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TpaHCNOPT 3MEeKTPOHa - OAMH M3 KJ/I4YEeBbIX MpoueccoB (OTOCMHTE3A, MHULUMPYIOLLUIA
uernb MHOroCTaguMMHbIX XUMUYECKUX peakunid, KaTaim3mpyemblX COSIHEYHbIM CBETOM W
NPUBOASAWMX K BblAESEHUIO KMCNOpoAa NpW MNOrMOWeHNN YraeKUcioro rasa v Boabl. MNMurMeHT-
6enKoBble KOMMJIEKCbl BbICWUMX pacTeEHUA W NypnypHbiX 6akTepwuii, B KOTOPbIX MNpPOUCXOAUT
npoueccbl NepeHoca 3Heprum 1 pasfeneHns 3aps4oB, Ha3biBalOTCA peakUMOHHbIMU LIeHTpaMu
(PL). MeToabl PpEHTrEeHOCTPYKTYPHOrO aHasjiM3a BbISBUIN MNPAKTUYECKYH WAEHTUYHOCTb B
cTpoeHun PL| BbiCWUMX pacTeHui, umaHobakTepuit n nypnypHbiX 6aktepun [1]: wecTb Monekyn
NMUIrMEHTOB, MMEKLNX pasHble XMMuMyeckne MmoanmduKauum B 3aBMCMMOCTM OT TuNa >XMBOIO
OpraHmsaMa, CrpynnumpoBaHbl B ABEe CUMMETpUYHble BeTBU. B ocHoBaHum PL, HaxoaaTca naBe
611M3KOpPaCNoNOXKEHHbIE naockonapasnienbHble MOJ1eKy /bl xnopodunna (Xn) nnm
bakTepuoxnopodunna (bXn), obpasyowme cneumanbHyto napy (CM), ganee gse MoAeKysbl Tak
Ha3blBaeMbIXx AononHutenbHblx Xn (BXn) wn pBe Monekynbl deodetnHa (dPeo) unm
baktepuodeodetrnHa (bdPeo). B ObakTepuanbHoM dOTOCHMHTE3E nNepexod B BO36yxXAEHHOe
coctosiHue CI MHULMMPYET SNEKTPOHHYO TPAHCAOPTHYIO Lenb. ToNbKo ogHa n3 AByx BeTBen PL|
ABNSETCA aKTUBHOM B MNpoLecce MnepeHoca 3/eKTPOHA, KOTOPbIM MNPOUCXOAUT B Tpu 3Tana.
Kaxabin aTan xapakTepmlyeTcs obpasoBaHMeM paauKasbHOW MNapbl C onpeaesiéHHbIM BPpEMEHEM
XW3HM. Ha nepsBoM 3Tane o6pasyertca coctosHue (CM)*(Bxn)” 3a 3 nc, Ha BTOpPOM 3Tane
coctosiHne (CM)*(B®eo)” 3a 0.5-1 nc u HakoHel, B TedeHne 200 nC 3/1EKTPOH MUTPUPYET Ha
MONeKyny XuHoHa, o6pasysa coctosHue (CMN)*(XuHoH) . MUKOoCeKyHAHbIA ANAaNa3oH 3M1eKTPOHHOro
TpaHCnopTa JAenaer npuUMEHeHMe METOAOB HeNMUHEWHOW (eMTOCEeKYHAHON CMeKTPOCKONmn
Haunbonee 3>ddEKTUBHBIMM CNOCOBOM UCCNeaoBaHMA  NpUPOAbl  MEPBUYHbLIX  MPOLIECCOB
doTocmnHTE3A.

HecmoTps Ha CXoACTBO B CTPOEHMM U MNPOCTPAHCTBEHHOM pPaCMONIOXEHUN TMUIMEHTOB,
onTuyeckme cBonctea PLl, BblAeneHHbIX W3 BbICWMX pacTeHUit wn b6akTepun uUMelT
npuHUMnmManbHble pasnuunsa. Cnektp nornoweHmnsa PLL nypnypHbiXx 6akTepuin MeeT Tpu NOSOChl B
obnactn 700-900 nm, Torga kak y PL dotocuctembl II B gaHHOM AuanasoHe TONbKO ofHa
nonoca. Takas CylwecTBeHHas pasHuMua@ B JIMHEMHbIX OMNTUYEeCKMX CBOWMCTBAX CBs3aHa C
pasfiMYneM B 3SHEpPrusax CUHIAET-CUHINETHbIX BO36YXAEHHbIX COCTOSHUMM xnopodunna w
b6akTepmoxnopodunna, a Takxke 3Hepruem B3auMOZENCTBUMS Mexay ™Monekynamu B PL.
deMTOCEKYHAHAs CNEeKTPOCKOMMSA C BpPeMeHHbIM pa3pelleHneM (HanpuMep, 3KCMepuUMeHTbI
«HaKa4YKN-30HAMPOBAHUS») MO3BONSET WCCNEeAOBaTb 3SKCUTOHHYK AWHAMUKY COCTOSIHUA C
pasgenéHHbiMX 3apsaaMm M HeNnoCcpeaCTBEHHO HabnaaTb 3NEKTPOHHbLIA TpaHcnopT B PL. Kak un
0bbluHble cnekTpbl nornoweHna 6HakTepuanbHbIX U pacTuTenbHbiX PL, AnHamMunyeckue
xapakrtepuctmkn PLL BO BpeMeHHOM JauanasoHe 1011-101® cek MMelT CBOM OCOBEHHOCTH,
oTpaxawwue du3nKy npouecca nepeHoca 3MeKTpoHa. Hanuume MoaynsauMin KUHETUK B
3KCMNepuMeHTax <«Hakayka-3OHAMpPOBaHME» Ha rura- W TeparepuoBblX 4acToTax saBAsSeTCS
NCKNtoUnTEeNnbHOM ocobeHHocTblo bakTepmanbHbix PL. [2, 3]. MNpupoaa AaHHOro SIBNEHUS A0 CUX
nop obcyxaaeTcsa, OAHakKo, dakT HanMuMsa [ABYX W30JMPOBAHHbLIX MOMeKyn BoAbl B
HenocpeaCTBEHHOW 6aM30CTM creumanbHoOM mapbl 6akTepuanbHoro PLI moATonkHyn Hac K
rmnoTese, Nno3BOASAOLLEN haTtb KBaAHTOBO-MeXaHn4yeckoe onuncaHme HabnaaeMbIx
3KCMEePUMEHTANIbHO MOAYNSAUMIA CTUMYIMPOBAHHOIO wu3nydenHms (SE) B obnactu 935 HM u
nornoweHns n3 Bo3byxaéHHoro coctosHua (ESA) B obnactu 1020 HM, NpMHMMas BO BHMMaHue
konebaTenbHO-BpallaTesbHbIA CNEKTP MOJIEKY BOAbI.

Ona moaennpoBaHuMsa AMHAMUKKU COCTOSIHWI C pasAenéHHbIMU 3apsgaMu, € YYETOM BINAHUSA
MONIEKYN BOAbl, BOCMOJIb3YeEMCS Teopuen, ONUCbIBatoLWen 3BOIOUNID peayLMpOBaHHON MaTpuub
NJIOTHOCTM B MPOCTpaHCcTBe JlInysBunns.

d .
d_'?:_'[H +Hfie|d’p]_ Rp (1)
PelleHne ypaBHEHMS WLIETCA B BUAE p(t)z p(l)(t)+ p(z)(t)+ p(s)(t), rae Kaxabli 4neH

npeacraBnseT coboli COOTBETCTBYIOLWMI NOPAAOK Teopun Bo3MylleHnsa. R - onepaTop Peadunaa,
OMNMCbIBAKOLWIKMA penakcauMoHHble Mpoueccbl cucTeMbl B npegene cnaboro B3anmMoaencresus
3/IEKTPOHHBIX, KosebaTesibHbIX M BpallaTesbHbIX MOA C OKpY>XeHueM. Bo3myliatouwas BennymHa B
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Ha cuctemy. Ero Bmng onpegenserca TUNOM 3KCNepuMeHTa.
MonHasa 3Heprus CUCTeMbl OMUCLIBAETCH MAMUILTOHUAHOM 3KCUTOHHbLIX U KonebaTtenbHO -
BpallaTe/lbHbIX COCTOSIHUNA:

H = Hex + Hvib + Hrot
3KCUTOHHbIN raMmnUIbTOHUAH, OHVICbIBaFOU.lVIVI ANHAMUKY CUCTEMBbI

Hy, w H -

rot

(2)

roe H,, - COCTOSIHUIA C

pasfenéHHbIMX  3apsiaamu; 4yacTu, COOTBETCTBYWOLWME KonebaTenbHo-

BpallaTeNIbHOMY raMWbTOHWAHY MOJEKY bl
3anucbiBaeTcs cnepytowmnm obpasom [4, 5]:

BOAbl. Perncrpupyembin curHan B obwem Buge

Spp =20, Tdt Im{E:r (a)pr,T,t)ﬁ(s)(wpu,wpr,r,t)} (3)

roe P(s)(a)l,a)z,r,t) - NoNApuU3aumMa Cpesbl B TPETbEM MOPSAKE TEOPUM BO3MYLLEHUS; @, U @,

YaCTOTbl HAKAYKM U 30HAVMPOBAHUSA; T - 3afepXKa Mexay UMMynbCamu.

CxeMa sHepreTMyeckmx YpOBHEW COCTOSSHUM C pasfenéHHbiMW 3apsfaMu B peakuMOHHOM
ueHTpe nypnypHbix 6akTepui npeacTaBneHa Ha pucyHke. [llpu oTb6ope konebatenbHO-
BpallaTenbHbIX coctosHnin H,O B ramMunbToHMaH Hg Mbl  PYKOBOACTBOBA/IUCb YCIOBUEM
06pa3oBaHMsA CMelaHHbIX KBAHTOBbIX COCTOSIHM OpTo-napa u3omepoB H,0O. M3BeCTHO, 4TO
KpuTepmeMm o6pa3oBaHUs CMeLLaHHbIX KBAHTOBbLIX COCTOSHUIA, B KOTOPbIX BEPOSATHOCTb OpPTO-napa
KOHBEPCUM BO3pacTaeT, SBASETCA Pas3HOCTb 3Heprun 6AM3KOPACMONIOXKEHHbIX BEPXHUX WK
HUXKHUX OpTO-napa YypoBHel. B COOTBETCTBUM C 3TUM KPUTEPUEM, KOTOPOMY YAOBNETBOPSAIOT
61M3KOPACMNONOXEHHbIE YPOBHM C pa3sHOCTAMMW 3Hepruii nopsaka 1 cv? mn meHee, Habop
BpallaTenbHbIX JIMHUA CUbHO MPOpEeXuBaeTcs, MO CpPaBHEHUIO C MOSHbIM KonebaTenbHo-
BpallaTenbHbIM raMUAbTOHUAHOM [6].

MonyyeHHble HaMW TeopeTudyeckue pesynbTaTbl, KayeCTBEHHO coBnajawouwue C
3KCMepuMeHTasbHbIMW, NOATBEPXKAAIT Halle NpeanosioXXeHWe 0 TOM, YTO MMEeHHO BpallakrLimecs
monekynbel H,O, C HeHyneBbiIM COBCTBEHHbLIM MarHWTHbIM noseM, obecneymBaldT MOAYNAUMIO
KUHETUKN HacenéHHOCTn BO36yxAEHHOro coctosHma CIl peakuMOHHOro uUeHTpa MyprnypHbIX
6akTepuin Ha NepBoOl CTaanuM pasaeneHuns 3apsia B npoueccax GoTocuHTesa.

H {:_ (P*B)* |
P'B

= T

ortho para .
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Puc.1. CxeMa YPOBHEMN 3Heprun, Pwuc.2. Pe3ynbTaT KBaHTOBOMEXaHMYECKOro

COOTBETCTBYHOLLAA COCTOAHMAM C pasAen&HHbIMU
3apsiaamu PB, P*B, P*B™ u P*(B)* B PL, rae Hg,

Hi, Hez u Hf - 23Heprun B0o36YyXAEHHbIX
COCTOSIHMN BpawaTesibHbiX W KosebaTesbHbIX
YPOBHEN. BepTukanbHbIMK CTpenkamm
0603HaYeHbI OCHOBHbIE nepexonbl,
3aeNCTBOBAHHbIE B dKCNepuMeHTe

30HAMPOBAHNA W HaKaykun. [OpM30OHTaNbHbIMU
cTpenkamm ob6o3HauveHbl 61M3KOpPacnosioXeHHble
YPOBHM OPTO-Napa nepexoaoB MOJIEKY bl BOAbI
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Electron transport (ET) is one of the key processes in photosynthesis which accompanies
the light induced chemical reaction of water and carbon dioxide splitting and oxygen production.
The pigment-protein complexes of the higher plans and purple bacteria where the ET takes
place, generally known as the reaction center (RC), have a very similar structure. The same
number of cofactors constitutes A and B branches of the RC. As it was determined by the X-ray
crystallography [1], six pigment molecules are organized in a spatial structure which are similar
for both RCs: (a) two practically parallel closely situated molecules of chlorophyll (Chl) or
bacteriochlorophyll (BChl) which are called the special pair, (b) two accessory Chls and BChls
and (c) two pheophytins (Pheo and BPheo). Depending on a type of the species, pigments can
have different modifications. In the photosynthetic scheme of ET the special pair functions as a
primary donor. The next steps of the ET chain in plants and bacteria are essentially the same.
They describes in terms of the radical-pair states formation. Three radical-pair states are
considered. Only one branch is active during the electron transport, thereby the conventional
three phase process of ET in case of purple bacteria is following: the first step is a (special
pair)*(accessory BChl) state, the second step is a (special pair)*(BPheo) state and the third
step is (special pair)*(quinon Q) state. The life times of such processes are scaled in a range
from 107'° to 103 second; that is why transient spectroscopy is the most convenient way of the
ET investigation.

In spite of structural similarity, optical properties of the RC isolated from higher plants and
bacteria are quite different. Absorption spectrum of the purple bacteria RC has a distinctive
three bands line-shape in 700-900 nm region, whereas the RC isolated from photosystem II of
spinach has only one band. Such pronounced difference appears due to variations in transition
energies of Chls and BChls and couplings between RC cofactors. Pump-probe spectroscopy
allows us to investigate the exciton dynamics of the charge separation states and observe
relaxation processes in RCs. Just as the linear absorption spectra of bacterial and plant RCs, the
pump-probe kinetics of those have principle distinctions. The existence of kinetics coherent
modulations (characteristic energies <300 cm™) is a profound feature of the bacterial RC [2, 3].
The nature of such modulations still under debate but two water molecules located near the
special pair in the RC of purple bacteria gave rise to a possible explanation of the excited state
absorption at 935 nm and the stimulated emission at 1020 nm.

The theory, which explains modulations of stimulated emission as an interaction of the
primary charge separation state with low frequency vibrational modes, has been developed. The
time evolution of the exciton system has been modeled by quantum Liouville equation:

do .
E:_I[H—FHfield’p]_Rp (1)
The solution of this equation is represented in a general form p(t)= p"(t)+ p?(t)+ p®(t),
where an each term of the expansion corresponds to powers of an incoming electric field, which
is treated as a perturbation. R is the Redfield relaxation operator of the system calculated on
the assumption of a weak interaction of the electronic degrees of freedom with the bath. H g,
is the system field interaction operator and the incoming field.
We have been proposed that the influence of water molecules during the first radical pair

state formation is strong enough to cause the coherent modulations. Technically, it means that
the full system Hamiltonian is composed of three parts:
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H:Hex+Hvib+Hrot )
2

where H, is the charge separation states Hamiltonian, which includes dissipation parameters of
the exciton system; H,, and H,,are the vibrational and rotational Hamiltonians of water
molecule. Finally the pump-probe signal [4, 5] is

pur ==pr?

SPP:2a)pertIm{E;,(a)pr,r,t)ﬁ(g)(w 0,7t (3)

Where |5(3)(a)pu,a)pr,z-,t) is the third order polarization as a solution of equation (1); @, and

@, are the pump and the probe frequencies and 7 is a delay between pulses.

To compose the vibrational-rotational Hamiltonian we have hypnotized that only states
with enhanced probability of ortho/para conversion have to be taken into account (Figure). Such
criterion allows us to separate up to two tens of resonant transitions from thousands of
rotational lines of H,O [6] in the ground vibrational state, in the range up to 300 cm™.

" {— (P*B)’
Ho4—— p'B N
-_ 05
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Fig.1. Schematic diagram of the energy Fig.2. Result of quantum mechanical
levels corresponding to the charge separation calculation of the stimulated emission at 970
states in the RC: PB, P*B, P+B- and P+(B-)*. nm and the excited state absorption at 1020
Hg, H1, He2 and Hf are the excited states of nm, with one mode for the Hamiltonians H1,
rotational and vibrational levels. Vertical He2 and Hf, and rotational transition
arrows indicate the transition involved in the frequencies of the H20 for Hamiltonian Hg
pump-probe experiments. Horizontal arrows
indicate the closely adjacent ortho/para levels
of H20 molecule
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