
The reaction center (RC) of purple bacteria consists

of three protein subunits (L, M, and H), four bacteri�

ochlorophyll molecules, two bacteriopheophytin mole�

cules, two quinone molecules, and one atom of non�heme

iron. The three�dimensional structure of RC was estab�

lished by X�ray analysis [1�4]. The primary act of charge

separation in RC occurs between the excited primary elec�

tron donor, P*, bacteriochlorophyll dimer, and a

monomeric bacteriochlorophyll BA forming an intermedi�

ate state P+BA
– within ~3 psec at 293 K (where A denotes

the photoactive branch of the cofactors) [5�13]. Then an

electron is transferred from BA
– to bacteriopheophytin HA

within ~1 psec and from HA
– to quinone QA within

~200 psec. Each of these processes is accelerated by 2�3

times when temperature is decreased to 5�10 K. The for�

mation of P* is accompanied by the bleaching of P absorp�

tion bands at 870 and 600 nm and by the appearance of a

stimulated emission around 920 nm. The stimulated emis�

sion disappears when an electron is transferred from P* to

BA and concomitantly the bleaching of the absorption

band of BA at 800 nm and the development of the absorp�

tion band of BA
– at 1020 nm take place. The formation of

P+BA
– is difficult to measure in native RCs due to ultrafast

conversion of the P+BA
– state to the lower�lying P+HA

– state

but it is observed distinctly in modified RCs in which HA is

replaced by plant pheophytin a (Pheo) [10�16]. Since the

Pheo–/Pheo redox potential has a more negative value

than that for HA, the free energy level of P+Pheo– becomes

higher than that of P+BA
– by ~200 cm–1 [17].

Consequently, the electron transfer in pheophytin�modi�

fied RCs from BA
– to Pheo is delayed significantly. Pheo

takes part virtually in the electron transfer from BA
– to QA

[17] with a time constant of 1.8 nsec instead of 70 psec

observed in native RCs at 5 K [12]. The replacement of HA

by Pheo was found to make no changes in the electron

transfer from P* to BA [12]. As revealed by recombination

fluorescence measurements [18, 19], the free energy level

of P+BA
– is below that of P*BA by 350�550 cm–1. The P+BA

–

recombination time is about 1 nsec [12], which is 3 times

slower than the lifetime of P*B (∼300 psec).
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Abstract—Results are presented of a study of primary processes of formation of the charge separated states P+BA
– and P+HA

–

(where P is the primary electron donor, BA and HA the primary and secondary electron acceptors) in native and pheophytin�

modified reaction centers (RCs) of Rhodobacter sphaeroides R�26 by methods of femtosecond spectroscopy of absorption

changes at low temperature. Coherent oscillations were studied in the kinetics at 935 nm (P* stimulated emission band), at

1020 nm (BA
– absorption band), and at 760 nm (HA absorption band). It was found that when the wavepacket created under

femtosecond light excitation approaches the intersection between P* and P+BA
– potential surfaces at 120� and 380�fsec delays,

the formation of two electron states emitting light at 935 nm (P*) and absorbing light at 1020 nm (P+BA
–) takes place. At the

later time the wavepacket motion has a frequency of 32 cm–1 and is accompanied by electron transfer from P* to BA in pheo�

phytin�modified and native RCs and further to HA in native RCs. It was shown that electron transfer processes monitored by

the 1020�nm absorption band development as well as by bleaching of 760�nm absorption band have the enhanced 32 cm–1

mode in the Fourier transform spectra.

Key words: photosynthesis, reaction center, electron transfer, wavepacket, femtosecond spectroscopy



542 YAKOVLEV et al.

BIOCHEMISTRY  (Moscow)  Vol.  68  No. 5   2003

According to current knowledge, the electron trans�

fer between P* and BA should occur at the intersection of

potential energy surfaces for the P*BA and P+BA
– states.

An effective approach for study of the electron transfer

events at the intersection is the measurements of fsec

oscillations in the BA
– product absorption band at 1020 nm

(see, for example, [13�16]) which are observed under exci�

tation of P by light pulses of fsec (≤30 fsec) duration and

broad spectral width. Under these conditions a nuclear

wavepacket is created on the P*BA potential energy surface

[20, 21]. This wavepacket is a superposition of wavefunc�

tions of several (2υ + 1, υ = 0, 1, 2, …) vibrational levels

and has properties of a quasi�classical particle [22]:

Ψ(x,t) = (2υ + 1)–0.5 ∑ j ϕn+j exp{–iω(n + j + 0.5)t}.       (1)

Here Ψ(x,t) is a wavefunction, x a coordinate, ϕn+j a

fundamental function of harmonic oscillator, and ω a

mechanical oscillation frequency. For a gravity center ‹x›

of the wavepacket we have clear time dependence [22]:

‹x› = ∫ Ψ*(x,t) x Ψ(x,t) = A cos(ωt).             (2)

This means that ‹x› changes in time according to a

classical equation of harmonic oscillator motion:

..
‹ х › + ω2‹x› = 0.                            (3)

The motion of the wavepacket on the potential sur�

face is accompanied by emission. The wavepacket emis�

sion wavelength depends on time since the nuclear coor�

dinates of the P* and P surfaces are shifted from each

other [20, 21]. There are two maxima in the wavepacket

emission at 895 and 935 nm, and the oscillations at these

maxima have opposite phases [20, 21]. The Fourier trans�

form spectrum of fsec oscillations in stimulated emission

of P* at 10 K consists of frequencies at 15, 30, 69, 92, 122,

153, 191, and 329 cm–1 [21]. Similar vibrational modes

were found at 27, 73, 110, 147, 175, and 205 cm–1 in

experiments of photochemical hole burning [23].

Resonance Raman scattering experiments also gave the

similar frequencies at 34, 71, 95, and 128 cm–1 [24].

In [25] results are shown of study of fsec oscillations

on Rh. sphaeroides RCs in the 920�1100 nm range. The

use of too long 100�fsec pulses did not allow discerning

the oscillations completely according to [21]. As a result,

the authors failed to make a conclusion about the pres�

ence of different processes of electron transfer in the

measured absorbance changes. But spectral features near

1020 nm in [25] can be interpreted as being a result of

addition of out of phase oscillations of the P* stimulated

emission band and the BA
– absorption band.

In works [13�15] we studied the coherent nuclear

oscillations in pheophytin�modified RCs of Rhodobacter

sphaeroides R�26 at room temperature. It was found that

in the 1020�nm absorption band oscillations with

130 and 320 cm–1 frequencies corresponded to mostly

reversible appearance of the P+BA
– state, while oscilla�

tions with 9 and 32 cm–1 frequencies corresponded to

irreversible accumulation of this state. In [16] we studied

the coherent nuclear oscillations in different states of

native RCs of Rhodobacter sphaeroides R�26 at room

temperature. It was found that there is an intensive oscil�

lation mode at 32 cm–1 in the HA bleaching band at

760 nm as well as in the BA
– absorption band at 1020 nm.

A hypothesis is discussed about wavepacket transmission

from the 130�140 cm–1 mode surface to the 32 cm–1

mode surface.

In the present work, the results of study of fsec

nuclear oscillations in native and pheophytin�modified

RCs of Rhodobacter sphaeroides R�26 at low (90 K) tem�

perature are presented. Quasi�equidistant modes separat�

ed by 32 cm–1 were founded in the 130�cm–1 oscillation

band of the product P+BA
– at 1020 nm similar to those of

P*. It was found that oscillation with a frequency of

32 cm–1 dominates in the HA bleaching band of native

RCs at 760 nm. These results were systematically com�

pared with those obtained earlier at room temperature.

The probable formation of a mixed state consisting of the

P* and P+BA
– states on the P* hypersurface including dif�

ferent modes of nuclear oscillations is discussed. Analysis

of these results allows drawing a scheme of intersection of

potential energy surfaces for different states and throws

light on the mechanism of primary processes of charge

separation.

MATERIALS AND METHODS

RCs of Rhodobacter sphaeroides R�26 were isolated

as described in [26] and were pheophytin�modified as

described in [11]. The samples were mixed with glycerol

(60%) to obtain a transparent ice on freezing. The optical

density of the samples was 0.4 at 870 nm at 90 K in the

2�mm cuvette. Sodium dithionite (5 mM) was added to

keep the state PBAHAQA
– in RCs. All measurements were

carried out at 90 K.

Measurements of difference (light�minus�dark)

absorption spectra with femtosecond resolution were car�

ried out with a home�built laser spectrometer based on

Ti:sapphire laser with amplifier, continuum generator,

and optical multichannel analyzer described in detail in

[13�16]. The operating frequency was 15 Hz. The dura�

tion of the pump and probe pulses was about 25 fsec.

Pump pulses were centered at 870 nm. The pump and

probe pulses had weak (~20%) mutual perpendicular

polarization while the remaining part (~80%) was depo�

larized. The delay between pump and probe pulses was

changed with an accuracy of ~10 fsec. The compensation

of temporal dispersion in the range from 600 to 900 nm

was monitored by kinetic measurements at 600 nm (Qx

transition of P) and at 900 nm (Qy transition of P and
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short wavelength side of stimulated emission from P*). In

this range the dispersion was less than 50 fsec. In the 900�

935 nm range the dispersion was less than 10 fsec which

was checked by out of phase oscillations at 900 and

935 nm according to [20, 21]. In the 930�1040 nm range

the dispersion was less than 30 fsec which was checked by

in phase oscillations at 935 and 1020 nm according to

[13�16]. The same dispersion value of less than 30 fsec

was obtained by measurements of absorption band

bleaching of the green filter (ZS�10) in the range of 935�

1060 nm showed an absence of shape distortions of the

bleaching band.

The amplitude of the spectral bands at 935, 1020,

and 760 nm at different delays superimposed on the broad

background was measured at their maxima as shown by

arrows in Fig. 1. The resulting difference (light�minus�

dark) absorption spectra were obtained by averaging of

3000�7000 measurements at each delay. The accuracy of

spectral measurements was (1�2)·10–4 units of optical

density. The kinetics of absorbance changes (∆A) at dif�

ferent wavelengths were revealed from the difference

absorption spectra measured at different delays. Then

non�oscillating fits were subtracted from the kinetics and

the residual oscillatory parts of the kinetics were Fourier

transformed to obtain the spectra of oscillations. The fits

were optimized by minimal amplitude of the oscillations.

RESULTS

It is known that femtosecond oscillations in stimu�

lated emission from the primary electron donor excited

state P* are caused by the coherent nuclear motion

within one electronic state of P* [16, 20, 21, 27, 28].

This is not the case for fsec oscillations observed in the

charge transfer states P+BA
– and P+HA

–. Figure 1 (a and b)

shows the absorption difference spectra of the 1020�nm

band formation (BA
– band [7, 12]) at different delays in

native and pheophytin�modified Rb. sphaeroides R�26

RCs at 90 K. Changes in the band shape and maximum

position for a whole period of the measurements (0�4 psec)

are absent. This means that fsec oscillations observed in

the kinetics of the 1020�nm band development (see Figs.

3 and 5) are related to coherent motions between differ�

ent electronic states (most probably, P* and P+BA
–)

rather than to oscillations within only the product P+BA
–

state. Figure 1c shows the difference absorption spectra

of the HA band around 760 nm at different delays for

native RCs at 90 K. Again the invariability of the band

shape and maximum position of this band in the whole

range of delays shows that the observed fsec oscillations

(see Fig. 6) are caused by coherent nuclear motions

between different electronic states (probably P+HA
– and

P+BA
–). The same is true at room temperature [16], when

the width of the mentioned bands is increased by ~1.5

times.

The double arrows in Fig. 1 demonstrate the

approach we used to measure the amplitudes of the 1020�nm

band development (BA
– formation) and the 760�nm band

bleaching (HA
– formation) superimposed on the broad

background. This approach permits to find the changes in

these bands on the background of other bands (such as P*

stimulated emission band, P absorption band, and oth�

ers). The obtained band amplitudes were employed to

plot the kinetics of the different processes. The same was

done for the 935�nm band reflecting the P* stimulated

emission (see [13, 14]).

Let us to examine the results on pheophytin�modi�

fied RCs. Figures 2a and 3a show that the decay of the P*

stimulated emission at 935 nm (Fig. 2) and the develop�

ment of the BA
– at 1020 nm (Fig. 3) occur at 90 K (solid

lines) within ~1.5 psec in agreement with [12] (~3 psec at

room temperature (dashed lines)). Superimposed on the

non�oscillating quasi�exponential part of the kinetics,

fsec oscillations are observed in both processes (Figs. 2b

and 3b). Fourier transform spectra of the oscillating com�

ponents of the kinetics are presented in Figs. 2c and 3c.

At 293 K (dashed lines) the 32�cm–1 mode dominates in

the oscillations of the 1020�nm kinetics (Fig. 3c), while a

broad band centered at 125�130 cm–1 dominates in the

oscillations of the 935�nm kinetics. The main picture is

the same in the measurements at 90 K (solid lines). The

overtones of the 32 cm–1 mode at 65�66, 93�94, 125�126,

158, 187�188, and 222�224 cm–1 (calculated as 64, 96,

128, 160, 192, and 224 cm–1) are clearly seen in the

Fourier transform spectra at 90 K. The overtones are

more intense in the Fourier spectra of P* stimulated

emission oscillations at 935 nm. Very similar overtone fre�

quencies were found earlier in oscillations of P* stimulat�

ed emission at 10 K [21]. At 293 K the overtones are

almost completely absent. The appearance of the higher

harmonics (up to the 6th) in the P* stimulated emission

oscillation is not characteristic of vibrational modes. One

can suppose that these oscillations are related to a rota�

tion of small molecules like OH– or H2O connected by a

weak hydrogen bond to the photochemically active chro�

mophores.

Now let us to examine the results obtained for native

RCs. The kinetics of P* stimulated emission at 935 nm in

native RCs (Fig. 4a) are very similar to those in pheo�

phytin�modified RCs. In spite of the presence of efficient

electron transfer to HA the oscillations are present (Fig.

4b) and superimposed on the exponential decay with a

characteristic time ~1.5 psec at 90 K (solid lines) and

~3 psec at 293 K (dashed lines) in these kinetics. This

suggests that the interactions between P and BA are simi�

lar in native and pheophytin�modified RCs. Fourier spec�

tra frequencies of oscillations at 67, 93, 125, 164, and

194 cm–1 of the 935�nm band in native RCs (Fig. 4c) are

very similar to those in pheophytin�modified RCs (Fig.

2c) and can also be assigned to the overtones of the

32 cm–1 mode.
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Fig. 1. Difference (light�minus�dark) absorbance spectra at various fsec delays in native (a, c) and pheophytin�modified (b, d) RCs of Rb.

sphaeroides R�26 excited at 90 K by 25�fsec pulses at 870 nm. a, b) 990�1060 nm range (BA
– absorption band); c) 735�776 nm range (bleach�

ing of HA band); d) 935�1060 nm range. Double arrows show the amplitude of absorbance changes (∆A) of spectral bands at 1020 (a, b),

760 (c), and 935 nm (d) that was used for kinetics plots (see Figs. 2�6). Numbers above the curves are delay values in fsec.
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Femtosecond oscillations superimposed on the

non�oscillating quasi�exponential part of the kinetics

are also observed in the BA
– absorption band at 1020 nm

(Fig. 5a). The 1020�nm kinetics for native RCs are sig�

nificantly different from those for pheophytin�modified

RCs. In native RCs a continuous accumulation of the

P+BA
– state is absent due to very fast electron transfer

from BA
– to HA [29] (see Fig. 6) in contrast to pheo�

phytin�modified RCs. Instead of this accumulation, one

can see very fast initial increase of absorption in the

1020�nm kinetics followed by its decrease. At 90 K

(solid lines) the initial increase is within ~100 fsec, while

the following decrease is within ~0.8 psec, so the state

P+BA
– appeared and then almost completely disappeared

during the first 2 psec. At 293 K (dashed lines) the men�

tioned times are increased by a factor of 2�3, and oscil�

lation maxima at ~2� and ~3�psec delays (Fig. 5b)

become more pronounced. Note that the oscillation

peaks at 120�fsec delay are very similar in native and

pheophytin�modified RCs. At 90 K the later oscillation

peaks at 380 fsec and 1 psec are significantly decreased

and peaks at 2 and 3 psec are very weak for native RCs

comparing with pheophytin�modified RCs. Fourier

transform spectrum of oscillations in native RCs at

1020 nm (Fig. 5c) includes the intensive 32 cm–1 mode

and its overtones at 66, 96, 127, 159, 190, and 223 cm–1.

Fig. 2. Kinetics of ∆A (a), its oscillatory part (b), and spectrum

of Fourier transform of oscillatory part (c) at 935 nm for pheo�

phytin�modified RCs of Rb. sphaeroides R�26 excited by 25�fsec

pulses at 870 nm. Solid lines, measurements at 90 K; dashed

lines, measurements at 293 K. Numbers in part (c) denote

characteristic frequencies of maxima of the Fourier transform

spectrum.
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At 293 K these overtones are significantly less in ampli�

tude (Fig. 5c, dashed line).

The fsec oscillations superimposed on the non�

oscillating quasi�exponential part of the kinetics are

also observed in the bleaching band at 760 nm reflecting

the formation of the HA
– state in native RCs (Fig. 6). At

90 K the bleaching is almost absent at 120�fsec delay,

but then its growth starts with a characteristic time of

~1.5 psec. At 380�fsec and 1.2�psec delays the 760�nm

kinetics reflects the appearance of the P+HA
– state that is

manifested as the integration of the corresponding

oscillation peaks of the BA
– band at 1020 nm over the

time (Fig. 6b). This temporal dependence can be

explained by the fact that the appearance of the

wavepacket on the P+BA
– surface leads to effective elec�

tron transfer to HA proportionally to the time of the

wavepacket being on the P+BA
– surface. At 293 K the

electron transfer from BA
– to HA is delayed and slowed

down (Fig. 6a, dashed line): the appearance of the

oscillation peaks at 120 and 380 fsec in the BA
– band

(Fig. 5) is not accompanied by electron transfer from

BA
– to HA. Only the appearance of the oscillation peaks

at ~1, ~2, and ~3 psec in the BA
– band is accompanied

by the electron transfer to HA with lower efficiency than

at 90 K. The Fourier transform spectrum of the oscilla�

tions in the 760�nm band at 90 K (Fig. 6c) has a domi�

nant band at 32 cm–1 and small bands at 64, 92, and

Fig. 4. Kinetics of ∆A (a), its oscillatory part (b), and spectrum

of Fourier transform of oscillatory part (c) at 935 nm for native

RCs of Rb. sphaeroides R�26 excited by 25�fsec pulses at

870 nm. Solid lines, measurements at 90 K; dashed lines,

measurements at 293 K. Numbers in part (c) denote character�

istic frequencies of maxima of the Fourier transform spectrum.
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112 cm–1. It should be noted that the Fourier transform

spectrum does not include frequencies around

130 cm–1, which is character for the Fourier spectra of

the kinetics at 935 and 1020 nm (Figs. 4c and 5c). This

fact suggests that the 130 cm–1 mode and the 32 cm–1

mode overtones are not active in the wavepacket trans�

fer to the P+HA
– potential energy surface.

At 293 K the Fourier transform spectrum of the

oscillations at 760 nm include only one band at 32 cm–1

(Fig. 6c, dashed line). The 32�cm–1 band of the Fourier

transform spectrum of the oscillations was found also

around 788 nm by direct kinetics measurements (without

separation of spectral components of various absorption

bands) [30].

DISCUSSION

The described results allow drawing the potential

energy scheme for non�equilibrium conversion of the

excited state P* into the charge separated states (P+BA
–HA

and P+BAHA
–) in bacterial reaction centers (Fig. 7). The

first step of the conversion was theoretically described in

[31] by a harmonic bath model using the diabatic

Hamiltonians for the ground (PBA, H1 = K + Σi ћωi(xi –

ξi/(ћωi))2/2 + Σj ћωj yj
2/2 + ε1), locally excited (P*BA,

H2 = K + Σi ћωi xi
2/2 + Σj ћωj yj

2/2) and charge transfer

(P+BA
–, H3 = K + Σi ћωi(xi – ξi′/(ћωi))2/2 + Σj ћωj (yj –

ηj/(ћωj))2/2 + ε3) states. Here K is the kinetic energy; xi

and yj are the dimensionless coordinates; ε1 and ε3 are the

energy differences of the potential minima for H1 and H3

from H2, ћ is Planck constant. The reaction coordinates

Q1 and Q2 [31] are defined for the photoexcitation and the

electron transfer processes, respectively. The angle (θ)

between Q1 (≡Σiξixi) and Q2 (≡Σiξi′xi + Σjηjyj) determines

the amplitude of the fsec oscillation in the electron trans�

fer rate treated by the Landau–Zener semiclassic

approach: when cosθ = –1 (linear arrangement), the

oscillations are maximal; when cosθ = 0 (orthogonal

arrangement), the oscillations are absent. The same is

true for the average fsec motion of the x�part of the reac�

tion coordinate [31]:

Q2x(t) = Σi ξiξi′ cos(ωi t) /(ћωi).                   (4)

Oscillations of Q2x(t) are maximal when cosθ = –1

and minimal when cosθ = 0. The remarkable oscillations

in the product P+BA
– at 1020 nm indicate that the angle θ

is close to 180° (and cosθ ≈ –1). Therefore, one can cut

the diabatic potential energy surfaces along Q1 and Q2

coordinates. The result of this one�dimension cross�sec�

tion is shown in Fig. 7.

The transition coefficient k at the crossing place of

the P* and P+BA
– surfaces can be written as follows:

k(Q
•

) ≡ PLZ(|Q
•

|)θ(Q
•

) + PLZ(|Q
•

|)/(1 + PLZ(|Q
•

|)).       (5)

Here θ(x) is the Heaviside unit function and PLZ(|Q
•

|)

is the transition probability, for which the following

Landau–Zener form is assumed:

PLZ(|Q
•

|) = 1 – exp(–2πJ2/(ћ|Q
•

|)),            (6)

where J is the electronic coupling for the electron trans�

fer.

In RCs the wavepacket is initially formed by fsec

light pulses on the 130�140 cm–1 potential energy surface

of P* at the short�wavelength side of the stimulated emis�

sion band from P* (895 nm) (Fig. 7). No P+BA
– state is

observed at this side of the surface. Then the wavepacket

begins the motion on the 130�140 cm–1 surface towards

the long�wavelength side of the stimulated emission band

Fig. 6. Kinetics of ∆A (a), its oscillatory part (b), and spectrum

of Fourier transform of oscillatory part (c) at 760 nm for native

RCs of Rb. sphaeroides R�26 excited by 25�fsec pulses at

870 nm. Solid lines, measurements at 90 K; dashed lines,

measurements at 293 K. Numbers in part (c) denote character�

istic frequencies of maxima of the Fourier transform spectrum.
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of P (935 nm). At 120�fsec delay the wavepacket

approaches the intersection point between P* and P+BA
–

surfaces, since the 1020�nm absorption band is formed

(Fig. 1).

The estimation of the wavepacket energy gives a

value of about 150 cm–1 (11,173 cm–1 (895 nm),

11,025 cm–1 (907 nm as 0–0 transition)) above the bot�

tom of the P* surface. The intersection point is above the

bottom by ~30 cm–1 [15]. Therefore, at the first (120 fsec)

and second (380 fsec) approaches of the wavepacket to

the intersection region the wavepacket energy should be

above the intersection point by ~120 cm–1. According to

[31] in this region the reflections from walls of potential

wells of both (P* and P+BA
–) states are possible. The

wavepacket at the P* surface wall emits light at 935 nm

and at the P+BA
– surface wall absorbs light at 1020 nm.

Figures 2 and 3 show that relative amplitudes of the oscil�

lations at 120 fsec delay for the 935�nm (0.19) and 1020�nm

(0.20) bands are very similar (see also [13, 14]). This fact

might suggest that each wavepacket approaching the

long�wavelength side of the stimulated emission at

935 nm approaches the P+BA
– surface as well. However, no

wavepacket transfer from the P* to P+BA
– surface and no

electron transfer to HA is observed at 120 fsec. Figure 1

shows that the 1020�nm band disappears almost com�

pletely at longer 250�fsec delay and the 760�nm band

does not bleach. This means that all wavepackets at

120 fsec (and most of them at 380 fsec at room tempera�

ture) are reflected back to the left side of the P* surface.

Only after several reflections and loosing of part of the

energy the wavepacket approaches the intersection point

at ~30 cm–1 above the bottom of the P* surface. Herewith

the electronic coupling splits two surfaces into two new

surfaces (see Fig. 7). There is the first possibility that the

lower surface is formed as a diabatic surface including two

states P* and P+BA
–. This mixing surface has a character�

istic frequency of 32 cm–1. The wavepacket motion on

this surface is accompanied by an adiabatic electron

transfer between two states. The second possibility is

related to the formation of the hypersurface of the state

Fig. 7. Schematic representation of the diabatic potential energy surfaces of the locally excited (P*BAHA) and charge transfer (P+BA
–HA) and

(P+BAHA
–) states. An electronic coupling between P* and BA [31] splits two original surfaces (P* and P+BA

–HA) into two new surfaces (upper

and lower). A high energy (~150 cm–1) wavepacket can approach the upper part of the P*BAHA and P+BA
–HA surfaces intersection and pro�

duce emission at 935 nm (P*) and absorption at 1020 nm (BA
–). The 32 cm–1 vibrational mode represents the wavepacket motion on the

lower mixing diabatic surface including the P* and P+BA
–HA states. The P+BAHA

– surface is suggested to cross the mixing surface at its part

having charge transfer character (P+BA
–HA). Another possibility is that the 32 cm–1 mode is primary generated on the P* hypersurface from

which a low energy wavepacket is transferred to the P+BA
–HA surface at the intersection point.
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P* which includes both the 130 and 32 cm–1 frequency

modes. Herewith the motion with the frequency of

32 cm–1 leads to the wavepacket transfer to the P+BA
– sur�

face. Let us to examine in detail these two possible

wavepacket motions on the 32 cm–1 surface.

First possibility. Final electron transfer to HA can be

good evidence for the wavepacket appearance on the

P+BA
– surface. The main frequency component for the

P+HA
– formation measured at 760 nm is 32 cm–1 (Fig. 6c).

This frequency can be related to the appearance of the

wavepacket on the P+BA
– surface, which makes possible

the electron transfer to HA. In fact, the same frequency

32 cm–1 is also a main frequency component for the P+BA
–

formation measured at 1020 nm (Fig. 5c).

The probability of wavepacket transfer directly from

the intersection point between the P* and P+BA
– surfaces

to the P+HA
– surface is too small since there is probably no

intersection of three surfaces at the same point. This con�

clusion is supported by the fact that the kinetics of ∆A at

1020 and 760 nm are different, and part of the 760�nm

kinetics oscillating with the frequency of 32 cm–1 is

delayed with respect to those of the 1020�nm band (Figs.

5b and 6b). The simulation of the process shows that the

kinetics of the 760�nm band bleaching reflects the inte�

gration of the 1020�nm peaks over the time. It is reason�

able because the appearance of the wavepacket on the

P+BA
– surface leads to the electron transfer to HA propor�

tionally to the time of wavepacket being on the P+BA
– sur�

face. We can assume that the 32 cm–1 mode includes

motions on both the P* and P+BA
– surfaces along coordi�

nate Q2 which allow the electron transfer to HA when the

wavepacket is on the P+BA
– part of the 32 cm–1 surface

(Fig. 7). In other words, the P* and P+BA
– states can form

a diabatic surface, part of which has charge transfer char�

acter of the P+BA
– surface. Wavepacket motion between P*

and P+BA
– might have sufficient probability if this motion

causes distance and orientation changes between P and

BA. This was shown in molecular dynamics calculations

for two modes at 17 and 28 cm–1 [32].

The kinetics for the 1020�nm band has very similar

oscillatory parts for both native and Pheo�modified RCs

(Figs. 3b and 5b), especially at 293 K. In Pheo�modified

RCs the 32�cm–1 oscillation observed in the 1020�nm

band kinetics can correspond only to the oscillation of the

wavepacket between two surfaces of P* and P+BA
– because

no electron transfer to Pheo is observed in the psec time

domain in these RCs. In native RCs this electron transfer

is possible and the appearance of the main peaks in the

760�nm band kinetics coincides in time with ends of the

1020�nm band peaks (Figs. 5b and 6b).

Second possibility. The 32�cm–1 mode was observed

earlier by us for the P+BA
– state in Pheo�modified RCs

[13�15] and in native RCs at 293 K [16]. It was suggested

that this mode is related to the oscillation on the P* sur�

face. However, the 27�cm–1 mode is observed in hole�

burning experiments [23] and in fsec kinetics of the stim�

ulated emission at 890 nm [33] and 935 nm (Figs. 2 and

4). This mode is different from the 32�cm–1 mode in fre�

quency position and shows a peak of relatively small

amplitude in the Fourier transform spectra. On the other

hand, the frequencies in the Fourier spectrum for the

935� and 1020�nm kinetics (Figs. 2c�5c) at 66, 93�96,

125�127, 158�164, 187�194, and 222�223 cm–1 can be

interpreted as overtones (calculated as 64, 96, 128, 160,

192, and 224 cm–1) for the fundamental frequency at

32 cm–1. Similar frequencies have earlier been found in

fsec kinetic measurements at 10 K [21]. These results can

show that the formation of the wavepacket with frequen�

cy of 130�140 cm–1 on the hypersurface of P* leads to the

subsequent population of the 32 cm–1 mode and its over�

tones since the wavepacket energy for the 130�140 cm–1

mode is about 5 times larger than that for the 32 cm–1

mode. If this is true, the 32 cm–1 mode might belong to

the P* hypersurface as well. Then the appearance of the

wavepacket on the P+BA
– surface with a frequency of

32 cm–1 is a result of the wavepacket motion on the P*

surface and of an effective transmission of the wavepack�

et to the P+BA
– surface with the same frequency. Since the

electron transfer from BA
– to HA depends on the appear�

ance of the state P+BA
– it is reasonable that P+HA

– appears

with the same frequency of 32 cm–1.

Besides, the 32 cm–1 mode can be related to a rota�

tion of small molecules like OH– or H2O connected by a

hydrogen bond to the photochemically active chro�

mophores. Two molecules of H2O are known to be bound

by hydrogen bonds to His L173 and M202 on one side

and to an oxygen group of BA and BB on other side [3].

Approximate calculations of characteristic rotation fre�

quencies according to [34] give a frequency of 37.8 cm–1

for OH– and 29.14 cm–1 for H2O that is very close to the

experimental frequency of 32 cm–1. Therefore, the

observed sequence of almost equidistant peaks in the

Fourier transform spectra of oscillations at 935 and

1020 nm at 90 K can be related to modulation of fsec

kinetics by the rotation of H2O (or OH–). The same is

probably true at room temperature. Further studies of the

oscillations in different states of RCs will permit a choice

of one of the mentioned possibilities.

From the results obtained we suggest that above�

mentioned modulation is along the reaction coordinate of

the primary charge separation P* → P+BA
–. This modula�

tion can be important for the electron transfer from the

neutral P* to BA. From Fig. 7 it is clear that the wavepack�

ets with the overtone frequencies at 66, 93, 125, 158, 188,

and 222 cm–1 are higher in energy than the intersection

point between the P* and P+BA
– surfaces. Therefore these

harmonics appear in the stimulated emission from P* at

935 nm rather than in the 1020 nm kinetics. Small ampli�

tudes of those harmonics observed in the 1020�nm kinet�

ics are probably due to some reflections in the surface

region above the intersection point. On the other hand,

the wavepacket with the frequency of 32 cm–1 and small
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energy about 30 cm–1 is probably able to penetrate through

the split region between the P* and P+BA
– surfaces. This

leads to the formation of P+BA
– state at delays of ~1, ~2,

and ~3 psec with the frequency of 32 cm–1. The formation

of the state P+BA
– causes the electron transfer to HA in

native RCs both at low and at room temperatures with the

same 32 cm–1 frequency. At low temperature (90 K) the

distinct electron transfer from BA
– to HA starts already at

380�fsec delay that is much earlier than at 293 K (Fig. 6b).

This means that at 90 K the transmission of the wavepack�

et from the P* to P+BA
– surface is increased at 380 fsec with

respect to those at room temperature.
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