIXTURE OF DIOXANE —WATER

ABSOR.| LUMI QUANTUM MEAN DEGREE OF
PIGMENT Al Amad vELD |rLiFETIME|POLARISATION
nm | nm B T, sec. P, %
PROTOCHLOROPHYLL 637 | 641 | 8,5-10°%] ~2:10"° 34-38
4-VINYL-PROTOCHLOROPHYLL} 639 | 642 | 1,5-10°3] ~9-107%| —
CHLOROPHYLL A" 687 [ 693 531073 ~4-10°% 44 — 12
Pd — PHEOPHYTIN .A" 647 | 650 | 3,0-107%| ~7-107"Y —
Cu— PHEOPHYTIN .A" 660 | — | <1075 | <2-90® —
BACTERIOCHLOROPHYLL | 826 — | < 1075 | <4-107 _—
Cu-PROTOPHEOPHVYTIN 666 | — <1075 | <2-107* —_—

tion in donor matrix resulted in the typical changing
of solution abscrption spectra (Fig.I) and the trans—
formation of circular dichroism (CD) spectra (Fig.2).
It should be noted that in the case of PChl as a donor
the optical agctivity of the donor component is almost
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centratlolia

D
’ 2 PChi + CuPheo
3 {—Ccurneo=0 ™4
4 2~ Ccuphao=2-10"7m
10 3~ Ccuphea=1-10"5my, |

4= C cupbneo =5+ 1078 "
5~ Ceusheo= - 107> ™,

0.5 f' -

FigurelA, Changing of absorpvion spectira of PChi
and CuPh mixed aggregates in warter—=aio—
xane mixture 4:I und®r increasing ol Cubh
concentraslion.
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Fizure 2,Changirg o CU spectra or PChi ana <L
mixed agssociates in warter-=diloxans asx-—
ture 4:1 unaer ilacreasing oI Jnl conc:2n-
TIratliol.

reduced up to zero under increasing acceptor concentra-
tion. In contrast to this the overturn of the sign de-~
pendence of donor bands in CD spectra of 4VEChl has
beern iiscovered under similar conditions. Analysis of
our results eand comparison of the data obtained with
spectral characteristics of different pigment aggrs-—
gated forms in water-dioxane mixtures, investigated
earlier3], permit us todrewthe conclusion that under
increasing the zcceptor (Cal, PdPh,CuPh) concentration
in true mixed complexes the pigment-pigment interaction
leads tc the structure changing of both domor and accep
tor parts of the mixed pigment aggregate.

The direct evidence of mixed association in binar
solutions is the elecironic excitation energy transfer
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which is menifested in the donor luminescence quenching
nnder increasing acceptor concentration and for Chl as
an acceptor - in tne sensitization of its fluorescence
using excliting light of A=460pm (2bsorpiion maximum of
donor). The energy migration in this ease does take
nlace between molecules belonging to one mixed aggregst
so far as under initially used pigmenit concentrations
in solutione 6%10”5 /1) the energy transfer between
different mclecules of different complexes would be im-
possible due to their spatial disconnection., The c¢aleu-
lation of the experimental values of the transfer effi-
ciency im essaqciate determined by the donor lumines-
eence quenching was made using

_? =i=‘ S;_D}:‘“DL 1 — Te

DA

Sy Dp  Ta-—T= (4)
On the other hand in the case of luminescing acceptor

{(Chl)} assuming that the acceptor is excited only due tc
the energy transfer process, it is peossibie to calcu-
late experimental values of the transfer efficiency
from sersitization data o

£ 23MEAS. :Dz(-i"Tpo)__ i ) B . (2)

AD A Do (4—Ta) S3 Ba(Q)

Here, D and T are the corresponding optical densities
and transmittances of solutions; subscript £ refers to
the total absorption (or transmittance); subseripts D
and A refer to the donor and acceptor characteristics
of complexes; index O is connected with optical proper-
tiea of the standard which is the long-wavelength aggre-
gate of pure donor (cinitialsIo-s /1) in the water—di-
oxane mixture (I:4). Values S are corresponding areas
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under luminescence spectra; Bg = quantum yield of donor
lomiancaconse i e aloan - o8 tpanafer. Tha factor
BA{ﬁ} tekes Antu agcount the conceniratiion change of
zccephor luminegcence gnantum yield which foxr Chl had
bsen experimentally measured ia the same conditions.
Pilg.2% compares experimental investigation results
of PChl lumingescence quenching by different acceptors
in mixed essgociates. The data obtained for every pair
of pigments im the complex are practically independent
of excitation wavelengih, Purtheimore the calculatiocn
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Figure 3, Changing or PChl luminescence reistive
Juantum yvield in mixea agsociatas uaday
increaging of relatiye concentration of
iifferens acceptors (I- Chl, 2~ PdPL.
3~ CuPh, 4= BChl). Cpgyy=I0~> ™/laconst.
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uging formulas (I) and (2) for PChl -- Chl system showed
that the i(vransfer efficiencies determimed by PChl lumi-
nescence guenching were practically the same as the mi-
gration efficiencies determined by Chl fluorescence sen
sitization. Therefore, the excitation energy transfer in
mixed pigment associates takes place without losses.
Pig.3 shows that under similar conditions all accep-
tors as excitation traps may be ordered as follows:
3Chl < Chl< PdPh < CuPh. The energy transfer between PChY
and CuPh in such systems becomes appreciable when the
ratio of donor to acceptor molecules is equal to IQ00:
:I.  This fact permits us to conclunde that mixed associ-
ates of pigments are the complicated polimers contain-
ing dozens or perhaps hundreds of monomeric molecules,
It can be seen from Table I that under solution emi-
ssion excitation into PChl abtsorption band () =460nm)
the Tluorescence polarization data of individual PChl
and Chl aggregates are considerably different. But in
mixed associates the high degree of fluorescence po~
_arzzatlion excited under the same conditions and mea-
zurea i3 oota accepior and donor emission bands remains
constvant 4p %o cchlsI-IO-° ®/1 (#ig.4). This regularity
ig also typical for other donor—-acceptor pairs. Conse-
jusn=tly, the formation or mixed associates does not

coaditiona due to the energy transfer from the donor
ccmponent Oof aggregate points to the high degree of mo-
Lecular organisation of donor and acceptor parts in
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fizure 4, Plot of luminescence polarisation degrse
3T pizment mixed 88S0CclLataes 1L VaLSr=iic—
xane mixrure 4:I1 on acceptor concsairaticn

mizxed complexes. Eventually, these data show that ener-
gy migration in such systems occurs fram the lowest
excited electronic state of donor component.

Discussion
LeT us conaider the physical reasons far a differ-
ent quenching ability of investigated acceptors. The
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srocess of transfer and excitation trapping in mixed
agsoclates mav bDe presented as follows: I) the migrati-
sn aiong the donor matrix (the probability .F-); 2) the
transfer from matrix moleculed to acceptor molecules
(the probability F.,). It should be noted that for Chi,
JuPh and BChl the ;nergy difference between firatl

excited electronic levels of donor (PChl) and acceptor
is substantiailiy greater than kT. Therefore, the nsual
hack transfer from the Boltzmann vibrational level of
the acceptor exxited electronic state to the donor is
hardly probable for these systems.

The jow limit of tne transfer probaciiivy Irom PChl
npetrix molecules to the accepior (F,.; mavy be estimated
by Forster-Galanin theory {4,5] taking intoc account
tne distance between maiecules in aggregave o Ic a~
and using donor cnaracteristicse listed in Taois l.
Bancd overlap factors for the donor-acceptor pairs in-
vestigated were taken from (6i. Taking intc account
the high degree of molecuiar orderins in tne comnliex
we took the vaiue of {the orientation factor ecus. o
““z4. Thus. the corresponding value of F. was calcu-
iated @s F,. % 3,5- .10%° s ec™*, The enerzy mlgratlcn TrG—
babllity FI.may be estimated from CD spectra of PIrl
long-waveierzth aggregates,., Near to symmetrical tre
splittihg in CU spectra of these agzregatesf permits
us to estimate the exciton interaction emergy 1irn suc:
systems 7;2275c'm" which correSponds v an nexc:ta-
tion transfer time® in matrix T, = 8-IC gec. From
these d&%a the probability of energy transfer aions
the donor compoaent of complex was foumd tc De Foz=
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=I,2 1013 sec™%, The estimates cited are in & good
agreement with analogous values we obtained directly
from experimental data on investigation the snergy
transfer from dorors with low luminescence efficiencyfd)
Suchh high vaiues cf excitation transfer probabili-
ties permit us %o explain the discovering of energy
migration for systems in which the overiap of donor
luminescence spectra and acceptor absorptiorn is ex—
tremely amall (PChli « BChl). But in contrast to the
ner asgcepntors (Chl, PIEF.. CJuPn: 3zZe elicaency oI
axeitvation trapring 21s tne smallest for syeten Pl -
- BZzl due TO0 bsf ¢oncovtions for the resonance 4Aipciz-
iipole interaction between transitior dipole moments
2f 10n0r 3ang acceptor molecuiss. rFrobably tne latter
TacIor is tns pnveical reasgon of The weak infiuence cof
RChl moi=zcuies on apsorpiicn and CD spectra of PChL in
mi xed aggregaves in comparison wita the other accepto
1v .3 xpmown that morecules of CuPr dc ot possess
measurabie fiuorescence because of the presence zf wr-
~eired 4 —<2iectron in central Cu ion resulting in tns=
;rooabilitv aeveriociatzon of intersystem crossing InsTo
<ae triplet state :7). Therefore.it may be Suppisec
that the greatest guenching action of CuPrn irn compar:-
son with Chl and PdPh is conmnected not only wiitn ernci-
zy transfer ouv with tne perturving actiom of Cu ion
of CuPh molecule on nonradiative transition oprobabilj-
ties in PChl molecules surrounding acceptor mi.ecule
1n miyed accocigre. In order to cneck this assumpticn
“he luminescence guenching of Chl aggregate by Cu-=pro-
<cpneopayvtin {JuPPn) in mixed agzregates was investi-
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Figurs S, Luminescence relavtive quantum yiecld of
dhl as Zanction of CuPPh concaentrationr in
mixed aggregates., &:Chlsm"S 1/3aconst

zated. According tO the energelic positTion O exXcliTel
atate levels CuPPn is the potential energy donocr ror
Ohl. Fiz.5 snhowe tiat appreciable Chl fluorsscencs
suencning by CuPPn molecules is cbserved only under
a2guimelar concentratians of these pagmenss n mixedl
rompisx. When the ratio betweern Chi and CuPPh moleculizs
2cual o I100U:1 no quencziag sffeci as ioune whilis
Tne case of PChi -» Cu¥n psir unaer tae same ratic
component concentrations the PChl luminescence
quenching makxes up 20% (Pig.3).

Table I showa that the excitation deactivation
probability in CuPh molecule is equal to 1013 gec™*
~#hile foxr Chl aad PAPh these values are considerably

Abou
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smaller (IOIO ec~® ang 10lf sec“I, correspondingly, -

In that case 80 far as the energy migration probabi-
lities along donor matrix (FI) and directly to tne
acceptor component {FZ) of mixed agssociate are com-
parable with the vibrational relaxatlon probablllty
in complex organic molecules (WavIO - 10*3 -1
the low trapping efficiency of PChl excltaﬁzon by
Chl and PdPh molecules in comparison with Culn may
be explained by the existence of the back befor-re-
laxation energy transfer from Chl and PdPhk to PChl,
Such back ensergy migration must take piace berfore

or during the process of Boltzmann dissribution of
vibrational energy in acceptor excitea ejecironic
state., The energy transfer from PChl to CuPh is essern
<ially irreversible due to the high excitation deac~
Tivation probability in the acceptor.

Dur use of artificial mixed aggregates of chlioro~
pnyll and its derivatives with varied concentration
of acceptors is the necessary link to account for tne
behavior of photasynthetic systems, in which trapping
a2xcitation energy out of a large arrayv oi pizZmenti mo-

ecules is an essential step in their functione.
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