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The First Events in Photosynthesis: Electronic Coupling and Energy Transfer Dynamics in
the Photosynthetic Reaction Center fromRhodobacter sphaeroides
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The rapid electronic state dynamics that occur prior to charge separation in the photosynthetic reaction center
of Rhodobacter sphaeroideR-26 are investigated by “two-color” wavelength-resolved pump-probe and
anisotropy measurements. A narrow band (40 fs duration transform limited) pump pulse is used to selectively
excite reaction center pigments: the accessory bacteriochlorophyll (B), the upper excitonic state of the special
pair (R+), or the lower excitonic state of the special paig-(PPopulation dynamics are then measured with

a 12 fs duration probe pulse across the entiy@lggorption spectral region as a function of time, wavelength,

and polarization. Excitation of either,Por B results in the formation of a distinct optical band at 825 nm
exhibiting polarization characteristics consistent with those expected fpte band appears instantaneously
upon excitation of - with a negative anisotropy and appears somewhat delayed after excitation of B. The
dynamics observed following direct excitation of thg Rbsorption band, that is identified to occur at 825

nm, suggests that internal conversion between the excitonic states of P is rapid, occurring with a 65 fs time
constant. Excitation of the accessory BChl (i.e., populating the excited state, B*) provides a detailed answer
for the mechanism of energy transfer within the bacterial reaction center. The process proceeds via a two-
step mechanism, flowing sequentially from B* tp.Ro R, with time constants of 120 and 65 fs, respectively.
These results follow from a kinetic model analysis of several pump-wavelength-dependent and polarization-
dependent differential probe transmission transients that yield the first spectrumatfidom temperature.

The coherent excitonic dynamics of the special pair stajesai®l R+, are measured and analyzed for coupling
strengths and time scales for electronic dephasing and population relaxation. These results, in conjunction
with a range of the transient transmission spectra, suggest that the initially excited state of the zeroth order
chromophores, i.e., B* and,R is delocalized at the earliest times, consistent with a supermolecular picture
of the reaction center.

the special pair interact strongly. The excitonic coupling of the
P and Ry bacteriochlorophyll monomers leads to two distinct

a pigment-protein complex designed to convert optical excita-
tion into the initial electron-transfer event in photosynthesis.
The reaction center contains six chlorophyll-like pigments
arranged with approximaig, symmetry. The relative arrange-

ment of these pigments within the protein matrix is well-
known}—3 consisting of two strongly interacting bacteriochlo-

bands corresponding to symmetric and antisymmetric combina-
tions of the two monomer gIransitions. FoiRb. sphaeroides

the lower excitonic state (antisymmetric combination termed

Py-) produces the strong, broad absorption near 870 nm. It is
optical excitation of this state that results in the initial charge

separatiort~1? The near-IR absorption spectrum of the photo-

rophyll molecules known as the special pair (P), two accessory Synthetic reaction center is shown in Figure 1. The absorption

bacteriochlorophylls (B), and two bacteriopheophytins {f).
Following optical excitation of P, either directly or through
energy transfer, an electron is transferred to Hhwit3 pstime
constanf~12 this process is facilitated by the spatially inter-
mediate chromophore, B.

bands due to the Qransitions of the bacteriopheophytins (H)
and accessory bacteriochlorophylls (B) are labeled, as are the
two excitonic states of the special paif,-Rat 865 nm and R

in the region of 810 nm to 825 nm. The upper excitonic state,
Py+, has proven to be more problematic to characterize than

Recent electronic structure calculations treat the photosyn- R,_, with the orientation, extinction coefficient, and energy of

thetic reaction center as a supermoleddf¥,with all of the

this state being well established only at low temperatures; the

chromophores  excitonically coupled to some extent. It is most reliable information about/Pcomes from linear dichroism
commonly accepted that the two BChl molecules making up and hole-burning result§: 17 Low-temperature linear dichroism
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measurements dRp. viridis by Breton et al® revealed two
excitonic absorption bands assigned to the special pair; the lower
energy band (2) absorbed at 990 nm, while the upper band
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and was assigned agP The P— Py, transition carried one-
tenth the oscillator strength of P P,—, and its transition dipole
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' ‘ ‘ ' ‘ 1 More recently, Jonas et #.have reported pumpprobe

— Linear Absorption Spectrum B anisotropy measurements of the R-26 straiRbf sphaeroides

*  Laser Spectrum - - with 25 fs pulses centered at 799 and 805 nm. The resulting
temporal traces containing signals due to B,,Rnd R- were
analyzed using published crystallographic orientations and
assumed transition moment directions and spectra for each
species. A kinetic scheme for energy transfer of-BP,+ —
Py— with time constants of 80 and 150 fs yielded the best fit to
their data. The rapid energy-transfer dynamics were inconsistent
with rates derived using Ester (weak coupling) theoR},which
predicts rates for B> P+ — P, energy transfer that are at least
an order of magnitude slower than the observed tdhe
inadequacy of weak coupling'Eier theory led Jonas et al. to
| suggest a strong coupling or coherent mechanism for energy
f transfer.

The Boxer group reported the results of experiments that
measured the spontaneous emission frgm dfter excitation
Figure 1. Near-IR absorption spectra for the photosynthetic reaction at various wavelengths throughout the 800 nm band and as a
center ofRhodobacter sphaeroideshe three major bands are labeled  fynction of temperatur®® These experiments showed two

as resulting from absorptions due to the bacteriopheophytins at 760important results. First, excitation into the assumed Rand
nm (H), accessory bacteriochlorophylls at 800 nm (B), and the special _ . . ' ST .
with pulses at 825 nm led to a more rapid rise in the emission

pair (R+ and R-) at 825 and 870, respectively. The dotted line - L . 7
represents a sample laser spectrum. The center wavelength of the spect®0m R than did excitation at 800 nm. The rapid excitation of
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is tunable from 750 to 850 nm. P, following optical excitation into P is consistent with the
model put forth by Jonas et &P but the time scale for internal

moment was rotated by 60 degrees with respect to theFy- conversion between the excited states of P is not. Second, the

transition moment. Linear dichroism measurements Rar. temperature dependence of the energy-transfer rates was small

sphaeroidegave similar results, with P~ P,— at 890 and P~ despite the large change in spectral overlap between B and P.

P,+ at 810 nm. The results obtained by Brefonere supported ~ The authors contended that this precludésstes mechanisms,

by hole-burning studies from Small and co-work&%7 Upon which depend on the spectral overlap, from playing a major

burning a hole in the P absorption band, distinct bleach bands role in the energy/excitation transfer proce%s.

were observed at 848 nmifidis) and 811 nm gphaeroidep This paper presents the results of “two-color” wavelength-

due to depletion of the P~ Py+ transition for each species. resolved pump-probe anisotropy measurements. The majpr Q
The polarization characteristics suggested that thebnds ~ absorption bands are collectively excited using a short-(18
were nearly orthogonal to thg Pband and the intensity ratios  fs) pulse with a broad spectral range or individually excited
were approximately 10 to 1. with longer pulses that are spectrally narrowed to overlap with
The hole-burning and linear dichroism results provide fairly the transition(s) of interest. A spectrally broad-band probe is
convincing proof that P absorbs near 810 nm foRb. then used to detect the response of the entire system with respect
sphaeroidesat 15 K. However, neither the transition energy to wavelength, time, and polarization. Results are presented for
nor the oscillator strength has been determined jora®room collective excitation, as well as selective excitation pf,FP4,
temperature. Such information would provide valuable insight B, and H. The extent of the interchromophore coupling is
into the electronic character of the special pair. The principal explored via time-resolved experimental methods with respect
reason for the lack of room-temperature information is the to two physical observables: the excitonic splitting of the special
spectral congestion in the (anticipated) region of-PPy pair and energy-transfer rates between individual cofactors or
absorption due to overlap with the strong B agd &sorption excitonic states. Optical excitation of the lower excitonic state,
bands, making it very difficult to deconvolute individual spectra. P, at 870 nm yields information about the excitonic splitting
Energy transfer from the accessory bacteriochlorophyll to the of the special pair and provides the first room-temperature
special pair has been observed experimentally by various characterization of R. The dynamics associated with the P
pump-probe techniques that detect a bleaching of theband state are investigated further by direct excitation at the P
due to energy transfer from 8 emission from the excited state ~ absorption peak, determined here to occur at 825 nm. These
of P,,'% or transient absorption from,P2° Breton and co- results indicate that internal conversion of P is rapid, occurring
workers® observed identical rise times in the bleach of the P with a 65 fs time constant. Spectrally overlapping transitions
band after excitation of P, B, or H with 100 fs pulses, suggesting that prevented previous determination of the energetics and
that energy transfer from B to P must occur on a 100 fs or dynamics associated withPare dealt with through the precise
shorter time scale. Haran etdlhave reported rise times of measurement of relevant chromophore spectra obtained as a
118 fs for stimulated emission of Pupon excitation of Band  function of wavelength and time after excitation at various points
Py+ at 810 nm inRb. sphaeroidesHaran et al’ used a series ~ across the @ absorption bands. These measurements are
of anisotropy measurements with excitation at 810 nm and performed using parallel, perpendicular, and magic-angle pump
detection at longer wavelengths (950, 1215, and 3840 nm) to probe pulse pairs. It has been possible to separate the various
investigate energy transfer. The observed kinetics combined withspectra contributing to the transient transmission signals by
observed anisotropy values suggested that energy transfer shoulstirtue of their time dependence and anisotropy. Finally, excita-
be thought of as an internal conversion process betweention at 800 nm allows for the investigation of energy transfer
adiabatic supermolecular states. Specifically, the energy transferfrom B to B-. The wavelength-resolved results indicate that
between B and P is proposed to occur from a B/Pmixed energy transfer from the excited accessory bacteriochlorophyll,
state to a state of mostly.Pcharacter. B*, to the lower excitonic state of the special paiy,- Poccurs
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Probe I UI measurement®:31A typical laser spectrum centered at 830 nm
-4 s is shown in Figure 1 superimposed on the absorption spectrum
of the reaction center. The center wavelength of the cavity-
i i — dumped laser output is tunable throughout the near-IR absorption
chromator bands of the reaction center, with spectral peak values ranging
from 760 to 850 nm by the selection of an appropriate mirror
Figure 2. Experimental apparatus. A schematic of the cavity-dumped S€t for the cavity. A decrease in spectral bandwidth is observed
Ti:sapphire oscillator is shown in panel a, while panel b illustrates the When the laser spectrum is centered near either extreme of this
pump—probe apparatus used (a) Oscillator: W12, 10 cm radius of range.
curvature (ROC) mirrors (CVI TLM2); M3M4, 15 cm ROC mirrors The pump-probe experimental scheme (Figure 2b) is dif-
(CVI TLM2); OC, 97.8% output coupler (CVI PR2); T, Ti:sapphire  ferent from those previously used by this gré&@?In previous
(Crystal Systems, 3.5 mm); EM, high reflector (CVI TLM2); B, Bragg  experiments, the output of the laser made forward and return
cell (Harris H-101). M3 extension: end mirror for “four-mirror cavity passes through a pair of fused silica prisms to compensate for

before cavity-dumping adaptation. (b) Purrobe arrangement: P1 o . . . . . .
P2, fused silica prisms; BS, beam splitter: MS, mechanical slit; HR, POSItVe group velocity dispersion (GVD) prior to being split

high reflector; NME-NM2, Nanomover (Melles Griot) variable delay N0 pump and probe beams with variable time delays. In the
lines; A/2, half wave plate; T2 T2, Cassegrain telescopes; S, spinning present experiment, however, the output of the laser is split into
cell sample holder. pump and probe beams after the forward pass through the prism-
pair compensation line. This is accomplished with a thin window
by a two-step mechanism, with the upper excitonic staje)(P  placed between the second prism and the high reflector (HR)
serving as the kinetic intermediate. Excitation relaxation in at the end of the compensation arm (see Figure 2). The back
reaction center samples that contain oxidized special pairs will surface reflection from the beam-splitting window (10%)
be discussed, and an alternative pathway for relaxation will be retraces the prism path vertically displaced (above) the incoming
suggested? 26 Coherence in the excitation transfer from B*to beam and serves as the broad-band probe. The remaining 90%
P+ and the contrast with linear and nonlinear responses of the portion of the beam not reflected by the beam-splitting window
oxidized sample strongly suggest a supermolecular descriptionpasses through a pair of razor blades (mechanical slit) that allows
of the states B, B, and R- at early times after excitation. spectral selection of the pump bedfiThe HR then reflects
The results of this paper monitor the energy/population the spectrally narrowed beam back vertically displaced below
dynamics of several of they@and excitations and electronic ~ the incoming beam. This method of spectral selection allows
states of this reaction center. This information is complementary for complete control of the pump spectrum within the broad
to that obtained from optical dephasing studies characterizing envelope of the probe and provides many advantages over other
the time scales and magnitudes associated with electronic energynethods of spectral selection (i.e., interference filters) in that
gap fluctuations of the same reaction center energy levels. Thethe amount of material in each arm is equal. Furthermore, the
results of the coherence studies are another publication in apump spectrum may be changed without inducing any temporal
serie?” A preliminary account of the present paper were given shift in the zero of time. Representative pump spectra used in

elsewhere® the measurements presented below are shown in Figure 3
) _ superimposed on the reaction center spectrum. These laser pulse
II. Experimental Section spectra were chosen to give maximum overlap with the,B, P

A. Pump—Probe Spectrometer.The experiments reported and R- bands, respectively. Figure 3 also indicates the broad
here were all performed with the optical pulses generated by aprobe spectrum, capable of detecting changes in the absorption
home-built cavity-dumped Kerr lens mode-locked Ti:Sapphire characteristics of multiple bands after selective excitation with
laser?®2°The design of the laser is illustrated in Figure 2a, while any given pump pulse.
the pump-probe experimental setup is shown schematically in ~ Following dispersion compensation and pump spectral selec-
Figure 2b. The laser produces optical pulses with (Gaussian)tion, the pump and probe beams are sent through two variable
spectral bandwidths of 60100 nm fwhm, temporal durations  delay lines and focused into the sample with a Cassagrain
of 12—-15 fs, and little chirp, as verified by TG-FROG-type telescopeff =20 cm,f, = —50 cm) to a spot size of less than
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200um in diameter. The zero of time and instrument response
function are determined by the cross-correlation of the two
beams in a 10@m thick KDP crystal and also via in situ solvent
scattering responses. For wavelength-resolved pyngbe

J. Phys. Chem. B, Vol. 103, No. 11, 1992017

obtained by Fourier analysis of the signals. When relevant, the
Fourier power spectrum of the time-domain signal is included
with the result.

All simultaneous time- and wavelength-resolved pump-

measurements, the transmitted probe beam is dispersed by #&nduced probe transmission spectra reported herein are consid-

0.25 m monochromator (CVI Laser) selegtia 3 nmband-

ered to be comprised of a series of Gaussian compo&ehts

pass and detected using an avalanche photodiode (Hamamatsu).

The pump-induced modulation is processed with a lock-in
amplifier (Stanford SRS-830) referenced to the chopping
frequency.

B. Data Analysis and ProcessingThe primary experimental
technique utilized in this work, wavelength-resolved anisotropy,
is obtained by monitoring the spectrally resolved probe trans-
mission as a function of temporal delay and polarization relative

(4)

wo-glone (]

wherea(t), Ao, andw; are the amplitude, peak wavelength, and
width of each component contributing to the spectra at a given
pump—probe delay time, t. Note that the widths reported here

to the pump. The time- and wavelength-resolved anisotropy is are not full widths at half-maximum. Convoluting the fitted

calculated from the pumpprobe signals as

Salht) = Selh)
SalAt) + 28, (4.
where Spa(4,t) and Syel4,t) are time and wavelength-resolved

pump—probe transients obtained with parallel and perpendicular
pump and probe polarizations, respectively. Wavelength-

r(At) =

)

resolved anisotropy measurements were used to distinguish
spectral components based on both the spectral properties an
transition moment spatial orientation. The anisotropy associated

with optical detection of a particular transition depends on the

angle @;) between the prepared (pumped) and detected (probed)

transitions through the following relation.
((6,) = 213 cod(6;) — 1] 2

The sensitivity of induced probe transmission to the orienta-
tion of the probed transition can be removed if the experiments

are performed with the polarization difference between the pump

and probe pulses set at 5%4.the magic angle. The magic-angle

signal then depends only on the pump-induced population

change of each state, independent of the orientation.
Experimentally, the parallel and perpendicular purppobe

Gaussian line shape components with the finite pulse spectrum
reproduces the experimentally obtained spectra. Two comments
are worthwhile concerning the presentation of experimental data
in this paper. First, the data as presented are not normalized for
the finite pulse spectrum (6€.00 nm fwhm). Second, the data
are presented as a change in transmission; transient gain results
in a positive signal, while absorption yields negative magnitude
(spectral) components.

C. Sample.The reaction center samples were isolated from

gwe carotenoidless R-26 strain of the purple bacthadobacter

Sphaeroidesaccording to the published procedure by Clayton
and Wang* and further purified by FPLC. The isolated reaction
centers were suspended in a Tris buffer (pH 8) with the detergent
LDAO (lauryldimethylamine oxide), DTT (dithiothreitol), and
HNQ (2-hydroxy-1,4-naphthoquinone); the latter two serve to
reduce the quinone, Q The room-temperature samples are
contained in a 0.5 mm path length airtight spinning cell rotating
at 20 Hz. Typically, the samples are interrogated at a radius of
9 mm from the axis of rotation. The resulting sample linear
velocity of 11.3 m/s is sufficient to ensure that each laser pulse
interacts with a fresh sample, giva 2 kHz pump (4 kHz probe)
repetition rate and a 17&m spot size.

For all the experiments presented here, the pulse energies
entering the sample were 10 nJ for full pump excitation (no
spectral selection) and 1 nJ for the probing pulse. The Cassegrain

signals are obtained in alternating fashion to minimize the effects telescopefg = 20 cm,f; = —50 cm) focuses the beam to a

of slow drift in alignment, laser power, or sample quality.
Typically, a few temporal delay or detection wavelength scans
performed with parallel pump and probe pulse pairs are followed

spot of approximately 176m diameter as judged by pinholes
and verified by Gaussian beam analySisThese focusing
conditions give a photon density in the sample of 1:330°

by similar data sets obtained under perpendicular polarization Photons«n?, allowing each pulse to excite approximately 5%

conditions. This process is continued unti-1I2 scans have
been performed with both polarization conditions.

of the 2 x 1075 M reaction centers. Generally, the transient
transmission signalg\T(t), shown in the figures below were

Two methods of data analysis and fitting are used to processOnly @ few percent modulation on the nominal probe beam
temporally or spectrally resolved data. Temporally resolved data INte€nsity.

sets (i.e., a pumpprobe signal with a constant detection

There are three potential sources of signal distortion that must

wavelength) are analyzed using a linear prediction singular value Pe considered when using this type of sample arrangement. The

decomposition (LPSVD) routine that fits the data to a series of
exponentially damped cosine functions with either zero (pure
exponential decay) or finite (oscillatory) frequenciés.

SVD(t) = Zaie(—t/ri) cos;t + ¢,)

3

wherea,, 7i, wj, andg; represent the amplitude, decay constant,
frequency, and phase of tlih oscillatory term, respectively.

first arises from the possibility that successive laser pulse pairs
will interact with the same sample. With the excitation condi-
tions used in these studies, however, the excited sample area
moves more than 0.5 mm during the time between puprpbe
pulse pairs, guaranteeing a fresh sample for each laser shot.
Second, there is also the possibility of interrogating reaction
centers that have not recovered from the charge-separated
state (PQa™), which decays to the initial ground state with a
100 ms time constant. However, for the excitation conditions

In this representation, the exponential decay terms are indicativeused, each reaction center will have an opportunity (in the sense

of population dynamics while the oscillatory terms reveal the

of spatial overlap) to interact with the laser excitation beam

frequencies and dephasing rates of vibrational or electronic once every three revolutions on average, yielding an average
coherences established in the system. In almost all cases, theecovery time of 150 ms. This, combined with the fact that only
frequencies returned by the SVD algorithm reproduce those a small percentage of the reaction centers in the excitation
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Figure 4. Pump-probe anisotropy spectra obtained (200 fs) after 10000

excitation at 800 nm with a broad-band pulse: parallel ptpbe Figure 5. Pump-probe transient transmission signals following

data, filled circles; perpendicular pumprobe data, open circles. The  excitation of B with an optical pulse centered at 860 nm. The three-

four components typically observed in the wavelength-resolved pump  dimensional surface represents the pump-induced transient transmission

probe experiments of the RC are highlighted as Gaussian line shapesof the broad-band probe for time delays ef D0 ps. Data shown is for

for parallel and perpendicular polarizations. See text for details. parallel pump and probe polarizations. The transient contains spectral
waveforms characteristic of stimulated emission frgm Bround-state

volume are pumped to an electronically excited state by a given bleach of P (both 2 and R.. transitions), excited-state absorption from

laser pulse, ensures that the number of charge-separated RcB- and electrochromic shift of the accessory bacteriochlorophyll.

that are optically reinterrogated is minimal. . .
It is seen that the most prominent spectral component for

The third, and potentially most important, source of signal hort delay ti h hat sh o Fi 4
degradation results from reaction centers absorbing two photons;S ort delay times, such as that shown in Figure 4, Is a strong

from the same laser pulse. Jonas et al. investigated this saturatiork?leaCh at 800 anrgl arising _from B* e_xmtatlor_]_and de_pletlon of
condition in some dept¥. They found that saturation due to ground-statc_a BS. l_Jnder_m|Id excitation conditions, this feature
doubly excited RCs was a significant problem and resulted in 4€cays rapidly, with a time constant of less than 108 ft

both a decreased quantum yield of electron transfer and distorted;igher exr(]:'iégtion f'Iue.r;.ce, als dliscussed below in ';'gg;e ;8 the
kinetics. The experimental conditions in that instance were such ecay exhibits a significantly slower co_mponem=( S): .
that the photon density was 14 10° photonskm?. At that In addition to the bleach associated with B at 800 nm, there is

energy density, 7% of the reaction centers absorbed a photonalso a noticeable feature at 825 nm with an anisotropy greatly

and the quantum vyield for charge separation was reduced byreduced from_ that of e_ither the_ 800 nm band or the 870. nm
6% from the ideal value. If the energy density of the pump band. The origin of this band is one of the major questions
beam utilized in those studies was increased, the ppnpbe addressed in this paper. It will be shown later that this transition

signal exhibited saturation effects and a 300 fs decay componemlS bleached upon excitation OHDW'th an optlc':al'pulse cgntered.
appeared in the relaxation of B* excitation at 860 nm and yields polarization characteristics consistent with

those expected for the upper excitonic staje,'PThe energetic
position of this band, halfway between B and Psuggests that
it may play a role in energy transfer from B tg_-PFinally, the

A. Broad-Band Excitation. The wavelength- and polariza- long wavelength bleach/gain band at 840 nm and beyond in
tion-dependent transient probe transmission recorded for a delaythis figure corresponds to the blue edge of the- P, transition
time of 200 fs after broad-band excitation at 800 nm is shown observed in Figure 1. The finite laser bandwidth precludes
in Figure 4. Under these excitation conditions, all of thg Q observation of the entire band.
optical bands of the reaction center, particularly those pertaining B. Excitation at 860 nm: Observation of R-. The full
to the accessory bacteriochlorophylls and the special pair areresponse of the photosynthetic reaction center to optical
(perhaps coherently) excited and should contribute unique excitation of the special pair at 860 nm as a function of time
anisotropy and spectral characteristics to the total signal. Theand wavelength for parallel pump and probe pulse polarization
transient transmission spectra shown in Figure 4 display four is shown in Figure 5. Exclusive excitation of the special pair is
features commonly observed in all of the wavelength-resolved obtained by mechanically limiting the pump spectrum as
anisotropy measurements: strong bleach/stimulated emissiondescribed in the Experimental Section. Figure 6 shows the
signals at 800, 825, and 870 nm as well as a transient absorptionparallel and perpendicular polarization pusgrobe signals
seen here as a negative signal at 770 nm. The spectral positiorobtained under identical excitation conditions as for Figure 5
(after convolution with the laser spectrum) and polarization ratio but for a delay time of 100 fs; that is an early delay time spectral
of each of the four components is highlighted on the plot by slice through the data. In both cases (Figures 5 and 6), the
showing the individual spectral components for parallel (larger transients show complex responses consisting of photo bleaching
magnitude Gaussian) and perpendicular (smaller magnitude)(gain) at 860 and 825 nm, a transient absorption near 800 nm,
pulse pairs. The center wavelengths listed are for Gaussianand a derivative-like component (minimum at 790 nm, maxi-
spectral widths convoluted with the laser spectrum to yield a mum at 814 nm) that becomes dominant at longer delay times.
fit to the experimental results. The transient transmission spectralThe complex nature of the responses seen in Figures 5 and 6
data hasnot been normalized to account for the finite pulse illustrates the necessity of characterizing each component by
spectrum. Rather, the pulse spectrum is accounted for in theits spectrum, anisotropy, and temporal dependence if information
fitting process via frequency domain convolution. about their identity is to be garnered.

Delay Time (fs)

Ill. Results
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Figure 6. Wavelength-resolved anisotropy measurements obtained 100 Figure 7. Transient absorption dynamics frompPThe pump-probe
fs after excitation of the special pair at 860 nm: parallel ptpmwbe signal is shown for excitation at 860 nm, with detection at 800 nm. A

data, filled circles; perpendicular pumprobe data, open circles. The  negative signal indicates transient absorption, while a positive signal
solid lines through the data represents a fit to the data using spectralindicates a photobleach: circles, experimental data; solid line, bi-

components corresponding t9-P Ry, P*H-, and R- (absorption). exponential fit incorporating one decaying exponential (absorption) and
The spectra, anisotropies, magnitudes, and temporal characteristics obne rising exponential corresponding to a buildup of bleach. Both
each component are summarized in Table 1. exponential components have a time constant of 2.8 ps. The inset shows

the deconvoluted Fourier power spectrum of the residual following

The positive band around 860 nm matches (after allowing exponential fitting of the temporal data.
for the finite extent of laser spectrum) the spectrum for the P
— P,_ transition and is therefore identified as stimulated the entire absorptive band. The time dependence of the
emission from P* and/or bleach due to depletion of the P ground absorptive feature, as well as the growth of a bleach component
state. Under these excitation conditions, the 870 nm feature due to selective detection of the derivative-like shape, is shown
exhibits a strong anisotropy100 fs)= 0.33 that decays on 50  in Figure 7. Here, the broad-band probe is detected at 800 nm
fs and tens of picoseconds time scales. The slow decay isafter excitation at 860 nm. This is equivalent to taking a slice
indicative of ground-state bleach recovery of the special pair of Figure 5 alongt = 800 nm. Two components are necessary
after optical excitation. This identification of the origin of the to fit the data, a negative decaying exponential and a positive
slow component is supported by the absenca 8 psdecay, growing exponential. The time constant for both featutes,
which would indicate the decay of P* due to electron transfer. 2.8 ps, is the same as the charge-transfer #&.The
The rapid (i.e., 50 fs) decay observed here (as will be discussedexponential terms are convoluted with the instrument response;
more later) results from a very fast Stokes shift ¢f F# no finite rise or induction time is necessary to adequately fit

In addition to the 870 nm feature in Figure 6, a bleach is the data (see Figure 7). Fourier and SVD analyses indicate that
observed near 825 nm, appearing as a distinct shoulder on thdhe oscillation observed in the decay corresponds to a vibrational
low-wavelength side of the broad bleach near 870. This mode with a frequency of 140 cri(see inset to Figure 7), in
component is more prominent in the perpendicular trace than good agreement with the oscillations observed by Vos et al.
in the parallel, suggesting a negative anisotropy. Such anand' *3 Stanley et af‘ for the marker mode of P. We treat
anisotropy value corresponds to a transition dipole moment the absorptive feature, including the fine structure, as one
rotated to an angle greater than 54ffom the P— P,_ spectral component associated with Bxcited-state absorption.
transition. The exact angle depends sensitively on the anisotropyThis is validated by the anisotropy in this region and the strong
for this band, which in turn, depends on the relative amplitude presence of the special pair marker mode.
of this band and others contributing at 825 nm, such as the broad The final feature present in the data sets of Figures 5 and 6
transient absorption near 800 nm. The lines through the datais a derivative-like shape exhibiting an absorption maximum at
points in Figure 6 represent a spectral/temporal fit described 790 and a bleach maximum at 814 nm. As indicated in Figure
below. 7, this feature appears with the charge-transfer time, exhibiting

The structured absorptive feature near 800 nm is similar to a 2.8 ps rise. This shape is generally considered to arise from
that observed by Vos et &.They assigned the transition to  an electrochromic shift of the accessory bacteriochlorophyll (B)
excited-state absorption fromy-P The structure of this absorp- ~ after generation of the charge-separated staté) P> The
tive feature was thought to arise from changes in the excitonic spectrum observed at long temporal delays (10 ps) indicates
interactions between all six reaction center pigments upon that the induced electric field amounts to a 12 nm blue shift in
formation of the P excited state. The present measurements the spectrum of B, in good agreement with previous results.
support the assignment of the overall absorptive feature to The wavelength-dependent parallel and perpendicular pump
excited-state absorption fron)-P It is possible that the structure  probe data are fit with a series of spectra corresponding-to P
observed in these spectra corresponds to shifts in the 800 nm(ground-state bleach/stimulated emission); Bground-state
bands after excitation of the special pair. Two comments are in bleach), R (excited-state absorption), andt®- (electrochro-
order with respect to this issue. First, the anisotropy of the entire mic shift of the B transition due to presence of a charge-
absorptive feature is identical to that observed for the bleaching separated state), each with it's own anisotropy and temporal
of the P— P,- transition at 870 nm. Second, temporal pump- dependence. A sequence of spectra and anisotropy curves similar
probe experiments interrogating this spectral region after to those presented in Figure 6 are fit self-consistently for time
excitation at 860 nm reveal that oscillatory components con- delays of 6-1 ps. The resulting ground-state spectra for P
sistent with the special pair marker mode are observed acrossand R- were also used to simulate the steady-state absorption
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TABLE 1. Anisotropy Analysis of Special Pair Feature$

component wavelength (nm) width (nm) amplitdde  anisotropy pump at,P exponential time dependence
Py- 870 34 1 0.3340.02) 50 fs decay
>20 ps decay
Py+ 825 16 0.1840.04) —0.05 0.03) >20 ps decay
P,-" (absorption) 816/795 16/24 0.3%:0.08) 0.33 £0.02) 2.8 ps40.3) decay
PtH~ 810/790 14 0.34£0.05) ~0 2.8 ps {£0.3) rise

aThis table shows a summary of the spectral components used for fit the time and wavelength pump probe and anisotropy transients after
excitation of the P~ P, band with an optical pulse centered at 860 nm. All the amplitudes listed here are peak absorption coefficients, normalized
to that of the R bleach. Likewise, anisotropy values are relative to the exciteel B transition. Widths are listed according to the definition in
eq 4.° Amplitudes normalized to theyP bleach signal.

spectra, in addition to (Gaussian) bands near 800 nm (B) and o0 ' ' ' ' '

760 nm (H). The energy, width, magnitude, anisotropy, and
temporal behavior for each spectral component that contributes
to the best fit for the pumpprobe absorption spectra and the =
steady-state absorption spectra are given in Table 1. The reported® “or
amplitudes are all relative to thg-Pcomponent, which hasbeen < [
normalized to 1. The results of the fitting procedure for a delay
100 fs delay after excitation at 860 nm are shown as the lines
through the data points in Figure 6.

As indicated in Table 1, the optical transition to the upper
excitonic state (P~ Py+) is found to have an energy corre-
sponding to absorption at 825 nm and has an anisotropy of ‘ ‘ . .
—0.05 0.03) with respect to the P~ P, transition. In . (b)
comparison with the P~ P,- band, the P— Py band is 0.424 . 1
significantly narrower, by about a factor of 2, and has a peak
extinction coefficient that is 18% of that for,P Hence, the 0383 |
ratio of integrated transition strengths foyHP,— is close to — .
1:10. This measured dipole moment direction and transition = %32
strength are in reasonably good agreement with results from 0331 - :
low-temperature studies by BretbhHowever, the transition | :
energy is not in agreement with the low-temperature results that
placed Ry at 810 nm. The room-temperature value of 825 nm
implies that either the special pair intradimer excitonic coupling . , ‘ ,
or the R and R, monomeric transition energies decreases with 0.03 (©)]
an increase in temperature. A temperature-dependent analysis ]
of this splitting may provide useful information about the
conformational and energetic changes induced by lowering the
temperature.

C. Time Domain Anisotropy Probes of Exciton Interac- I ' +1 ] |
tions. The excitonic interactions of the special pair have been 0.01} i * ]
measured through time domain anisotropy techniques. A series
of papers from the Hochstrasser gréfiff indicate that unique 0023 0.0 o1 0.2 0.3 0.4
anisotropic decays are to be expected if degenerate or nearly Time Delay (ps)
degenerate transitions are coherently excited with a short lasefgjgyre 8. Time domain anisotropy of special pair obtained after
pulse. For the particular case of a dimer, the anisotropy is excitation of the special pair with a broad-band optical pulse centered
predicted to oscillate with a frequency that corresponds to the at 850 nm (80 nm fwhm). The full wavelength-integrated response is
energetic splitting between the two excitonic levels. The decay reported. (a) Pumpprobe signals obtained with parallel (solid circles)
of the oscillation reflects loss of the phase relationship between and perpendicular (open circles) polarizations. (b) The anisotropy

S - - - calculated from the pumpprobe data in panel a according to eq 1;
the two excitonic levels and the rate of population equilibration Experimental anisotropy data, solid points. The line through the data

between the two levels. Nonclassical initial anisotropy ampli- 53 piexponential fit. See text for details. (c) Oscillatory behavior of
tudeg®and coherent oscillatiofs*°have recently been observed  anisotropy. The solid points indicate the residual anisotropy after
in a number of native and isolated light-harvesting systems. subtraction of the exponential fit (panel b). The solid line indicates a
The time domain pumpprobe signals obtained with parallel fit to the data with a damped cosine curve. The least-squares fitting
and perpendicular pulse pairs are shown in Figure 8a. For thisProcedure returns a frequency of 593¢rand a damping constant of
measurement, the pulses have a 80 nm fwhm bandwidth centere 5 fs for the oscnlator_y feature. The exponentlal decay was character-
- : . ized by two exponential components with decays:0f 59 fs andr,
at 85_0_, sufficient to excite a coherent superposition ofthe P " Jnd amplitudes of 0.065 and 0.33, respectively.
transition at~825 nm and the P transition at 865 nm. The
data shown correspond to wavelength-integrated detection. Theconstants of 60 fs ané 20 ps (the latter is not well defined
anisotropy calculated from the pumprobe signals is displayed  with these data). The solid line through the anisotropy data
as points in Figure 8b. The decay of the initial anisotropy from points represents this exponential fit. The 60 fs decay in the
the classical limit of 0.4 to a final level of 0.32 occurs with an anisotropy results (as discussed below) from rapid thermalization
exponential time constant of 60 fs. The general decay of the or equilibration of the two excitonic energy levelg:Rnd R-.
anisotropy can be fit by two exponential components with time  The residual obtained by subtracting the biexponential fit to

(a) |

6.5

15

-0.1 0.0 0.1 0.2 0.3 0.4
Time Delay (ps)

T

0.300 . . . .
-0.1 00 0.1 0.2 0.3 0.4

0.02 b

0.01 4

0.00 - Wl o Vol ol I ad St .I i

M

residual (t)




The First Events in Photosynthesis J. Phys. Chem. B, Vol. 103, No. 11, 1992021

T T e T T T T T T T

the anisotropy of Figure 8b is shown in Figure 8c. (The error 1.1
bars represent the standard deviation of anisotropy points 1o}
calculated from individual pairs of parallel and perpendicular 0.9
pump—probe transients.) Visual inspection reveals that the os L
residual deviates significantly from zero at early times, indicating

that the anisotropy decay is not simply exponential but has a

considerable oscillatory component. The line through the <

@ ]

0.7

0.6

residual represents an exponentially damped cosine function,& oo r o4 ]
with the best-fit value for the frequency of 593 th(+20) 047 g“ y
and a damping time of 35 fs. The formalism for exciton 03 202 1
dynamics in anisotropy measurements developed by Hoch-  °?2 o 1

0 400 800 1200
Frequency (cm'1)

measure of the excitonic splitting for the dimer. Accordingly, 0.0
the upper excitonic transition should absorb at 823 nm, 593 -0+
cm~* higher in energy than the 865 nm-P P, transition.

This placement of R is in good agreement with the assignment

in the previous subsection based on the spectrally resolved 1.0
anisotropy data. If the R energetics were such that theP i
Py+ transition was at 810 nm, as is frequently assumed based
on low-temperature hole-burning experiments, the oscillatory i
frequency observed via anisotropy experiments would be o7

strasser et al. indicates that this oscillation frequency is a direct %[ } 090

TR T R R R

01 01 03 05 07 09 11 13 15 17 1.9
Time Delay (ps)

Ap = 930 nm
Exponential Fit

approximately 785 cmt, nearly 200 cm?® above the observed 08k ]
frequency. 3 sl

Analogous dimer splitting information has recently been 5 | ||
obtained through anisotropy techniques for the B820 dimer of 041 "2
bacteriochlorophylb molecules extracted frofRb. rubrumLH1 03r ze
aggregate® The excitonic splitting observed for B820 dimers a2l &, i
is significantly smaller than that observed here for the reaction r =
center, underscoring the strongly coupled nature of the special T 0 i
pair. Considerable information about the monor@onomer 00 ° o auenatom® 0 ]
coupling site inhomogeneities can be obtained from more g1 . ‘ - ‘ . ‘ . s "

extensive experiments and analysis than that presented here.

D. P,- Stokes Shift DynamicsPrevious experiments by the
Martin*~43 and Boxet* groups have indicated that the Stokes Figure 9. Transient pumpprobe measurement of Stokes shift
shift dynamics for P* are fast. Using 5@0 fs pulses, Stanley  dynamics in P after excitation at 850 nm. (a) Pumprobe signal
et al* observed an instrument response limited rise in the obtained for wavelength-integrated detection. The line through the data
fluorescence fromP at 940 nm. Here, we investigate the rapid S"°Ws a biexponential fit with components of 50 s an20 ps. (b)

. e . e Pump-probe signal detected in the region of stimulated emission at
Stokes shift of - by exciting the special pair with a broad- 930 nm. The experimental data points are shown connected by the line,

band pulse centered at 850 nm and detecting either thewhile the dark black line through the data is a fit with a 2.8 ps decay
wavelength-integrated signal or the wavelength-resolved tran- following a 50 fs rise time. The insets in parts a and b of Figure 9 are
sient at 930 nm with a parallel polarized degenerate probe. Thethe Fourier power spectra of the oscillatory residuals.

pump and probe pulse spectra are strongly overlapped with the

P— B, absorption but not with the,P — P emission spectrum yted Fourier power spectrum shown in the inset indicates that
centered at 930 nm. Hence, detection of the entire probe beamq,y_frequency modes (140 cr¥) are dominantly coupled to
will be sensitive mostly to the ground-state bleach of P, although {he gptical transition.

stimulated emission from a “nonrelaxed” excited state may | contrast to the wavelength-integrated data, the signal
contribute to the signal at early times. If only the extreme red gptained for detection at 930 nm, displayed in Figure 9b, shows
edge of the probe beam is detected then stimulated emission, delayed rise (following with the derivative-like cross-phase
from B will dominate the signal, provided that the detected modulation aff = 0) for 930 nm detection and an approximately
portion of the stimulated emission is well separated from the 3 ps decay signifying sensitivity to the charge-transfer process
absorption at 865 nm. It is possible, however, that the 50 fs gpq depletion of 2 population. In particular, the solid line

Time Delay (ps)

component results from stimulated emission priortooving  through the data consists of two components; a rising expo-
out of the range of detection, i.e., Stokes shifting. nential of 50 fs preceeding a 2.8 ps decay is necessary to fit the

Figure 9a shows the pumfprobe signal for wavelength-  transient waveform. The 50 fs decay near 870 nm and a
integrated detection following broad-band excitation pf. Fhe corresponding rise in the stimulated emission signal at 930 nm

time-dependent transient shows a rapid decay followed by aindicates a 50 fs time constant for the Stokes shift response of
slowly decaying ground-state bleach. The data are well fit with P,, suggesting development of a different charge distribution

a biexponential decay convoluted with the instrument responsein P, than that in the electronic ground state and a protein

function (~15 fs pulse). The best fit is obtained with time medium solvation response.

constants of 50 fs and 20 ps, the latter of which is not well  In addition to the exponential rise and subsequent decay, the
determined with this data time window. A 2.8 ps component pump-probe signal detected in the region of stimulated emission
corresponding to the time scale for charge-trad8féris not contains very pronounced high-frequency oscillations. The

observed, suggesting that the slow decay is entirely due topredominant modes are 140, 560, 730, and 1160'cas
ground state bleach relaxation and/or recovery. The deconvo-determined by LPSVD analysis and Fourier spectral analysis;
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the Fourier power spectrum of the residuals after the exponential r v T . v ' T .
components are removed is shown as an inset to Figure 9b. 14F ]
The low-frequency mode is surprisingly weak, particularly in L2 || ;jfgofsf :
comparison with previous resuft$4=44 The weakness of the oE 12 125000 ]
low-frequency oscillations may result from detection on the 0s - ]
extreme red edge of the pulse. These low-frequency oscillations ¢ .
are, however, prominent when detecting the transient absorption 306T ]
from R, near 800 nm, as shown in Figure 7. So4r ]

E. Direct Excitation of Py;. The dynamics associated with 02r 7
the upper excitonic component have been investigated by 0.0 o
comparing transient probe transmission signals obtained fol- .2 :
lowing excitation at 800, 825, and 860 nm for magic-angle 04 ]
polarized pump-probe pulse pairs. The excitation and probing L L L s L ]

spectra are those presented in Figure 3. For the purposes of
judging the relative excitation intensities, the linear absorption

spectrum has been fit with four Gaussians at 760, 802, 825, 30
and 866 nm corresponding to the transitions of H, &, Rnd ]
Py, respectively. The overlap with each absorption band is then 251 -

® 825 nm component

calculated for each pump spectrum. The 800 and 866 nm spectra L — 5

overlap nearly exclusively with B and R respectively. 20
However, the 825 nm excitation spectrum overlaps with all three 3
bands in the following manner: 42%,P 25% R,; 33% B. 15k
For each given time delay, the signals are collected for excitation £ r

with each of the pump spectra shown in Figure 3. The signal Lor
due to excitation of R is then obtained by subtracting the I
appropriately scaled signals due to excitation of B and P 05
(obtained from the 800 and 866 nm pump experiments, I
respectively) from the 825 nm excitation signal. The resulting
signals are shown in Figure 10 for a series of time delays ranging 0
from 50 to 500 fs. These spectra contain, to varying degrees, a

large bleach component near 825 nm, a broad bleach centered _ o ) o
at 866 nm, and a small absorption that shows up slightly below E;I)geucrt?algbtzlzilr:eegt ga(gltt?gzc?t;ggn(?fIr:gﬁmt?;%gﬁigr?n:ﬂg;imn
80_0 nm. The tw_ne dependence of the-_se bands is obtame_d byangle pump-probe signals obtained foIIowingygeIective excitation of
fitting the transient spectra to a series of three Gaussians,g — g+ and P— P,- are used to isolate the dynamics due to excitation
corresponding to each of the bands. This analysis shows thatof P— P, with a pulse overlapping B> B*, P — P,_ and P— Py..

the 825 nm component decays with a 65 fs time constant, asSpectra are shown for temporal delays of 50, 100, and 500 fs. (b) The
indicated in Figure 10b. There is a corresponding rise in the spectra from panel A contain bleach/stimulated emission components

. I - . at 825 and 870 nm. The decay of the 825 nm component is illustrated
bleach at 870 nm, while the absorption intensity remains, for here. Solid circles represent the magnitude of the 825 spectral waveform

the most part, the same. These data reinforce 'the observationypiained by fitting the experimental data. The line through the data is

of P+ at 825 nm by the spectral and temporal anisotropy results an exponential it to the obtained magnitudes.

of previous subsections and suggest that the internal conversion

of the special (. — Py-) occurs with a 65 fs time constant.  apjsotropy unlike that for either the 800 or 866 nm bands due

The 65 fs internal conversion rate is also in agreement withthe ;s g — B* or P — R,-. The various spectrally evolving

decay in the anisotropy observed after broad-band excitation components are also observed in the perpendicular pymgbe

of both the P~ By, and P— R, transitions. data of Figure 11c. Here, one can see the bleach of B at 800
F. Excitation at 800 nm. The time, wavelength, and nm a rapid red shifted broadening of the B band, a slower

polarization-resolved (i.e., perpendicular and magic angle) formation of the 825 nm bleach feature, (P and the slower
pump-probe transients observed after excitation of B are shown ;|| formation of the - band at 866 nm. Figure 11c is oriented

in Figure 11. For clarity, the three-dimensional magic-angle data (4 4ji0w for a clear picture of the spectral evolution near 800
is displayed with two projections in parts a and_b of F|gure. 11, nmat early time delays. For illustration purposes, a curved arrow
rotated by 180to show bgth the early ar!d.'?“e time dynamics. indicates the position of the spectrally evolving feature from
These plots show the rapid decay of the initially prepared bleach 800 nm. Comparison of the relative magnitudes of the shifted
at 800 hm corresponding to photobleaching anqi/or stimulated component and the nonshifted feature for the magic-angle and
emission from B, the delayed and gradual formation of a bleach perpendicular scans indicates that the spectral shift process

at 866 nm indicative of ground-state depletion of P, and the : : ! : L
. . involves reorientation as well as an overall red shift. This implies
formation of a broad structured absorption near 800 nm that .. . . . .
mixing with a state of different orientation, perhaps. P

was previously identified as an excited-state absorption from
P,—.38 The data does not indicate the simple decay of one band G. Kinetic Spectral Analysis. The wavelength-resolved
followed by the formation of another. Rather, there is a Pump-probe signals in this paper present a detailed description
significant amount of structure, particularly at early times, in of the energy-transfer process. A meaningful fit to the data can
the spectral region of the P~ Py, transition near 825 nm.  be obtained if the following are known (or obtainable): (1) the
Furthermore, anisotropy measurements performed under similarkinetic scheme for energy transfer; (2) the spectra and relative
conditions indicate that this wavelength region exhibits an extinction coefficients of each species involved in the energy-
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Figure 11. Entire temporal and spectral response of the photosynthetic
reaction center dRb. sphaeroidefollowing excitation of the accessory
bacteriochlorophyll pigments (B). Two views of the data are shown,
rotated by 180for illustration purposes. Here, a positive signal indicates
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Figure 12. Spectra used for kinetic fitting of the wavelength-resolved
pump—probe data. Spectra are shown clockwise from the top left-hand
corner for B, Brouna Py+*, and R-*, respectively. The spectra are taken
from experimental results and not inferred from any other source. The
characteristics of each spectrum are given in the text.

is,
* kl
B*—PR._ (5a)
kl I(IC
B*—PR,—P._ (5b)

The kinetics for each of these excited-state components, as well
as their associated ground states, can be easily defined in terms
of elementary kinetic8!

2. Effectve Spectra of Electronic StateBhe characteristics
of the spectral components associated with transitions to and
from B, R+, B, and P (ground state) bleach are shown in
Figure 12. For simplicity, each spectrum is assumed to be
composed of one or more Gaussian line shapes. When necessary,
spectral evolution of each band is included in the model. The
spectrum for B, as shown in the upper left panel, is taken to be
a Gaussian centered at 800 nm, as suggested by the steady-
state absorption spectrum. We have found that a rapid red shift
of the 800 nm band is necessary to fit the wavelength-resolved
data for early pumpprobe delay times. Previous studies
involving B dynamicg’ have incorporated Stokes shift processes
for B, in analogy to solution results for BChl monométs.
However, it is not obvious that such an analogy is appropriate.
For reasons that will become clear later, we will not refer to

a transient bleach while a negative signal indicates a transient the rapid dynamics as a Stokes shift. Rather, the more general
absorption. The surface plot shows the rapid decay of a bleach at 800term of red shift will be incorporated. The normaliz&d= 0
nm due to B and a corresponding increasing bleach at 860 nm from spectrum for B is shown.

P,-. A smaller component at about 825 nm, between these two dominant

features, can also be observed and is a associated itfitie pump-
probe relative polarization for both parts a and b is at the magic angle.
(c) Time- and wavelength-resolved purrobe data for perpendicular
pump-probe polarizations. The spectra shown are for time delays
ranging from—80 fs to 500 fs in steps of 20 fs. The black arrow
highlights the shift in the spectral region of the accessory BChl.

The upper right panel in Figure 12 shows the ground-state
bleaching spectrum for P. This is composed of bands at 825
and 870 nm corresponding tg4Pand R-, respectively. The
band positions were obtained experimentally (see the previous
sections describing Figures 4, 6, 8, and 10), while the relative
intensities are set by fitting both the pump probe data and the
steady-state absorption spectrum. Another panel of Figure 12

transfer process; (3) the dynamics of each of the species notshows the spectrum for the lower excitonic state of the special

“directly” related to energy transfer (Stokes shifts for instance).
1. Kinetic ModelsTwo models are used to fit the wavelength-

resolved pumpprobe data. The first is a one-step kinetic model,

where electronically excited B* transfers energy directly jo. P

pair, R-. There are two parts to this spectrum, a stimulated
emission component at 870 nm (at a delayTof 0) and an
excited-state absorption near 810 nm. The stimulated emission
component undergoes a rapid Stokes shift and appears at 930

The second model invokes a two-step pathway for energy nm with a 50 fs rise time prior to decaying with the 2.8 ps

transfer, where B* transfers energy tp By way of R; that

charge-transfer time constant as discussed above (see Figure
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9). The excited-state absorption likewise decays with a 2.8 ps
time constant. These two components are treated separately in
the calculations but are shown together here. Spectral evolution
of any excited-state absorption from-Fshould occur with the
same time constants as Stokes shift dynamics in the stimulated
emission. Possible rapid evolution of-Pabsorption is not
considered in this treatment. Additionally, the structure in the
absorptive feature may arise from band shifts of B upon
excitation of B-. As mentioned previously, all of these 2 160 fs
characteristics are considered part gf Rbsorption for the
purposes of these calculations.

Finally, the spectrum for R, as suggested by responses
presented earlier in this paper (see Figures 4, 6, 8, and 10), is
centered at 825 nm. There is a small absorption at 800 nm, as
well as a tail to the red of the main peak. The origin of this ;
absorption is not very well known. It has been suggested that 750 800 850 900 750 800 850 900

AT(LA)

there should be a transient absorption from B a doubly Wavelength (nm)
excited state of P with the spectral characteristics,0?PThe Figure 13. Kinetic analysis of the wavelength-resolved magic-angle

negative amplitude feature observed here might be a result ofpump-probe spectra obtained after excitation at 800 nm. The model
competition between a narrow stimulated emission band at 825consists of a two-step energy-transfer mechanism;- B+ — Py-,

nm and a broad absorption band further to the red. This effective‘(’:":r?gfaé?: :‘é"gpi‘;ﬁ’; |O(E\3\;Jhre\r,\gu?czrefle2r2 Iz ;rt‘grkr'; |:()06I’15\/gfsitcl)r:e0f p)
SpECtrL.Im for B and It.s justification through kmet.lc spectral and the sf)ectra for eagh species are experimentally determined. Fits ’to
analysis is one of the important new results of this paper. wavelength-dependent transients using the spectra presented in Figure

In the kinetic analysis, the spectra for each of these 12 and atwo-step kinetic scheme are given. The open circles represent
components are assigned to the relevant step of the kinetic?he. (_axperimental data, _whi_le the lines indicate the kinetic fit. The
framework. The magnitude of each feature’s extinction coef- individual spectral contributions from B, B*,P, B, and P ground
ficient is allowed to vary with respect to the extinction St2t€ &re shown inthe 100 and 160 fs delay time spectra.
coefficient of B, i.e., the initially excited population. One of
the tests for validity of a particular kinetic scheme will be the
ability to reproduce the extinction coefficients as indicated in
the linear absorption spectra and other pumpmbe data
presented in this paper.

3. One-Step Mechanismhe first model invoked to simulate
the experimental data is one-step energy transfer from B-to P
using the kinetic scheme mentioned above and the spectr
presented in Figure 12, with the exception gf.PAs a first

for ether solutioP®). The data for temporal delays of 100 and
160 fs also indicate the amplitudes and spectral positions of
the contributing spectral components from Figure 12 plus the
red shift stimulated emission band associated with B. Note that
the amplitude for the 800 nm component and the red-shifted
feature have identical amplitudes and temporal decay charac
teristics. The magnitude of the red-shifted band is important
afor the determination of the origin of this feature. Also, the

approximation, the Stokes shift for B was considered to be 190 individual spectral components as shoyvn for peppobe
cm1, consistent with the Stokes shift observed in ether solutions delays of 100 and 160 fs are convoluted with the pulse spectrum.
of monomeric bacteriochlorophyél.5® This model adequately Figure 14 is a temporal representation of the kinetic model
reproduces the decay of the bleach at 800 nm due to B, as well@nalysis for a few detection window data sets € 800, 825,
as the rise of the bleach at 870 nm, but fails to reproduce theand 865 nm). The solid lines through the data points indicate
significant amount of structure at 825 nm. the fit using the two-step model of eq 5b. The agreement is
A much better fit to the magic-angle data is obtained if the V€'Y good. It should be pointed out that the vertical scalgs !n
Stokes shift for B is allowed to increase from the ether solution Figures 13 and 14 are the same. Furthermore, the rapid rise
value. Use of a Stokes shift of 260 cian exponential “Stokes ~ Kinetics of thetq = 825 nm data in Figure 14 results primarily
shift” time of 20 fs, and a rate constant ofK3)/= 120 fs, yields from the |nf|u_ence of the B* red-shifted component and the
a good fit. Although the magic-angle data is fit well using this decay dynamics reflect both the B* P+ and R+ — P,-
model, the amplitudes of each component must be adjustedeXcitation transfer steps.
dramatically to fit the full time and wavelength-dependent  In addition to the spectral responses detected in the region
anisotropy data. In particular, the anisotropy associated with of the Q absorption bands, the kinetic models can be tested by
the spectrally shifted portion of “B” had to be reduced from their ability to duplicate the rise in stimulated emission from
the B value of 0.4. This model also fails to account for the 65 P,-. Figure 15 shows the pumprobe signal obtained by
fs decay of the 825 nm spectral component shown in Figure pumping B with narrow band pulse and detecting the probe
10. response at the stimulated emission wavelength (930 nm). The
4. Two-Step MechanisniThe second model for energy rise dynamics predicted by the two-step model and the one-
transfer postulates a two-step energy-transfer mechanism step model, both incorporating a large red shift for B*, are also
whereby the upper excitonic state of the special pair serves asshown. The rise in the stimulated emission is better reproduced
the intermediate between B* ang PUsing the kinetic scheme by the two-step mechanism (solid line), which yields a slightly
of egs 5a and 5b and the spectra in Figure 12, a good fit is slower rise than does the one-step transfer rate (dashed line).
obtained to the entire wavelength-dependent data as shown inln both cases, the subsequent decay is modeled with a single-
Figure 13. The full spectral data, as well as the fit, for a series exponential component corresponding to the charge-transfer time
of time delays is shown in the panels of Figure 13. The best fit (t = 2.8 ps). The presence of a substantial 2.8 ps decay indicates
is obtained with time constants of 120 and 65 fs and a red shift that the pump-probe measurement is indeed sensitive to
magnitude for B of 260 cmt (190 cnT! = Stokes shift value emission from R, not simply ground-state bleach terms.
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Figure 14. Temporal fit to the wavelength-resolved transients. Figure 16. Comparison of the linear absorption spectra for functional
Experimental data (symbols) and the calculated fits (solid lines) are reaction centers (light line) and reactions centers with chemically
shown for 800, 825, and 865 nm. The fit is obtained from the two-step oxidized special pairs (dark line). Oxidization of P is obtained by the
model for energy transfer, B*~ P,+— Py, with time constants of  aqgition of F# (CN)s. Depletion of the optical band at 865 nm in the

120 and 65 fs for the two steps. The spectra used for each individual pxidized sample indicates that greater than 95% of the special pair
component are indicated in Figure 12. The calculated time- and gimers within the sample are oxidized.

wavelength-resolved signals are convoluted with the instrument re-

sponse function both in the temporal and spectral domain accountingjinear absorption spectra and also the purppbe spectra

for both the finite temporal and spectral resolution. The lines represents oyiained for excitation at 870 nm (Figures 5 and 6). The ability

the total calculated amplitude forthe_ three Wavelengths exar_nlned, 800to reproduce a consistent set of extinction coefficients is a test

nm, 825 nm, and 865 nm. The units along the vertical axis are the . . - .

same as for Figure 13. of the validity of the model. The two models differ in their
extinction coefficients for 2 (S.E.) and ground-state bleaching

T — of P. Of the two models, the two-step mechanism agrees more

precisely with the linear absorption spectrum values. The ability

of the two-step model to reproduce the detailed time- and

0.100

0.075 wavelength-resolved spectra, the rise in stimulated emission
from R at 930 nm, and steady-state absorption coefficients
- strongly suggests that a multiple-step mechanism is active in
+ 0.050 20
5 the RC?

5. Chemically Oxidized Special Pair and High-Fluence
Conditions.The rapid dynamics observed in Figure 11 change
dramatically upon oxidation of the special pair. Oxidation of
the special pair is obtained by the addition of an excess of
Fe(CNJ} to the reaction center samples, a procedure that results
e in oxidation of greater than 95% of the special pairs within the

-1 0 1 2 3 4 5 sample. The absorption spectrum for the chemically oxidized
Time Delay (ps) reaction centers (MBH) is shown in Figure 16, in comparison
Figure 15. Stimulated emission fromP after excitation at 800 nm  with the functional reaction centers (PBH). The lack of
detected via wavelength-resolved pumobe. The solid circles are  absorption associated with the transition into the Pand at
the experimental data points, while the solid line is the kinetic fit to  g70 nm indicates the extent of oxidation is at least 95% effective.

the data incorporating a two-step energy-transfer scheme with the time L
constants indicated previously, as well as a 50 fs Stokes shift fér P In addition, the spectrum shows reduced absorbance near 825

The dashed line is the stimulated emission transient predicted by a oneMM consistent with the absence of the—P Py, transition.
step model with a 120 fs energy-transfer time and a 50 fs Stokes shift Finally, the absorption band for B is blue shifted with respect
for the special pair. to the functional RC absorption peak, while H remains unaf-

fected. The blue shift might be an electrochromic shift due to
For both models, the relative extinction coefficients of the the presence of the positively charged special pair. Alternatively,
various components were varied to obtain an acceptable fit to the B spectrum may shift toward higher energy due to absence
the experimental results. The resulting coefficients for the one- of coupling with the special pair excitonic states.
step pathway and the two-step pathway for energy transfer are Figure 17 shows the time- and wavelength-resolved pamp
given in Table 2, as are the coefficients obtained by fitting the probe magic-angle polarization signals detected under exactly

0.025

0.000

TABLE 2. Kinetic Model Analysis?

spectral component one step two steps excitation at 870 nm linear absorption spectrum
P,—* (S.E.) 0.32 0.49 ~0.43 NA (~0.43)
P,-* (absorption) 0.279 0.27 0.16 NA

)+ NA 0.24 0.09 0.098
P (ground-state bleach) 0.392 0.44 0.43 0.43

2 The extinction coefficients predicted from fitting energy transfer data via one-step mechanisms and two-step mechanisms, excitation at 860 nm
data, and the linear absorption spectrum. All extinction coefficients are listed in comparison with that of B, which has been set to unity. The values
reported are peak extinction coefficients, not integrated oscillator strengths.
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825 Figure 18. Pump-induced probe transmission transient obtained under
500 775 high-fluence excitation conditions. The solid circles indicate experi-
725 Wavelength (nm) mental pump probe data with excitation and detection at 800 nm.
] ) ) Relatively high repetition rate (100 kHz) pulse trains and tight focusing
Figure 17. Entire temporal and spectral response of the chemically result in both multiple excitation of reaction centers with each laser
oxidized photosynthetic reaction centerRi. sphaeroidefollowing pulse and excitation of charge separated reaction centers. Two
excitation of the accessory bacteriochlorophyll pigments termed B. The exponential components with time constantszof= 100 fs (69%
surface plot shows a relatively slow decay of a bleach of B at 800 nm ampiitude),z, = 308 fs (29%) and a constant offset of 2% were
but no significant rise at 870 indicating the absence of formation of pecessary to fit the data.
Py*.

0.45 T T T T
the same conditions as those used in Figure 11 but with an

oxidized special pair. With this sample, an initial bleach is
prepared at 800 nm that decays with a 3@€6Q) fs time 0.40 .
constant, in contrast to thec100 fs decay observed for a
functional RC. In additional, there is only a minimal rise in the
signal at 860 nm and no transient absorption. The minimal rise
probably reflects the small population of nonoxidized reaction £
centers in the sample. Note the absence of spectral shifting 0.30 -
behavior of the 800 nm bleach/stimulated emission feature that -
was evident in Figure 11 for functional RC’s. The combination 0.25
of the data sets presented in Figures 11 and 17 indicates that

the excited accessory bacteriochlorophyll, B*, undergoes energy
transfer to a healthy (neutraly charged) special pair but, upon  0.20 55 ‘ 01 ‘ 0.2 ‘ 5.3
oxidation of the special pair, B decays via some other mecha-
nism. Furthermore, the 300 fs decay time observed here is the
same as one component in puagrobe data obtained for high-

Fit
. Experimental Anisotropy

0.35 -

684 cm" oscillation

Time Delay (ps)

Figure 19. Time-dependent anisotropy observed after excitation of
o the B and H bands of the photosynthetic reaction center. The solid
fluence excitation. . . circles represent the experimental data, while the solid line is a fit with
An example of a high-fluence pumjprobe signal with both  the following model: f(t) = a exp(-t/t1) + b cos@t + ¢) exp(t/rz)
excitation and detection at 800 nm is shown in Figure 18. An + c with values ofa = 0.162,7; = 96 fs,b = 0.016,w = 684 cnT?,
adequate fit of the data (solid line) in Figure 18 requires three 72 = 88 fs, = —0.92 rad, anct = 0.23.
exponential components, 100 fs, 308 fs, and a static componentanisotropy signal is shown in Figure 19. The observed 684'cm
on the 0-1 ps time scale. The intermediate component is oscillation corresponds to the+HB splitting in the steady-state
eliminated under the fluence conditions used for all other data spectrum of Figure 1. Interestingly, the 96 fs decay observed
presented above. The fast decay is the-B*P,. excitation- in this anisotropy measurement is identical to the difference in
transfer step, while the static component likely reflects the time scales for the B* P* (147 fs) and H*— P* (257 fs)
electrochromic shift of B that occurs in this spectral region in energy-transfer pathways as measured by Stanley?ét al.
association with the formation of the charge-separated product
P*BH". In the data window of Figure 18, the time scale for
this process is not well determined. The amplitude of the 300  A. Py Spectral Position and Internal Conversion of P*.
fs component, the same time constant as in the oxidized reactionThe measurements presented in this paper provide experimental
center, is fluence dependent, corresponding to the fraction of parameters describing the characteristics of the excitonic splitting
doubly excited accessory bacteriochlorophyll reaction centers on the special pair, particularly the energies of the two excited
in the sampl&? states, P and -, the angle between the two associated optical
6. Electronic CoherenceExcitation of multichromophoric transition dipole moments, and the ratios of the integrated
systems with short-duration (transform-limited) pulses can intensities. These observations are considered in terms of simple
produce electronic state coherences in addition to vibrational excitonic theory, which describes the interaction of two
coherences. These electronic coherences are selectively detectaolecules forming a diméx:2! Within this theory, the first
in the anisotropy signal as shown in Figure 8. Another optical excited state of the dimer is split into two excitonic states,
coherence can be established between the H and B transitiongormed by either symmetric or asymmetric linear combinations
using pump and probe pulses centered at 760 nm; the resultingof the monomer transitions. The energies of the excitonic states

IV. Discussion
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TABLE 3. Excitonic Model Analysis with Spectral Inhomogeneity

ratio of B+ to R transition dipole strengths (3D-)

variable parameter 0=0 o =100 cnT? o =200cnT?! o =300 cnT?
Wi andwpys 0.197 0.203 0.223 0.251
1/2((1)|_*|v| + wLm*) 0.197 0.197 0.197 0.197
U 0.197 0.225 0.418 0.788
experimental value 0.106H0.03)
become 1:10. Hence, the experimental results are not reproduced by a
simple excitonic coupling model including only the special pair,
Wy T Oy U i i i ies i
o, =2 LM (6a) allowing for (environmentally induced) asymmetries in the
+ 2 sina monomer transition frequencies.
n The relative magnitudes of theyP and R- transition
= Puom TP U (6b) moments may be influenced by an inhomogeneous distribution
2 sina of special pair transition frequencies. The contribution of

inhomogeneity to the 2 excitonic band has recently been
characterized at room temperature via photon echo experi-
ments?’ the contribution is found to be significant. A distribution
of donor energy levels (i.e.yP) is also thought to give rise to
nonexponential electron-transfer dynamics observed through
stimulated emission fromyP.5® Inhomogeneity in the special
pair excitonic levels can arise from uncorrelated distributions
in the site (monomer) transition frequenciessy and w -,
center frequencies/z(ww + wiw+), or the R—Py coupling
2U strengthU. The effect of these three sources of inhomogeneity
tana = o — () on the energy levels obtained using egs96was explored in
LM M the following way. A distribution in site transition frequencies
The dipole moments for the two excitonic transitions depend Was incorporated into the calculation by randomly selecting
only on the value ot and the orientation of the monomer, Q ~ @im and wuw from two independent distributions (normal

wherew v andwy are the transition frequencies for the P
or Py monomers constituting the special pair. The resonance
integral between the two monomel,is usually taken to reflect
the dipole-dipole interaction, although the close proximity of
P. and Ry suggests that more terms need to be consid€red.
The anglex, used for mathematical simplification, is determined
by the resonance integrdland the difference between the two
monomer transition frequencies|(m — wiw'); that is,

transitions for P and Ry (u. anduw); that is, distribution, standard deviatios ¢) and calculating the ratio
of P to B transition dipole strengths for 1Qpairs of
_ a (o0 frequencies. Likewise, inhomogeneity due to distributions of
=Cco§- |y + sin 8a .
# {2)#L n(Z)MM (8a) Yxwim + wiw-) or U was modeled by the selection of random

values for each of these parameters. The average difference in
u_= sin(g)ﬂL — cos((—x)uM (8b) transition frequencies between the two monomers, the coupling
2 2 strength, and the center frequency are kept the same as the values
listed in the previous paragraph, which described the energetics
without considering broadening mechanisms. The effect of
inhomogeneity on the ratio of dipole moments is illustrated in
Table 3 for all three types of inhomogeneous distributions
D, 1+ sinocosd .discuss.ed helrrez th_e resglts are listed for three succes_s_ively
D~ 1—sinacosd 9 increasing  distribution widths for each parameter. A finite
- distribution of either the site energies or the coupling strength
whered is the angle between the two monomeyt@nsitions. increasgs the_ trgnsition dipole strength Qi With respect to
If the transition frequencies for the individual monomer Fy— While variation of the center frequencies has no effect on
transitions are identical, i.eq. v — wiy: = 0, theno. = /2. the average dipole ratio. Thg magnlltudes listed in thls table
This leads to the prediction that the excitonic state transition cOrrespond to the average ratio obtained aftércilculations.
moments are perpendicular to each other and that the ratio ofThe_Se_ types of Inhomogv_eneny only serves to cause further
dipole strengths is 1:7.5. This is not in agreement with the deviations from the experimental result.
present experimental results ¢7@atio of 1:10) and those from It is possible that the disagreement between the model and
low-temperature linear dichroism and hole-burning results, the anisotropy results presented in this paper may be resolved
which indicates that the angle between the two excitonic statesby considering interactions between the special pair BChl's and
is 7 rather than 99 and the ratio of dipole strengths is 1:8. the other chromophores in the reaction center. In this delocalized
Taking the experimentally determined anisotropy for Bf states picture the observed optical bands correspond to excitation
—0.05 listed in Table 1, it is possible to determine the amgle  into energy levels resulting from excitonic interaction of all
and the relative contributions af anduy to the two excitonic pigments. Haran et aP.found the consideration of delocalized
states. For this anisotropy value, is approximately 62 states necessary to reproduce their experimental results; the most
implying that R+ is composed mostly of Pwhereas R promising model was an adaptation of the delocalized state
contributes more toP. Under these conditions, the resonance Hamiltonian of Scherer and Fisclie# that includes dipole
integral, U, is 276 cm!, while the difference in transition  dipole coupling between chromophores and also considers
frequenciesv v — wiw is 294 cnT?. Although these numbers  charge-transfer states of the special pair. Haran & falind
give a reasonable representation of the energies and the relativéhat increasing the coupling between the two accessory BChl's
orientations of the excitonic states, the ratio of dipole strengths (i.e., B. and By) and the charge-transfer states of the special
is approximately 1:5, rather than the experimentally observed pair from the value put forth by Scherer and Fischer improved

The transition dipole directions can be obtained from the crystal
structure for the RC. Finally, the ratio of the transition dipole
strengths is given by
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agreement with experiment, although the authors concludedreorganization energy of 230 crhat 10 K56:68.69.70.7The rapid
present delocalized state models provide an inadequate descripedecay inM(t) observed in both pumpprobe and photon echo
tion of the reaction center dynamics. Discussion on the point measurements indicates that the phonon band coupling to the
of delocalized states will continue in subsection C below. special pair at room temperature is both broad in frequency and
B. Stokes Shift Dynamics of B-. The rapid Stokes shift  very strong. The spectral density obtained from three pulse
observed for the special pair can be used to gain information photon echo measurements indicates that the effective phonon

useful for calculating electro-and energy-transfer times, as 2000 cnrt.2?

well as elucidating cofacterprotein interactions. The transition

frequency correlation function M(t) is definedS&&? Recently, Marchi et al. have calculated the energy gap

correlation function via molecular dynamics simulatiGh3he
B(t) w(0)D resulting correlation function for an RC complex at 50 K shows
> (10) a fast decay that is complete by 500 fs. The time scale is slightly
[Aw™0 longer than that predicted by the present Stokes shift measure-

wherew(t) is the electronic transition frequency at a titregdter ment or photon .echo studies perfqrmed at room tempgrat'u're.
excitation. In the high-temperature limki(t) becomes equiva- Both the BChl dimer and the protein bath contributed signifi-

M(t) =

lent to the Stokes shift correlation functiéh: cantly to the decay irM(t), the former of which exhibits
significant oscillatory behavior. The simulations, however, do
v(t) — v(c0) not model a charge-separation process in the special pair that
1) :v(O)— V(o) 11 precedes the charge-transfer process to adjacent B and H
chromophores.
which can be evaluated using fluorescence up-conve¥sion C. Spectral Evolution of “B*". The time-dependent spectra

data or, as in the present case, stimulated emission spectrgptained after 800 nm excitation and shown in Figure 11 indicate
obtained as a function of pumpprobe time delay. that the initially prepared excited state (termed B*) undergoes

f Th_e d_ata ShOWY‘ in Fig:‘Jre 9 were vlveII Et Withh. a m?d_el rapid spectral evolution prior to and during energy transfer. This
unction incorporating a 50 fs exponential Stokes shift, implying process is included in the kinetic analysis by simply allowing

thatM(t) also contains a 50 fs component. Another paftat .the spectrum for B*, shown in Figure 12, to shift toward longer
describes the results of photon echo measurements on the special

pair shows that the time shift of the integrated photon echo \(,;%Vget?rg;h(S:o?lSStZr]:ij)ng:I(z)gooi:%rgﬁ.owsv?g:nag gaocr)?jp;g tf?hseh'ﬁ
;npa}c;(rglijrrr?atz;lsy ﬁ)llfgvr\]/;glc()gw?g'o) F;%%;?ggr; ?;:)?3/ dtier(r::y ((\)/¥h;(6h data, although the origin of this shift is not known. One
fs or less, in good agreement with the Stokes shift results from possibility is that the spectral evolutlop gorresponds to a rapid
Figure 9. The Stokes shift observed here for the special pairStOkeS sh!ft of_the accesso%/ BChl, similar to those ob_served
P,_ state is both larger and faster than any shift observed for for other plologlcal systgm@: (It should be.noted that nglther
BChl monomers in solution, which are generally on the order the magnitude nor the time scale for a rapid Stokes shift of B
of 200 cnt! and occur on a few picosecond time sc&@he has been previously established through experimental studies;
fast excited-state relaxation most likely results from three it may be very difficult to measure via conventional techniques
processegg, internal vibrational dynamics, strong Coup”ng to due to the short lifetime of the excited state). The time scale
the phonon bath, and mixing with states containing large charge-and magnitude of the B* Stokes shift in the reaction center
transfer charactéf protein is most often approximated by the values observed for
The observation of coherences corresponding to vibrational monomers in solution, where Stokes shift magnitudes of
modes with frequencies up to 1160 thin addition to the approximately 200 cm' are observed on a few picosecond or
low-frequency modes observed here and elsewttefe?* longer time scale¥® The assignment of the rapid spectral
indicates that the vibrational contribution Myt) is significant, evolution to a dipolar solvation process seems unlikely, however,
a conclusion that is well supported by photon echo measure-in light of the absence of such a shift in the puagrobe results
ments?’ The data of Figure 9 is the first report of such for reaction centers where P has been oxidized by the addition
impulsively prepared high-frequency oscillations in the photo- Fdll(CN)s (see Figure 17). In this latter case, the signal obtained
synthetic reaction center; these modes have, however, beemnfter excitation of B remains peaked at 800 nm for the lifetime
observed in resonance Raman measurentémsmore sys- of the signal. If the shift observed in the functional RC'’s is due
tematic report of the vibrational coherences prepared in as-gimply to excited-state relaxation or solvation dynamics of B*
sociation with the optical transitions from H, B, and P will be  4¢companied by bath reorganization and internal vibrations, it
reported e_IseWhel‘"é.. . should also appear in the oxidized samples. It is possible that
Rellaxatlon of B- IS also. facilitated by electromhonon oxidization of the special pair affects the chromophédbvath
coupling to the protein environment. Hole-burning results for coupling of B in such a way that solvation-type dynamics are
the photosynthetic reaction center have shown that BChl andsuppressed, although this seems unlikely. Furthermore, the echo

other cofactors .W|t.h|n_photosynthet|c proteins are typllcally measurements indicate no discernible difference in the two-pulse
coupled to a distribution of low-frequency (280 cnt?) . : : -
echo signals for B in functional or oxidized samptés.

acoustic phonon® The strength of this coupling was found to .
depend greatly on the biological function of the cofactor under ~ The observation that we are compelled to make suggests that
investigation. The weak coupling of BChl monomers and dimers the ultrafast B* red shift in functional reaction centers is

in the light-harvesting antenrf4$7is contrasted by very strong  intricately related to the energy-transfer process; a proper
coupling for BChl molecules in the reaction center, particularly understanding of this evolution may yield valuable insights into
the special paif® For the special pair, this electrephonon the mechanisms of energy transfer. Two possibilities for energy
coupling and a strongly displaced intradimer vibrational mode, transfer related origins of the spectral dynamics will be
termed the “marker mode”, combine to yield a low-temperature discussed, asymmetric kinetic energy-transfer rates from spec-
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trally distinct B molecules to ® and coherent energy-transfer
mechanisms between B* ang.P

An apparent red shift in the time- and wavelength-resolved
pump—probe signal obtained after excitation of B may result
from asymmetric kinetic energy transfer rates froma®id By
to the special pair. This can be seen if the optical transitions
into B_* and By* occur at slightly different energies; energy
transfer occurring with a higher rate from the high-energy B*
level would preferentially deplete the blue edge of the spectrum,
and the net bleach or stimulated emission band will appear to
shift toward the red. In contrast, rapid energy transfer from the
low-energy B* would be exhibited by an apparent blue shift.
Information about the difference in energy-transfer rates between
the B* states of higher or lower energy can be gleaned from
careful inspection of high-fluence data, where botj* Band
B_* are excited in the same reaction center.

Recent work from van Grondelle’s group on mutant and wild-
type sphaeroides reaction cenfér$® has indicated another
pathway for electron transfer not involving the special pair
directly. They suggest that B* can convert toH~ in a few
hundred femtoseconds. Calculation of the optical fluence
employed in their study~20 pJ/fim?)) indicates that both
accessory bacteriochlorophyichromophores were excited in

a large fraction of the irradiated reaction centers in the ensemble.

Hence, whereas one of the two B* chromophores could decay
via the normal channel described in this paper producipg P
(which in the case of the YM210W mutant did not create charge-
separated products'BH™), the second B* would be forced to
decay through some other channel. Van Grondelle’s group
suggested a direct decay to FB.2426 Furthermore, the
transient probe transmission spectra in that report (Figure 4 of
ref 25) showed a greater depletion on the red edge of the B
band (at early delay times), indicating that the bluer absorbing
accessory bacteriochlorophglidecays more slowly, a fact that
does not allow the interpretation of the fast Stokes shift of B
due to the existence of two distinct B* P transfer rates.

The pump-probe signal for chemically oxidized reaction
centers after excitation at 800 nm exhibits decays nearly 3 times
slower than that observed for healthy reaction centers. This
intermediate time scale decay is the same as that observed fo
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800 nm 825 nm

865 nm

B P

Figure 20. Schematic for delocalized states picture emphasizing the
coupled states representation for B* ang. Rnd the subsequent
excitation-transfer processes. Coupling of the reaction center pigments
results in delocalized states.

the M side (Hy) through excitation at 781 nm or 759 nm. The
resulting energy-transfer ratgs — B .* — P* or H* — By*

— P* were comparable, with thg, route appearing to be
slightly faster. The similarity in these rates implied that th& B
— P* and By* — P* energy transfer pathways exhibit similar
rates?®

The Aartsma grouf§ has also discussed the possibility of
unequal energy-transfer rates from*&nd By* to the special
pair through pumpprobe techniques. These experiments
observed the decay of the 800 nm band following 800 nm
excitation of both native and modified reaction centers from
Rb. sphaeroidesin this case, the modified reaction center
solutions contained sodium borohydride, an agent that serves
to shift the absorption of Bto 765 nm. The 800 nm excitation
then populated only B for the modified RCs, as opposed to
both B * and By* for native reaction centers. They found that
differences in the decay rates of the 800 nm band observed for
the two samples were within the reported error in the experi-
ment. In other words, the energy-transfer rate observed from
B_* to P was the same as the observed rate wheraBd By*
were equally prepared, implying that both accessory bacterio-

high-fluence data (see Figures 17 and 18). In the case of thechlorophylls have the same energy-transfer ré&t@his study

high-fluence data, the decay may be due to the relaxation of
the second excited accessory bacteriochloropaytlofactor
whose energy transfer is blocked by the earlier energy transfer
to the special pair from the other B cofactor. Hence, the prompt
decay of the signal would correspond to the B*P,+ energy
transfer, while the~300 fs component, which is the same time
constant observed for the oxidized reaction center sample,
corresponds to another channel for nonradiative decay of the

is in agreement with the findings of the Boxer grétiand the
calculations of Haran et al., who found that thérgter) energy-
transfer rates from Band By to the special pair were similar
(Bm, 130fs, B, 158fs)1®

The second and more interesting origin for the spectral
dynamics observed during energy transfer arises from coherent
interactions between B* andyP The prospect of coherent
energy transfer has been presented before. Jonas %8t al.

second excited accessory bacteriochlorophyll. Furthermore, thesuggested that coherent mechanisms may be active in the

approximately 300 fs decay of B* in the oxidized reaction center
sample examined here may decay, by similarity of time scale
with van Grondelle’s work, to BH™. No identifiable spectro-
scopic feature that would indicatetBI~ appears on a 300 fs
time scale however. Further studies of the chemically oxidized
system will be undertaken to spectrally identify the final state
for relaxation of B* excitation.

Recent work from the Boxer groéphas addressed the issue
of asymmetric energy-transfer rates within both wild-type and
p-mutant (M)L2144 reaction centers &b. sphaeroidesThe
mutant reaction center contained a bacteriochlorophyff, )
in place of the bacteriopheophytin along the L branch of the
RC, resulting in a distinct band in the absorption spectrum near
780 nm. Excitation could then be placed either on thé\l) or

reaction center based on disparity between the observed rates
and those predicted using fsters theory! Strong coupling or
electronic mixing between the accessory BChls and a neutral
special pair may result in delocalized states that have their own
spectral and temporal characteristics. In this picture, the spectral
evolution observed after excitation at 800 nm represents
movement along a delocalized coordinate.

The rapid excited-state spectral evolution discussed above is
not accompanied by a concomitant recovery in the ground-state
bleach; this later process occurs with-a20 fs time constant.
This suggests a type of excitonic coupling between B* and P*
that is different than that for the ground-state species. This
scheme is illustrated in Figure 20, where the B* apd‘Reroth-
order” states are coupled and form mixed character delocalized



2030 J. Phys. Chem. B, Vol. 103, No. 11, 1999 Arnett et al.

states. The rapid (20 fs) red shift of B* can then be understood V. Conclusions
as resulting from the coherent oscillation of the excitation . . .
. The experimental results presented in this paper warrant a
between the upper and lower delocalized states, and the 120 fs - : .
i N . number of conclusions that are of relevance to the functionality
transfer rate in the kinetic model reflects the population

. . " ; of the reaction center. First, pumprobe anisotropy data
:g’t‘)e(at'on between these states forming the *zeroth-ordgr” P ey after excitation of P~ Py- yield the first room-

temperature characterization of thg Rpper excitonic state of
The practicality of any explanation for excitation transfer the special pair. This characterization is based on a series of
involving coherent mechanisms hinges on the rate of electronic wavelength-resolved anisotropy measurements detected for
dephasing between the relevant excited-state electronic levelsvarying time delays after optical excitation into thg Band.
In this framework, the excitation can be thought of as oscillating The determination of temporal, spectral, and polarization
between the two states involved in the energy-transfer dynam-properties of all the contributing spectral entities allowed the
ics?! the oscillation frequency corresponds to the energy gap deconvolution of the R spectrum from the overlapping B
between the energy levels. In the absence of electronic dephasingd* and P— P, transitions. The results indicate thgt Rbsorbs
or other damping mechanisms, the oscillations will continue at 825 nm and has a transition dipole moment oriented
indefinitely. If dephasing and damping mechanisms are presentapproximately 70 from the R- transition. The energetic
and of the appropriate time scale, then it is possible for the splitting of the two excitonic states is also seen in time domain
coherent oscillation to be effectively halted after half a period, @nisotropy measurements where the two levels are coherently
resulting in a rapid and efficient energy transfer between the €xcited. In this case, the anisotropy oscillates with a frequency
states. If we consider the energy difference between the B* and©f 593 cn corresponding to the frequency splitting between

P, mixed states to be 380 crh(corresponding to 800 nm and the two excitonic level4847 This frequency difference places

825 nm optical transitions), then a half period of the excitation :Ee uppetrr (T;(thonlclzvsgaten?t t8r23 n;n, IrlthO_IC_)ﬁ a(gre?mfnmn‘\""tnht
oscillation would occur in 44 fs. Electronic dephasing between € speclrally resolved anisotropy resufts. 1he dipole mome

the B* and R+ levels must occur rapidly enough to avoid return °“e”ta§'§ nis in agreement V\./"Fh the Iow-te'mp'era.tgre results from
transfer to the B*-like delocalized state (88 fs full period) yet Breton;” although the transition energy Is S|gn|f|ca_ntly lower.

. - The observed spectrum, polarization, and magnitude ,of P
slowly enough to allow for coherent evolution tg;PThe time

. . . . S could not be modeled by simple excitonic theory where only
domain anisotropy results for the special pair presented in F'gurecoupling between the special pair cofactors is considered. The
8 imply that electronic coherence betwegn Bnd R- decays

. o X energetics and polarization of{Pare reproduced by allowing
with at = 35 fs exponential time constant. This coherence decay o, g significant asymmetry in the energies af &d Ry, but

rate for exciton levels of mostly P character was significantly the magnitude is not captured. The failure of these models
faster than that indicated by similar eXperimentS on the B and |mp||es that a “Supermolecular" approach to the electronic
H bands of the reaction center (88 fs decay) or the B820 dimeric characteristics of the reaction center is necessary to reproduce
subunit from LH1 where excitonic state coherence decayed with the spectral properties of the special pair excitonic levels.

v = 80-100 fs exponential decay® The decay of electronic Second, internal conversion between thedhd R- excitonic
coherence between B* angPmust be of a time scale similar  states of the special pair is found to be rapid, occurring with a
to or faster than that for the,P—P,— coherence to preventany 65 fs time constant. This rapid internal conversion rate, as well
significant return transfer. If an analogy is drawn between the as time- and wavelength-resolved anisotropy results indicate that
electronic dephasing rate between excited energy levels and thehe two excitonic states of the special pair are strongly coupled
electronic dephasing rates for grourekcited-state optical  and significant electronic mixing is present.

coherence observed through photon echos, then excited-state Third, the Stokes shift of 2 is found to occur with a 50 fs
coherences involving B* should decay faster than those involv- time constant, with both the ground-state bleach and stimulated
ing B-. Two pulse photon echos B and, Pdecay with emission signals strongly modulated by both low- and high-
exponential time constants of 10 and 11.5 fs, respectively. frequency coherent oscillations. To date, this is the most accurate
Furthermore, the dephasing rates observed via two-pulse photorineasurement of the time scale for Stokes shift dynamics of the
echos for of @i transitions are substantially faster than the special pair. Vibrational dephasing dynamics of the many
dephasing rates observed through anisotropy measurements fofmpulsively prepared vibrational modes were obtained. Low-
i—j coherences, wherieand| represent two different excited ~ fréguency modes decayed within a few hundred femtoseconds,
states. This suggests that the fluctuations of the individual While the high-frequency oscillations, most notably at 730Em
excited-state energy levels 4nd j for instance) within the exhibit dephasing times on the order of a few picoseconds. The

reaction center are correlated to some degree, rather than bein
completely random. These considerations suggest that coher

ences may exist in the reaction center over the appropriate time

range to allow energy transfer through coherent evolution.

5

tokes shift dynamics observed in association with the special
ir transition are, therefore, thought to be dominantly the result
of a protein dielectric (i.e., solvation) response to the generation
of the internal charge-separated staté. Fhis electronic

el ) configuration is thought to precede the subsequent electron-
Coherent evolution involving B* andyR should be observ-  transfer process via the B and H chromophores.
able in careful anisotropy measurements in the-88&0 nm The overall excitation-transfer dynamics observed upon
spectral range. Preliminary evidence of oscillations in the gptical excitation of the accessory bacteriochlorophyll, which
anisotropy similar to those shown in Figures 8c and 19 suggestsreflect both ground-state recovery and excited-state dynamics,
that such a coherence exists. However, it should be pointed outmay be modeled with a two-step energy-transfer mechanism
that the appearance of such oscillations could also occur betweenyhere R+ serves as an intermediate between B apd Within
energetically close lying electronic states that do not share athis model, the B-P,; step occurs with a time constant of 120
common ground state (as in Figure 19) and are not necessarilyfs while the R+ — P,— internal conversion step has a 65 fs
electronically coupled to each other. Associated studies of the characteristic time. The 120 fs time constant for the first step is
evolving “location” of the excitation must also be established. established by monitoring the recovery of ground-state bleach
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from B, which occurs (within this model) concurrently with o (5) Kerlllog, E. C.; Kolaczkowski, S.; Waseliewski, M. R.; Tiede, D.
Photosynth. Re<l989 72, 47.

energ_y tranffer f.rO”.‘ B tg an.y _c;_ther State' However'l the (6) Fleming, G. R.; van Grondelle, Rhys. Todayl994 48—55.

experimental data indicate that significant excited-state evolution  (7) chan, C. k.; DiMagno, T. J.; Chen, L. X. Q.; Norris, J. R.; Fleming,

occurs that is not accompanied by ground-state bleach recoveryG. R. Proc. Natl. Acad. Sci. U.S.A4991, 88, 11202.

This excited-state evolution can be viewed as coherent dynamics_  (8) SChm{dg Sh Arlt, T.; Ha?]ﬁrr\kgh; Huber:, H. Naggglae, ;2 Wac?iveutl,

involving coupled states of mostly B* andPcharacter. The 3 Mever. M. Scheer, H.; Zinth, WChem. Phys. Letd.994 223 11

electronic dephasing times of excited energy levels within the (9) Marchi, M.; Gehlen, J. N.; Chandler, D.; Newton, 8.Am. Chem.

reaction center are found to range from 35 fs fgr-PPy- Soc.1993 115 4178-4190.

coherence to 80 fs for H*B* coherence. The observed excited- _(10) Cory, M. G.; Zerer, M. CJ. Am. Chem. S04.996 118 4148~

state coherence times are sufficient to allow for coherent energy- ™11y Thompson; Zemer, M. G Am. Chem. Sod.991, 113 6210.

transfer mechanisms within the reaction center and clearly (12) Alden, R. G.; Parson, W. W.; Chu, Z. T.; Warshel JAAm. Chem.

support a supermolecular interpretation of the electronic struc- Soc.1995 117, 12284-12298. ,
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