
The bacterial reaction center (RC) of photosynthesis

is a pigment–protein complex responsible for transfor�

mation of light energy into the energy of chemical bonds

via a series of fast electron transfer reactions. The three�

dimensional structure of purple bacteria Rhodo�

pseudomonas (Blastochloris) viridis and Rhodobacter

sphaeroides RC crystals is known [1, 2]. The RC of Rb.

sphaeroides consists of three protein subunits (L, M, and

H) and several cofactors noncovalently bound to the

transmembrane parts of these subunits. These cofactors

form two space�symmetrical branches (A and B) consist�

ing of primary electron donor, dimer bacteriochlorophyll

(BChl) P, monomeric BChl (BA and BB), bacteriopheo�

phytin (BPheo) (HA and HB), and quinone (QA and QB).

In purple bacteria, charge separation occurs only in the

A�branch, both at room and at low temperature. Upon

photoexcitation of P, an electron transits from the lowest

excited singlet state P* to HA with a time constant ~3 psec

at room and ~1.5 psec at low temperature in accordance

with a formation of the charge separated state P+HA
–.

Then the electron transits from HA
– to QA with a time con�

stant ~200 psec at room and ~100 psec at low tempera�

ture, forming the P+QA
– state. The overall quantum yield

of the charge separation process is close to unity at all

temperatures at which it has been measured (see reviews

in [3�5]).

Like RCs of purple bacteria, the RC of the ther�

mophilic green bacterium Chloroflexus aurantiacus con�

sists of BChl dimer as the primary electron donor, BPheo

as an intermediate electron acceptor, and two

menaquinone molecules QA and QB [6�13]. The three

dimensional structure of this RC is not yet known [14].

Comparison of the polypeptide structure, spectroscopic
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Abbreviations: ∆A, absorption difference (light minus dark);

BChl, bacteriochlorophyll; BA and BB, monomeric BChl in A�

and B�branch, correspondingly; BPheo, bacteriopheophytin;

HA and HB, BPheo in A� and B�branch, correspondingly; ΦB,

BPheo which substitutes BChl BB; P, primary electron donor,

dimer of BChl; QA and QB, quinone in A� and B�branch, cor�

respondingly; RC, reaction center.
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Abstract—Difference absorption spectroscopy with temporal resolution of ~20 fsec was used to study the primary phase of

charge separation in isolated reaction centers (RCs) of Chloroflexus aurantiacus at 90 K. An ensemble of difference (light�

minus�dark) absorption spectra in the 730�795 nm region measured at –0.1 to 4 psec delays relative to the excitation pulse

was analyzed. Comparison with analogous data for RCs of HM182L mutant of Rhodobacter sphaeroides having the same

pigment composition identified the 785 nm absorption band as the band of bacteriopheophytin ΦB in the B�branch. By

study the bleaching of this absorption band due to formation of ΦB
–, it was found that a coherent electron transfer from P*

to the B�branch occurs with a very small delay of 10�20 fsec after excitation of dimer bacteriochlorophyll P. Only at 120 fsec

delay electron transfer from P* to the A�branch occurs with the formation of bacteriochlorophyll anion BA
– absorption band

at 1028 nm and the appearance of P* stimulated emission at 940 nm, as also occurs in native RCs of Rb. sphaeroides. It is

concluded that a nuclear wave packet motion on the potential energy surface of P* after a 20�fsec light pulse excitation leads

to the coherent formation of the P+ΦB
– and P+BA

– states.
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data, and calculations based on exciton theory shows that

the cofactors from C. aurantiacus RC form two pigment

branches like in the Rb. sphaeroides RC [15�22]. It was

found that the electron transfer rate to HA in C. aurantia�

cus RC is less than that for Rb. sphaeroides [23, 24]. At

296 K, the decay of P* occurs with a time constant of

7 psec, but at 10 K two components with time constants

of 2 and 24 psec are distinguished in the P* decay. The

quantum yield of primary charge separation is close to 1

at 280 K [25] and at room temperature [26]. It is proposed

that the accessory molecule of BChl BA participates in

electron transfer from P* to HA as a mediator [26, 27].

The further electron transfer from HA
– to the primary

quinone QA with the formation of the P+QA
– state occurs

in C. aurantiacus RC with the time constant of ~320 psec

at 280 K [9].

Despite similarity with bacterial RCs in chro�

mophores arrangement and photochemistry, the RC of C.

aurantiacus has some significant differences in protein

and cofactor composition (reviewed in [6]). Some amino

acid residues from RCs of purple bacteria are absent in C.

aurantiacus RC. For example, in C. aurantiacus RC Leu is

present instead of Tyr M210, which might explain a slow�

ing of primary charge separation reaction. Note that the

B�branch of C. aurantiacus RC contains two molecules of

BPheo, ΦB and HB, and ΦB is in the BB site [10, 28]. In

purple bacteria the free energy level of the P+BB
– state lies

240 meV higher than that of P*, and the P+BA
– level is

slightly below P* [29, 30]. It is accepted that this differ�

ence of free energy levels is an important factor determin�

ing absence of functional activity of the B�branch [29,

30]. The midpoint potential of the BPheo/BPheo– redox

couple in vitro is 230�300 meV more positive than that for

the BChl/BChl– couple [31, 32], which facilitates the

reduction of BPheo a ΦB in comparison with BChl a BB.

On the other hand, the midpoint potential of the P/P+

couple in C. aurantiacus RC is 70�90 meV lower than in

Rb. sphaeroides RC [7, 20]. So, the energy level of P+ΦB
–

in C. aurantiacus RC might be close or even below the P*

level, which might make possible electron transfer to the

B�branch. Electron transfer in B�branch is clearly

observed in RC of HM182L mutant of Rb. sphaeroides, in

which a BPheo ΦB molecule is placed in the BB site by

changing the histidine ligand of BB at position M182 to a

leucine [33, 34]. The quantum yield of charge separation

with the formation of P+ΦB
– state is 35% at room [33] and

12% at low temperatures [34] in this mutant. In [35] it

was concluded that low�temperature kinetics of fluores�

cence in C. aurantiacus RC with reduced QA can be

explained by the possibility of a fast reversible electron

transfer between P* and the BPheo in the B�branch.

However, the results of difference absorption spec�

troscopy in the Qx band of BPheo molecules and close to

1 quantum yield of primary charge separation in C.

aurantiacus RC indicate electron transfer along the A�

branch only [25, 26, 36].

Femtosecond optical spectroscopy can be used to

reveal nuclear coherent dynamics accompanying electron

transfer reactions. In [37�40] oscillations in the kinetics

of stimulated emission of P* excited by femtosecond light

was found in RCs of purple bacteria. Analogous oscilla�

tions have been found in the kinetics of spontaneous flu�

orescence [41]. It was shown that the origin of these oscil�

lations is formation and coherent motion of the nuclear

wave packet on the potential energy surface of P* [38, 39,

42]. Coherent oscillations have been found in the kinetics

of the charge separated states P+BA
– and P+HA

– also [43�

48]. Modulation of the population of the P+BA
– state was

found in Rb. sphaeroides R�26 RC by measuring the

absorption kinetics at 1020 nm characteristic for the for�

mation of radical anion BA
– [5, 32, 44�47]. Oscillating

motion of the wave packet on the surface of P* near the

long�wavelength side (935 nm) is accompanied by

reversible electron transfer from P* to BA. This leads to a

modulation of the BA
– absorption band at 1020 nm with a

period of about 260 fsec [44�47]. Coherent oscillations of

the population of the P+HA
– state were revealed in Rb.

sphaeroides RC [46�48]. Femtosecond oscillations in the

kinetics of stimulated emission of P* at 945 nm and of BA
–

absorption at 1028 nm were found in C. aurantiacus RC at

90 K [49]. The kinetics at 1028 nm reflect stabilization of

the P+BA
– state with a characteristic time of ~5 psec and

electron transfer to HA within ~1 psec.

In the present work, the initial femtosecond phase of

charge separation was studied in C. aurantiacus RC by

coherent absorption spectroscopy with ~20�fsec resolu�

tion at 90 K. The possibility of electron transfer in the B�

branch with participation of a ΦB molecule was exam�

ined. We systematically compared our results with earlier

results for mutant HM182L Rb. sphaeroides RC [50] hav�

ing the same pigment composition (3 BChl : 3 BPheo)

and clear photochemistry of the B�branch [33, 34]. The

possibility of coupling between electron transfer in the B�

branch and nuclear wave packet motion was studied also.

The results indicate electron transfer from P* to ΦB dur�

ing the earliest stages of the charge separation process in

C. aurantiacus RC. It was found that in both types of RCs

coherent electron transfer in the B�branch starts immedi�

ately after excitation of P when the wave packet emits at

900 nm and the P+BA
– state is not yet formed. This state is

formed 120 fsec after excitation when the wave packet

reaches the opposite side of the P* potential surface and

begins to emit at 940 nm.

MATERIALS AND METHODS

Chloroflexus aurantiacus RC was prepared according

procedures described in [20, 28] with minor changes.

Cells were sonicated in 50 mM Tris�HCl buffer (pH 8.5).

After removal of unbroken cells and debris, membranes

were isolated by centrifugation at 100,000g. Then mem�
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branes (A865 = 15 cm–1) were incubated with 1% lauryl�

dimethylaminoxide (LDAO) in 50 mM Tris�HCl buffer

(pH 8.5) in the presence of 50 mM NaCl at 37°C for 1 h

and centrifuged at 100,000g for 2.5 h. To prevent partial

destructive oxidation of the RC, 10 mM sodium dithion�

ite was added to the incubation mixture. Then the RC was

purified by repeated anion�exchange chromatography on

DEAE cellulose DE52 columns and eluted with 50 mM

Tris�HCl, pH 8.5/0.1% LDAO/60 mM NaCl buffer.

Before measurements, the LDAO detergent was

exchanged for Triton X�100 in the buffer solution of RC

by repeated cycles of diluting with 50 mM Tris�HCl,

pH 8.5/0.05% Triton X�100 and re�concentrating on a

membrane under pressure in an argon atmosphere. By

this procedure, the samples were desalted. Measurements

at 90 K were performed on samples containing 65% (v/v)

glycerol. The absorption of the RCs samples at 860 nm

was 0.5 in a 1�mm optical path cuvette at room tempera�

ture. To keep the RC in the state PBAHAQA
–, 5 mM sodi�

um dithionite was added to the samples. Absorption spec�

tra of non�excited samples were measured on a Shimadzu

UV�1601 PC spectrophotometer.

Difference (light�minus�dark) absorption spectra

with femtosecond resolution were measured using a laser

spectrometer described in [44]. The operating frequency

of the spectrometer was 15 Hz. The duration of pump and

probe pulse was about 20 fsec. The pump wavelength was

870 nm. The temporal delay between pump and probe

pulses was set with an accuracy of 1 fsec. Temporal dis�

persion in the 720�790 and 940�1060 nm ranges was less

than 30 fsec as determined by the bleaching spectra of a

ZS�10 glass filter (LOMO, Russia). The difference

absorption spectra obtained by averaging 7000�10,000

measurements at each delay were the initial data. The

minimal value of measuring ∆A was (1�3)·10–5 optical

density units. The kinetics of absorbance changes ∆A were

plotted for the center wavelengths of the characteristic

bands in the difference absorption spectra after subtrac�

tion of broadband background [47]. For the extraction of

oscillatory parts from the kinetics, a polynomial approxi�

mation followed by subtraction of a non�oscillatory com�

ponent was applied. This approach is more acceptable for

non�adiabatic processes of charge separation under fem�

tosecond excitation than a standard exponential approxi�

mation [47]. The oscillations of the kinetics were subject�

ed to Fourier analyses for obtaining the oscillation fre�

quency data.

RESULTS AND DISCUSSION

Figure 1 shows the absorption spectra and their sec�

ond derivatives of non�excited RC of C. aurantiacus

(thick lines) at room temperature. For comparison the

analogous spectra are shown by thin lines for mutant

HM182L Rb. sphaeroides RC normalized to the spectrum

of C. aurantiacus at the maximum of the long�wavelength

band at 865 nm (data are taken from [50]). The spectra of

both RC types are identical to those obtained earlier [8,

10, 11, 23, 28, 33, 51, 52]. In the region of Qy transitions,

both RC types have an absorption band at 865 nm corre�

sponding to the exciton transition with low energy in the

dimer BChl, which is the primary electron donor P. In the

spectrum of C. aurantiacus RC the band at 813 nm is

mainly ascribed to the accessory BChl (BA), and the

slightly asymmetric band at 756 nm is ascribed to BPheo

molecules. Revealing of absorption bands of the ΦB mol�

ecule as a nearest neighbor of P among the cofactors of

the B�branch of C. aurantiacus RC is important for study

the possibilities of electron transfer in this branch. It is

well known that in C. aurantiacus RC the absorption at

760 nm is larger than in Rb. sphaeroides RC containing

only HA and HB [10, 28]. Since HA and HB molecules of

C. aurantiacus RC and of Rb. sphaeroides RC have a sim�

ilar extinction coefficients, this means that ΦB con�

tributes to the absorption at 756 nm in C. aurantiacus RC.

In RC of the HM182L mutant of Rb. sphaeroides, the ΦB

molecule has the Qy transition at 785 nm (788 nm accord�

ing to the second derivative, Fig. 1b) overlapping with the

BChl BA transition at 803 nm, which results in the broad

absorption band at 797 nm ([33], Fig. 1). A similar rela�

tively weak absorption band at 785 nm is seen in C. auran�

tiacus RC (Fig. 1). A number of authors suppose that this

is the high�energy exciton transition band of dimer P [21,

22] with some contribution of the accessory BChl absorp�

tion [21]. Note that the 785 nm band is only observed in

the RC with modified in comparison with Rb. sphaeroides

composition of B�branch pigments. The difference

between the spectra of RC from C. aurantiacus and from

HM182L mutant of Rb. sphaeroides in the 740�785�nm

Fig. 1. Absorption spectra (a) and their second derivatives (b) of

C. aurantiacus RC (1) and Rb. sphaeroides mutant HM182L RC

(2) [50] at room temperature. Spectra are normalized at the max�

imum of the 865�nm band.
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region can be explained in two ways. First, most of the ΦB

dipole strength in the HM182L mutant can be at 785 nm.

Second, a contribution of charge transfer to the 785�nm

transition might be much more considerable in HM182L

mutant than in C. aurantiacus. On lowering the tempera�

ture, the absorption bands of C. aurantiacus and HM182L

mutant RCs become narrower, and the long�wavelength

transition of P shifts to the red to 887 nm at 77 K, while

the spectra of the other bands are almost unshifted [18,

19, 23, 28, 34, 53].

In Fig. 2, the difference (light�minus�dark) absorp�

tion spectra of C. aurantiacus RC measuring with 20�fsec

resolution at 90 K are shown in the 735�792�nm region at

various temporal delays from the excitation moment at

870 nm. Here and below the zero delay corresponds to

half of the maximum of the P absorption band bleaching

at 880 nm, which occurs almost at the same moment with

P excitation. The analogous spectra for mutant HM182L

of Rb. sphaeroides at 38�fsec delay taken from [50] is

shown for comparison in the inset. Characteristic features

of the ∆A spectra of C. aurantiacus RC in Fig. 2 are the

bleaching with peaks at 748�750 and 785 nm and increas�

ing of ∆A with the peak at 763�765 nm. The spectral posi�

tions of these peaks have almost no dependence on delay.

These features are observed for the measurements in the

whole delay range 0�4 psec including the delays less than

30 fsec. In the absorption band at 755 nm (Fig. 1), a red

shift and possibly a pure increase are observed that are

reflected in the difference spectra as a decrease at 750 nm

and an increase at 765 nm with different amplitudes. This

spectral feature is observed at the earliest delay of 13 fsec.

In contrast, the ∆A spectra of the HM182L mutant (inset

in Fig. 2) contain a blue shift of the 755�nm absorption

band and a bleaching at 785 nm [50]. Perhaps the oppo�

site direction of the shifts in the ∆A spectra of the two RC

types is due to the contribution of the ΦB molecule to the

transition at 750�760 nm in C. aurantiacus RC, while in

the HM182L mutant RC only HA and HB molecules

absorb at 750�760 nm. Nevertheless, the origin of these

spectral shifts remains unclear. One can only assume that

these shifts are electrochromic and reflect the appearance

of the charge near the BPheo molecules in the B�branch

in the initial step of charge separation between PA and PB

under femtosecond excitation of P. Our ∆A spectra of C.

aurantiacus RC at 30�60 fsec delays are very similar to the

analogous spectra of mutant HM182L Rb. sphaeroides

RC at 190 psec delay that were obtained at cryogenic tem�

perature and reflect the formation of the P+ΦB
– state [34].

This is evidence of the fact that the absorption decrease at

785 and 748 nm in the ∆A spectra of C. aurantiacus RC

(Fig. 2) in the femtosecond region is a consequence of the

bleaching of the Qy band of the ΦB molecules caused by

photoreduction.

In Fig. 3 the kinetics of ∆A of C. aurantiacus RC

(upper row), their oscillatory components (middle row),

and Fourier spectra of oscillations (lower row) at 748,

763, and 785 nm are shown. The kinetics were plotted on

the basis of the absorption spectra in the 730�792 nm

region at 0 to 4 psec delays, which are shown in Fig. 2 for

some delays. All kinetics contains a fast (less than 50 fsec)

absorption change followed by slower change tending to

the intermediate steady�state limiting level that reflects

the gradual formation of the P+HA
– state. The kinetics at

748 and 785 nm show a monotonous increase in ∆A sig�

nal, while the 763�nm kinetics mostly consist of monoto�

nous decrease. All three kinetics contain oscillations

damping almost completely within ~1 psec. The oscilla�

tory part of the kinetics at 785 nm contains ~1.5 modula�

tion periods with an average frequency ~200 fsec–1. The

Fourier spectrum of this oscillatory component looks like

a band with a ~100 cm–1 bandwidth and distinct maxi�

mums at 108 and 79 cm–1. The oscillations from the

kinetics at 748 nm contain ~3 modulation periods with

~150 fsec–1 frequency. In the Fourier spectrum of this

oscillation a broad (~70 cm–1) band with maximum at

154 cm–1 and narrower band at 73 cm–1 dominate. The

peaks at 10 cm–1 have an artificial origin and deal with a

non�symmetrical behavior of the oscillation curves. In

the kinetics, oscillations at 763 nm with ~1.5 periods of

modulation with ~200 fsec–1 frequency are seen on the

background of intense high�frequency noise. The corre�

sponding Fourier spectrum is very noisy and contains a

band at ~100�150 cm–1. Oscillations with 100�150 cm–1

frequencies are observed in the kinetics of P* stimulated

emission and in absorption bands of pigments taking part

in primary charge separation [5, 49]. Based on these facts,

one can assume that the kinetics at 785 and 748 nm

Fig. 2. Difference (light�minus�dark) absorption spectra of C.

aurantiacus RC in the 730�792�nm region at various temporal

delays from light excitation. The RC was excited by 20�fsec puls�

es at 870 nm at 90 K. A zero delay here and in Figs. 3�5 corre�

sponds to the half of P band maximal bleaching at 880 nm, which

occurs simultaneously with the excitation. In the inset the differ�

ence absorption spectrum of HM182L mutant of Rb. sphaeroides

RC is shown measured under the same conditions at 38 fsec

delay, taken from [50]. Numbers are the delays in femtoseconds.
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reflect a process of electron receiving from P* by the ΦB

molecule.

In Fig. 4 the kinetics (a) and their oscillatory parts

(b) at 748 (1) and 785 nm (2) are presented within a

smaller delay region (–100 to 400 fsec). The kinetics at

785 nm for mutant HM182L RC of Rb. sphaeroides taken

from [50] are also presented (Fig. 4b, curve 3). The kinet�

ics of C. aurantiacus RC at 785 nm are the same as in Fig.

3. The kinetics at 748 nm are the result of subtraction of

the ∆A spectrum at 13�fsec delay normalized at 763 nm

from the ∆A spectra at other delays in the 735�770 nm

region. This subtraction excludes from the ∆A spectra a

component associated with the red shift of the C. auranti�

acus RC absorption band at 755 nm (Fig. 1). The band of

the “pure” bleaching at 748 nm is the result of this sub�

traction. In the inset of Fig. 4a, the result of this subtrac�

tion is shown for the 43�fsec delay. The bleaching of the

785�nm band rises at very small delay (~10 fsec) after

photoexcitation of P. The bleaching of the 748�nm band

rises at slightly longer delay of ~30 fsec. At a later time,

oscillations of the kinetics at 748 and 785 nm have almost

synchronous behavior reaching a zero level at 100 fsec,

negative maximum at 175 fsec, and positive maximum at

250 fsec. The fact that the oscillations of the kinetics at

748 and 785 nm are in phase with each other is consistent

with assigning both transitions to the ΦB molecule, which

is reversibly reduced when it receives an electron from P*.

Analogous oscillations are observed in the kinetics of

HM182L mutant RC of Rb. sphaeroides at 785 nm, taken

from [50] (Fig. 4b, curve 3). These oscillations are ~20�fsec

delayed from the excitation moment and reach a maxi�

mum at ~40 fsec.

In Fig. 5 the ∆A kinetics of C. aurantiacus (a) and

HM182L mutant of Rb. sphaeroides (b) RCs are shown at

940 (1) and 1020�1028 nm (2) in the –100 to 400�fsec

delay region. The characteristic ∆A spectra are shown in

the insets for the 990�1050�nm region. The C. aurantiacus

data are taken from [49], and the HM182L mutant data

are taken from [50]. The 940�nm kinetics reflect the long�

wavelength region of stimulated emission of P*, and the

1020�1028�nm kinetics reflect the formation of the BA
–

absorption band by the reduction of BA. The presented

Fig. 3. Kinetics of ∆A of C. aurantiacus RC (upper row), their oscillatory components (middle row), and Fourier spectra of the oscillations

(lower row) at 748, 763, and 785 nm. The kinetics were plotted on the basis of ∆A spectra in the 730�792 nm region in the delay range of –0.1

to 4 psec. The RC was excited by 20�fsec pulses at 870 nm at 90 K.
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kinetics of both RC types contains oscillations that devel�

op synchronously and have a significant delay of ~110 fsec

from the moment of photoexcitation of P. This means that

the nuclear wave packet formed by the 20�fsec excitation

of P reaches the intercrossing area of P* and P+BA
– poten�

tial energy surfaces within the first half�period of oscilla�

tion at 1028 nm (the period is ~190 fsec) [49]. Together,

the data shown in Figs. 2�5 indicate that in C. aurantiacus

RC an electron is transferred from P* to ΦB immediately

after the nuclear wave packet formation, while the elec�

tron transfer to BA is delayed by 110�fsec, which is enough

for the electron to leave the ΦB molecule. The same pic�

ture is observed in HM182L mutant RC of Rb. sphaeroides

(Fig. 5b). In this RC the ΦB band bleaching at 785 nm is

delayed by only ~25 fsec from the moment of photoexci�

tation of P (Fig. 4b, curve 3), while the formation of the

BA
– absorption band at 1020 nm is delayed by 120 fsec. The

same delay of the BA
– absorption band formation is

observed in the native RC of Rb. sphaeroides [47].

Based on these results, one can plot a simplified

scheme of potential energy levels for the non�equilibrium

conversion of P* excited state into the charge�separated

states in C. aurantiacus RC (Fig. 6). The dimer P has a non�

uniform distribution of electron density in the P+ state with

a predominate shift of π�electron density to PA (0.74/0.26)

[54]. Thus, the upper orbital of P ground state is mostly an

orbital of PA. The 20�fsec photoexcitation of P creates the

nuclear wave packet on the potential energy surface of the

lowest exciton state √�{|PA*PB > + |PAPB*>} ≡ |+> with emis�

sion at 895 nm (electron coupling between PA and PB has

a negative energy of ~600 cm–1). The formation of the

PA
δ+PB

δ– state in the P* excited state is possible, though the

reorganization energy is too high at this place on the

potential surface. Electron transfer from PA* to BChl BB in

native Rb. sphaeroides RC is forbidden because the

LUMO energy level of BB is higher than of PA according

to calculations [55]. At the same time, electron transfer

from PA
* to ΦB in the BB site in HM182L mutant RC of Rb.

sphaeroides and in C. aurantiacus RC is possible if the

LUMO energy of ΦB is lower than that of PA*. The nuclear

configuration in the state with the 895�nm emission

Fig. 4. Kinetics of ∆A of C. aurantiacus RC (a) and their oscillato�

ry components (b) at 748 (1) and 785 nm (2) in the delay range of

–100 to 350 fsec, plotted on the basis of ∆A spectra. The kinetics

at 748 nm are the result of subtraction of the ∆A spectrum at

13�fsec delay normalized at 763 nm from the ∆A spectra at other

delays in the 735�770 nm region. In the inset, the result of this

subtraction is shown for the 43�fsec delay. The RC was excited by

20�fsec pulses at 870 nm at 90 K. Curve 3, kinetics of HM182L

mutant RC of Rb. sphaeroides at 785 nm [50].
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C. aurantiacus data are taken from [49], and mutant HM182L

data are taken from [50]. RCs were excited by 20�fsec pulses at

870 nm at 90 K.
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seems to be optimal for such electron transfer. Femtosec�

ond bleaching at 785 nm in HM182L mutant RC [50] and

at 785 and 748 nm in C. aurantiacus RC (Fig. 2) proves this

assumption. The nuclear wave packet moving on the |+>

surface [5] with 140�160 cm–1 frequency can reach the

PA
δ+PB

δ– surface at the ~120�fsec delay. In this case, the frac�

tion of the PA
δ+PB

δ– state is much increased, which acceler�

ates electron transfer to BA. At the ~120�fsec delay the P*

stimulated emission occurs at 940 nm and the BA
– absorp�

tion band formation occurs at 1020�1028 nm (Fig. 5). A

possibility of direct electron transfer from PB
* to BA cannot

be excluded, though a connection of nuclear motion on

the potential surface in the 940�nm emission area (Fig. 6)

with the electron transfer from P* to BA does not confirm

it. The PA
δ+PB

δ– state formation can be effective because the

π�electron density of P* is mostly localized (0.74/0.26) in

the PB�half of the dimer [55]. Then the 940�nm emission

can be related to exciplex formation [56, 57].

It is supposed that the oscillations with 130�150 cm–1

frequency in the kinetics of P* stimulated emission and of

P+BA
– product reflect the motion of PB with respect to PA

in the area of overlapping of rings I of PA and PB [58]. One

of the consequences of this motion might be the forma�

tion of a complex of excited molecules during the charge

separation similar to the well�known excimer and exci�

plex of aromatic rings of excited dye molecule dimers in

solution [56, 57]. One can assume that the same excited

dimers are formed from two (B) Chl molecules in P870

(and perhaps in P700 of photosystem I of green plants)

when ring I of PB is shifted closest to ring I of PA. Then the

long�wavelength P* stimulated emission at 940 nm at

120�fsec delay can be explained by “dynamic” formation

of the exciplex consisting of PA and PB. The fact of elec�

tron density shift from P* to BA with the formation of the

BA
– absorption band at 1020 nm at the same delay strong�

ly supports this suggestion. In the terms of the resonance

electron–photon orbits in the conjugated π�electron sys�

tems, the formation of excimer and exciplex can be con�

sidered as an interference of the two monomer orbits in

the dimer when they are close enough.

Thus, in the present work a conclusion is made about

coherent electron transfer in B�branch of C. aurantiacus

RC by comparing femtosecond spectroscopy data of C.

aurantiacus RC and HM182L mutant RC of Rb.

sphaeroides [50]. Unambiguous assignment of the 785�nm

band in the HM182L mutant to the Qy transition of the

ΦB molecule have helped us to conclude that the same ΦB

molecule in C. aurantiacus RC has the Qy transition at 748

as well as at 785 nm. In RCs of HM182L mutant the

coherent reversible electron transfer in the B�branch with

P+ΦB
– state formation occurs immediately after femtosec�

ond excitation. At this moment the nuclear wave packet is

on the short�wavelength part of the P* potential surface

that leads to the stimulated emission at 895 nm. Electron

transfer to the A�branch with the formation of the P+BA
–

state develops later at the 120�fsec delay [50], when the

wave packet moves to the opposite side of the P* potential

surface and the P* emission is observed at 940 nm. The

analysis of C. aurantiacus RC femtosecond kinetics at 785

and 748 nm shows that in this RC the ΦB molecule is

reversibly reduced by an electron from P* earlier than

electron transfer from P* to BA begins with further stabi�

lization of the P+BA
– state. Thus, the femtosecond

reversible electron transfer between P* and BPheo mole�

cule in the BB site is a common feature of C. aurantiacus

and HM182L mutant of Rb. sphaeroides RCs. In C.

aurantiacus RC the reversible formation of the P+ΦB
– state

occurs on the background of the unidirectional unam�

biguous electron transfer to the A�branch, which is con�

firmed by close�to�unity quantum yield of the primary

charge separation [25, 26]. A different situation is

observed in HM182L mutant RC, where the P+ΦB
– state is

detected in the picosecond time domain by global analy�

sis of ∆A spectra [34]. Perhaps a partial irreversible

picosecond stabilization of the P+ΦB
– state formed right

after excitation occurs in this RC. No data on such stabi�

Fig. 6. Simplified scheme of the diabatic (phonon) potential ener�

gy surfaces of the ground (ΦBPBAHA) and locally excited

(ΦBP*BAHA) states as well as the charge separated states

(ΦB
–P+BAHA and ΦBP+BA

–HA). Strong electron coupling between

PA and PB (~600 cm–1) leads to the appearance of the two elec�

tronic states in P*: |±> ≡ √�{|PA*PB> ± |PAPB*>}. The lower state

|+> and the charge separated state |PA
δ+PB

δ–> have different poten�

tial energy surfaces and can interact because of strong energy cou�

pling. It is supposed that the emission from the surface of the |+>

state occurs at ~895 nm, while from the surface of the |PA
δ+PB

δ–>

state is at ~935�940 nm due to the different displacements of the

surfaces with respect to the ground state surface. The electron

coupling between P* and BA (~30 cm–1) leads to the splitting of

the two original surfaces (P* and P+BA
–) into the upper and lower

surfaces. It is supposed that the surface of the PA
δ+PB

δ– state inter�

sects with the P+BA
– surface in the bottom part of PA

δ+PB
δ–. The

nuclear wave packet with high energy (~150 cm–1) can reach the

upper parts of the P*BA and P+BA
– surfaces in the point of their

intersection, which causes the appearance of P* stimulated emis�

sion at 940 nm and BA
– absorption at 1020 nm with a subsequent

reflection of the packet back to the P* surface or partial transition

to the P+BA
– surface. Electron transfer to ΦB in RCs of C. auranti�

acus and of HM182L Rb. sphaeroides mutant can occur from the

surface of the |+> state.

|+> P+BA
–

Р Nuclear coordinate

895 nm

PA
δ+ PA

δ–

P+ФB
–

940 nm

—
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lization are available at the present time [50]. However,

the quantum yield of P+ΦB
– state formation in HM182L

mutant RC is rather low (12% at 77 and 9 K [34]). In this

RC, the absorption decrease at 785 nm at delays longer

than 100 fsec is completely masked by interference with

absorption changes of other processes [50].
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