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ABSTRACT:. Formation and coherent propagation of nuclear wavepackets on potential energy surfaces of
the excited state of the primary electron donor P* and of the charge transfer st&gs &d P Ha~

were studied in native and pheophytin-modifielodobacter sphaeroidds-26 reaction centers (RCs)
induced by 25 fs excitation (whereaBand H, are the primary and secondary electron acceptors,
respectively). The processes were monitored by measuring coherent oscillations in kinetics of the time
evolution of the stimulated emission band of P* at 935 nm, of the absorption bangcétBL020 nm,

and of the bleaching band ofaHat 760 nm. It was found that the nuclear wavepacket motion on the
130-140 cnt! surface of P* is directly induced by light absorption in P. When the wavepacket approaches
the intersection between P* and®,~ surfaces at 120 and 380 fs delays, the formation of intermediate
mixed-state emitting light at 935 nm (P*) and absorbing light at 1020 nhB4P) takes place. At the

latter time, the wavepacket is transferred to the 32%tmode which can belong to the P* hypersurface
effectively transferring the wavepacket to theBR~ surface or can represent a diabatic surface which is
formed by the states P* and'Ba~. The wavepacket motion on the€B,~ surface or on the 8By~ part

of the mixing surface is accompanied by irreversible electron transfertd'hs process is monitored

by the kinetics of 1020 nm band development and 760 nm band bleaching (delayed with respect to 1020
nm band development) which both have the enhanced 32 omde in Fourier transform (FT) spectra.

The mechanism of wavepacket transfer from the-1B80 cnt! to the 32 cmi! mode is discussed.

Highly efficient primary charge separation in the bacterial ment of stimulated emission from P* around 920 nm. The
hexachromophoric reaction center (R@dotein occurs from  stimulated emission from P* decays withir3 ps 6) [1.5

the excited singlet state of the primary electron donor
(bacteriochlorophyll dimer, P). An electron is transferred
from P* to the primary electron accepton Bbacteriochlo-
rophyll monomer located in the photoactive cofactor branch
A) within ~3 ps inRb. sphaeroideRCs at room temperature
(1, 2 and~1.5 ps at low temperatur8)with the formation
of the charge-separated stat¢éBR~. Subsequently, an
electron is transferred from B to Ha (bacteriopheophytin
in the branch A) to yield statePi,~. This process occurs
faster than the initial electron transfer from P* ta Bnd
takes~0.9 ps at room temperatur®)([~300 fs at low
temperature4)].

The formation of P* is accompanied by the bleaching of
the ground-state absorption bands of P at 600 nm (Q
transition) and at 870 nm (Qransition) and by a develop-
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ps at low temperature3( 5)], that corresponds to a time
constant of the electron transfer (ET) from P* t@.Brhe
formation of state PB,~ is characterized by the bleaching
of the absorption bands of P at 600 and 870 nm, by the
bleaching of R bands at 600 nm (Qtransition) and 800
nm (Q, transition), and by the formation of the ®Band at
1250 nm and the B band at 1020 nm?, 3). The formation

of state PHa~ results in the P bands bleaching and in the
bleaching of the KW absorption bands at 545 nm (Q
transition) and 760 nm ({ransition), in a blue shift of the
Ba band at 800 nm, and in the development of the radical
anion bands of W~ at 660, 910, and 960 nn®). The free
energy level of PB,~ was found to be below that of P* by
350-550 cn1t (7, §). The energy of PHA™ lies below that

of P* by ~2000 cm! (9). Some investigators [sed@)]
suggest that an electron is directly transferred from P* to
Ha without real participation of B as an intermediate
electron carrier. The observation by several grouhs3(

11, 12 of femtosecond formation of the,B band at 1020
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nm within ~3 ps at room temperatur@,(11, 13 [~1.5 ps respect to the zero line should show nothing. This is probably
at low temperature3]] strongly supports two-step ET in RCs.  the case for the measurements 21)( Using 110 fs pulses
Charge separation in RCs between spectrally separatedn that work creates another principle problem described by
chromophores allows a study of coupling of nuclear motions Vos et al. (9) and related to the absence of femtosecond
and electron transfer. Several methods are available for sucloscillations higher than 15 cmh
a study. The first and detailed description of the vibration The same arguments are true for the measurements of the
structure of the P absorption band was done by the holeH, band at 760 nm, which is spectrally narrower than the
burning experiments at 1.7 K in closed RCs (in the presencebands related to the formation and decay of P* anB P
of Ha™) (13). It has been shown that the zero-phonon line in this spectral region. Kinetics measured on the basis of
(width less than 1 cm) for the P band bleaching near the the spectral analysis near 760 nm at each delay can show
0—0 transition is accompanied by two clear vibration modes real kinetics of the development of Ry~. Therefore, the
at ~30 and~140 cnt! (13). The modes at 73, 110, 175, whole spectrum measurements in this region during one flash
and 205 cm* were observed as well. Similar modes were were used to observe the development and disappearance of
found by the resonance Raman at 34, 71, 95, and 128 cm  the 1020 nm band and the disappearance of the 760 nm band
(14-16). in the present work.
Recently, femtosecond coherence spectroscopy has offered |t was found that in native and pheophytin-modified RCs
a new tool for the observation of low-frequency nuclear of Rp. sphaeroideR-26 the appearance of the maximal
motions induced by light I7—22). Excitation of P by  emission at 935 nm is accompanied by the maximal
ultrashort pulses<{30 fs) of broad spectral width leads to  pleaching at 800 nm and by the maximal formation of the
the formation of a superposition of many vibrational wave 1020 nm band1, 12, 22. This finding suggests that the
functions that create a wavepacket having time-dependentyayepacket emitting light at the long-wavelength side of the
position on the potential energy surfaces. Such a nuclearstimulated emission band is located close to the intersection
motion can be visualized by the femtosecond oscillations in petween the P*R and P'Bs~ potential surfaces. Two
the kinetics of stimulated emission from PI% Because vibrational modes at 3033 and 136-140 le were found
of a displacement of the potential energy surface of P* with tg have an intersection with the Ba~ surface {1, 19. Very
respect to that of P, the stimulated emission from the recently a coherent component in the dynamics of population
wavepacket on the P* surface to that on the P surface has &f the P'H,~ state at 15 K has been demonstrated by
time-dependent spectral position. As a result, the long- andgpservation of 30 crt oscillations in the kinetics of the
short-wavelength emission components are out-of-phase tglectrochromic shift of the absorption band at 800 nm in

each other but have the same oscillation frequencies. FTresponse to the electric field of the charge-transfer pair
spectra of the oscillations at low and room temperatures showp+H, - (10).

vibrational modes at 15, 30, 69, 92, 122, 153, 191, and 329 410 we present the results showing thaRin sphaeroi-

cm* (19) similar to those found in hole burning experiments  4osRr-26 RCs the wavepacket moving on the P* potential
(13) and by Raman spectroscopy4(-16). energy surface with a frequency of 13040 cnr! is

The fundamental aspect of usage of femtosecond spec+,ansferred to the 32 cm mode which belongs to the P*
troscopy is a possibility of a direct study of coupling between hypersurface or to theB,~/P* diabatic surface. Finally
nuclear motions and primary ET in the subpicosecond and 41, electron is accepted bysHvhen the wavepacket is on
picosecond time domains. Such a possibility was shown by he grface with PBA~ character. This conclusion was made
femtosecond measurements of the kinetics with respect t0yp, the pasis of femtosecond measurements of the transient
zero line near 800 nm (Babsorption band)22) and of the  ap56rntion spectra at different time delays in spectral regions
kinetics with spectral analysis near 1020 nm {Bbsorption covering P* stimulated emission (96980 nm), B~ band

band) in pheophytin-modified RCs froRb. sphaeroideat formation (1008-1060 nm), and KW band bleaching (720
room temperaturel(l, 12. The attemptZ1) to observe R~ 780 nm) due to i~ formation.

band formation near 1020 nm by one-wavelength kinetic

measurements using 100 fs pulses failed probably due to aMATERIALS AND METHODS

strong contribution from oscillations of the stimulated

emission from P* in this region. In fact, if the absorbance =~ RCs of Rhodobacter sphaeroidd?-26 were isolated as
changes at 1020 nm include the stimulated emission of P* described inZ5) and were pheophytin-modified as described
and the absorbance increase due o ®rmation, the one-  in (26). The optical density of the samples was 0.5 at 860
wavelength measurements of the kinetics at 1020 nm with nm at 293 K; 5 mM sodium dithionite was added to keep
respect to the zero line show the development of the two the state PBHAQa™ in RCs. All measurements were carried
mentioned processes. However, if the absorbance changegut at room temperature.

for the B.~ band have a narrower spectral feature than the Femtosecond transient absorption measurements were
stimulated emission band [see Figure 1 dfl){, the carried out with a home-built amplified Ti:sapphire laser
development of the 1020 nm band on the broad backgroundsystem with continuum generation and optical multichannel
can be measured by spectral analysis at each femtosecondnalyzer detection, described in detail 1), The operating
delay. By this approach, the kinetics related only toB  frequency was 15 Hz. The duration of pump and probe pulses
formation were measuredl, 19. On the other hand, if 1020  was about 25 fs. Pump pulses were centered at 870 nm. The
nm band formation and the stimulated emission band of P* pump and probe pulses had weak20%) mutual perpen-

are in-phase with approximately equal amplitudes but with dicular polarization while the remaining part+80%) was
opposite direction (absorbance increase and decrease, redepolarized. The delay between pump and probe pulses was
spectively), the one-wavelength kinetic measurements with changed with an accuracy ef10 fs. The compression of
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temporal dispersion in the range from 600 to 900 nm was
monitored by kinetic measurements at 600 nmt@nsition

of P) and at 900 nm (Qtransition of P and the short-
wavelength side of stimulated emission from P*). It was
found to be less than 50 fs. Out-of-phase oscillation at 900
and 935 nm, observed earlier ih/A—20), has shown that in
this region the temporal dispersion was compressed to less
than 10 fs. In-phase oscillation of the 935 and 1020 nm bands
shown earlier{1, 19 is consistent with the compression to
less than 30 fs in the 9301040 nm region. In agreement
with this, it was found that the green filter (ZC-10) spectral
band in the range of 9351060 nm is bleached within 30 fs
without any changes in the shape of this band.

The amplitudes of the spectral bands at 935, 1020, and
760 nm at different delays superimposed on the broad
background were measured at their maxima as shown by
the arrows in Figure 1. The resulting difference light-minus-
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nm

dark time-resolved absorbance spectra were obtained by nm
averaging 30067000 measurements at each delay. The oA C
accuracy of spectral measurements was2)Lx 10 * unit ' F *10
of optical density. The kinetics of absorbance changéy ( oo L T 118 fs
of the mentioned bands were revealed from the difference ’ !
absorbance spectra measured at different delays. The non- 3 o1 L AA(935)
oscillating fits were subtracted from the kinetics, and the ’
residual oscillatory parts of the kinetics were Fourier-
transformed to obtain the spectra of oscillations. Note that 02 Crommmoeomoos [Tt .
the fits correspond to the minimal amplitude of the oscilla- 940 980 1020 1060
tions. nm
Ficure 1: Difference (light-minus-dark) absorbance spectra mea-
RESULTS sured at different femtosecond delays at 293 K in nai@do-

bacter sphaeroideR-26 RCs excited by-25 fs pulses at 870 nm.
(A) Development of 1020 nm band of\B at different delays. (B)

. .. Bleaching of H band at 760 nm at different delays. (C) Long-
pulses leads to the formation of the wavepacket and itsyayelength part of the stimulated emission from P* in the-935

motion on the P* hypersurface (with 130 chand other 1060 nm range at 118 fs delay; the kinetics in the range 1000
frequencies) accompanied by stimulated emission from P* 1050 nm are increased by a factor of 10 and normalized at 1000
with a time-dependent spectral position. It was shown that "M with the nonincreased curve. Dotted lines show baselines for
the oscillations in the stimulated emission are a result of the Méasured spectra. On the basis of measured spectra, the amplitudes

. L . of the correspondin@\A indicated by arrows for 1020 nm band

wavepacket motion within one electronic stat@{21). As development (A), for 760 nm band bleaching (B), and for 935 nm
shown below, spectral analysis of the formation of the 1020 stimulated emission (C) were determined.
nm band indicates that the femtosecond oscillations are
related instead to the oscillations between different electronic 1.4, respectively, were observed. Picosecond measurements
states. The same conclusion can be found for the bleachingn polarized light gave some different ratios of the mentioned
of the 760 nm band. Figure 1 depicts the spectra of amplitudes depending on the polarization of the transitions
absorbance changes in the ranges from 1000 to 1050 nmand the temperature of the sample. The raticA&{760)/
(development of the 1020 nm band oi B, from 720 to AA(787) was found to be 1:1.4 for the perpendicular
780 nm (H band bleaching due todd formation), and from polarization &5 K (27). The spectrum at 5.1 ps presented
935 to 1050 nm (stimulated emission from P*, including in Figure 1B shows ah\A(760)/AA(780) ratio of 1:1.4, in
1020 nm band formation) at different delays in native RCs. agreement with§).
The analysis of the data for 1020 nm band development The spectrum of the 760 nm band at different delays also
(P"Ba~ formation) shows that the structure of this band shows that this band disappeared as a whole without any
(center position and shape) is not changed at different delayschange in the central position and shape. The kinetics of the
This indicates that there are no any oscillations within one 760 nm band (see Figure 4A) demonstrate that this band
electronic state, B,~. The appearance and subsequent jrreversibly disappeared as an indicator of the irreversible
disappearance of the 1020 nm band are instead related t@lectron transfer to Kl These kinetics behave as an integral

As mentioned, the excitation of P by ultrashor30 fs)

the oscillations between the two states P* an@®p (see
Discussion).

The spectrum of i~ formation was first characterized in
nonpolarized light at room and at low temperatu®. (
Bleaching of the 760 nm band (Qransition of H),

over the time of the kinetic peaks of the 1020 nm band,
showing electron transfer from,B to Ha (see below).

In previous experiments with Pheo-modified RCsRif.
sphaeroidefR-26, we have showrl(, 12 that femtosecond
kinetics of absorbance changesA| for the bands at 900

development of the broad 660 nm band (radical anion bandand 935 nm (P* stimulated emission) and 1020 nm~(B

of Ha™), and the blue shift of the 800 nm band of B
(development at 790 nm), with an amplitude ratio of 1:1.2:

band development), revealed from the difference absorption
spectra taken at different femtosecond delays, allow visual-
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development (see Figure 1A) for native (solid line) and pheophytin-
modified (dotted line) RCs at 293 K. The dashed line represents a
non-oscillating fit of the kinetics for native RCs. (B) Oscillatory
parts of 1020 nm band kinetics for native (solid) and modified
(dotted) RCs. (C) Fourier transform of the oscillatory parts of 1020
nm kinetics for native (solid) and modified (dotted) RCs.

FiIGURE 3: (A) Femtosecond kinetics &A for the 935 nm band

of the stimulated emission of P* (see Figure 1C) for native (solid
line) RCs at 293 K. The dashed line represents a non-oscillating
fit of the kinetics. (B) Oscillatory parts of the 935 nm band kinetics
for native (solid) and modified (dotted) RCs. (C) Fourier transform
of the oscillatory parts of the 935 nm kinetics for native RCs.

ization of the coupling of nuclear motions to ET from P* to

o . : i is in-ph ith the fi e of
Ba, resulting in the formation of the primary charge-transfer nm absorption band is in-phase with the first appearanc

_ . the emission peak on the long-wavelength side of the
state PB,". The development of the 8 absorption band stimulated emission band at 935 nm (Figures 2 and 3), in

at 1020 nm (measured on the broad background which aroseagreement with measurements performed on the Pheo-
due to the stimulated emission from P*; see, for example, modified RCs [dotted lines andl{, 13]. The second
Figure 1A,C for native RCs) was found to occur Witm appearance of the 1020 nm band observediﬁo fs (the
ps at room temperatur(i (Figure 2A, dotted line). The ~260 fs period of these oscillations corresponds to a
accumulation of state’,~ (no electron transfer from 8 frequency of~130 cnm) is in-phase with the stimulated
to further acceptor takes place in Pheo-pheophytin RCS in g igsion at 935 nm and is about 70% reversible (Figure 2A).
this time domain) is accompanied by femtosecond oscilla- Next “three features reflecting oscillations of the 1020 nm
tions which include two main vibrational modes with band are clearly seen at1.15 ps (-50% reversibility),
frequencies at 136140 and 3133 cn1* (see Figure 2C, 5 17 s and 3.14 ps with a half-width of about 680 fs are
dotted line). The oscillations with a frequency at £3@0 observed €1 ps period corresponds to a frequency-~&3
cm* for 1020 nm band development are in-phase with those ¢ -1y ' contrast to Pheo-modified RCs (Figure 2A, dotted
for the stimulated emission from P* at 935 nm (see Figures jine) 'in native RCs the non-oscillating amplitude of the 1020
2B and 3B, dotted lines). nm band (dashed line in Figure 2A) was estimated to increase
Very similar room temperature oscillations in the femto- within ~0.9 ps and to decrease withir2.5 ps due to electron
second kinetics of 1020 nm absorption band developmenttransfer from P* to R (~2.5 ps) and from B~ to Ha (~0.9
are demonstrated in Figure 2AC (solid lines) for native ps), in agreement with previous estimatio@. (
RCs of Rb. sphaeroidedR-26. Again, the kinetics were Figure 2C depicts the results of FT for the oscillatory part
obtained from difference absorption spectra measured atof the 1020 nm band kinetics shown in Figure 2B. The FT
different time delays (Figure 1A). The spectra and kinetics spectra for Pheo-modified and native RCs are very similar
show that the B~ band at 1020 nm first appears at a delay to each other. In agreement with a preliminary assignment,
of ~120 fs with the amplitude comparable to that observed two main bands for both Pheo-modified and native RCs are
in Pheo-modified RCs (Figure 2B), and almost completely observed at 32 cnt (narrow) and 130 crt (broad). The
disappears at 250 fs. This reversible development of the 1020frequency components at about 9, 82, 102, 172, 242, and
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330 cm? (broad) are also seen in the FT spectra for native
RCs.

Figure 3 shows the kinetics at 935 nm (the long-
wavelength side of the P* stimulated emission band) (A),
the oscillatory part of these kinetics (B), and FT of the
oscillatory part (C). As mentioned, the peaks in the oscil-
latory feature of the stimulated emission at 120 and 380 fs
coincide with the corresponding peaks in the 1020 nm band
kinetics for Pheo-modified and native RCs (Figures 2 and
3). This observation suggests that the productBgP)

appears when the wavepacket approaches the long-wave-

length side of the emission band. Thus, the intersection of
the potential energy surfaces of P* (3040 cnt! mode)
and PB,~ seems to occur at this side.

The FT spectrum for the 935 nm kinetics (Figure 3C)
includes several bands at about 9, 27, 43, 66, 86, 130 (br),
164, and 340 cm' (br). The bands at 9 and 130 ckhave
maximal amplitude. This spectrum is very similar to that
observed previously for the 890 nm kinetics in native RCs
(bands at 9, 27, 42, 84, and 124 cmvere registered)2Q).
Notably, the 27 cm! mode seen in both spectra for the 935
and 890 nm kinetics has no counterpart in the FT spectrum
for the 1020 nm kinetics. The 32 crhmode found for the
1020 nm kinetics differs from the 27 crhmode both in
amplitude and in frequency position. The modes with
frequencies at 130140 and 336-340 cmt are similar for
the kinetics of the 1020 and 935 nm bands.

The characteristic feature of the 3040 cn1 vibrational
mode is its higtS-factor value {2) found from hole burning
experiments 13) and from simulation of the P absorbance
spectra of RCsA3, 249. It was concluded that the 13040
cm™! vibrational levels are directly populated by light
excitation at 870 nm since the relatively weak®transition
of P is located near 907 nn23). Therefore, the excitation
of P near 870 nm is accompanied by the population of 2d or
3d levels of the 136140 cm! mode, in agreement with
FT spectra of femtosecond kinetics. On the other hand, a
relatively smallSfactor was found for the 27 cmi mode
which was assigned to a protein phonon wirdg)( The
population of the 32 cmt mode is probably absent when P
is directly excited.

Figure 4A (solid line) demonstrates the kinetics of bleach-
ing of the Q absorption band of the photochemically active
bacteriopheophytin (k) at 760 nm due to the formation of
state PHa™ in native RCs oRb. sphaeroideR-26 at room
temperature. The amplitude of 760 nm band bleaching
(AAze0) was calculated from the difference absorption spectra
presented in Figure 1B. The oscillatory part is depicted in
Figure 4B and its FT in Figure 4C. No electron transfer to
Ha is observed when B appears at 120 fs and a little at
380 fs delay. One can assume that the 32'amode includes
the appearance of the wavepacket on thBP surface at
~1.15,~2.17, and~3.14 ps delays accompanied by electron
transfer to K. An analysis of the kinetics of the 1020 and
760 nm bands shows that a rise of the bleaching of the 760
nm band represents roughly the integration over time of the
1020 nm oscillatory peaks at1.15,~2.17, and~3.14 ps
superimposed on the exponential growth. It means that the
motion of the wavepacket on the surface withBR~
character is accompanied by electron transfer to Fhe
measurements at 90 K (Figure 4A, dotted line) indicate that
such an integration is observed at much earlier time when
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Ficure 4: (A) Femtosecond kinetics @A for 760 nm band (i)
bleaching (see Figure 1B) for native (solid line) RCs at 293 K.
The dasheddotted line represents a non-oscillating fit of the
kinetics for native RCs. The dashed line indicates the 1020 nm
kinetics taken from Figure 2A. The dotted line depicts the 760 nm
kinetics for native RCs at 90 K. (B) Oscillatory part of 760 nm
band kinetics at room temperature. (C) Fourier transform of the
oscillatory parts of the kinetics.

the 1020 nm peak appears at 380 fs ( remaining data will be
published in future work).

It should be noted that the one-wavelength kinetic
measurements with respect to the zero line are not able to
show real H band bleaching until at least a delay when
“pure” bleaching below the zero line is detected. For
example, in 28) these kinetic measurements with respect to
the zero line were done at 760 nm, which included the
formation and decay of P*, 85—, and PHA~. However,
even in this complicated case, the start of the absorbance
decrease at 760 nm was registered beginning from the 1 ps
delay and the “pure” bleaching (below the zero line) from 2
ps. This is consistent with the spectra and kinetics presented
in Figures 1 and 4. In29), the bleaching at 760 nm shown
by the solid line in Figure 2 of29) was started from 1 ps
delay; however, the signal/noise ratio was not enough to
measure this time region in detail. This was done in the
present work and is demonstrated in Figures 1 and 4.

The FT spectrum of the oscillatory part of the 760 nm
band kinetics (Figure 4C) shows that the spectrum includes
one main band at 32 cm in agreement with the measure-
ments at 788 nm at low temperatur&Q). Since this
frequency is the same as for 1020 nm band kinetics, this
finding supports the idea that the 32 thmode reflects the
motion of the wavepacket between states P* an@.P
accompanied by electron transfer ta.H

The FT spectrum for 760 nm band kinetics also includes
small bands at 9, 51 (sh), and 84 ¢mThe origin of the 9
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cm! band seen in all spectra is not completely clear. 260 fs 380 fs
Simulations show that it can be related to some distortion ™ 1020 nm 120t
during a procedure of the FT. The bands near 84'cane /\ 130em” N\
observed in the 1020 nm (82 cf) and the 935 nm (86
cm™Y) FT spectra.

One can compare our results with those published by Vos
et al. (L0) for PtHA™ formation measured at 788 nm at 15
K. Despite the presence of a lag im Heduction at 293K
(Figure 4) which is absent at 15 K@), the oscillatory parts
of both kinetics are very similar to each other. The FT spectra
of these kinetics presented in Figure 3 @0) and in our
Figure 4 are identical as well and show remarkable contribu- hv 935 nm
tion of the 36-32 cnT! mode in the oscillations. The whole
kinetics at 760 nm measured at 90 K (Figure 4A) are very
similar to those measur.ed at 788 nm at 15 K by.Vo.s etal. FIGURe 5: Schematic representation of the diabatic (phonon)
(10). Results published ir80) for 800 nm band oscillations  potential energy surfaces of the locally excited (RER), and
demonstrated a remarkable contribution of the 32*amode charge-transfer (BBa"Ha and P'BjHA™) states. An electronic
as well. From comparison of the data, it is clear that the lag coupling between P* and B(50) splits two original surfaces (P*
in the reduction of K is temperature-dependent and has &nd PBa Ha) into two upper and lower parts. The 130 tin

. . . - - wavepacket can approach the upper part of the PiBP*Bo~H
important physical meaning (to be published in the future). surfage and produpcpe emission 2?932 nm (P*)Aand abgorpe[ion at

1020 nm (B ") indicated by arrows. The 32 crhvibrational mode
DISCUSSION represents the wavepacket motion on the P* hypersurface or on
) . the mixing diabatic surface (lower part) including the P* and
The picosecond, femtosecond, and Raman studies of theptB,~H, states. The wavepacket on theBR~H, part of such a

primary charge separation and vibronic structure of photo- surface has absorption at 1020 nmx(Bindicated by the arrow.

active chromophores in bacterial RCs are widely described The P'BaHa™ surface is suggested to cross the mixing surface at
in the literature {—8, 14-16, 23, 24, 26-29, 31-39). A its part having charge-transfer characterBRH,). According to

. T Figure 4, the transmission coefficient at the corresponding crossing
new tool for detecting low-frequency nuclear motion in RCs  ¢an pe quite large and approach the adiabatic limit.

based on femtosecond spectroscopy is developedGn (

12, 17-22, 40-42). Here this tool was applied to the study Qi: andQ: coordinates. The results of a one-dimension cross

of electron-nuclear coupling during the charge separation section are shown in Figure 5.

process in RCs. The transmission coefficierit at the crossing of the P*
Various theoretical models, for example, the Marcus model @nd PBa~ surfaces can be written as follow4g]:

(43) and vibration overlap model€l4), studied the charge N : : : :

separation process and electron-transfer reactions in RCs. k(Q) = P(IQNO(Q) + P(IQI[1 + P2(IQN] (2)

Quantum chemical methods were used to find wave func-

tions, energies, and coupling parametd&s-(50). The above-

described results allow one to draw the potential energy

scheme for nonequilibrium conversion of the excited-state

P* into the charge-separated state8R Ha and PBaHa™ P _(10]) = 1 — expl—273¥(hIC 3

in bacterial reaction centers. The first step of the conversion 2(IQ Pl (RIQD] 3)

was theoretically described iAg) by a harmonic bath model  \yhereJis the electronic coupling for the ET.

with the electronically diabatig (phonon) Hamiltonians for  The results show that in RCs the wavepacket is initially
the ground (PR, Hy), locally excited (P*R, H), and charge-  formed by femtosecond light pulses on the £3@0 cn?
transfer (PBa~, H) states. The reaction coordina@sand  potential energy surface of P* at the short-wavelength side
Q2 (48) are defined for the photoexcitation and the electron- o the stimulated emission band from P* (895 nm). No
transfer processes, respectively. The ang)ebetweenQ, P'Ba~ is observed at this side. Subsequent motion of the
(=2i&ix) andQ; (=2i&i' + Zjnjy;) determines the amplitude  \yayepacket on the 136140 cnt! surface toward the long-

of femtosecond oscillation of the electron-transfer rate ”eatedwavelength side (935 nm) of the stimulated emission band

by the LandauZener semiclassical approach: when 60s |e5ds it to the intersection region between P* andp

= —1 (linear arrangement), the oscillations are maximal; syrfaces at 120 fs delay.

when cost) = 0 (orthogonal arrangement), the oscillations  The estimation of the wavepacket energy above the bottom
are absent. The same is true for the average femtosecongy the p* surface gives a value of about 150 érfi.1 173

1020 nm "

P BA'/

1

32cm’

~150 c¢m .

-

895 nm

PH,

where 6(x) is the Heaviside unit function andl.z(|Q|) is
the transition probability per crossing, for which the follow-
ing Landau-Zener form is assumed:

motion of thex-part of the reaction coordinatd): cm1 (895 nm)— 11 025 cmi® (907 nm as 6-0 transition)].
) The intersection point is above the bottom$b$0 cn1? (12).

Qu(t) = Zi&i&' cost)/(fw;) 1) Therefore, the first at 120 fs and second at 380 fs approaches

of the wavepacket to the intersection region should be above
Oscillations ofQx(t) are maximal when co8 = —1, and the intersection point by-120 cnt. According to é8), in

minimal in the orthogonal case (c6s= 0). The remarkable this region reflections from walls of both wells (for P* and
oscillations in the product™,~ at 1020 nm indicate that P™Ba~ surfaces) are possible. The wavepacket at the P*
the anglef is close to 180 (and cosd ~ —1). Therefore, surface wall emits light at 935 nm, and that at theBR~

one can cut the diabatic potential energy surfaces along thesurface wall absorbs light at 1020 nm. Figures 2 and 3 show
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that relative amplitudes of the oscillations at 120 fs delay energy for the 136140 cnt! mode is about 5 times larger
for the 935 and 1020 nm bands are very similar in than that for the 32 cmt mode. If it is true, the 32 cmi
pheophytin-modified RCs [see alsb2j] as measured with  mode might belong to the P* hypersurface as well. Then
respect to the maximal amplitudes of the correspondiAg the appearance of the wavepacket on thBP surface with
found at 5 ps (0.19:0.20, respectively). This fact might a frequency of 32 cni is a result of wavepacket motion on
suggest that each wavepacket approaching the long-the P* surface with the same frequency and effective
wavelength side of the stimulated emission at 935 nm transmission of the wavepacket to theBR~ surface and
approaches the'B,~ surface as well. However, no wave- then from that to the fHA~ surface.

packet transfer from the P* to'B,~ surface and no electron Il. The alternative consideration of the nature of the 32
transfer to H are observed at 120 fs since the 1020 nm band cm™! mode observed for both Pheo-modified and native RCs
disappears at longer (250 fs) delay and no remarkablecan give another picture. The probability of wavepacket
bleaching of the 760 nm band is observed at this delay. It transfer directly from the intersection point between the P*
means that all wavepackets at 120 fs (and most of them atand P B, surfaces to the fH,~ surface is too small since
380 fs) are reflected back to the left side of the P* surface. there is probably no intersection of three surfaces at the same
[The picture seems to be different at low temperature when point. This is supported by the fact that the kinetics for the
the transmission through the P* surface wall becomes much1020 and 760 nm bands are different and show some delay
greater at 380 fs delay (see Figure 4A and second part ofof 760 nm band bleaching with respect to 1020 nm band
this work to be published in the future).] Only after several development (Figures 2 and 4). Simulation of the process
reflections and loss of some energy does the wavepacketshows that the kinetics of 760 nm band bleaching reflect
approach the intersection region close to the intersection pointthe integration of the 1020 nm peaks over time. Therefore,
at ~30 cn1t above the bottom. At this point, the electronic we can assume that the 32 chmode includes motions on
coupling for ET 60) splits two surfaces into two new wells  both the P* and PB,~ surfaces along coordina€ which

(see Figure 5). allow the electron transfer toAHvhen the wavepacket is on
Let us start a discussion of two possible explanations of the P'B,~ part of the 32 cm! surface (Figure 5). In other
the wavepacket motion on the 32 chsurface. words, the P* and FB,~ states can form a diabatic surface,

I. Final electron transfer to fcan be good evidence for  part of which has PB.o~ charge-transfer character. Wave-
wavepacket appearance on the surface witBP character packet motion between P* and B~ might have sufficient
according to the sequential model of ET. The main frequency probability if this motion includes the distance and orientation
component for PHA~ formation measured at 760 nm is changes between P and Bhown by molecular dynamics
located at 32 cm' [see Figure 4C andlQ)]. It means that  calculations for two modes at 17 and 28 ¢nf49).
this frequency can be related to the appearance of the The kinetics for the 1020 nm band have very similar
wavepacket on the surface with"B,~ character, which  oscillatory parts for both native and Pheo-modified RCs
makes possible the electron transfer ta Hh fact, the same  (Figure 2B). In the latter case, the 32 choscillation
frequency (32 cm?) is also the main frequency for'Ba~ observed for 1020 nm band kinetics can correspond only to
formation measured at 1020 nm (Figure 2C). These resultsthe oscillation of the wavepacket between two surfaces of
indicate two important points: (i) the wavepacket is trans- P* and PB,~ (no electron transfer to His observed in the
ferred to the surface withB,~ character during motion  picosecond time domain in modified RCs). In native RCs,
with a frequency of 32 cmt; (ii) the appearance of the the appearance of the main peaks in the 760 nm band kinetics
wavepacket on the surface with B, character leads to a  coincides with the ends of the 1020 nm band peaks (Figures
very effective electron transfer toaHevealed by the same 2 and 4). As indicated above, the simulation of the process
frequency in agreement with the sequential model of ET. shows that the kinetics of 760 nm band bleaching reflect

The 32 cm! mode was observed earlier for"Ba~ the integration of the 1020 nm peaks over time. It is
accumulation in Pheo-modified and native RC%,(12, 22, reasonable since the appearance of the wavepacket on the
30). It was suggested that this mode is related to the P'Ba~ part of the surface leads to electron transfer o H
oscillation on the P* surface. However, the 27 d¢rnmode proportionally to the time the wavepacket is on theBR"
observed in hole-burningl8) and for femtosecond kinetics  part of the surface.
of the stimulated emission at 890 nr@2f and 935 nm
(Figure 3) is different from the 32 cmh mode in frequency ACKNOWLEDGMENT
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