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EXPLANATION OF DISSERTATION FORMAT 

This dissertation contains the candidate's original work on spectral hole 

burning of Photosystem I. Section I contains two published papers which describe 

a linear electron-phonon coupling theory that was developed to model the spectral 

properties of the primary electron donor states of photosynthetic systems and 

application of the theory to P700 of Photosystem I. Section 11 contains two 

published papers which report hole burning experiments performed on the light 

harvesting chlorophyll complex of Photosystem I and application of multiphonon 

excitation energy transport theory to these results. Each section contains an 

introduction, two papers, and additional results. The references for the introduction 

and additional results of each section are located at the end of that section. The 

references for each paper are found at the end of that paper. 
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GENERAL INTRODUCTION 

Photosynthesis is one of the many fascinating biophysical energy conversion 

processes that occur in nature. It is unique, however, since the energy source for the 

basic photosynthetic equation 

CO2 + H2O + 478 kJ [CHjO] + O2 

is sunlight. That is, photosynthesis utilizes solar energy to reduce carbon dioxide to 

carbohydrates. One einstein (one mole of photons) at 680 nm contains only ~ 175 

kJ. It is recognized then, that nature had to construct sophisticated systems to 

collect and convert solar energy. The first evidence for such systems was provided 

by Emerson and Arnold [1] when they demonstrated that large numbers of 

chlorophylls (Chi) cooperated to produce oxygen via photosynthesis. Although the 

basic photosynthesis equation is simple, the processes occurring in the thylakoid 

membranes are complicated. The primary events of light harvesting and charge 

separation are the concern of this work. 

The thylakoid membrane of green plant chloroplast contains hundreds of 

protein bound pigments arranged into two functional groups: i) the reaction centers 

and ii) the light harvesting complexes. The physical organization of the thylakoid 

membranes has been extensively reviewed [2 and refs. therein] and is shown in Fig. 

1. The thylakoid membrane consist of two photosynthetic units (PSU), Photosystem 

I (PSI) and Photosystem n (PSII), which function cooperatively in photosynthesis. 

The reaction centers (RC) are labeled P700 (for PSI) and P680 (for PSII) to indicate 

the position, 700 nm and 680 nm, of the maximum of the light induced absorption 

decrease. 

The light harvesting chlorophyll protein complexes (LHCI and LHCII) contain 
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Figure 1. The physical organization of the Photosystem I, cytochrome b6/f, and Photosystem n protein complexes 
within the thylakoid membrane. The cyt b6/f complex transfers an e'from PSn to PSI via 
plastocyanine (PC) (reprinted from ref. 3). 
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protein bound chlorophyll a (Chi a) and chlorophyll b (Chi b). These protein 

complexes and the core Chi a protein complexes serve the RCs as antenna 

complexes to collect and transfer solar energy to the RC. For PSI, there are about 

200 Chls per reaction center. The antenna complexes serve to increase the amount 

of the solar spectrum that is employed by broadening the photosystem's absorption 

(different spectral forms of Chls) [4-7] and by increasing the absorptivity (additive 

in number of molecules) over the isolated RC absorption profile. 

Since the quantum yield for photosynthesis is ~1 [8], it is interesting to consider 

how energy can be transferred over large spatial distances in the antenna in a manner 

that competes successfully with other radiative and non-radiative decay channels. 

The orientation of the proteins with respect to the RC, the organization of the Chls 

within the proteins, the dynamical role of the proteins and the electronic states of the 

Chls are important components of any answer to this question. 

The energy deUvered by the antenna complex is photoconverted at the RC to a 

stabilized charge separation. In PSU, excitation of the primary electron donor 

(FED), F680, leads to electron transfer to a pheophytin (Fheo) acceptor [9-11] and 

subsequent transfer to a quinone where the charge is stabilized [12]. The P680 

Fheo e" transfer occurs in ~3 psec [13,14]. The charge separation in FSI occurs 

within ~3 psec [15] at room temperature with production of the charge separated 

state F700"'"AQ (A^ is the primary acceptor) within ~14 psec [16]. Overall, the RCs 

produce an energy change of 1.22V. 

The e" necessary for reducing P680'*' is provided by splitting H2O. Eight 

photons are required to produce one molecule of oxygen. The e"produced in charge 

stabilized F680 reaction center is passed into the cytochrome b6/f (cyt bg/f) complex 

where it is ultimately used to reduced PTOO"^. This process translocates a proton 
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across the membrane thereby producing a pH and electric field gradient which is 

used for generating ATP. The electron available from P700 excitation is passed to 

the ferredoxin (Fd) and reduces NADP"^to NADPH. It is NADPH and ATP which 

the dark reactions (Calvin cycle) use to reduce C02to carbohydrates. As in the 

antenna complex, acceptor orientation, protein dynamics, and electronic states play 

important roles in efficient charge separation and stabilization. 

The PSI protein complex is shown schematically in Fig. 2 [see refs. 3,17-20 for 

reviews]. The structure has not yet been determined by X-ray crystallography so 

this represents a proposal based on a large volume of biochemical evidence [3,17]. 

CPl, the P700 chlorophyll a-protein, contains the core antenna complex, active 

P700 and A^, and Aj. It is a subset of the core protein which includes, along with 

CPl, the e" acceptors Aj and and the high molecular weight (82 and 83 kDa) 

polypeptides. The enriched PSI core complex is the smallest fully functional RC 

particle. It contains P700, the e" acceptors A^, A^, F^, Fg/Fj^and ~7 polypeptides 

including the core antenna complex. The identity of the acceptors is given in Table 

I. The PSI core complex is enriched to ~30 Chi aper reaction center. The "native" 

PSI particle contains, in addition to the core complex, LHCI and is the most 

physiologically intact particle. The LHCI complex contains ~I70 Chi with a Chi a 

/Chi b ratio of ~6 [21,22]. The overall Chi a/Chl b ratio in PSI-200 is ~3.5 

[21,23,24]. 

A proposed structure for P700 is shown in Fig. 3. It is based on biochemical 

evidence and reflects the structure determined for the purple photosynthetic bacteria 

Rhodopseudomonas viridis (Rps. viridis) [25-28] and Rhodobacter sphaeroides (Rb. 

sphaeroides) [29,30]. It maintains the pseudo-symmetry (C2) found in the purple 

bacteria and suggested for PSn. The precise structural arrangement awaits X-ray 
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Figure 2. A schematic of the Photosystem I protein complex indicating the 

polypeptide composition of the isolatable particles. The shaded 

polypeptides represented chlorophyll-bearing proteins (reprinted from 

ref. 3). 
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Table I. Donor/acceptor indentity of the Photosystem I polypeptides 

Donor/Acceptor Identity 

P700 Chlorophyll dimer 

Ao Chlorophyll monomer 

Ai Vitamin Kj 

Fx [XFe - XS]Cluster (X=2,4) 

FB [4Fe - 4S]Cluster 

FA [4Fe - 4S]Cluster 

FD Ferredoxin 

FNR Ferredoxin:NADP'^oxidoreductase 
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Figure 3. A proposed structure for the Photosystem I reaction center. It reflects biochemical evidence and the 
structure detemiined for the reaction center of purple photosynthetic bacteria (reprinted from ref. 3). 
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structure analysis of the recently crystallized PSI complex from cyanobacteria 

[31,32]. 

The absorption spectrum of PSI at room temperature is shown in Fig. 4. The 

dominant absoiption feature is the lowest excited singlet state (Sj^- SQ) transition, 

the Qy transition, of the protein bound Chi a antenna complex at 670 nm. The Qy 

transition for Chi b is at 650 nm. The S2 <- or transition lies at about 575 nm 

for Chi a. The primary electron donor state, P700, has its maximum absorption at 

~700 nm, a shift of ~750 cm"^ from monomer Chi a. To a first approximation, the 

shift is a result of excitonic interactions between pigment pairs. The carotenoids 

associated with PSI absorb in the 450-500 nm range and the Chi Sj^- S^ and higher 

transitions, the Soret transitions, lie at <450 nm. 

The absorption spectrum sharpens only slightly in cooling the sample to 4.2 K, 

and it is still dominated by the broad (350 cm"^ width) profile of the Chi aQy 

transition. At this temperature it is possible to distinguish the Chi babsoiption at 

650 nm and the P700 absoiption (in enriched particles). The broad profile hides 

important information - homogeneous linewidths, intramolecular vibrational 

frequencies, and low energy lattice vibration (phonon) frequencies - about the 

excited state of the system. The broad low temperature absorption character is 

similar to that observed for molecules doped into amorphous (glassy) materials. In 

this case, site selective spectroscopies, spectral hole burning and fluorescence line 

narrowing, are employed to "trick" the system into mimicking a perfect crystal. 

Molecules doped into amorphous materials, e.g., ionic dyes in organic glasses, 

exhibit a broad absoiption spectrum (typically several hundred cm'^) even after 

cooling to near OK. In contrast, molecules doped into perfect crystals exhibit sharp 

absorption lines (typically <1 cm"^) which correspond to the various electronic 
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Figure 4. The room temperature absorption spectrum of PSL The inset shows the conventional axis assignment 
for Chi a. 
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(vlbroiiic) transitions of the molecule. The different behaviors are a result of the 

impurity's microenvironment. For a perfect crystal each impurity molecule has the 

same environmental interactions and hence the electronic transitions overlap 

producing the observed homogeneously broadened lines. One important 

characteristic of amorphous materials is the variation in microscopic site-impurity 

interactions. Each impurity molecule experiences slightly different environmental 

interactions which cause the electronic transitions to be distributed around a center 

frequency. The resulting spectrum is said to be inhomogeneously broadened and 

consist of the convolution of the homogeneously broadened absorption profile of the 

individual impurity molecule. This is illustrated in Fig. 5a. 

Site selection spectroscopies utilize narrow band (preferably less than the 

homogeneous linewidth) light sources such as lasers to select a narrow energy 

window (isochromat) for excitation. The number of molecules excited represents 

just a small fraction of the total number of molecules in the system and the resulting 

spectral features are narrow mimicking that of a perfect crystal. The inhomogeniety 

has been circumvented. 

An impurity molecule in a glass can undergo two types of transformations, one 

photochemical the other photophysical, while in its excited state. In either case, the 

dopant loses memory of its initial state which results in a depletion of the number of 

absorbers coincident with the the excitation frequency. This is manifested by a dip 

or "hole" in the impurity's absorption spectrum, hence the term spectral hole 

burning. As long as the sample is kept cold (near 0 K), the spectral holes are 

persistent (transient hole burning via a population bottleneck is also possible). 

There are two processes that result in spectral holes. Photochemical hole burning, as 

the name implies, occurs in systems that undergo photochemistry, e.g., proton 
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Figure 5. The inhomogeneously broadened absorption spectrum (a)of an impurity 
in a glass- Tjj (homogeneous line width)< 1 cm'^; (inhomogeneous 
line width) ~a few hundred cm~^ for organic molecules in glasses. The 
absorption profile after (b) photochemical hole burning and (c) 
nonphotochemical hole burning. 
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tautomerization of H2-phthalocyanine during irradiation with a laser [33]. As 

shown in Fig. 5b the products from photochemical hole burning (PHB) typically 

absorb several hundred cm"^ away from the spectral hole. Nonphotochemical hole 

burning is a result of host configuration changes that occur while the impurity is in 

its excited state. The host-impurity interaction changes are small so typically the 

anti-hole (product absorption) is displaced < 100 cm"^ from the spectral hole, Fig. 

5c. Hayes and Small [34,35] proposed that the mechanism for nonphotochemical 

hole production is phonon assisted tunneling between the glassy states two level 

systems. Two level systems had already been proposed to explain other glassy state 

anomalous behavior [36,37]. 

The spectral linewidth of the hole is related to the time domain by the equation 

T2=(7C Av^)"^ where T2, the total dephasing time, is given by l/2Tj + l/T^. 

T J processes are those that lead to depopulation of initially prepared excited states 

and include fluorescence, intersystem crossing, and internal conversion. When a 

system of molecules is irradiated with a coherent source, they begin to oscillate in 

phase with themselves and with the radiation field. When the coherent source is 

removed, the molecules, through their interactions with low energy lattice phonons, 

begin to lose phase coherence. This process is termed pure dephasing and has a 

characteristic lifetime T^ Tj processes occur even at 0 K whereas pure dephasing 

processes should cease at 0 K. Because of the frequency-time domain relation 

interesting glassy state properties, e.g. spectral diffusion and dephasing, can be 

probed with spectral hole burning. A large number of different impurities and host 

matrices have been shown to produce spectral holes. The science and application of 

hole burning has been extensively discussed [35,38-40]. Of particular interest here 

is spectral hole burning of biological pigments hosted in their natural proteins. 
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Phonons resulting from the displacement of the excited nuclear coordinates of 

the impurity, relative to its ground state, induce low energy lattice distortions. The 

strength of the coupling of the excited state potential to the lattice is measured by 

the Huang-Rhys factor defined as 

where A is the displacement of the normal coordinates. The phonon transitions 

build on the "pure" zero-phonon transition and are reflected in the absorption profile 

as broad bands at higher energy, relative to the zero-phonon transition, by a mean 

phonon frequency (typically 10-50 cm"^). The relative intensities of the r-phonon 

process is given by the Poisson distribution e'^SVr! [41 and refs. therein] with S 

defined as above. For large electron-phonon coupling strengths, the phonon 

absorption will dominate the spectrum. 

The absorption cross-section of the impurity at any particular frequency consist 

of the overlap of zero-phonon transitions, phonon transitions and vibronic 

transitions. Spectral hole burning can occur through any of these features. For 

example, if one chooses a bum frequency on the low energy side of the absorption 

profile it is possible to produce a zero-phonon hole coincident with the laser. At 

higher energies in the absorption profile, there is significant overlap of zero-phonon 

and phonon transitions. A zero-phonon hole coincident with the bum frequency and 

a pseudo-phonon sideband hole (pseudo-PSBH) to lower energy are produced by 

irradiation. The pseudo-PSBH is the convolution of zero-phonon transitions that 

have absorbed radiation through their phonon wings. The mean phonon frequency 

can be measured from the displacement of the pseudo-PSBH from the zero-phonon 
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hole. If the sample is irradiated in the congested vibronic regions, vibronic satellite 

hole structure can be burned into the origin bands. That is, excitation occurs though 

vibronic transitions and results in the depletion of the number of zero-phonon 

absorbers in the origin band. The displacement of the satellite holes from the bum 

frequency gives the excited state vibrational frequencies. By tuning the bum 

frequency, it is possible to determine all the Franck-Condon active modes. 

A number of phenomena affect hole burning. Spectral diffusion and dephasing 

processes alter the zero-phonon linewidth. The extent to which these processes alter 

the observed linewidths is much debated [38,39,42-45]. It is an important limitation 

to the calculation of Tj lifetimes. Spontaneous hole filling (SPHF) and laser 

induced hole filling (LIHF) also affect the hole burning. The mechanisms for these 

phenomena have been investigated for ionic dyes doped in organic glasses [46,47]. 

Spontaneous hole filling defines the time frame of the hole buming experiment, i.e., 

one would want to probe the hole before significant hole filling occurs. SPHF has 

not been observed in the pigment-protein complexes of PSI at 1.6 K. 

Application of spectral hole buming to pigment-protein systems is a recent and 

exciting development. The only requirement is that the pigments absorb in a region 

accessible to lasers. Probing the primary events of photosynthesis, reaction center 

and antenna dynamics, with spectral hole buming is the subject of this dissertation. 
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EXPERIMENTAL METHODS 

Samples 

The Photosystem I particles with various P700 enrichment levels (actually, 

antenna chlorophyll depleted) are generously supplied to us by John Golbeck. The 

particles are prepared following the procedure of Mullet and coworkers [48] and 

Golbeck [49]. Fragmented thylakoid membranes of spinach chloroplast are 

obtained by homogenizing leaf spinach with a high speed blender in a buffered (pH 

7.8) solution. The freed chloroplast are osmotically shocked, suspended in EDTA to 

remove loosely bound proteins, and sonicated to produce the fragmented thylakoid 

membranes. The thylakoid membranes are washed with a non-ionic detergent 

(Triton X-100) in a buffered solution to produce the "native" PSI-200 particle. 

Subsequent washing with Triton X-100 results in depletion of the Chi antenna 

proteins. The Chi to P700 ratio is assayed by photo-oxidizing P700. The extinction 

coefficient for P700 is Evoonm"^ mM"^ cm"^ 

The particles, suspended in a buffered glycerol/water mixture (pH 8.0) 

containing 0.1% Triton X-100, are stored at 77 K until needed. The optical density 

of the samples was adjusted by dilution to the appropriate value with a buffered (pH 

8.3) glycerol/water (70:30) solution containing 100 mM Tris [tris(hydroxymethyl) 

aminomethane] and 0.1% triton X-100.1 mM ascorbic acid is added to pre-reduce 

P700. 

The samples were held in the dark for a few minutes before being quickly 

cooled (< 10 minutes) to 4.2 K. This procedure is required to aid pre-reduction of 

P700. Subsequent exposure to light is held to a minimum. 



www.manaraa.com

16 

Cryogenic Equipment 

All liquid samples were placed in a 1 cm diameter polystyrene tube chosen 

because it minimized sample cracking at low temperatures. The sample tube is held 

in a brass container of local design which allowed for optical access of the sample. 

The samples were cooled to 4.2 K in a Janis Model 8-DT Super Vari-Temp liquid 

Helium cryostat. By pumping with an auxiliary vacuum pump it is possible to take 

helium past its lambda point (2.25 K) and achieve a temperature of 1.6 K. The 

sample temperature was monitored using a silicon diode thermometer (Lake Shore 

Cryogenic model DT-500K) calibrated over the range from 1.4 K to 300 K. 

Experimental Apparatus 

Figure 6 shows the configuration of the apparatus used for hole burning and 

subsequent reading. The laser system consist of a 5W argon ion laser (Coherent 

Innova 90-5) which was used to pump a single frequency passively stabilized ring 

dye laser (Coherent 699-21). A three plate birefringent filter provides wavelength 

selection. Narrow laser linewidths (0.002 cm"^) are accomplished with two low 

finesse intra-cavity étalons having free spectral ranges of 10 GHz and 100 Ghz 

which combined with the birefringent filter (~380 MHz) forces single longitudinal 

mode operation. The laser dyes used were DCM and LD688 (Exciton). 

The output of the ring laser was monitored for single frequency operation by 

directing, by means of a beamsplitter, a portion of the laser beam to a confocal 

spectrum analyzer (Spectra-Physics model 470-40, FSR= 8 GHz). The output of the 

spectrum analyzer was displayed on an oscilloscope. The laser wavelength was 

determined by sending a portion of the beam to a 1/3 meter monochromator 

(McPherson model 218). Laser powers were set using a variable attenuator 
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Figure 6. Experimental absorption/hole burning apparatus. Ar"^-argon ion laser; 
M -mirror, BS -beamsplitter, SA -spectrum analyzer; Xmeter 
wavemeter, P -polarizer, A -attenuator; C -chopper; PD -photodiode; 
LIA -lock-in amplifier; S -shutter, PMT -photomultiplier tube; INT 
integrator, MC - monochromator. 
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(Newport Corporation model 935-3) and neutral density filters. Part of the 

attenuated beam was extracted, modulated with a mechanical chopper (PAR model 

125), and monitored for intensity with a photodiode detector (Molectron 4P-141) 

and lock-in amplifier (PAR model 124 with a model 118 preamplifier). The laser 

beam was then directed by mirrors to a home built double beam spectrometer 

[50,51], There are two sources available for scanning the holes. The ring dye laser 

can be scanned through 30 GHz (1 cm"^) by an intra-cavity angle tuned brewster 

plate. Resolution is 0.002 cm'^. Low resolution (~ 0.2 cm"^) spectra were taken 

using light from a 500 W short-arc Xenon lamp (Canrad-Hanovia model 959C1980) 

dispersed by a 1.5 M monochromator (Jobin-Yvon HR1500). The monochromator 

has a linear dispersion of 0.19 nm/mm (2400 groves/mm grating). Either source 

could be utilized for hole scanning by retraction of a mirror. In either case, the ring 

dye laser is employed for burning. 

The light incoming onto the double apparatus is split into a reference leg and a 

sample leg by a beamsplitter. Each leg contains identical optics. The reference leg 

intensity can be attenuated (Newport Corporation model 925B) to match optical 

losses on the sample leg caused by scattering from the cryostat and sample. Each 

leg is modulated at different frequencies with mechanical choppers (Laser Precision 

CTX-534). The beams are recombined and sent to a cooled photomultiplier tube 

(RCA C31034 in a PFR PR-1400-RF thermoelectrically cooled housing). The 

signal is then detected by two lock-in amplifiers (Ithaco model 97EO) referenced to 

the mechanical choppers. The output from the lock-in amplifiers is integrated (at 

multiples of 1/60 second) and digitized with an integrator/coupler (Ithaco model 

385EO-2) and sent to a microcomputer (Digital Equipment Corporation Micro PDP-

11/23+ with RTll operating system) where it is converted into absorbance and 
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stored. The computer also drives the scanning of the monochromator and ring dye 

laser. 

Stark Apparatus 

The Stark cell was built from polystyrene. A round polystyrene tube was cut to 

provide a center section about 3 mm thick with parallel sides. Thin polystyrene 

sheets (0.0015 inches) onto which gold had been vapor deposited were attached to 

the parallel sides of the tube section with model cement (Tester). Electrical 

connection is made by means of small screws. The Stark cell is placed in a teflon 

holder with optical and electrical access and provides electrical insulation. The 

holder is attached to a sample rod and lowered into the cryostat. DC voltage is 

supplied by a high voltage supply (Sorenson 1030-20) and measured using a high 

voltage probe (Fluke 80F-15). 
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SECTION I. PHOTOCHEMICAL HOLE BURNING OF P700 

INTRODUCTION 

The determination of the structure of the reaction center (RC) of 

Rhodopseudomonas viridis [1-4] and subsequently Rhodobacter sphaeroides [5,6] 

has given new impetas to the debate concerning the description of the excited 

electronic states of the RC pigment complex. That is, the debate has turned from a 

discussion of which pigments comprise the RC and their arrangement to how the 

pigments interact to efficiently stabilize the electron in the charge transfer process 

[7-10]. 

The structure of the RC is shown in Fig. 1. It is comprised of a special pair 

bacteriochlorophyll dimer [P], two accessory bacteriochlorophylls [B], two 

bacteriopheophytins [H], a quinone, and an nonheme iron. The RC complex 

possesses an approximate C2 symmetry with the two arms labeled L and M for light 

weight and medium weight protein structures. The center to center distances 

between pigments are given in A. Upon excitation of the special pair (the primary 

electron donor [PED]), an electron is transported down the the L branch and is 

stabilized at the quinone [7-9]. This is the source of the transmembrane charge 

separation that drives photosynthesis. 

Several remarkable photophysical features present themselves. The first 

important feature is that the absorption band of the PED is displaced to the red 

~2200 cm"^ for Rps. viridis from the monomer absorption in solution [10]. A 

similar shift is observed for Rb. sphaeroides [7]. The cause of the shift is best 

associated with excitonic interactions and this led to the hypothesis of the special 
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Figure 1. An overview of the structure of the reaction center of 
Rhodopseudomonas viridis. The center-to-center distances are given in 
A. P - special bacteriochlorophyll dimer, B - accessory 
bacteriochlorophyll; H - bacteriopheophytin; MQ - menaquinone; Fe 
non-heme iron. 
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pair [11,12]. The pigment interactions are now believed to be more complicated and 

current models generally mix charge transfer characteristics into the exciton 

manifold [13] or extend the dipole interaction to include all the RC pigments [14-

16]. 

A second interesting feature is the observation that the e" transfer occurs only 

along the L branch of the RC [7-9]. Currently, research here is focused on the role 

of the RC proteins. Fortuitous placement of point charges from amino residues of 

the surrounding protein complex can alter the relative energetic positions of 

electronic states [4,8,17-19]. Protein vibrations may also be important in the events 

leading to stabilized charge separation [20-23]. 

A third feature is that the transfer of the e'from the special pair to the BPh 

occurs in about 3 psec [24] at room temperature apparently without the involvement 

of the accessory BChl molecule [7,8]. By 1986, experiments monitoring the BChl 

and BPh absorption with a few psec resolution had confirmed, at least on this time 

scale, no involvement of the accessory BChl in the e" transport process [26,27 and 

refs. therein]. It is interesting from a dynamical viewpoint how an e'could transfer 

over 17A at such rates (the rate is generally thought to depend on exp(-2(xR) with 

a~0.7 A'^ and R the intermolecular distance [8,28]) without accessory BChl 

involvement. 

Several proposals have been forwarded to address the role of the accessory 

BChl. The most straightforward proposal is that the time scale of the special pair 

BChl electron transfer is faster than the time resolution of the picosecond absorption 

experiments. In this case the charge separated state involving the BChl monomer is 

a real intermediate state in the e" transfer. Recent experiments with 100 

femtosecond time resolution did not find evidence for direct BChl participation in e' 
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transfer [7,8,24,25]. A second proposal is that the e'reaction occurs via a 

superexchange mechanism. In this case the state involving the BChl monomer is 

considered a virtual state and is not observed because it lies at an energy higher than 

P* [9,29-33]. The description of the states (charge transfer character, excitonic 

character) and their relative energetic ordering is much debated [31,32]. 

Spectral hole burning is a frequency domain technique and as such circumvents 

the time domain problems of producing ultrafast light pulses (in the required 

wavelength range) and detecting ultrafast absorption changes. Using transient 

spectral hole burning , Boxer et al. [34,35] and Meech et al. [36,37] recorded the 

hole burned spectmm of the PED for Rb. sphaeroides and Rps. viridis. The holes 

produced were ~400 cm'^ broad which gives,, if the hole is homogeneously 

broadened, an excitation depopulation lifetime of the initial excited state of ~ 25 

fsec. There are, however, two important observations. The first is that the hole 

maximum is not necessarily coincident with the bum frequency, and secondly the 

hole position remains invariant (or slightly varying) to changes in the bum 

wavelength. Boxer et al. [34,35] suggested that the hole may be dominated by 

phonon bands that result from very large displacement of the PED excited state 

potential surface thereby suppressing a narrow zero-phonon line. One possible 

mechanism for the large displacement would be direct excitation of a charge transfer 

state with significant charge transfer character [35,37]. 

Hayes and coworkers [38,39] explored the effect a highly displaced excited 

state would have on the observed absorption and hole profile of the PED. The 

spectra were modeled in terms of an arbitrarily strong electron-phonon coupling . 

This approach is consistent with the displacement of the excited state in a charge 

transfer complex. The theory is fully developed in Paper II of this section. The 
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absorption and hole profiles are calculated using the electron-phonon coupling 

strength S, the phonon frequency and phonon linewidth, the homogeneous linewidth 

of the zero-phonon transition, and the inhomogeneous linewidth of the profile. The 

zero-phonon hole (ZPH) width corresponds to the e" transfer rate for the special pair 

BPh process [40,41]. The temperature dependence of the absorption and 

fluorescence, and the Stokes shift (between absorption and fluorescence maximum) 

are used to verify the values of the parameters used to fit the profiles. It is found 

that the magnitude of the electron-phonon coupling combined with the 

inhomogeneous broadening causes the broad holes and apparent lack of sharp zero-

phonon holes. That is, for large S, multiphonon transitions dominate the spectrum. 

The holewidths are not a manifestation of an ultrafast charge separation process. 

The theory presents a unified description of the absorption profile, the hole profile, 

and the wavelength behavior of the holes for the FED for Rps.viridis. Rb. 

sphaeroides. Photosystem I, and Photosystem H. 

An alternate proposal to model the spectral features is suggested by Won and 

Friesner [42-44]. The WF theory includes a set of low frequency inter- and 

intramolecular vibrational modes strongly coupled into the excitonic manifold. 

Lattice phonons and inhomogeneous broadening are treated phenomenologically. 

The crucial theoretical conjecture is the resonant coupling of a charge transfer state 

to the vibrationally coupled excitonic state. Once the exchange coupling strength (J 

in WF's notation) is "turned on" the broad absorption and hole profile results from 

chaotic spreading of oscillator strength caused by a breakdown of the Bom-

Oppenheimer approximation. Coupling to the CT state suppresses the zero-phonon 

line. In this picture the PED profiles are homogeneously broadened. By setting the 

energy gap between the special pair excited state and the CT state to A=2000 cm"^ 
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(the internal CT state of the special pair is higher in energy than the excited state) 

and the coupling strength to J=240 cm"^, WF successfully models the hole burning 

data of Boxer and coworkers [34,35] and Meech and coworkers [36,37]. 

Both theories (Hayes and coworkers and WF) share certain features, e.g., 

inhomogeneous broadening and linear-electron vibration coupling. However, weak 

electron-mode coupling (i.e., S < 1) is assumed in the WF model for all modes (low 

frequency monomer intramolecular and phonons). The ultra-fast chaotic electronic 

decay due to strong coupling with some type of close lying charge-transfer is 

eliminates sharp features in the hole spectra for the WF model. The ZPHs include 

the one coincident with cog and the vibronic satellite holes [45]. Based on the 

recently obtained data for the antenna Chi a and Chi b of PSI [46,47], however, one 

would not expect to observe sharp vibronic satellite holes of any significant 

intensity since the intramolecular vibronic Franck-Condon factors are very small (<: 

0.04) and no excited state vibrations with a frequency less than 260 cm" ̂  are active. 

The Franck-Condon factors for the low frequency intramolecular vibronic modes (<. 

200 cm"^) of BChl a in a glass at 5 K are estimated at ̂ 0.02 based on fluorescence 

excitation spectra [48]. 

A critical test of the linear electron-phonon coupling theory is the observation 

of a narrow zero-phonon hole coincident with the laser frequency. Both models for 

calculating the hole profiles for PEDs allow for such an observation. However, the 

conditions for this observation (J=0 and/or A> 2000 cm"^) in the WF model causes 

the absorption profile to become highly structured, contrary to observation. Maslov 

et al. [49] had reported a sharp hole (no broad hole) coincident with the laser 

frequency in the PED absorption profile of the PSI reaction center from the bacteria 

Chlamvdomonas reinhardii. If this is taken as evidence to support the linear 
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electron-phonon coupling model, it suggests that the excited state is radically 

different for green photosynthetic systems. The dynamics of charge separation and 

stabilization would be different for green and purple photosynthetic systems. 

Paper I of this section reports spectral hole burning studies of the PSI reaction 

center complex P700 obtained from spinach chloroplasts. A persistent hole burned 

spectrum is reported that is comprised of both a broad (350 cm'^) hole and a narrow 

zero-phonon hole. The hole shapes are modeled using the linear electron-phonon 

coupling theory. Paper n outlines the linear electron-phonon theory which is shown 

to model the absorption profiles, hole profiles, and the temperature dependent line 

broadening data for the PED of purple photosynthetic bacteria and the hole profiles 

of PHB and NPHB experiments performed on the antenna and P700 complex of 

PSI. Chemical bleaching and white light bleaching of P700 followed by laser 

irradiation of the PED produced only narrow hole coincident with the laser 

frequency. Thus, the possibility exists that the narrow hole is not associated with 

P700 that is photoactive at liquid helium temperatures. Finally, new results of 

spectral hole burning on P700 are presented which show production of only a broad 

hole. The theory of Hayes and coworkers is used to fit the profiles. 
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INTRODUCTION 

An adequate understanding of photochemical events in photosynthetic reaction 

centers (RC) requires, in part, knowledge of the RC structuie and an accurate 

description for the electronically excited states of the RC pigment system. With the 

recent determination of the structures forRps.viridis [1] and Rh. sphaeroides [21. 

theoretical calculations of their excited state structure have reached a more 

sophisticated level [3,4]. The calculations of Parson et al. [4] indicate that the 

primary donor state, P960, associated with the special bacteriochlorophyll ̂ air 

(BCp) of Rps. viridis has significant charge-transfer (CT) character, arising from 

mixing of the lowest neutral excitonic state of BCp with intra-dimer CT states. 

However, the effect of electron-phonon coupling on the familiar excitonic coupling 

models has not been explored. 

Recently [5] we have suggested that the electron-phonon (lattice) coupling 

associated with P960 and P870 of Rb. sphaeroides is very strong, rivaling that 

observed for 100% CT states of jc-molecular donor-acceptor complexes [6]. The 

line of reasoning used is based on a theory for photochemical hole burning (PHB) 

valid for arbitrarily strong linear electron-phonon coupling [5]. This coupling 

defines the extent to which the lattice surrounding the BCp and the dimer itself 

change their equilibrium configuration upon excitation of the primary donor state. 

Using the analysis of T-dependent absorption and fluorescence data given by 

Scherer et al. [7] as a guide, the theory was used to account for the PHB results of 

Boxer et al. [8,9] on P870 and P960 and of Meech et al. [10] on P870 [5]. Time 

domain studies had previously shown that electron transfer from the special pair to a 

bacteriopheophytin occurs in about 2 and 5 psec for Rb. sphaeroides and Rps. 
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viridis. respectively, at cryogenic temperatures [11,12]. These decays correspond to 

homogeneous line broadenings of 2.5 and 1 cm"^. By contrast, the PHB 

experiments yielded holewidths at T~1.5 K equal to ~ 400 cm'^, a significant 

fraction of the absorption linewidths for P870 and P960. That is, nosharp zero-

phonon holes are observed and thus, the question of whether or not the holewidths 

represent homogeneous broadening became important. Meech et al. [10] interpreted 

the holewidth of P870 in terms of an ultrafast (25 fsec) dvnamicalcharge separation 

process within the special pair following preparation (excitation) of the neutral pair 

excitonic state. This charge separation precedes electron transfer from BCpto the 

bacteriopheophytin. This interpretation was also considered by Boxer et al. [8,9], in 

addition to an inhomogeneous broadening mechanism based on strong electron-

phonon coupling. The theoretical calculations of ref. [5] establish that the latter 

interpretation is entirely plausible. For P870, the Huang-Rhys factor (S) determined 

is ~8 and the average frequency for the Franck-Condon active phonons is ~30 cm'^. 

Availability of more accurate absorption and fluorescence thermal broadening data 

for P870 and theoretical refinements may lead to modest changes in these numbers. 

Equally intriguing are the earlier PHB results of Maslov et al. [13] on P700 of 

intact cells of a mutant strain of Chlamvdomonas reinhardii. By contrast, only a 

sharp zero-phonon hole (full width ~1.2 cm"^, uncorrected for monochromator 

resolution) coincident with the laser bum wavelength, Xg, was observed at T=4.2 K. 

An obvious question is whether the apparent very different PHB behavior for the 

primary donor state P700 means that its electronic structure is markedly different 

from those of P870 and P960. Such might be expected if, for example, P700 is a 

monomer rather than a dimer, a point of continuing controversy [14]. 
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RESULTS AND DISCUSSION 

These questions and others are addressed here where we report some of our 

results from PHB experiments on P700 of enriched (~35:1; Chi a:P700) 

Photosystem I particles from spinach chloroplast. The particles were isolated 

following the procedure of Golbeck [15] and dissolved in a glycerol: water solvent 

(glass forming). The hole burning apparatus has been described previously [16]. 

Briefly, a computer-controlled double beam spectrophotometer operating with a 

resolution of 0.20 cm"^ was used for hole reading. An excimer-pumped dye laser 

with a linewidth of 0.04 cm"^ was used for hole burning. Bum intensities ranging 

between 1.0 and 100 |iW/cm^ were employed. 

The absorption spectrum of the Photosystem I particles is shown in Fig. 1 for 

the samples used to obtain the PHB spectrum of Fig. 3. In Fig. 1, P700 appears as a 

low E shoulder riding on the Chi a absorption centered at 675 nm. Thus far, 

persistent sharp zero-phonon holes for Xg ranging from 700 to 720 nm have been 

observed. Initially, we were puzzled by the fact that the saturated (maximum) hole 

depths represented only a 3-5% OD change depending on X,g. The mechanism 

which leads to stable or persistent holes is irreversible charge separation between 

P700 and the terminal electron acceptors F^^/Fg which occurs at helium temperature 

[17]. However, this process is known to lead to about 70% of P700 being 

photobleached [18]. Thus if only zero-phonon PHB occurs, one would expect a 

comparable OD change for the hole. The OD changes observed by Maslov et al. 

[13] for Ch. reinhardii appear to be comparable to ours. Resolution of the above 

puzzle emerges from extended read scans. Fig. 2 shows one such scan following a 

bum at Xg=710.8 nm. The shallow zero-phonon hole in the lower trace is indicated 
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Figure 1. Absorption spectrum of enriched Photosystem I particles in a glycerol/water glass at 1.6 K. The dashed 
line is a calculation of the extent of overlap of the absorption peaked at 675 tun with the P700 
absorption based on a Gaussian fit to the low energy side of the 675 tun band. 
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Figure 2. Â portion of the absorption spectra of enriched Photosystem I particles before (top) and after (bottom) 
laser excitation at 710.8 nm. Hie holes were burnt for 30 min with ~ 100 fiW/cm^at 1.6 K. 
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by the A,g arrow. The upper trace is the absorption prior to the bum. Fig. 2 suggests 

that hole-bumed spectrum consists of a sharp hole superimposed on a very broad 

hole and, consequently, that the P700 hole spectrum may indeed bear a close 

relationship to those of P870 and P960 (a broad hole for Ch.reinhardii was not 

reported by Maslov et al. [13]). We now pursue this line of thought further. Fig. 3 

presents a AOD spectrum that is unique in the annals of hole burning. It results from 

a bum at Xy=700.0 nm. (The inset spectrum will be addressed later.) The zero-

phonon hole (indicated by the A-g arrow) is just discernible and was positively 

identified by slower, less extended scans. Notice that it is superimposed on a broad 

hole possessing a width of ~300 cm'^. The absorption increase at 688 nm is due, in 

part at least, to electrochromic shifts of surrounding chlorophylls resulting from 

charge separation [18,19]. 

We now give a brief account of our theory and apply it to Fig. 3. A detailed 

account is forthcoming [20]. For the development of a theory of PHB valid for 

arbitrarily strong linear electron-phonon coupling it is first necessary to derive the 

single site absorption profile. Our approach is based on a time correlation function 

method [21] and employs the Condon approximation. Defining vas the single site 

zero-phonon transition frequency and (O^as the maximum frequency of the one-

phonon absorption profile (relative to v), the single site absorption profile takes the 

form 

L (A)= e-S l„(A-v) +Jj -5^ 1, (A-v-ro)^) (1) 

in the T ->0 K limit of interest here. The values of r=0,l,2... correspond to zero-, 

one-, etc., phonon transitions and S is the Huang-Rhys factor. To a reasonable 
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Figure 3. Difference absorption spectrum of enriched Wiotosystem I particles before and after laser excitation at 
700.1 nm. Excitation was for 10 min with 100 jiW/cm^. The inset shows a high resolution scan about 
the excitation wavelength for a sample burnt for 10 minutes at 710.06 nm with 1.0 (iW/cm . For both 
spectra the sample was 1.6 K. 
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accuracy, 2S(i)^ is the familiar Stokes shift. The r-phonon profile is the result of 

convolving the one-phonon profile r times with itself. If the one-phonon profile is 

taken to be a Gaussian or Lorentzian with width F, the r-phonon profile has a width 

of r^/^F or rF, respectively, and is centered at In order to present an 

expression for the hole profile in a closed and physically transparent form, we will 

utilize Lorentzians for Ij. (r> 1) with a width given by r^^F. The important features 

of our calculations will not be affected by utilization of more realistic lineshapes, 

e.g. asymmetric Gaussians. For the zero-phonon line (ZPL) , l^can be a Lorentzian 

with a linewidth y. We note that Eqn. 1 is valid for coupling to either a "sea" of 

delocalized phonons or a single pseudolocalized phonon. 

The approach taken to derive the hole lineshape function with Eqn. 1 is, with 

suitable modification for strong electron-phonon coupling, that of Friedrich et al. 

[22]. We present only the result in the short bum time limit [22] for which our data 

are applicable: 

A.(A).A,(A> Z 
r,r'=0 r! r'! 

^inh ^r ^r ^r' 

JA-Vn,-r(0„)2+[(ri^+r,)/2]2 [A-c0B+O)Jr'-r)]2+[(r,+rj.)/2l2 

^inh ^r' ^r ^r' 

^inh ^r' ^inh *** 

(0)B-Vm-r'(0„)2+[(ri^+r,.)/2l2 (A-v„-ro)„)2+[(ri^+rj)/2]2 
. (2) 
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the desired result. We have defined y, for r=0. For r>l, FySr^^^r. The width 

Fjjjj^ is that of the site excitation energy distribution function (SDF) determined by 

disorder. The SDF has a maximum at the frequency The terms A^and A^ 

represent the absorption spectrum prior to and after the bum, respectively. 

Considering the complexity of the problem, Eqn. 2 is gratifyingly simple as well as 

physically transparent [5]. 

The value of S for P700 can be obtained directly from our PHB spectra since e® 

is the ratio of the areas for the zero-phonon hole and the broad hole [20]. From a 

high resolution scan of the zero-phonon hole and after correcting the high energy 

side of the broad hole for distortion due to the increase in absorption at 688 nm, we 

obtain S~7. From Eqn. 1, the weighting factor for the r-phonon process is 

Pj=e"®SVr!. With S~7, it is clear that the zero-phonon transition is highly Franck-

Condon forbidden. In fitting Eqn. 2 to the main spectrum of Fig. 3, values of y=0.06 

cm'^ (vide infra) and 300 cm"^ were used. The later is judged to be a 

physically reasonable value based on our fit to the 675 nm absorption band using a 

convolution of several Gaussians with widths of ~300 cm"^. Chlorophyll monomer 

is a significant contributor to the 675 nm band. In addition, a value of 300 cm'^is 

consistent with low T spectra of the Qy transition of chlorophylls in glasses. With 

S, y, and Fjj^jj fixed, only and the width of the one-phonon absorption profile, F, 

remain to be specified. They were varied and acceptable fits to Fig. 3 could only be 

obtained for low values of O)^. The calculated hole spectrum of Fig. 4 was obtained 

for (ûjjj=30 cm"^ and r=30 cm"^. The latter is reasonable based on one-phonon 

sidebands in fluorescence line narrowed spectra of many impurity/glass systems. 

The tOjjj value corresponds to excited state phonon modes. If it is assumed that it is 

the same for the ground state, the Stokes shift (~2ScOj^) is 420 cm'^. Unfortunately 
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Figure 4. Computed hole spectra for S = 7, û)^= 30., y= 0.06, T = 30., and r|^= 300. The hole burnt at a>g = 
25 cm~^ relative to the peak of the site distribution function at 0. The peak of the inhomogeneous 
absorption band was found to be +175 cm'^ from the peak of the SDF. 
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a reliable experimental value is not available. For P870 and P960 of Rb. 

sphaeroides and Rps. viridis. the Stokes shift is ~500 cm'^ [5]. 

The calculation, Fig. 4, succeeds not only in reproducing the shape of the PUB 

spectrum but also in accounting for the displacement between Xgand the maximum 

of the broad hole which varies as Xg is tuned. Indeed, from the data of Fig. 2, 

~700 nm was chosen as the wavelength at which the hole maximum-Xg 

displacement would be close to zero. The accuracy of this choice is verified in Fig. 

3. The calculated broad hole maximum for Fig. 2 is close to that shown in Fig. 2 (it 

could not be measured due to the high OD of the sample used for Fig. 2). Our 

calculations show [23] that and F cannot be varied too much from the above 

values. It is possible that cOjjj could approach-40 cm" Values much higher than 

this do not provide a good fit to Fig. 3. Furthermore, our calculations do not 

exclude the possibility that higher frequency modes (-120 cm" ̂ due, for example, to 

out-of-plane intramolecular deformation of Chi a) are not active providedtheir S< 1. 

The key point is that he hole burned spectmm ( and low T absorption spectrum) is 

dominated by low frequency "phonons" characterized by strong coupling. 

We note that if the lifetimes of P870 and P960 were as long as 90 psec (for 

P700 and corresponding to 7^=0.06 cm"^), zero-phonon holes would be observable 

for S~8 and G)JJJ~30 cm'^. That is, the absence of zero-phonon holes for P870 and 

P960 may be due more to lifetime shortening (zero-phonon hole broadening) than 

slight differences in linear electron-phonon coupling strength relative to P700. 

Thus, we conclude that P700, P870, P960 are all characterized by the very strong 

coupling expected only from a state with significant CT character. As we can 

conceive of no mechanism by which a Chi monomer can support such character, we 
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suggest that P700 must be a dimer. Indeed, Chi monomers are known to exhibit 

weak electron-phonon coupling [24-27]. 

Referring to Fig. 3, the inset spectrum shows the narrowest P700 zero-phonon 

hole profile measured at 1.6 K for Xg in a region where Chi a monomer is 

negligible. The bum intensity used was'-1.2 ^W/cm^. Increasing the bum 

intensity by a factor of approximately ten did not broaden the hole. The holewidth 

is 0.29 cm"^ which, when corrected for the monochromator resolution, yields a 

value of ~0.12 cm'^. Within experimental uncertainty (+0.02 cm"^), the value 

obtained for a bum temperature of 3.2 K is the same. Thus, it appears that pure 

dephasing and spectral diffusion ( both T-dependent processes [28]) do not 

contribute significantly to the holewidth at 1.6 K. Since the homogeneous 

holewidth is twice the homogeneous linewidth [22], we calculate a Tj lifetime for 

P700 of ~90 psec at 1.6 K. This is a factor of about three [29-31] and six [32] times 

longer than those determined by picosecond studies at room temperature. A 

lengthening by 2-3 with reduction in temperature is observed for P870 and P960 

[11,12]. It should be noted that significant thermal broadening of the P700 holes 

occurs for Tg>5 K. 
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CONCLUSIONS 

In summary, the present results for P700 and those for P870 [5] and P960 [20] 

establish that these primary donor states share common features. Their very large 

Huang-Rhys factors are consistent with the findings of Parson et al. [4]. That is, 

significant CT character leads to a large permanent excited state dipole moment 

which, in turn, gives rise to strong linear electron-phonon coupling [6]. A dimer 

structure for P700 is indicated. In terms of the low T absorption spectrum of a 

single primary donor site, the values of the Huang-Rhys factor obtained mean that a 

long phonon progression with cm"^ must build on a highly Franck-Condon 

forbidden zero-phonon origin transition. A number of questions emerge from our 

findings that the electron-phonon coupling is very strong and that the primary donor 

state is subject to significant inhomogeneous line broadening. The former is 

comparable to the special pair exciton resonance interaction of several hundred cm"^ 

[3] and, thus, its neglect [3,4] in the calculation of excitonic structure may not be 

justified [33]. Site inhomogeneous line broadenings of 300-400 cm" ̂  suggest that 

the two monomers within a given pair may be energetically inequivalent by a 

comparable amount. How would this inequivalence together with the electron-

phonon coupling and proposed CT character of the primary donor state affect the 

familiar excitonic coupling schemes? And finally what, if any, role do the phonons 

associated with the strong electron-phonon coupling have in energy transfer from 

the antenna system to the primary donor state or electron transfer from the donor 

state to the primary acceptor? 
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INTRODUCTION 

In attempts to understand electronic excitation transport and electron transfer in 

photosynthetic units a variety of spectroscopic techniques have been utilized. Most 

recently, frequency domain spectral hole burning [1-7], which complements ultra-

fast time-domain techniques, has been applied to the primary electron donor state of 

photosystem I [8,9] and the bacterial systems Rhodobactersphaeroides [10,11] and 

Rhodopseudomonas viridis [12,13]. In addition, hole burning has been reported for 

the core antenna complex (C670) of PSI [14]. Irrespective of whether the hole-

buming mechanism is photochemical [5] (as is the case for the primary electron 

donor state) or nonphotochemical [4,7] (as is the case for the core antenna complex 

C670 of Photosystem I [14] ), the data relate to several important questions. 

Included are the intramolecular vibronic activity in the pigment absorption, pigment 

site inhomogeniety within the protein complex, electronic excitation transport and 

electron transfer dynamics and the electron-phonon coupling. By phonon is meant 

low-frequency (< 100 cm"^, or < 3 10^^ Hz) modes of the pigment-protein complex 

The role of the electron-phonon coupling in nonadiabatic electronic excitation 

transport from the antenna to the primary electron donor state of the reaction center 

and electron transfer within the reaction center poses an interesting question. From 

the point of view of dynamics, one is asking about the function of the protein 

beyond that of a glue which defines the relative orientations of the photosynthetic 

pigments. Phonons (approx. 100 cm"^) have recently been implicated as the key 

modes for nuclear tunneling associated with the quinone reduction and its 

subsequent charge recombination in the reaction center of Rb.sphaeroides [15,16]. 

Hole-buming studies on C670 and the primary electron donor state P700 of PSI 
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have led to the conclusion that low-frequency (approx. 30 cm"^) phonons are the 

primary acceptor modes for nonadiabatic electronic excitation transport from the 

antenna to P700 [14]. At the same time, theoretical analysis of the hole-buming 

data for P700 [14] and P870 [17] showed that these primary electron donor states 

are characterized by strong electron-phonon coupling. The nature of these phonons 

remains an open question. 

The primary purpose of this paper is to present a unified picture for the linear 

electron-phonon coupling associated with the primary electron donor states P700, 

P870, P960 of PSI, sphaeroides and Rps. viridis. To this end, the details of the 

theory for hole burning in the presence of arbitrarily strong linear electron-phonon 

coupling are presented along with refined calculations of the hole spectra for the 

above three states. A brief discussion of the theory has been given in ref. 17 where 

it was applied to the data of Boxer and cowodcers [10] on P870. Exceedingly broad 

holes (approx. 400 cm"^) were observed at 1.5 K for several bum frequencies oog 

located within the P870 absorption profile. The maximum of the hole did not 

generally coincide with cog and its position was in invariant to variations in (Og. 

Furthermore, the holewidth was observed to increase with increasing (Og. Time 

domain studies had earlier shown that electron transfer from the special pair (P870) 

to the bacteriopheophytin of the reaction center takes place in about 2 psec at 

cryogenic temperatures [16]. The width of a zero-phonon hole corresponding to this 

transfer time is approx. 2.5 cm"^. Thus, the absence of a sharp hole for P870 was 

particularly interesting [10]. The hole-burning properties of P870 were shown to be 

consistent with (i) strong linear electron-phonon coupling defined by a Huang-Rhys 

factor S ~8 and a mean phonon frequency (O^~30 cm"^ and (ii) a site 

inhomogeneous absorption linewidth contribution of rjj^~400 cm"^ [17]. The S 
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and (Ojjj values were chosen to be consistent with the analysis by Scherer et al. [18] 

of absorption and fluorescence thermal broadening and Stokes shift (approx. 2Sû)^) 

data for P960. The thermal broadening data were a compilation of results from 

several different laboratories. Data are presented here that are far more precise and 

used to refine the hole-burning calculations for P870. 

These thermal broadening data together with the same for P960 are also used to 

conclude that for P870 is approx. 200 cm"^ greater than for P960. As a result, 

the hole-burning characteristics for P960 [12] can be understood with one and the 

same model which accounts for the data for P870. The key difference between the 

data is that the broad hole maximum frequency for P960 is insensitive to variations 

in (Og [12]. 

Gillie et al. [9] have shown that the hole profiles for P700 of enriched PSI 

particles from spinach consist of a very weak but sharp zero-phonon hole 

(coincident with cog) superimposed on an intense but broad hole whose width is 

comparable to those observed for P870 and P960. Maslov et al. [8] had earlier 

observed the sharp feature for P700 of intact cells of a mutant strain of 

Chlamvdomonas reinhardii. The data of ref. 9 were also shown to be consistent 

with strong linear electron-phonon coupling plus significant site inhomogeneous 

line broadening. Refined calculations for P700 presented here are discussed in 

terms of those for P870 and P960. 
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THEORY 

The Single-site Absorption Profile 

For the case of arbitrarily strong electron-phonon coupling it is convenient to 

determine the Fourier transform of the absorption lineshape function G(A) [19]: 

and < >p denotes a thermal average over initial phonon levels n of the ground state. 

The subscripts f and n' denote the excited electronic state and its phonon levels, 

respectively and 4 is the electric dipole moment operator. In the adiabatic 

approximation the transition dipole takes the form 

where the first and second terms represent the Condon and phononic contributions, 

respectively. The phonon coordinates ̂  are those of the ground state and the 

are the induced electronic transition dipoles. The phonons are comprised of all 

intermolecular modes and provide a density of states, p(co). We consider the case 

where the phonons are sufficiently delocalized so that for each and every^ its 

displacement, a^^, in the excited electronic state is of the order where N is the 

number of molecular entities comprising the system. We discuss at the end the case 

g(t)=ydAG(A)e^t (1) 

where 

G(A) = <S,Kfh'l 4 Ion>|2 S(A)-(Ef >p (2) 

<fh'ljàlon> = Mog <nà'na> + g ^ <nplnp> (3) 
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where a pseudolocalized [20] phonon exist and undergoes a large displacement. 

The displacement a^^is defined by expressing the excited-state potential as 

EFCFL) = E{(0) + E AO^QCT+1/2 B^PQ^^QP (4) 

in the harmonic approximation. The second term represents the linear electron-

phonon coupling. For our application the phonon normal coordinate rotation can be 

ignored, i.e., B^^P = oà^Sg^P and, further, we take (D^ cOQJ (ground state 

frequency). Equation 4 can be rewritten as 

Ej(C» = Ej(0')+l/2|;<o2Q2 (5) 

where the QQ=q^-t-a„are the excited-state phonon coordinates and a»=A„/tt^ 

The term 

EJ(0')-E^O) = 1/2 S(A„(0„)2 (6) 

represents the difference between the vertical and adiabatic absorption transition 

frequencies. And so for 0)^^= co^ the Stokes shift at T=0 K (energy difference 

between the intensity maxima in absorption and fluorescence) is 

Stokes shift(T=0 K) = ^(ag^cOg^)^ (7) 

We consider this shift for frnite temperatures later. 

For the case of delocalized phonons and lmj^l~N"^/^IMQl the right hand side of 

Eqn. 3 is readily evaluated perturbatively. The procedure involves using the 
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ground-state phonon wavefunctions as a zero-order basis set with the perturbation 

S^aQa determine the excited-state phonon wavefunctions. We will, however, 

consider here only the Condon contributions, since our application is to a strongly 

allowed electronic transition, i.e., lmQ^I«N"^/^IMQl. It follows that 

g(t)= e^^*n( l-l/2(Yj/^a^jj)^[(2<npj>j+l)(l-cosû)Q^t) - i sin co^^t]} (8) 

to order N"^, where v is the zero-phonon transition frequency, and is 

the phonon thermal occupation number equal to [exp^cOg^/kT)]"^. The product 

term can be expressed as 

(Ya^aa)^j(coth^^(l-cos - i sinWj^t j 

and the sum replaced by 

J PW 

where p(a)) is the phonon density of states and (Oj^the maximum fundamental 

phonon frequency. Defining 

A((jO)=l/2(oa^p((o) (9) 

it follows that 

(10) 
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Here S is the Huang-Rhys factor, 

'ïico 
S= Z (<n(^>r+l/2)(Y^/%)2 =yda>A(co)coth-^ (11) 

and 

^(t)= S'^JdODjcos cot coth+ i sin ojtj A(co) (12) 

Eqn. 10 is exact to order Now 

G(A) = -^ydeg(t)e-'A« (13) 

which with Eqn. 10 becomes 

G(A)=e-SJ^-|-B,(A) (14) 

with 

B,(A) = e'<v-A)t (^(,))r (15) 

The r values 0,1,2,.... correspond to zero-, one-, two-, etc. phonon transitions in 

which no single phonon undergoes a quantum number change greater than 1. Thus, 

Bj.(A) is the line shape function for the r-phonon (ln'-nl=r) process and is normalized 

to unity as written. From Eqn. 15 the zero-plionon line is a delta-function centered 

at V as expected because no allowance for dephasing has yet been made. It is also 

apparent that the r-phonon lineshape is the result of convolving Bj(A) r-times with 

itself, vide infira. With Eqns. 12 and 15 it follows that 
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B l(A) = S'M dG)A(cû 
^5(v-A+(i)) ^ 8(v-A-0)) 

^.ç-lico/kT glicû/kT.i 
(16) 

where the first and second terms correspond to one-phonon creation and 

annihilation, respectively. Equation 16 serves to underscore the fact that B^(A) 

takes due account of all phonon transitions for which IZQ^(n^ng^)l=r subject to the 

aforementioned constraint. Because B^(A) is normalized to unity the weighting 

factor for the r-phonon process is 

From Eqn. 16 it is evident that the function A determines, aside from the 

thermal factors, the shape of the one-phonon spectrum. In the lim-p^ q only the first 

term survives and A(X-v) is completely determining. This function is difficult to 

calculate, cf. Eqn. 9, and so we turn to experiment as a guide. Fluorescence-line-

narrowed spectra of impurities in organic glasses and polymers exhibiting weak 

electron-phonon coupling(S<l) often exhibit a one-phonon line shape which can be 

approximated by a Gaussian at low T [21]. It is the low T limit we now focus our 

attention on and we consider two possibilities: either A is a Gaussian or A is a 

Lorentzian. Considering the latter with a FWHM= Tand peaked at and noting 

that 

(17) 

(18) 

it follows that 
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i(v-A+rG)jjj+irr/2)t 

xT12K 
? T (19) 

(A-v-ra>^)2 + (rr/2)2^ 

Thus, with one-phonon spectrum centered at v+m^and possessing a width F, the r-

phonon spectrum is centered at v+rco^with a width of rP. Utilization of a 

Lorentzian for A likely overestimates the dependence of the linewidth on r relative 

to a Gaussian, which, for coupling to delocalized phonons, may be a more realistic 

shape. It is readily shown that for a Gaussian the linewidth of the r-phonon 

spectrum is r^^^F. 

In the following subsection we utilize the T=0 K limit of g(A) (Eqn. 14) to 

develop the shape of the hole-bumed spectrum. The formalism admits any shape for 

A(v-A) but in order to obtain an expression for the hole profile which is simple and 

physically transparent we will utilize the following single site absorption profile 

Q CO S^e"^ 
L(A-v)= e-SlQ(A-v) +J^ (20) 

Here, Ij. is given by Eqn. 19 but for model calculations the width rFis replaced by 

r^/^F so that the second term in Eqn, 20 is a reasonable approximation to a sum of 

Gaussians, especially for large S — the case of interest. The zero-phonon line shape 

is taken as homogeneously broadened with the FWHM of 1q equal to y. 

Finally, we consider the case where a pseudo-localized or resonant phonon 

mode [20] associated with the impurity dominates the phonon spectrum and is 

characterized by strong coupling (S>1). It is well known [22] that the T=0 K 
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absorption spectrum also has the functional form of Eqn. 20 although the linewidths 

for the r-phonon transitions (r >1) are determined by resonant relaxation of the r-

phonon level into the continuum of delocalized phonons [20] as well as the 

dispersion in the pseudolocalized phonon frequency due to site inhomogeniety. 

Thus, our expression for the hole profile can also be utilized for pseudolocalized 

phonons. 

With suitable modifications mandated by strong electron-phonon, our approach 

follows that of Friedrich and Haarer [5]. We define NQ(v-VJJJ)/N as the probability 

of finding a site with a zero-phonon transition frequency equal to v. For amorphous 

solids or protein environments a Gaussian distribution is usually used but, for 

reasons already mentioned, we employ a Lorentzian: 

for the pre-bum distribution. Given the approximate form of L(A-v) (Eqn. 20), 

utilization of a Lorentzian should introduce little additional error for strong 

coupling. Let the absorption cross-section, laser intensity and photochemical 

quantum yield equal a, I and <(), respectively. Then following a bum for time t[5] 

The Hole Profile 

No^^'^m^ rinh/27t 

N (v-v^)^+(ri^/2)2 
(21) 

NT(v-Vm) = No(v-Vjn)e 
-Ol(|)XL(COg-V) 

(22) 
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where cog is the laser bum frequency and L((Og- v) is given by Eqn. 20. To obtain 

the absorption spectrum, A^, following the bum we must convolve Eqn. 22 with 

L(A-v) and integrate over v. Thus, 

S'^e"^ -ald)TL(ot)D-v) 
A^(A)= Z —— dvNo(v-v^)e ^ yA-v-r(o^). (23) 

r^U r! 

For simplicity we employ the short-bum-time limit where the exponential can be 

expanded as 1- aI(j)TL(a)g-v). This approximation need not be made, although the 

resulting expressions are very cumbersome if it is not. The hole spectrum in the 

short-bum-time limit is simply 

CO p-Ser _-Scr' 
A,(W - dv 

X N„(v-v^)Ij(A,-v-rco^)lj.((i>B-v-r'<i)^) (24) 

Because we are interested in holes whose widths are comparable to Tj^^we cannot 

assume, as in ref. 5 that N^Cv-v^) is constant in Eqn. 24. The convolution of the 

three Lorentzians can be performed using the method of residues but the procedure 

is tedious. A far more facile approach is to express each of the Lorentzians as the 

Fourier transform of the appropriate exponential time decay. Performing the 

frequency integration (d({)) first yields 27cô(t+t'+t"). Taking due account of the 

possible time orderings in the time integration immediately yields 
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a„(A).A^A)=^ Î ÉiLÈlkL 
3(2nr rf'=0 r! r'! 

^inh ^ ^r' 

,(A-v„-r{û^)2+[(ri^+rp/2]2 [A.a)g+(o^(r'.r)]^+[(r^+r^,)/2]^ 

^inh + ^r' + 

(coB-Vnj-r'cûm)2+[(rinh+rr')/2]2 [A-0)g4(0^(r'-r)]2+[(r^+r^,)/2]^ 

^inh + ^r' ^inh + ^r 

(«>B-W<»m)^+Krtah+rr')/2]^ (A-v„-n<>m)^+[(rirf.+r,)/2]2 
(25) 

the desired result. For compactness, we have defined rj.=Yfor r=0 and =r^/2r for 

r >1, where y is the damping constant for the zero-phonon transition. Considering 

the complexity of the problem, Eqn. 25 is simple as well as physically transparent. 

For example, consider strong coupling where S> 1 and phonon processes with large 

the most probable, r^^^. Consider next the bum frequency (Og located in the high-

energy tail of the absorption profile where transitions with r'>r^g^ are 

predominantly excited. From the first factor of the second term of Eqn. 25 we have 

C0g=Vjjj+r'(0jjj which when inserted into the second factor of the same term yields 

the resonance A-v^- rco^. The factor S'^e'^/r! favors r~r^^<r\ so that the hole 

maximum may well be red shifted relative to cOg. The other two terms indicate a 

red shift as well. In the same way one can argue that for cogin the low-energy tail 

the hole may be blue shifted relative to cOg. The extents of these shifts and the 
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value of (ûg for which the hole is coincident are determined by the interplay 

between S, and T. 
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CALCULATIONS 

In order to simulate spectra Fortran computer programs for calculating the 

single site absorption (Eqn. 20), the inhomogeneously broadened absorption (the 

convolution of Eqn. 20 with the site distribution function (Eqn. 21)) and the hole 

spectrum (Eqn. 25) were written. Input data required for the programs were the 

one-phonon absorption width, T, the one-phonon displacement frequency, (O^, the 

excited state lifetime, the inhomogeneous width, and the Huang-Rhys 

factor, S. The effects of varying each of these parameters will be discussed in the 

following section. 

In addition to these parameters the frequency interval at which the spectra were 

calculated could be specified. The step size selected is similar to the spectroscopic 

resolution in experimental spectra, although it is not exactly analogous. If the step 

size is small compared to the narrowest spectral feature, then the spectra wiU be 

undistorted. However, if the step size is comparable to or greater than the width of 

the spectral features then distortions will occur. In particular, if the step size and 

starting positions are such that calculations are carried out half a step size away from 

a sharp maximum, then the maximum will be diminished relative to the same results 

obtained with the calculated points shifted half a step so that the value at the 

maximum is calculated. Although it would be preferable to perform the calculations 

with a small step size to avoid these distortions, the time required to perform a 

computation can become quite large. However, the hole spectra were all calculated 

so that a value was calculated at the peak of the sharp features. The effect of this is 

more easily seen in the noise-free calculations than they would be in actual 

experimental data. 
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One final point to made about the calculations is how the infinite sums (or 

double sums) over multi-phonon processes were handled. In general these sums 

were performed for r=0 to r=20. The accuracy of truncating at this point is 

dependent upon the value for S. For S=4, this truncation resulted in neglecting 

2*10"^% of the intensity at each point. For S=8,0.009% of the intensity was 

neglected. 

The calculation were performed on a Digital Equipment Corporation VAX-

11/780. 
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RESULTS 

Computed Profiles 

Ultimately the aim of the computer simulations is to compare the computed 

spectra with experimental spectra and thereby obtain reasonable estimates for 

parameters such as the Huang-Rhys factor, S, the mean phonon frequency to which 

the transition is coupled, (O^, and the inhomogeneous broadening, It is 

instractive, however, to consider first the various spectral shapes themselves, apart 

from any experimental data to appreciate the effect of the various parameters on the 

spectral profile. 

Single site absorption profile 

The single site absorption spectrum or profile is not experimentally measurable. 

Its computed shape, however, does allow the effects of variations in S, F, to^, and y 

to be assessed without the complications introduced by the site inhomogeneous 

distribution. Fig. 1 illustrates for fixed F, (O^^, and y, the variation in the single site 

absorption shape as S is consecutively doubled from 0.5 to 8. Since the area under 

each of the bands is equal, as the bands broaden with increasing S the peak 

intensities decrease by two orders of magnitude. Hence the spectra have been 

normalized to unity at the frequency of the most strongly absorbing point of the 

spectrum. In the absence of this normalization it would not be possible to present 

the five shapes on the same coordinate system. For ease of inspection the spectra 

for S> 0.5 have been shifted in steps of 150 cm"^ relative to the S=0.5 spectrum. 
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Figure 1. Single site absorption profiles calculated according to Eqn. 20 with F= 
right the values of S are 0.5,1., 2., 4., 8. For ease of inspection the S = 
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From Eqn. 20, it can be seen that the intensity of the zero-phonon contribution 

to the line shape is e"^. Thus in Fig. 1, the zero-phonon lines are 60.0, 36.8,13.5, 

1.83, and 0.039% of the total intensity for S=0.5,1.0,2.0,4.0, and 8.0, respectively. 

Note also, that the peak of the phonon absorption increases with increasing S and is 

maximum at approx. ScOj^. The width of the phonon wing of the single-site 

absorption also increases significantly as S increases and is also dependent upon T, 

the one-phonon absorption width. 

Convolution with - the inhomoseneous absorption profile 

To obtain the inhomogeneously broadened absorption spectrum involves the 

convolution of Eqn. 20 with the site distribution function, Eqn. 21. The resulting 

absorption shape is 

Pi ^,inh(^"^"^^m) (26) 

where l^ j^ is a Lorentzian with a peak at v+rcOj^and a width equal to Fj^+Fj^^i^, 

where as before r^=yfor r=0 and r=r^/2r for r > 0. Since every term of the sum has 

a width greater than Fj^, there will no features sharper than Fjjjjjj. In general, the 

profile will be structureless unless (o^is comparable to or greater than Fj|^^. In that 

case, peaks or shoulders with a separation of m^will be discernible, although if the 

phonon absorption widths are large, these features may again be obscured 

The calculated absorption bands are asymmetric, tailing more slowly on the 

high-energy side. A measure of the degree of asymmetry is the comparison of the 

full width at half maximum intensity with twice the width measured from the peak 

frequency to the half maximum intensity point on the low-energy side of the band. 
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Widths measured in that latter mamier are as much as 15% narrower than the full 

widths. The absorption width, r^yg, is given approximately by 

^abs ~ ^inh ^®m* (27) 

Deviations from this relation increase as S increasing. 

The peak of the absorption can deviate considerably from the peak of the site 

distribution function. The displacement is approximately S(0^. This shift can be 

understood from the single site absorption profiles. The maximum Franck-Condon 

factor occurs for S=r, corresponding to an r-phonon process shifted from the zero-

phonon frequency by roo^. Thus the frequency at which there is a maximum 

number of absorbers, i.e., the maximum of the site distribution function, v^, will 

produce an absorption maximum similarly shifted. As will be seen, hole burning 

results can lead to a determination of (Oj^. In conjunction with the inhomogeneous 

absorption spectrum, this allows determination of So)^. 

The computed inhomogeneous absorption profiles are used to check that the 

parameters used for the hole burning simulations produced absorption shapes with 

asymmetries, widths and peak wavelength consistent with the experimental 

absorption shapes. 

The hole spectrum 

The hole spectrum in the short bum time limit is given by Eqn. 25. Figs. 2 and 

3 illustrate holes calculated according to this equation with the same parameters as 

used for Fig. 1, viz., (0^=30, r=30, Y=1.0. and S=0.5,1.0, 2.0,4.0, 8.0. The 

additional parameters needed for evaluation of Eqn. 25 are the bum frequency, cOg, 
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Figure 2. Hole profiles calculated according to Eqn. 25 with T = = 30,7= 1, Fjjjij = 300, and a>g = 0. From 
left to right the values of S are 0.5,1., 2., 4., 8. The hole profiles are artificially displaced from each 
other for ease of inspection, see text. 
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Figure 3. Hole profiles calculated according to Eqn, 25 with F = = 30, Y= 1, Fj^ = 300, and cOg = + 200. 
From left to right the values of S are 0.5,1., 2., 4., 8. The hole profiles are artificially displaced frcxn 
each other for ease of inspection. 
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and the inhomogeneous distribution width, For both Fig. 2 and Fig. 3, 

rinh=300 was used. In order to display the holes on a single coordinate system, the 

distribution maxima were taken as v^= 0,200,400,600, and 800 corresponding to 

S =0.5,1.0,2.0,4.0,8.0, respectively. The corresponding bum frequencies were Cùg 

for Fig. 2, and cog = v^+200 for Fig. 3. Comparison of Fig. 1 and Fig. 2 

reveals several interesting features. First, while the single line shapes show phonon 

absorption primarily to the high energy .side of the zero-phonon line, the hole spectra 

have phonon wings to both higher and lower energy. As shown in Fig. 2, the holes 

burnt at cog have a phonon stmcture that is nearly symmetric about the zero-

phonon hole. For holes burnt with cog > (the distribution maximum) the phonon 

wings are skewed toward v^, as shown in Fig. 3. Skewing in the opposite direction 

occurs for (Og < The influence of the position of the excitation frequency within 

the homogeneous distribution has previously been noted by Kikas [23], with regard 

to line narrowed spectra in which only a low energy phonon band occurs. 

There are a number of reports which experimentally confirm the presence of 

both high and low energy phonon holes [5,24,25]. The low energy phonon wings 

are understood to originate primarily from the burning of zero-phonon features of 

sites at energies lower than cog, which have been excited through phonon 

absorption. The higher energy phonon hole consists of the phonon wings of sites 

which absorb through their zero-phonon line plus a contribution from the tails of the 

phonon wings of lower energy sites. This summing of the tails of lower energy sites 

is responsible for the slight asymmetry which is revealed by close examination of 

the holes of Fig. 2. Figure 3 of ref. 25 is an example of nearly symmetric high- and 

low-energy phonon holes. The preponderance of published hole spectra in which 
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the low energy phonon hole is predominant indicates that these holes were burnt at 

energies higher than the energy of the peak of the site distribution function. 

The ratio of zero-phonon hole to the total hole intensity is (from Eqn. 25) e"^^ 

at a)g=v^. This is in contrast with the corresponding ratio for the single-site 

absorption given above: e"^. For the hole spectra this ratio is not constant but varies 

with the position of cOg within the inhomogeneous distribution. From Eqn. 25 it can 

be seen that all the frequency terms in the denominators disappear for r=r'=0 when 

A=C0B=Vm- This produces the zero-phonon hole at cog. However, when 

these terms do not disappear and cause a reduction in the intensity of the zero-

phonon hole relative to the total hole intensity. This effect is most easily seen by 

comparing the hole shapes for S=4 in Fig. 2 with the corresponding hole in Fig. 3, in 

which the zero-phonon hole is noticeably less intense. It should be emphasized that 

this decrease of the zero-phonon hole intensity is readily seen in the computed 

spectra where the spectra are all normalized to unity. Experimentally, the effect 

may be partly obscured by the variation in hole depth due to differences in 

absorption through out the inhomogeneous profile. 

Note in Fig. 2 and 3, that for S=8 no zero-phonon hole is detectable. For this S-

value the zero-phonon feature would carry e'^^of the total intensity, i.e., 1*10"^. 

Certainly, such a weak feature would be impossible to detect experimentally. 

Comparison of Fig. 2 with Fig. 3 for S=8 shows that the hole has broadened 

considerably as the bum frequency shifts from v^to + 200. This broadening is 

due to there being two dominate features in the hole spectrum: one which occurs at 

Vjjj and the other which occurs at Vg. The large number of absorbers at v^will 

make a major contribution to the hole spectrum even when these absorbers are only 

being excited through phonon side-band absorption. The more strongly absorbing 
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molecules with zero-phonon absorption at Vg will make a strong contribution to the 

hole shape. As these two contributions separate from each other the hole appears to 

widen until the separation is approximately equal to the widths of the two features. 

Since the widths will be on the order of separate features may not be 

discernible until cog =v^ ± 300, of greater. Experimentally, such large shifts may 

be into a very weakly absorbing region, producing negligible holes. 

Comparison of Calculated and Experimental Profiles for 

Primary Electron Donor States 

On the basis of the hole-buming results (see Introduction) of Maslov et al. [8] 

on P700 of a PSI and Boxer et al. [10,12] and Meech et al. [11,13] on P870 and 

P960 of Rb. sphaeroides and Rps. viridis. one would conclude that the two primary 

electron donor states of the bacterial systems differ in a very substantive way from 

P700. Again, Maslov and coworkers observed only a sharp zero-phonon hole 

coincident with cog which is two orders of magnitude sharper than the approx. 400 

cm"^ wide holes observed for P870 and P960. The hole-burning studies of Boxer 

and coworkers on P870 and P960 are more extensive than those of Meech and 

coworkers and show that there is an interesting dependence of the broad hole profile 

on cOg (see Introduction and below). The later more detailed studies of Gillie and 

coworkers [9] on P700 of enriched PSI particles from spinach revealed that the hole 

profile is comprised of a weak but sharp (approx. 0.05 cm"^) hole superimposed on 

an intense broad hole whose width is comparable to those observed for P870 and 

P960. With this work it would appear that the differences between the hole-burning 

characteristics of P870 (P960) and P700 may not be so great. 
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In what follows it will be shown that the hole-burning and complementary 

characteristics, such as the Stokes shift and thermal broadening, of the three primary 

electron donor states are consistent with strong linear electron-phonon coupling and 

a significant site inhomogeneous broadening contribution to the low temperature 

absorption profile. At this point, the absence of a sharp zero-phonon hole in the 

spectra of P870 and P960 should only be viewed as consistent with strong electron-

phonon coupling and site inhomogeneous broadening. The calculations indicate 

that under optimum experimental conditions the zero-phonon hole may be 

observable. In the same vein, it is the presence of the broad intense hole in the 

spectra of P700 which is, at this time, more important than the observation of the 

weak zero-phonon hole. It will be seen that the variations in the parameters of Eqn. 

25 required to account for the principal differences in the hole spectra for the three 

primary electron donor states are not, in any profound sense, different. 

P870 and P960 

Previously we have shown that the P870 hole-burning data [10,11] for Rb. 

sphaeroides can be explained by Eqn. 25 [17] with the appropriate choice of the 

parameters S, co^, F, y, and In this subsection we present a more detailed 

comparison of the experimental results with the calculated hole shapes for P870 and 

P960 of Rps. viridis. Ideally, hole burning. Stokes shift and thermal broadening 

data (associated with the absorption and fluorescence origin profiles) should suffice 

to fix the values of most of the above parameters. We proceed to discuss the 

determination of these parameters and the difficulties associated therewith when a 

zero-phonon hole coincident with the cog is not observable (as is the case for P870 

and P960). 
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For holes burnt on the low-energy side of the absorption profile, Eqn. 25 shows 

that the broad hole maximum will occur near the maximum, of the zero-phonon 

site distribution function. When û)g=:v^, the broad hole maximum will coincide 

with (Og. The displacement between the absorption profile and v^is approx. ScOjj^. 

Furthermore, the Stokes shift is approx. 25(0^ so that one has an important check 

on the value of S(0^ determined from hole burning. 

Calculations with Eqn. 25 also show that slight variations in the position of the 

broad hole maximum with variations in cog will be observable when rj^:> Sco^. 

These variations are observed for P870 [10] but not for P960 [12]. Thus, it would 

appear that ^j^(P960)< T|^^(P870). We return to this point shortly when the 

thermal broadening data are discussed. 

When phonon structure is not observable in the absorption or hole spectra, 

thermal broadening data can be used to determine the mean phonon frequency (0^^. 

The Linear electron-phonon coupling contribution to the width of the absorption 

profile is [19] 

Use of Eqn. 28 to determine (O^is complicated by the fact that r^^is also a 

contributor to the absorption linewidth, r^yg. When the absorption profile is 

assumed to be a Gaussian, the method of moments [18,19] yields 

(28) 

rabs(T) = (r(T)2+lfrf,)l« (29) 
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for the T-dependent absorption linewidth. However, the assumption of a Gaussian is 

not sufficiently accurate because of the asymmetries associated with the P870 and 

P960 absorption profiles. Calculations with Eqn. 26 yield the relationship 

^abs^~^(^)"'"^inh- OO) 

The thermal broadening data for the P870 and P960 absorption profiles are 

consistent with Eqn. 30. In Fig. 4 is shown the absorption spectra for the reaction 

center of Rb. sphaeroides and Rps. viridis in an ethylene glycol/water glass at 1.6 K. 

For this solvent, the P870 and P960 absorption bands are particularly well separated 

from their respective bacteriochlorophyll monomer absorption at 800 and 835 nm, 

respectively. Thus, accurate thermal broadening studies on the primary electron 

donor states are possible. The results of such a study are shown in Fig. 5. Aside 

from an approx. 210 cm"^ offset, the thermal broadenings for P870 and P960 are 

identical within experimental error. The same behavior has been observed by 

Holten and Kirmaier (unpublished data. Department of Chemistry, Washington 

University) who employed poly(vinyl alcohol) and gelatin films as low-temperature 

matrices. Although solvent perturbations on the width and position of the primary 

electron donor state absorption profile exist, it is generally the case that the width of 

P870 is substantially greater than that for P960. From Fig. 5 we can conclude that 

rinh(P870) ~ rj|jjjj(P960) + 210. However, in order to analyze the data of Fig. 5 

with Eqn. 28 so that (O^ can be determined, a value for Fjj^(P960) is required. As 

rinh(P960) increases, (Oj^^ decreases. Our determination of rjj^(P960) will rest on 

the quaUty of fit of Eqn. 25 to the hole burning data. However, we note that the 

linear electron-phonon coupling of chlorophylls is weak [26] as has recently been 
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Figure 4. Absorption spectra of reaction center preparations from (A) Rb. 
sphaeroides and (B) Rps. viridis. both in ethylene glycol/ water glass at 
1.6 K. 
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Figure 5. Thermal broadening of he P870 and P960 FED bands of sphaeroides and Rps. viridis in an 
ethylene glycol/water glass. F corresponds to the full-width at half-maximum. 
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determined for the core antenna complex C670 of PSI [14]. Thus, the widths of 

B800 and B835 in Fig. 4a and b as well as those for bacteriopheophytin monomer 

serve as rough guide for rij^(P960). Of course, each of these 'monomer' bands is 

contributed to by two identical pigments associated with the L and M protein arms 

of the reaction center [27,28]. Inequivalent protein interactions for Rps. viridisare 

sufficient to produce a splitting of the bacteriopheophytin b band at 800 nm (Fig. 

4b). Moreover, the Qy states of the pigments in the reaction center are to a modest 

extent mixed by excitonic interactions [29]. Nevertheless from the 'monomer' 

transitions in Fig. 4a and b, values in the range 150-350 cm"^ can be estimated. 

This range is consistent with the values for C670 and P700 of PSI, see 

following subsection. 

Reasonable fits with Eqn. 25 to the hole-burning data of Boxer and coworkers 

on P870 [10] and P960 [12] are obtained for the parameter values given in Table I. 

The calculated curves for P870 are shown in Fig. 6 where the bum frequencies are 

given relative to v^=0 (maximum of the site distribution function) and chosen to be 

similar to the bum frequencies used in the experiment. For S=4, the zero-phonon 

hole carries only 0.03% of the total hole intensity for Og^v^^sO. It is discernible 

for the C0g=0 and -100 cm"^ curves, but is less so for the a)g> 0 curves because of 

the diminishing contribution from zero-phonon transitions to the absorption relative 

to that from multi-phonon as cOg increases past Vj^. The signal to noise and 

resolution of the experiments in refs. 10, 12 would preclude observation of the weak 

zero-phonon hole. On the other hand, for S as small as 2, a zero-phonon hole would 

be easily detectable for the ygiven in Table I. In Fig. 6, the displacements between 

the broad hole maximum and cog and the increase in the broad hole width with 

increasing cOg are consistent with the experimental data [10,12]. As discussed in 
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Table I. Parameters used to calculate hole spectra for the various reaction 

center^ 

^inh r Y S ®m 

P960 150 40 1.0 4.5 80 

P870 350 50 2.5 4.5 80 

P700 300 30 0.06 5.5 30 

C670 200 40 0.03 <0.9 30 

®For comparison, values for the core antenna complex C670 of PSI are also 

included. 
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Figure 6. Hole spectra or P870 calculated according to Eqn. 25 with the parameters given in Table L 
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réf. 17, the broadening and shifting of the holes in Rb.sphaeroides is due to the 

superposition of two broad holes. One of these holes is due to burning of the large 

number of sites at Vj^ which contribute through phonon absorption even when (Og is 

quite remote from This hole does not shift. The other hole is coincident with 

(Og and therefore changes with changes in cog. The contribution of these two terms 

is easily seen in the calculations when cogis shifted more than Ti^^from v^. This 

effect is evident in Fig. 3 of ref. 17. The effect is much more difGcult to see 

experimentally, due to overlapping absorptions when cogis shifted to higher energy 

of and due to very weak absorption when shifted to lower energy. 

To what extent are the parameter values in Table I for P870 consistent with the 

various types of experimental data? First, the differences between the hole spectra 

of P870 and P960 (see below) are accounted for by a value of r^ih(P870) which is 

substantially greater than the value for rjj^(P960) (as required by the data of Fig. 4 

and those of Holten and Kirmaier (unpublished data)). Second, the measured Stokes 

shift for P870 is approx. 500 cm"^ [18,27] which should be compared with 

2ScOjj|~ 640 cm"^ (from Table I). The agreement is reasonable considering the 

experimental uncertainties. Furthermore, 500 cm"^ would be a lower limit for 

2S(0jjj if the P870 fluorescence is not thermally relaxed with respect to phonons or if 

small depressions in phonon mode frequencies occur in the excited state. Third, for 

rinh(P870)'>'350 cm'^, the thermal broadening data of Fig. 5 are well accounted for 

by Eqn. 28 with 0^1=108 cm"^. This frequency (mean) is associated with the 

ground electronic state. In setting (0^= 80 cm"^ a frequency depression of ~20% is 

assumed for the excited electronic state. Fourth, no direct measurement of the one-

phonon profile width, F, is possible due to the large Huang-Rhys factor S. 

However, a value of r~ 40 cm'^ has recently been measured for C670 of PSI [14]. 
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Figure 7. Hole spectra for P960 calculated according to Eqn. 25 with the parameters given in Table L 
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Furthermore, fluorescence-line-narrowed spectra of aromatic molecules imbedded in 

low T glasses typically exhibit r values in the range 20-50 cm"^. The calculated 

spectra of Fig. 6 are only slightly altered by decreasing Ffrom 50 to 30 cm"^. At 30 

cm'^ phonon sideband progressional structure, not noticeable in the experimental 

data, begins to appear. There is also a slight decrease in the hole width. 

We turn now to P960 of Rps. viridis which also exhibits broad holes whose 

widths are similar to those observed for P870. However, the shifting of the hole 

maximum and variation of the holewidth with o)^ appear to be absent for P960. 

This can be understood if rjjj^(P960) is significantly less than rj^^(P870) as 

required by Fig. 5. Given the similarity [28,30] in the reaction center structure for 

Rb. sphaeroides and Rps. viridis. the identical thermal broadening characteristics for 

P870 and P960 (vide supra) are reasonable. The calculated hole spectra for P960 

obtained with the parameter values given in Table I are shown in Fig. 7. The values 

for S and are the same as those used for P870 but rj|j^jj(P960) is reduced to 150 

cm'^. Note that with r=40 cm"^ some phonon progressional structure is evident on 

the high-energy side of the holes. Increasing F to approx. 50 cm"^ smears out this 

structure while only increasing the holewidth 10-20 cm"^. Figure 7 shows that the 

broad hole maximum is essentially insensitive to variations in oogas observed [12]. 

Furthermore and very importantly, the holes are nearly identical on the low-energy 

side while exhibiting deviations in the high-energy side which is also in accord with 

the experimental spectra [12]. Figure 7 indicates that under the appropriate 

conditions Oiigh signal-to-noise ratio, cog~Vjj^=0 and adequately high bum and 

reading resolutions) that a weak zero-phonon hole for P960 should be observable. 

Although the agreement between these calculations and the data of ref. 12 is perhaps 

less satisfying than the agreement of the experimental and calculated P870 data, the 
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main trends of ref. 12 are observed. At least in part, the deviation between 

calculated and experimental hole is attributable to requiring that the zero-phonon 

hole be absent from the calculated holes in agreement with experimental results. 

This was done while at the same time doing the calculations it a higher resolution 

than actually used in the experiments. In ref. 12 and 13 laser linewidths of approx. 2 

cm"^ were used. These linewidths would result in an effective value for yof approx. 

4 cm"^, rather than the value of 1 cm"^ used in the calculations which is consistent 

with the lifetime of P960. 

P700ofPSI 

An example of a broad hole burned spectrum for P700 of enriched (approx. 

35:1) PSI particles from spinach chloroplasts is shown in Fig. 8 [9]. Superimposed 

on the broad hole is a weak but sharp zero-phonon hole coincident with cog. Such 

profiles have been observed for 700 <^g <720 nm. Recent very high resolution 

(approx. 0.002 cm "^) measurements have shown that the zero-phonon holewidths is 

approx. 0.05 cm'^ [14], which is a factor of 2 narrower than the value reported in 

ref. 9 where the read resolution used was lower. The implications of the zero-

phonon holewidth are considered later. In Fig. 8 the increase in absorption at 

~14540 cm"^ is most likely due to electrochromic shifts of the core antenna 

chlorophyll absorptions resulting from the reaction center charge separation process 

[31,32]. The presence of the intense broad hole whose width is comparable to those 

observed for P870 and P960 immediately indicates that the linear electron-phonon 

coupling for P700 is also very strong. Unfortunately, theoretical calculations carmot 

be guided by temperature-dependent absorption and fluorescence data for P700 due 

to spectral interference from the core antenna state C670. Reliable P700 Stokes 
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Figure 8. Calculated and experimental hole spectra for P700. The calculated spectrum has been shifted 30 cra"^ 
to lower energy so that the zero-phonon holes of both spectra can be seen. The experimental hole was 
produced by burning for 10 min with 100 ^iW/cm^at 14284 cm"^. 
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shift data are also not available. Nevertheless, reasonable agreement with the P700 

due hole burning data [9] was achieved with Eqn. 25 for S=7, (0^=30 cm"^, r=30 

cm"^, rjj^=300 cm"^, and y= 0.06 cm"^ [9]. 

As discussed earlier, Eqn. 25 predicts that the intensity ratio of the zero-phonon 

to phonon hole is given by e"^^. In ref. 9 the expression e'^was inadvertently used 

which yielded S=7.1 from the measured ratio of 1:1200. Utilization of the correct 

expression obviously yields S=3.5. This value with the other parameters Axed at 

values used in ref. 9 yields hole spectra with phonon progressional structure which 

should be (but is not) observable under experimental conditions of ref. 9. At this 

time we are reticent to change the values of C0jjj=30 cm'^and r~30 cm"^, since a 

direct measurement of the one-phonon profile for C670 (albeit a different state) 

yields these values within experimental uncertainty. The value of rj|j^'-300 cm"^ 

will also be maintained, since the C670 absorption profile, which exhibits barely 

but, nevertheless, discernible stracture due to chlorophyll apigments in different 

environments, can be fit with Gaussian profiles with widths of ~300 cm"^ [33]. 

With these parameters set, the experimental P700 hole profile can be fit for S~5 or 6 

(Table I) (Fig. 8). This increase in S beyond the value of 4 is not unreasonable since 

Eqn. 25 is only valid for the short bum time limit (where experimental 

measurements are difficult to make). Thus, the value of S determined with e'^^and 

the data must be viewed as a lower limit [14]. With the parameter values of Table I, 

the calculated spectrum is in reasonable agreement with the experimental spectrum. 
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DISCUSSION 

The theoretical approach taken here satisfactorily accounts for the principal 

characteristics of the photochemical hole spectra of the P700, P870, and P960 

primary electron donor states. The calculations indicate that the linear electron-

phonon coupling for all three state is very strong (S»l) and that the site 

inhomogeneous broadening contribution to the absorption profile is large, Table I. 

For P870 and P960, the interplay between hole burning, thermal broadening, and 

Stokes shift data for determining of S, (O^, and T^were essential. The 

interrelationships between these types of data were not taken into account in the 

earliest interpretations of the hole-burning data [10-13]. 

As improved and more complete data sets become available the values for S, 

and given in Table I will undergo refinement but not to the extent which 

would negate the two principal conclusions stated above. Of possible concern is 

that the value of 0)^= 80 cm'^ for P870 and P960 was determined primarily from 

the thermal broadening data for ethylene glycol/water glass while the hole burning 

experiments of Boxer and coworkers [10,12] were performed using poly(vinyl 

alcohol) (PVOH) films. However, the thermal absorption broadening characteristics 

of P870 and P960 in gelatin and PVOH films are (Holten and Kirmaier, unpublished 

data. Department of Chemistry, Washington University) are very similar to those 

shown in Fig. 5. This, even though the absorption peak positions and residual low T 

widths exhibit a measurable dependence on the host (e.g., rgyg(P960)=494 cm'^in 

gelatin, rgjjg(P870)~600 cm'^ in PVOH). The dependence of r^yg(0 K) on host 

solvent indicates a dependence of Fjjjj^on host due to solvent perturbation of the 

special pair. To our knowledge, however, a correlation between the magnitude of 
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Tinh and the nature (strength) of the electron-phonon coupling has not been 

observed for any molecular system. Therefore, the conclusions that (o^is 

insensitive to the host and that (O^is determined by the special pair-protein 

complex are reasonable. A related question is why r^^(P870) appears generally to 

be greater than r^(P960) for a given host. The answer may involve solvent 

penetration, since the special pair of Rps. viridisis 'capped' by cytochrome c [28], 

whereas this is not the case for Rh. sphaeroidesFSOI. If so, the disparity in Fjjjj^is 

of no biological significance although it should be noted that a consideration of the 

energetic inequivalence of the two monomers of the special pair is necessary for the 

interpretation of data which speak to excitonic effects of the special pair. That is, in 

addition to the inequivalence resulting from interactions with the protein 

environment a contribution from solvent may be necessary. On the other hand, the 

disparity in may be a consequence of a varying degree of intrinsic disorder in 

the isolated reaction center of the two bacterial systems. 

The values of 50 and 40 cm"^ for F of P870 and P960, Table I, deserve some 

comment. They cover a reasonable range based on the fluorescence line-narrowed 

and hole-bumed spectra of a large number of chromophores imbedded in glass and 

polymer hosts and the direct measurement of F~ 40 cm'^ for C670 [14] (Table I). 

However, little significance should be attached to the difference in Fbetween P870 

and P960, since the value of F for P960 can be increased to approx. 50 cm"^ without 

significantly afifectkig the calculated hole spectra (increasing Fleads to slight 

additional hole broadening). 

Before discussing the P700 results it is appropriate to consider the underlying 

assumptions of the theory. First, it is based on the linear coupling approximation. 

Second, the one-phonon profile is characterized by a single maximum (mean 
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phonon frequency, cOj^). Third, the r-phonon profiles are described as Lorentzians 

with a width r^=r^/^r for r > 1. The Lorentzian assumption is made so that a 

physically transparent analytic hole shape can be obtained. Even though r-phonon 

profiles are probably more accurately described by an asymmetric Gaussian (tailing 

more slowly on the high energy side), the essential characteristics for the case of 

coupling to the continuum of phonons, such as the dependence of the broad hole 

maximum and width on cog, are not significantly affected by utilization of 

Lorentzians. The employment of the Gaussian relationship r^=r^/^rwith a 

Lorentzian serves to mimic a Gaussian behavior for the width of the 2- and higher-

phonon profiles. On the other hand, the theory is also valid for the case where the 

one-phonon profile is associated with a pseudo-localized mode at (0^^. Now Fis 

determined by the distribution in values of a)jjj(from disorder) and a homogeneous 

contribution firom harmonic relaxation of the pseudolocal model into the continuum 

of bath phonons [20]. When the latter is dominant, a Lorentzian for the one-phonon 

profile would be appropriate. The second assumption is consistent with the majority 

of one-phonon profiles observed in the fluorescence line-narrowed and hole-bumed 

spectra of molecules imbedded in glasses and polymers and the one-phonon profile 

observed for C670 [14]. Nevertheless, the theory is readily modified to take into 

account a multi-peaked one-phonon profile. We have done this and performed 

calculations with a bimodal distribution ®m2)- total Huang-Rhys factor 

S is Sj+S2 with a contribution from both components. As expected (because of the 

additional adjustable parameters), better agreement is obtained especially for P960. 

However, until independent confirmation of bimodal structure is obtained, it would 

be premature to present these results. The first assumption means that the quadratic 

electron-phonon coupling, which defines the changes in phonon frequencies upon 
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pigment excitation, has been neglected. Provided these are not large (<:20%), Eqn. 

25 is still accurate. However, the quadratic coupling can contribute to the thermal 

broadening of the absorption (fluorescence) profiles [18,19]. In the harmonic 

approximation it alone governs the temperature dependence of the absorption 

maximum [18,19]. We have performed detailed studies of the Uneshift for both 

P870 and P960 (ethylene glycol/water glass). Both absorption bands exhibit a 

significant blue shift with increasing temperature which is adequately fit by the 

quadratic coupling expression 0^(2^-1) (4coj)"^coth(fio)j/2kT), where cojis the 

ground-state phonon frequency [18] and where ôj=ccî]^(Oj, with coj the frequency for 

the excited electronic state. It is found that C0j=84 and 124 cm" ̂  for P870 and P960, 

respectively. These values are in reasonable agreement with those obtainable from 

the data of Holten and Kirmaier (unpublished data) on P870 and P960 in a gelatin 

film. We note first that it is difficult to understand how low-frequency modes could 

undergo such dramatic increases in frequency. Second, our calculations show that 

the thermal broadening from the sequence structure from such modes combined 

with a contribution from the linear electron-phonon coupling are inconsistent with 

the thermal broadening data. We conclude, therefore, that the thermal lineshifrs of 

P870 and P960 arise from the anharmonic terms which affect the thermal 

expansivity of the reaction center but do not contribute significantly to the thermal 

broadening. We note that the lineshifts associated with the bacteriochlorophyll and 

the bacteriopheophytin monomer absorption bands, Fig. 4a and b, are negligible 

between 4 and ~ 200 K (limit of our experiments). This suggests the special pair 

geometry may have a significant dependence on the thermal expansivity. 

We consider next the results for P700 and C670 (Table I). For C670 the direct 

observation of the one-phonon profile building on the zero-phonon establish that the 
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linear coupling is weak (S<0.9) [14]. The implication of this for excitation transport 

from the core antenna to P700 is discussed elsewhere [14]. More important for this 

paper is that direct measurement of and r~ 40 cm"^ for C670 was possible. 

The C0jjj=r=30 cm"^ values for P700 were used in our earlier calculations [9], which 

preceded the C670 studies. In view of the C670 results, these values for P700 are 

preserved in this paper, although it should be emphasized that (o^fbr C670 and 

P700 could, in principle, be different. The lack of reliable Stokes shift and thermal 

broadening data for P700 is unfortunate, since, as emphasized earlier, they provide a 

valuable check on the oo^ value. With and F fixed, the determination of S for 

P700 was dictated by the observation of a zero-phonon hole and its weak intensity 

relative to the broad hole whose width is comparable to those observed for P870 and 

P960. The sharpness of the zero-phonon hole (approx. 0.05cm" ̂  [14]) means that S 

cannot be reduced as low as 4, since for this value it would be too intense (peak 

height) in comparison with the experimental spectra. Maslov et al. [8] have noted 

that the zero-phonon hole for Chlamvdomonas reinhardii cannot be burned when the 

burning is preceded by white light bleach of P700 at low temperature. This 

suggested that the sharp hole is associated with electron transfer from P700 [8]. 

Nevertheless, one cannot exclude the possibility that the sharp hole is not due to 

P700 but rather long-wavelength absorbing chlorophyll aspecies which are strongly 

coupled to the reaction center. The reason for mentioning this is that the zero-

phonon holewidth provides a lower limit for electron transfer from P700 to AQ 

(primary acceptor of PSI) of approx. 200 psec [14]. In view of the time-domain 

studies [34,35] of the T-dependence of electron transfer from P870, this result is 

surprising. These studies show that the transfer time decreases by a factor of 

approx. 2 in going from room temperature (where the value is approx. 5 psec) to 
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cryogenic temperatures. Recent time domain studies have yielded values of 10 psec 

[36] and 2.8 psec [37] for P700 at room temperature. However, care must be taken 

when comparing the time domain and hole-buming data. The zero-phonon 

holewidth could reflect the dynamics of the zero-point level of P700, whereas the 

states initially prepared in the time domain experiments form a multi-phononic 

distribution. Provided that (i) thermalization of protein baths phonons is not 

completely prior to electron transfer and (ii) the nuclear barrier associated with 

electron transfer is larger than typical phonon frequencies (approx. 30 cm"^), the 

low temperature hole burning result can be qualitatively understood. However, the 

preliminary results of our very recent hole-buming experiments following chemical 

and white light bleaching of P700 indicate that the sharp zero-phonon hole is not 

associated with P700 that is photoactive at liquid helium temperature (in 

contradiction with results of Maslov et al. [8]). More extensive experiments of this 

type are in progress. The recent bleaching experiments do confirm that the broad 

intense hole is due to photoactive P700 so that our conclusion that P700 is 

characterized by strong electron-phonon coupling is unaltered. 

As noted in the Introduction, the nature of the phonons which are active in the 

primary electron donor state absorption (hole burning) is not known. Two 

possibilities are: spatially delocalized modes associated with the protein complex 

and highly localized modes associated with the special pair (e.g., intra-dimer 

monomer — monomer stretch). We tentatively favor the former, since for P870 

approx. 80 cm"^ phonons have been implicated as the key Franck-Condon nuclear 

tunneling modes associated with electron transfer to the bacteriopheophytin 

monomer as well as in the subsequent reduction of the quinone [15]. In addition, 

approx. 30 cm"' phonons have been observed for the chlorophyll a monomers of 
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C670 [14] and have been implicated as the key acceptor modes for excitation 

transport from C670 to P700 [14]. Thus, low-frequency phonons also appear to be 

active in processes involving pigment monomers. Of course, for the special pair the 

distinction between protein and dimer modes can be artificial if dynamical mixing is 

significant (due to their comparable frequencies). 

The question of why the linear electron-phonon coupling is strong for P700, 

P870, and P960, but weak for C670 (and chlorophyllic monomers in matrices [26]) 

is very important. High-resolution optical data on a large number of molecular 

crystals have shown that Huang-Rhys factors as large or greater than approx. 4 

generally exist only for excited states which possess signiAcant charge-transfer 

character, e.g., the charge-transfer state of jc-molecular donor-acceptor complexes 

[38]. This was the basis for an earlier conclusion [17] that the primary electron 

donor states P870 and P960 posses significant charge-transfer character in addition 

to neutral excitonic character. Significant charge-transfer character is consistent 

with the theoretical findings of Parson et al. [39] and Warshel and Parson [40] who 

consider mixing of the pure charge-transfer states of the dimer with the neutral 

excitonic state. Since then, this conclusion has been supported by Stark results 

which revealed that the permanent excited state dipole moment of P870 [41,42] is 

large (7-8 D) and roughly parallel to the Mg "Mg axis of the special pair. Since it is 

difficult to conceive of a way in which a monomer can support signiAcant charge-

transfer character for its Qy state, it has been suggested that P700 is also a special 

pair [9], a point of continuing controversy (ref. 43 and references therein). 

Finally, we comment on the differences between the interpretation put forth 

here for the primary electron donor state hole profile and that of Meech et al. [13]. 

The interpretation initially favored by Boxer and coworkers [10] is similar to that 
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presented in réf. 13. Within this qualitative model the large holewidths (approx. 400 

cm"^) for P870 and P960 is ascribed to homogeneous broadening resulting from an 

ultra-fast (approx. 25 fsec) charge-separation process which precedes electron 

transfer to the bacteriopheophytin. The initially prepared primary electron donor 

state is viewed as a neutral excitonic state that decays primarily into an intra-dimer 

charge-transfer state. Subsequent to this, evolution to an interdimer state involving 

a BChl monomer is postulated to occur., Electron-phonon (vibration) coupling and 

inhomogeneous broadening were not taken into account and calculated hole spectra 

were not presented [13]. Very recently [44] Won and Friesner have taken both of 

these effects into account in a model in which the initially prepared state (P870 and 

P960) is viewed as a mixed state with significant charge-transfer character (within 

the adiabatic Bom-Oppenheimer approximation). Thus there are definite 

similarities between their model and ours [17] which we have considered in detail 

here. However, a major difference stems from the fact that Won and Friesner 

assume that the electron-phonon (and vibration) coupling is weak which means that 

the absence of a sharp zero-phonon hole in their calculated spectra for P960 is due to 

breakdown of the Bom-Oppenheimer approximation associated with ultra-fast decay 

of the primary electron donor state into charge-separated states of the reaction 

center. It is at this time not clear whether the parameter values chosen by Won and 

Friesner for their multi-parameter model are consistent with the thermal broadening 

and Stokes shift data for P960. Within our model, ultra-fast decay of the primary 

electron donor state need not be invoked to account for the data, since (within the 

Bom-Oppenheimer approximation) the primary electron donor state's significant 

charge-transfer character leads directly to strong linear electron-phonon coupling 

which renders the sharp zero-phonon holes very weak. We are not aware of any 



www.manaraa.com

98 

optical spectra for charge-transfer states of 7C-molecular systems that do not clearly 

indicate strong electron-phonon coupling. In our model the primary electron donor 

state is dirty in the sense that the absorption profile is determined by transitions to a 

wide distribution of mixed exciton-phonon levels. The primary electron donor state 

possesses significant charge-transfer character which leads to a large permanent 

dipole and its associated strong linear electron-phonon coupling. We can note that 

Warshel and Parson [40] conclude that charge-transfer character can arise from 

mixing of the neutral excitonic and charge-transfer states of the special pair itself. 
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CONCLUSIONS 

A theory for spectral hole burning has been developed that is valid for 

arbitrarily strong linear electron-phonon coupling and large site inhomogeneous line 

broadening. The Condon approximation is employed for the phonons which is 

known to be accurate for strongly allowed optical transitions, such as those of the 

photosynthetic pigments. The model calculations show that detailed studies of the 

hole profile dependence on the bum frequency (cog) can determine the site 

inhomogeneous line broadening the center of gravity of the zero-phonon site 

excitation energy distribution function relative to the absorption maximum, the 

Huang-Rhys factor (S) and effective phonon frequency (0)^^). For the case of strong 

linear coupling, the connection between hole burning and thermal broadening data 

for the absorbing state has been given. 

The theory successfully accounts for the gross and many fine features of the 

hole spectra for the primary electron donor states P870, P960, and P700. The 

unifying picture which emerges is that the primary electron donor states are 

characterized by strong linear coupling (S^) and large It had been suggested 

earlier [9] that the strong coupling states possess a significant charge-transfer 

character. Such character is supported by the recent Stark measurements [41]. The 

hole burning data suggests that P700, like P870 and P960, is a special pair. The 

large Tcontribution to a primary electron donor state absorption profile reflects 

the distribution of zero-phonon transition frequencies associated with an ensemble 

of spatially separated reaction center. Thus, there is no direct connection between 

Finh and an average value for the energetic inequivalence (5E) between the Qy 

states of the monomers of a special pair. Nevertheless, it is known that protein 
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interactions render the two monomers inequivalent [45]. The value of Tj^serves 

as an indicator for the magnitude of 5E. For the interpretation of data which speak 

to excitonic resonance effects within a special pair, a consideration of the 

magnitudes of 5E, the excitonic resonance matrix element, and the homogeneous 

linewidth of the Qy state is necessary. 

The results presented here, together with the hole burning data for C670 [14] 

and those from temperature-dependent time domain studies on the primary and 

secondary [15] electron-transfer processes of the reaction center of Rb.sphaeroides 

should be viewed as a whole. In doing so it becomes apparent that the linear 

electron-phonon coupling may play an important role in the early events of 

photosynthesis. These include population of the primary electron donor state by 

excitation transport from the antenna or by direct optical excitation, and the primary 

electron-transfer from the primary electron donor state. Detailed quantum-

mechanical transport theories which take into account strong linear coupling will 

need to address also the question of the distribution of pigment-state energies due to 

protein inhomogeneity. It is interesting to note that a large distribution width for the 

energy gap associated with a donor => acceptor transport process is effectively 

compensated for by a large Huang-Rhys factor. An example of such a process 

would be the final trapping step in excitation transport from the antenna to primary 

electron donor state. 

Finally, it appears that spectral hole burning is powerful and generally 

applicable technique for probing the excited state stracture and dynamics of 

photosynthetic system. Very recently, hole burning and fluorescence line narrowing 

have been successfully applied by Avarmaa and Jaaniso [46] to the antenna 

chlorophyll of etiolated leaves. There would appear to be no reason why hole 
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burning cannot be applied to a variety of pigment-protein complexes which have not 

been studied, e.g., PSII of green plants. In view of the recent calculations of Scherer 

and Fischer [47,48] and Warshel et al. [49] on the electronic structure and electron-

transfer dynamics of the reaction center of Rps. viridis it would also appear to be 

profitable to perform more extensive hole-buming experiments in the region of the 

P960 absorption (also P870). These calculations indicate that the absorbing charge-

separated states involving the special pair, the BChl monomer and 

bacteriopheophytin may be located in the near energetic vicinity of the primary 

electron donor state. 
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ADDITIONAL RESULTS 

The application of spectral hole burning to the photosynthetic reaction centers 

of green plant and purple bacteria has provided new information about the primary 

electron donor (PED) states. For example, structured transient hole burned spectra 

exhibiting four holes are obtained for the PED state P960 [40,41] and P870 [50] of 

Rps. viridis and RK sphaeroides. respectively. The hole spectrum for P960 and 

P870 is comprised of several relatively broad holes including a vibronic hole of 

~130 cm'^ that builds on the lowest energy hole denoted as X. Hole X and its 

associated ZPH (coincident with Xg) can be confidently assigned to the origin 

transition of the PED state of Rps. viridis and Rb. sphaeroides. The widths of the 

ZPH yield decay times that correlate well with those determined for P870*and 

P960* at 10 K by ultra-fast spectroscopy [24,51]. Observation of a zero-phonon 

hole supports the theory of Hayes and coworkers [38,39] since the theory of Won 

and Friesner [42-44] does not allow such observation. 

The hole spectra for P680 [52], the primary electron donor of PSII, is also 

structured and consist of a zero-phonon hole (5 cm" ̂  width) and a broad (~130 cm"^ 

width) hole. It bears resemblance to the hole burned spectrum of IX^" for P960. 

The zero-phonon width yields a decay time of 1.9 psec at 4.2 K, consistent with 3 

psec determined using femtosecond transient absorption at room temperature [53]. 

A zero-phonon hole (width ~0.29 cm'^) superimposed on a broad hole (~300 

cm"^) was reported for P700 of PSI [54]. The zero-phonon hole width corrected for 

instrument resolution yielded a decay time of ~90 psec and 1.6 K. This is 

inconsistent with the room temperature value of <10 psec [55-58] (assuming that the 

T-dependence for PSI is similar to that for P960 and P870), since the low 



www.manaraa.com

107 

temperature decay time for P960 and P870 is known to decrease by 2X when cooled 

to cryogenic temperatures [51]. It has already been suggested on the basis of 

chemical and white light bleaching of P700 that the narrow hole is not associated 

with P700 that is active at liquid He temperatures [46]. 

This section reports new persistent photochemical hole bum profiles for P700 

of PSI. The hole profiles at 1.6 K for a wide range of bum wavelengths (Xg) are 

broad (FWHM ~ 310 cm"^) and for the 45:1 enriched particles studied exhibit no 

sharp zero-phonon hole feature coincident with The Xg-dependent hole profiles 

are analyzed using the theory of Hayes and Small [38] for hole burning in the 

presence of arbitrarily strong linear electron-phonon coupling. A Huang-Rhys 

factor S in the range 4-6 and a corresponding mean phonon frequency in the range 

35-40 cm"^ together with an inhomogeneous line broadening of ~ 100 cm"^ are 

found to provide good agreement with experiment. The zero-point level of P700*is 

determined to lie at « 710 ran at 1.6 K while the absorption maximum lies at ~ 702 

nm. 

The hole burning was performed using a Ar"^pumped ring dye laser with the 

laser dye LD688. The laser linewidth is ~0.002 cm"^. The enriched (~45:1 Chi 

a:P700) Photosystem I particle from spinach chloroplast is dissolved in a glycerol; 

water mixture to which 1 mM ascorbic acid has been added. The solvent is buffered 

to pH~8.3. A computer controlled double beam spectrometer operating at resolution 

of ~0.2 cm"^ was used for hole reading. The samples were held in the dark at room 

temperature for a few minutes before being quickly cooled (<10 minutes) to 4.2 K. 

All the experiments were done at 1.6 K. 

At 1.6 K the 45:1 PSI particles exhibit a principal absorption maximum near 

670 nm due to Chi a of the core antenna complex and a distinct but weak shoulder 
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located near 700 nm, which represents P700, upper curve of Fig. 1. The three lower 

absorbance spectra correspond to bums of 1,5 and 10 min with Ig= 5 |xW/cm^ and 

= 701.8 nm. No ZPH could be observed coincident with this value or 

several other values in the range between 701 and 715 nm. Under comparable 

burning conditions and read resolution, the earlier studied 35:1 particles exhibited a 

readily discernible, albeit weak, ZPH coincident with Xg. From Fig. 2 it is apparent 

that the P700 hole is broad (AOD spectra are shown later). 

The increase in absorption to higher energy of ~ 700 nm seen in the upper 

spectrum of Fig. 1 is due to the onset of the Chi a antenna absorption. Figure 2 

shows a series of hole burned spectra obtained with X,g= 693.2 nm (the upper 

spectrum is the pre-bum spectrum). At this wavelength absorption by the core 

antenna complex is dominant but there is some absorption due to the high energy 

side of the P700 absorption profile. The second and third curves of Fig. 2 are the 

hole burned spectra obtained with Ig = 5 pW/cm^ for bum times of 1 and 10 min. 

Although not apparent from the figure, a weak ZPH is observed for the 10 min bum. 

The lowest spectrum of Fig. 2 was obtained after an additional 5 min bum with Ig= 

2 W/cm^ and clearly shows a ZPH coincident with X,g. The ZPH is ascribed to 

NPHB of the antenna Chi a [46,47] and not P700 since the ZPH could not be 

observed for Xg-values selective for P700. Although excitation transport within the 

core anterma complex is significantly slower at 1.6 K than at room T, the quantum 

efficiency for excitation trapping by P700 is still close to unity [47]. On the other 

hand, the NPHB quantum efficiency for the antenna Chi ais significantly less than 

unity [59,60]. This explains why the ZPH develops at higher bum fluences than the 

P700 hole. 
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Figure 1. Bum time dependence of the P700 bleaching at 1.6 K for 45:1 PSI particles, Xg= 701.8 nm, T = 1.6 K. 
The top curve is the prebum spectrum. Bum times (second to fourth) are 1,5,10 min with bum 
intensity Ig = 5 fiW/cm^. 
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Figure 2. Bum time dependence of the P700 bleaching for 45:1 particles, Xg= 693.2 nm, T= 1.6 K. The upper 
spectrum is the prebum spectrum. Bum times for the second and third spectra are 1 and 10 min, 
respectively, with Ig = 5 ^W/cm^. The lowest spectrum was obtained by an additional 5 min bum with 
Ig = 2 W/cm^. The ZPH is ascribed to NPHB of the antenna Chi a, see text. 
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Figure 3 shows the AOD hole burned spectrum obtained with A,g= 680.5 nm, 

which is close to the maximum of the antenna Chi a absorption at 670 nm. At 680.5 

nm the P700 absorption is negligible. The saturatedZPH at A,g, due to NPHB of 

antenna Chi a, is intense and accompanied by the real- and pseudo-PSBH (displaced 

by (Djjj ~ 20 cm'^) [46,47]. The broad positive going feature at ~ 675 nm is the anti-

hole associated with NPHB [47]. The increase in noise in the vicinity of the anti-

hole is due to the high O.D. near the absorption maximum. The broad P700 hole, 

produced by trapping of the antenna excitation, is also evident in the figure with a 

maximum near 702 nm. 

The P700 AOD hole profiles obtained for Xg = 715.0 and 706.5 nm are shown 

in Fig. 4 and the profile for = 702.6 nm in Fig. 5. The absorption by the antenna 

Chi a at these wavelengths is weak in comparison to P700. The maxima of the P700 

holes for Àg = 715.0,706.5 and 702.6 nm are located at 705, 703 and 702 nm, 

respectively, and again, no sharp ZPH is observed coincident with A,g. The solid 

curves are fits to the spectra obtained using the theory of Hayes and Small [38] (see 

also Paper n of this section). 

Application of the theory to the hole profiles of P700 is more difficult than for 

the other PED states, e.g., P680, since resolved phonon structure and the ZPH are 

not observed. Futhermore, the Stokes shift associated with the P700 emission (~ 

2ScOjjj) is not known. However, we can determine that S ̂ 4.5. Otherwise, a ZPH 

coincident with cog should have been observed (given the signal/noise ratio of our 

spectra) for y= 1 cm"^. This value of ycorresponds to the lifetime of P700 

determined at ice temperature [58]. If this lifetime were to decrease by a factor of 

about 2 in the low temperature limit, which is a possibility given the data for P870 

[24,51], P960 [51] and P680 [52,53], a value of S closer to 4 would preclude 



www.manaraa.com

0.10 

0.05-

0.00 

Q 
O -0.05-
< 

-0 .10-

-0.15-

0.20 
660.0 670.0 700.0 730.0 740.0 680.0 690.0 710.0 720.0 

WAVELENGTH (nm) 
Figure 3. Difference absotbance (AOD) hole burned spectrum of P700 for 45:1 particle, A,g= 680.5 nm, T = 1.6 

K. Excitation was for 10 min with Ig = 50 ̂ W/cm^. The ZPH at Xg and phonon sideband holes 
displaced from Xg by ~ 20 cm"^ are due to NPHB, see text. The broad hole centered at ~ 702 nm is due 
to bleaching of the P700 absorption profile. For the spectrum shown here, saturation of the ZPH and 
phonon sideband holes gives the false impression that the linear electron-phonon coupling is stronger 
than reported earlier for antenna Chi a [see Section 11]. The increase in noise int the anti-hole region 
near 675 nm is due to the high O.D. of the sample near the absorption maximum (~ 670 nm). 
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Figure 4. Difference absorbance hole burned spectra of P700 for 45:1 particles, Xg= 715.0 nm and = 706.2 nm 
(top to bottom, respectively), T = 1.6 K. The AOD scale is 0.2. Bum time was 30 sec with Ig= 10 
HW/cm^. The solid lines are computed fits with S = 4.5,0)^= 45 cm"^, Fj = 1 cm"^, y= 1 cm"^, and 
Vjjj = 14085 cm"^. The calculated spectrum for Xg = 715 nm exhibits a very weak 2TH which could 
not be expected to be observable given the signal to noise ratio of the experimental spectrum. The top 
ordinate scale is wavelength (nm). 
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Figure 5. Difference absorbance hole burned spectrum of P700 for 45:1 particles, Xg= 702.6 nm, T = 1.6 K. The 
AOD scale is 0.2. Bum time was 30 sec with Ig= 10 p.W/cm^. The solid and broken lines are 
computed fits with S = 4.5 and = 45 cm"^ (—) or S = 8 and = 25 cm"^ (—). See Fig. 5 caption 
for other parameter values. The top ordinate scale is wavelength (nm). 
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observation of the ZPH in our spectra for PSI-45. In our earlier work with PSI-35 

particles [54] a value of S = 5.5 was used to fit the hole spectra of P700 because the 

observed ZPH with a width of only ~ 0.05 cm" ̂  was assumed to be due to P700. 

The present and other [39,46] studies indicate that it is not, vide infra. 

The modest Xg-dependence of the P700 hole profile maxima shown here, as 

well as that measured from Xg = 708.2,701.8 and 693.2 nm spectra, indicate that Fj 

< ScOjj^. The hole maxima for these three Xg values are located at 703,702 and 701 

nm, respectively. One is constrained in the choice of the center (v^) of the zero-

phonon transition frequency by the observed Xg-dependence [38,39] and the 

requirement that the calculated absorption spectrum must provide agreement with 

the observed spectrum. The calculated hole profiles in Figs. 4 and 5 for S = 4.5, 

= 45 cm"^, Fj = 100 cm"^, F = 60 cm"^ and = 14085 cm"^ (710 nm) provide 

reasonable agreement with the observed profiles. The deviations on the high energy 

side of the hole maxima are the result of the appearance of an increase in absorption 

(with a maximum near 690 nm [54,61,62]) which has been attributed to an 

electrochromic shift of the Chi a in the near proximity of the RC [61,62]. Thus, the 

quality of fit of the theoretical profiles can only be judged on the basis of the region 

of the experimental profiles in the vicinity of the hole maximum and to lower 

energy of the maximum. The P700 absorption spectrum calculated with the above 

parameter values is shown in Fig. 6. The calculated profile exhibits a maximum at 

701.5 nm and a width of 350 cm"^. From the theory one expects [39] that the 

calculated absorption width should be given roughly by Fj (300 cm"^ in this 

case). 

Chemical and white light bleaching experiments on PSI-35 particles discussed 

by Gillie and coworkers [46] and Hayes and coworkers [39] had indicated that the 
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Figure 6. Calculated absorption profile for P700 at 1.6 K, The parameters used were S = 4.5, <B^= 45 cm"^, rj= 
lOOcm'^, Y= 60cm"^, Y= 1 cm"^,andv^= 14085 cm" ̂  (710 nm). 
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sharp ZPH reported earlier [54] for P700 of PSI-35 particles is not due to 

photoactive P700. The present results for PSI-45 particles confirm this. With the 

enrichment procedure described by Golbeck [63] we have found that an enrichment 

of ~ 35:1 is more difficult to attain than an enrichment of ~ 45:1. This suggests, 

perhaps, that the 35:1 particles could be subject to a higher probability for damage 

than the 45:1 particles. The sharp but weak ZPH reported for the 35:1 particles 

could be due to inactive P700 or antenna Chi aperturbed by the isolation procedure. 

In any event, a hole width of 0.05 cm"^ [46] translates to a minimum depopulation 

decay time for P700 at 1.6 K of 210 psec, which is difficult to reconcile in view of 

the measured decay times at room T [58,64,65] and the fact that the decay rates for 

P870* [24,51], P960 [51] and P680* [52,53] increase as the temperature is 

decreased from room T. 

Turning now to the application of the theory to the AOD spectra shown in Figs. 

4 and 5 it can be seen that the parameter values S= 4.5, co^^= 45 cm"^, F= 60 cm"^, 

Fj = 100 cm"^ and = 14085 cm'^ provide reasonable fits to the observed 

profiles. In fitting to the spectra, F was held constant at 60 cm"^, a value that is 

about twice that observed for the antenna Chi a [47]. The increase in F was scaled 

according to the ratio of the (Oj^ value utilized for P700 to that observed for the 

antenna Chi a. We hasten to add that the comparable theoretical fits to the P700 

hole profiles could be achieved using two or more mean phonon frequencies. 

However "multi-phonon" fits are not justified at this time since the underlying 

structure for P700 has not been observed. It was found that the X,g-dependence of 

the hole maximum could not be accounted for if (A, = 710 nm) was varied by 

more than +2 nm from 710 nm. The fitting of the Xg-dependence also depends 

quite sensitively on the ratio Sco^/F^as one would expect since in the limit ScDjj^» 
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Tj there should be no Xg-dependence [39]. Comparable fits to the hole spectra can 

be obtained by increasing Fj somewhat (e.g, to 120 cm"^ as determined for P680 

[52]) provided is appropriately increased. This is also true if S is increased 

and cOjjj decreased proportionately (for a fixed Tj). However, it was found that the 

goodness of fit to the low energy side of the hole profiles worsens if S is increased 

too much above 4.5, e.g., to 8 (Fig. 5). Our many calculations (only a few of which 

are shown here) indicate that S and (Devalues in the ranges 4-6 and 50-35 cm"^ and 

Fj ~ 100 cm"^ can adequately account for the observed hole profiles. The 

calculated absorption spectrum in Fig. 6 is difficult to compare with experiment 

because of the interference by the low energy tail of the antenna Chi a, see upper 

curve of Fig. 1. However, since the linear electron-phonon coupling is strong (i.e., 

the homogeneous contribution to the P700 absoiption is large) the photochemical 

hole burning can produce a bleach that essentially encompasses the entire absorption 

profile. In particular, for Xg significantly to the blue of 710 ran (center of the zero-

phonon excitation frequency distribution), e.g., 702.6 nm as in Fig. 5, or located in 

the antenna Chi a absorption origin (Fig. 3) the hole should be a faithful 

representation of the P700 absorption profile at 1.6 K. The calculated absorption 

spectrum is in good agreement with the two hole burned spectra just mentioned. 

Thus, we conclude that P700 exhibits a maximum at ~ 702 nm and a FWHM of 350 

cm"^ at 1.6 K. Approximately 30 and 70% of this width is due to inhomogeneous 

broadening (from linear electron-phonon coupling), respectively. 

From the results presented here for P700 it is apparent that the P700 hole 

spectra are significantly different from those for the other PED states P680, P870 

and P960. Although here appear to be significant differences [20,66] between the 

interactions of the special pair and amino acid residues in Rps.viridis and Rb. 
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sphaeroides the similarity in their cofactor structures [67] is sufficient to yield very 

similar hole spectra for P960 and P870. The hole spectra for P700 show no 

evidence of any structure (akin to that associated with the ~ 130 cm" ̂  mode of P870 

and P960) even though the P700 hole profile and calculated absorption profile are 

about 100 cm"^ narrower than the overall hole widths and absorption widths of 

P870 and P960. This, together with the fact that rj~ 100 cm'^ for P700, is teUing 

in the sense that if a mode analogous to the 130 cm"^ is active in the P700 hole 

profile, the fact that it cannot be resolved means that its frequency is considerably 

reduced. We cannot distinguished between this possibility or the possibility that 

such a progression forming mode does not exist. The existence of the special pair 

for P700 is still being debated but evidence for its existence appears to be mounting. 

Assuming that it does exist, the above remarks and the absence of the ZPH for P700 

indicate that its geometric and electronic structure of its excited state may be quite 

different from those for the purple bacteria. The absence of the ZPH for P700 

indicates that S >4.5 and, therefore, that the coupling of P700*with low frequency 

phonons is stronger than for P870*, P960* and P680* whose S-values are close to 2. 

The strong linear electron-phonon coupling for P700* suggests that it may possess 

significant charge-transfer character as is the case for P870*[69-71] and P960* 

[69,71,72]. 
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CONCLUSIONS 

Spectral hole burning studies performed by this group have demonstrated that 

the hole burning characteristics for the FED states P960, P870, P680, and P700 are 

similar and defined by strong electron-phonon coupling and significant site 

inhomogeneous broadening. The exact description of the FED states, neutral 

exciton with significant intra-dimer charge transfer character or admixtures of P* 

and a charge transfer between P and other reaction center pigments, is left 

unresolved, A dimer structure for F700 is indicated. 
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SECTION H: NONPHOTOCHEMICAL HOLE BURNING OF THE 

ANTENNA COMPLEXES OF PHOTOSYSTEM I 

INTRODUCTION 

The majority of the chlorophyll in the photosynthetic thylakoid membrane act 

to collect, harvest, solar energy and transport that energy to the reaction center. 

Because of its overlap with the solar irradiance spectrum, limited at high energy by 

O2 absorption and at low energy by H2O overtone absorption, the first excited state 

Qy transition of chlorophyll plays an important role in efficient solar energy 

collection. How energy deposited in the Qy transition is transferred from spatially 

distant Chi to the reaction center has been extensively studied using fluorescence [1-

11], picosecond absorption recovery [12-15], singlet-singlet annihilation [16-20], 

and spectral hole burning [21-25]. This subject has been extensively reviewed [26-

31]. 

This section will discuss the dynamics of excitation energy transport (EET) in 

the light harvesting chlorophyll protein complex (LHCPI) associated with 

Photosystem I. In particular, results from nonphotochemical hole burning (NPHB) 

on the core antenna complex and LHCPI are presented to explore these questions: 

How are the pigments arranged in their protein environment? Is the excitation 

localized or delocalized within LHCPI? What roles do intramolecular vibrations 

and low frequency protein vibrations (phonons) play in mediating EET? 

Discussions on the nature of EET in photosynthetic units (PSU) began in 1938 

when Franck and Teller drew analogies to EET in crystals. "The coupling between 

particles in the crystals and the resonance caused by the identity of the crystal cells 
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has the consequence that excitation energy will be transferred from one cell to 

another" [32]. Franck and Teller outlined the work of Frenkel [33] and Peierls [34] 

that suggested the concept of excitation waves, called excitons, within crystals. 

Franck and Teller concluded, however, that "the existence of a PSU is improbable." 

The existence of the PSU has been demonstrated [35-38]. Robinson [39] gave a 

succinct review of the progress made in understanding EET and trapping in 

photosynthesis up to 1966. 

Franck and Teller [32] assumed a one-dimensional PSU which is probably the 

main source of the error in their analysis [39]. This assumption leads to a transfer 

time of T=0.01 psec which is too fast for efficient trapping at the RC [32]. Bay and 

Pearlstein [40,41] extended the theories to two dimensional arrays. In either case, 

the theories have assumed that the Chls in the antenna proteins are arranged in a 

regular lattice array and the exciton migration is believed to be diffusive, i.e., a 

noncoherent random walk through the lattice. The Chls interact in the conventional 

Forster dipole-dipole mechanism. It is important to understand the conditions by 

which exciton motion becomes incoherent, i.e., a random walk. 

Mathematically, a delocalized exciton is described when the eigenfunctions for 

the excited state are written as superposition of excitations on the individual crystal 

cells [33,34]. The coefRcients are made to vary sinusiodally as a function of the 

coordinate of the cell [33,34]. For one-dimensional excitons, the stationary states of 

the system Hamiltonian are 

lk> = N-l/2 Se"^" ln> (1) 
n 

where N is the number of independent identical molecules. The states are 

characterized by the exciton wavevector k[42]. 
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In large molecules the electronic transitions are coupled to intramolecular 

vibrations and lattice vibrations (phonons). If the exciton-phonon interaction (or 

lattice coupling energy) is comparable with or larger than the exciton bandwidth, the 

system is said to be a strong exciton scatterer [33,34]. If we consider propagation of 

an exciton wavepacket with a well-defined k, the scattering processes act to change 

the k-state directionality, hence the exciton loses memory of the initially prepared k-

state. For band transport, phonons scatter the exciton (labeled by the wavevector k) 

between different k-states. For hopping transport, phonons scatter the nearly 

localized exciton states (labeled by the site index n) [43]. The exciton wavepacket 

is said to take a random walk. 

However, if the exciton-phonon coupling is weak, no change in the k-state 

description occurs and the exciton moves as a perfect wave through the system [43]. 

This is often referred to as "coherent" transport. 

The coherent process only applies on the time scale in which the k-states have 

a well defined relationship. A criterion for coherent exciton migration (CEM) 

relates the k-state lifetime, x(kQ), to the exciton mean free path, l(kQ), and the group 

velocity, Vg(t) by [42,44] 

l(ko) = x(ko)Vg(t). (2) 

The exciton defined by a wavevector with a mean value about k^is coherent if -[(k^) 

is greater than the intramolecular transfer time given by <T> = a/< Vg(t) > with a 

being the lattice spacing [42]. The group velocity can be calculated from the 

nearest-neighbor interaction and distance. Physically, we see that the exciton 

remains in a particular k-state (wavelike) for x(kQ) until it is modulated sufficiently 

via scattering processes to alter the k-state description [43]. The mean free path is 
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the distance traveled before the k-state description is altered. Prerequisites for CEM 

in organic crystals are low temperatures and high quality strain-free crystals [45]. 

For 1,2,4,5- tetrachlorobenzene, l(k) = 300 to 10^ A and x(k) = 10"^ sec [44,46]. 

Determining l(k) and x(k) for photosynthetic systems is difficult. Recent NPHB 

experiments on the antenna system of P. aestuariishow that the exciton-phonon 

coupling is weak [47] which could suggest that CEM might occur in the light 

harvesting complexes of PSUs. Other descriptions of EET can be envisioned, i.e., 

polariton formation and migration [45,48] (the reader is referred to a special issue of 

Chemical Physics [see ref. 45] for discussions of EET in solids). 

When discussing the problems of EET, one must be careful of the 

terminology. The coherent or noncoherent transfer limit is defined as above. If the 

excitation is localized, it is associated with a particular site. Excitation into a 

strongly excitonic system is necessarily delocalized since the exciton wavefunction 

is a superposition of the wavefunctions of the interacting molecules. No spatial 

transfer is needed within a subunit, in this case, since the prepared state involves all 

the molecules in the subunit. 

Our understanding of EET in antenna systems has been greatly enhanced with 

the mathematical descriptions given by Knox [26,49-51], Paillotin [52-55], and 

Pearlstein [31,40,41,56]. These models describe the nature of the EET as random 

hops between Chls arranged in a regular lattice array. The conditions for this 

description were described earlier. This description of EET is preferred because the 

mathematics is simpliAed. In the Pearlstein model the excitation executes a random 

walk until it reaches a trap, a reaction center in this case. At this point it may 

undergo photochemical conversion or reenter the antenna to continue its random 

walk. The interaction between Chls is described by the Fcrster [57] dipole-dipole 
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Interaction mechanism and falls off as 1/R^ where R is the distance between 

molecules. The Chls are weakly interacting. References [26,28,29,39,41,58] are 

good reviews of the details of the theories. 

The random walk is said to be be "diffusion limited" if the photoconversion 

rate at the trap is faster than the time required for the excitation to reach the trap for 

the first time (first passage time). If the photoconversion is slower then the kinetics 

are "trap limited" [41]. 

Pearlstein [41] proposed a means of experimentally determining the first 

passage time. The mean lifetime of the excitation, M^, is given by 

Mo= [l+(FiyFT)(N-l)]kJ," + {[l-Po(0)](N-l)[(qFT)-l- (qF^)-*] 

+[-foo + FoiPi«»)NFÂ'l (3) 

where N is the Chi array size; Fj,Fj-)are the Forster rate constants for trapping and 

detrapping; F^ is the reversible Fœster rate constant for hopping between nearest-

neighboring antenna Chi; kp is the photoconversion rate constant; p^is the 

probability of finding the excitation on molecule i, with p^the probability that it 

resides on the reaction center, q is the lattice coordination number; f^'s are lattice 

parameters that depend on N and the lattice stmcture. 

In the case where the probability of exciting the RC and antenna is unknown, 

Eqn. 3 becomes 

Mo=[l+(FjyFT)(N-l)]kjl + (l/F^XCF^/F-p) + [qaN^MN-lA-l) 

* (N-1)(1-prc) (4) 
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where Po(0)=Prc p^(0)= (l-pj^çi)/(N-l) for all i^O and a = -f^g. Excitation of 

the reaction center at various wavelengths should selectively excite different 

fractions of reaction centers. could be measured using time resolved 

fluorescence providing the excitation is at wavelengths at which no accessory 

pigments are excited. (Pearlstein defines proximal pigments as all antenna pigments 

which have the lowest S^- S j transition energy and therefore the excitons migrate 

directly to the RC's. All other pigments are accessory pigments.) At each 

excitation wavelength the fractional optical density, Pr^, due to RC absorbance 

must be determined [41]. A plot of vs. (l-pR^) should be linear and the slope 

gives TppY (first passage time) from which a single site transfer time (SST) can be 

calculated. The estimate of the SST is only as good as the calculated Foster rate 

constants. 

If it is assumed that all sites, individual antenna Chl's and RC's, are equally 

likely to be excited at t=0, then the rate equation is written [41] 

Mo= [l+(FjyFT)(N-l)]k^l + [l/qFy- l/qFA][(N-l)2/N] 

+ aN/F^. (5) 

If only the RC is excited the rate equation becomes 

Mo=[l+(Fo/FT)(N-l)]kjl. (6) 

Owens et al. [4,5] took the approach outlined in Eqn. 5 to test the predictions of 

Pearlstein's model. Their experiments monitored the temporal characteristics of the 

fluorescence from PSI particles with varying sizes of antennas. For excitation 
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between 630 and 670 nm the fluorescence lifetime varied linearly with the size of 

the antenna. The analysis yielded a first passage time of ~20 psec with a SST of 

0.21 psec. The excitation makes an average 2.4 reaction centerwisits before 

photoconversion and the excitation migration is diffusion limited. 

Other researchers [26,31,49-54,59-63] have expanded the random walk model 

to test a variety of effects which might influence the efficiency of light harvesting. 

Seely [60] showed that spectral variety (spectral forms of Chi proteins that absorb at 

successively lower energy ) can increase the trapping rate 4 to 5 times over that 

expected for a single wavelength absorbing Chi protein. This is achieved by 

enhancing the Forster overlap integral. Proper orientation of the electronic 

transition dipoles may introduce a similar factor of 4 to 5 times. It had already been 

suggested that if the longest wavelength absorbing form surrounds the RC, the 

trapping would be faster than if the surrounding Chls consist of a homogeneously 

absorbing protein complex [64,65]. This is the basis for the "funnel" model for the 

antenna. 

Altmann and coworkers performed Monte Carlo calculations to study the effect 

of chlorophyll concentration and chlorophyll-trap ratio on the trapping rate in a two-

dimensional random lattice [66]. They assumed the excitation undergoes a Foster 

type random walk migration. The calculated chlorophyll fluorescence lifetime 

agrees with in vivo results and is consistent with trapping upon first arrival at the 

trapping center. 

Paillotin [52-53] used a Pauli master equation to describe the fluorescence 

quantum yield and fluorescence temporal decay of photosynthetic systems. Paillotin 

showed that the rate determining step in exciton capture is charge separation at the 

RC and that pigment heterogeneity promotes trapping at the RC (funnel effect). 
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Shipmann [61] using a Pauli master equation approach, incorporated Monte Carlo 

techniques to vary Chi position and orientation within regions determined by freeze-

fractured photosynthetic membranes. Shipmann included variables such as Chi 

concentration, depth of trap, and the R^Forster parameter to study antenna 

fluorescence lifetime, detrapping rates, and other factors. Two important 

conclusions are: 1) the fluorescence polarization is lost in <30 psec, and 2) the 

funnel effect is not required for efficient trapping of excitation at the RC since this 

would enhance both trapping and detrapping. He explains that the real purpose of 

absorption heterogeneity is to regulate the excitation flow from one photosystem to 

another within the thylakoid membrane [61]. Absorption and time resolved 

excitation and emission spectra of the core antenna complex of PS I show that the 

excitation in homogeneously distributed among all the spectral forms [5]. On this 

basis, Owens and coworkers [5] recently concluded that the funnel model does not 

apply to the core antenna protein of PSI. 

Den Hollander et al. [16,17] expanded the master equation approach of Paillotin 

to discuss energy transfer, trapping, loss, and annihilation in a photosynthetic 

system. Their Monte Carlo calculations support the use of the random walk master 

equation model provided the densities of the excitations and RCs in a particular 

domain are small. They calculated the total fluorescence yields and the total 

fraction of RCs closed after the light pulse. These formulations were applied to data 

obtained by picosecond laser excitation of the purple bacteria Rhodospirillium 

rubrum and Rhodopseudomonas capsulata at various excitation intensities. The 

random walk approach is consistent with the data and yields a ratio of energy 

transfer between neighboring antenna molecules of kj^= (l-2)x lO^^s"^ for R. 

mbrum and kj^ = 4x10^ ^ s"^ for Rps. capsulata. 
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Kubzmauskas et al. [63] suggested that in some bacterial photosynthetic cases 

the approximation of infinitely high rate constant for trapping at the RC [41,60,62] 

is invalid and added a time limit of energy capture by the RCs. Their analysis 

incorporates a globular (subunit) structure of photosynthetic systems [63] into the 

master equation. In this approach the energy transfer within subunits is by coherent 

excitons and by incoherent excitons between subunits. Scherz and Parson [67] used 

a model involving strong (~ 730 cm"^) exciton interactions within BChl dimers and 

weak (~ 35 cm"^ ) between dimers to explain absorption and circular dichroism 

spectra obtained by Rafferty for the B800-850 complex of sghaeroides[68]. 

Other experimental evidence suggest that the Chls (BChls) in antenna systems 

are not arranged in a regular array lattice. The pigment-protein antenna complex for 

purple bacteria is postulated to be organized in large lakes which surround a 

network of B875 antenna that connect the RCs [69-71]. For the antenna pigments 

B800-850 of purple bacteria a "supramolecular" organization is proposed [71]. The 

Zuber model for B850 consist of "cyclic unit structure" of antenna BChl pairs in Cg 

symmetry or possibly groups of 4 BChl in Cg symmetry [72]. The model is 

consistent with the Scherz and Parsons model described earlier. The Kramer model 

[73] gives a basic structural unit consisting of four BChl 850, two BChl 800, and 

three carotenoid molecules. Although not perfect, the three models all give 

reasonable agreement with the available spectral data. Pearlstein [31] gives a 

current review. 

The crystal stracture of the antenna protein of P. aestuarii. a green 

photosynthetic bacteria, defines the basic structure to be a trimer of subunits [74,75]. 

Each subunit contains seven BChl a molecules. Analysis of the absorption and 

circular dichroism spectrum by Pearlstein [76] shows that the system possesses 
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strong excitonic coupling (~250 cm'^) for BChl within the subunit. Recently, the 

time dependent absorption depolarization of the electronic transition in the P. 

aestuarii antenna protein complex at a time resolution of 1.5 psec was obtained [15]. 

Causgrove et al. [15] found that substantial residual polarization persist at long 

times. This is a consequence of the nonrandom orientation of the protein 

chromophores. Their interpretation is that excitons created within the tightly 

coupled BChls of a subunit hop (random walk) by a Fcrster mechanism between 

subunits. 

Long time residual fluorescence polarization reported by Fetisova and 

coworkers for the green bacteria Clilorobiumlimicola and Chloroflexus aurantiacus. 

suggest that there is local ordering of the transition dipoles [6], possibly similar to P. 

aestuarii. "In this case the excitation energy transfer within BChl cantenna may be 

described as that between those clusters with parallel transition moments: each 

cluster may be considered as a single large 'molecule' which (as a whole) may serve 

as a donor or acceptor molecule in hopping-type excitation transfer" [6]. The 

proteins function to hold the BChl in precise alignment to optimize EET. 

The three dimensional structure of the light harvesting chlorophyll a/bprotein 

complex determined at 30 A resolution using electron microscopy in negative stain 

gives a trimer of monomer Chls as the basic unit [77,78]. Pump-probe 

depolarization studies on the Chi a antenna complex of Photosystem I also gave a 

substantial residual polarization similar to that obtained on P. aestuarii [151. This 

suggest that some form of local ordering also exist for this protein complex. The 

hop time between subunits is ~10 psec. This data is important since the crystal 

structure for green plant photosynthetic antenna systems has yet to be determined. 
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The discussion so far has centered on whether or not a subunit structure or 

regular array structure gives the best description of the photosynthetic antenna 

pigment-protein complexes. Final answer to this question awaits structure 

determination. 

One final point to be mentioned before discussing multiphonon excitation 

energy transport theories, concerns the flow of excitation between PSI and PSII in 

green thylakoid membranes. The puddle model describes a PSU in which a given 

RC and its associated antenna system constitute a isolated PSU. Excitation created 

within a PSU cannot be transferred to another PSU. In the lake model [28], the RC 

resides in a lake of antenna pigment complexes and the excitations can migrate from 

RC to RC via antenna pigment complexes until it is captured or decays. The 

connected PSU model proposed by Joliot and Joliot [79] allows for partial 

connectivity between PSUs so that the excitation can migrate from a PSU with a 

closed RC to a neighboring PSU. The bipartate and tripaitate models of Butler [80] 

attempt to account for energy distribution and fluorescence in PSII. Since these are 

kinetic models, the structural details of the antenna are not considered. 

Recall that the analysis of Owens and coworkers [4,5] for the lifetime 

dependence of the fluorescence yielded a single site transfer time of ~ 0.2 psec at 

room temperature. NPHB experiments on C670 and PSI-200 antenna complexes 

indicate that the excitation depopulation lifetime at 1.6 K is ~300 psec. If these two 

values represent the same process, then nearly three orders of magnitude change 

occurs in going from room temperature down to 1.6 K. A tenfold decrease in EET 

between room temperature and 4 K is found for the B800-850 of Rt. sphaeroides 

using singlet-singlet annihilation techniques [19]. We turn now to multiphonon 

EET theory because the Forster rate equations does not explicitly describe the 
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temperature dependence of the rate. The temperature dependence is implied for the 

Forster expressions in the overlap integral, i.e. the overlap of the absorption 

spectrum of the acceptor and fluorescence spectrum of the donor changes as the 

temperature changes. Multiphonon EET theory also enjoys the freedom to address 

the subunit or regular array question since no assumptions about the antenna 

structure are made during the derivation. 

Multiphonon excitation energy transport theory has its historical development 

in understanding non-radiative decay processes of ions and molecules in solids 

[56,81-86]. The classical limits (high temperature) were first developed to describe 

electron transfer reactions in solution at an electrode surface [87-89]. Semiclassical 

[90] and quantum calculations were applied by researchers [91-93] studying the 

temperature behavior of the De Vault and Chance cytochrome c reaction [94,95] and 

photosynthetic antenna systems [96]. Currently, the effort in this area has focussed 

on the nature of the excited states, and electron transfer processes in the reaction 

centers of purple photosynthetic bacteria [97-100]. 

The nonadiabatic microscopic rate equation for energy transport can be written 

in terms of the Fermi Golden Rule expression [101,102] : 

Conceptually, this is written as a nonradiative decay process between a donor and 

acceptor. The summation is over all available system phonon and intramolecular 

modes. V is the matrix coupling element that includes the electron energy, lattice 

vibrations and the interaction between the electron and the lattice [84,85]. The 5 
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function insures the overlap of the initial and final states. This is the starting point 

for the classical and quantum mechanical treatment. We have assumed at this point 

that the microscopic rate Wgy_yfor energy transport is slow compared to medium-

induced vibrational relaxation (VR) and vibrational excitation [102]. The VR time 

scale for optical phonons have been experimentally determined with typical values 

being ~ 5x10'^^ sec [103,104]. 

In the Condon approximation, the purely electronic coupling term can be 

separated from the vibrational term so that the matrix coupling element can be 

written 

= (8) 

which upon substitution into Eqn. 7 yields 

= 2s v2 L l<avlbw>|2 5(Eb„- E,,). (9) 
•fi ^ 

We have assumed in the Condon approximation a separation of time scales so that 

the transition is vertical, i.e. the coordinates of the system do not change as quickly 

as the rate of the transfer process. 

The macroscopic rate for energy transport can be written as the thermal average 

of the microscopic rates [95,102] so that 

^a-b ~ ^ Pv^av-b (^0) 

where the thermal occupation p^ is 
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p^=exp(-E^Y/kyT)/Z2 (11) 

and 

Z J— Z exp(-Egy/ kyT) (12) 

is the partition function of the donor manifold. The rate constant is then given as 

It is this term that contains the thermal dependence. 

The major problem in obtaining a tractable and physically understandable rate 

equation is performing the double summation in the F term. The problem is more 

difficult than presented in Eqns. 13 and 14 if one considers diagonal energy disorder 

[85,105,106]. Equation 14 was originally solved for the case in which all the modes 

available to the system have a common frequency by Huang and Rhys in 1950 

[107]. A solution to the multi-frequency problem was first outlined by Kubo [83] 

and expanded by Kubo and Toyozawa [84]. Dogonadze et al. calculated the 

probability of the transitions between two multi-dimensional parabolic terms [108]. 

A simplifled derivation of Kubo's result is given by De Vault [95] and Englman [81] 

and will not be given here. 

The expressions written in terms of generating functions are 

Wa.b = ^v2F (13) 

where F is the thermally averaged Franck-Condon factor 

F= bw>|2 5 (Ey^- E^y). (14) 
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Wg .b = -L f  f(t) expC-iAEt/R) dt (15) 
•fi 2rtfi y_o5 

with 

f(t)=exp{-G + G+(t) + G.(t)} (16) 

G^(t)= S Sj^ (iijj. + 1) exp(itOjj.t) (17) 

G.(t) = Z Sjj. iijj. exp(-icojj.t) (18) 

G = G+(0) + G_(0). (19) 

F(t) describes the time evolution of the system and the summation is over all k 

system modes. G^ and G_ represent the absorption and emission , respectively, of 

one quantum of vibrational energy. G gives the initial condition of the system. Sj^ 

is the coupling strength ( electron-phonon or electron-vibrational) and is generally 

written in reduced coordinates 

Sk=lA| (20) 
2 

with A being the dimensionless nuclear coordinate [81,102]. is the thermal 

occupation 

iîjç = [exp(ficùj^/ kyT)-l]-^ (21) 
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withlicojj the mode frequency. 

The term exp{G^(t) + G_(t)} can be written as 

exp I  Sk[nk(fik+1)] 1/2 exp(i(Ojj.t)+/ >y/^exp(-i(j)j^t) 

"k •) 
(22) 

which can be expressed as [95,102] 

n 
k 

">k/2 , , 
mj^= / "k+^\ W r^k["k("k+^)]| exp(mj|^ico,^t) (23) 

where I^is the modified Bessel function and mj^ is the net change in quantum 

number for the oscillator mode k. 

If we consider just the single mode case the rate equation becomes 

p/2 
Wa.b= M V^X^exp(-G) (2ftH)/Mj Ip{2S[n(n+l)] I x 

j -k» 
exp{i(pQ)-AE/h)t} (24) 

which simplifies to 

Wa.b=^ expr-S(2n+l)l Ip(2S[n(n+l)]l/2 (25) 
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where p=AE/fta) with AE the energy difference between the donor and acceptor and 

hcOg the frequency of the relevant mode. In this case, p is the number of quanta that 

win be necessary to account for the energy mismatch and thus assures energy 

overlap of the donor and acceptor states. 

In the low temperature limit n-> 0 so that 

In the high temperature limit Lean be expressed as a asymptotic expression [109] 

(26) 

Ip = (27iZ)-1/2 exp (Z - p2/2Z). (27) 

Substituting Eqn. 27 and 

n+1 = exp^co/kjjT) (28) 
n 

into Eqn. 25 with the appropriate high temperature limiting values [95] 

2S[n(n+l)]l/2 _ s(2ii+l) -Sfico/k^T (29) 

and 

2S [n(n+1)] 1/2 2SkyT/R(0 (30) 

gives the exact expression 
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W= 2K 

a \4jr8Ra)kyT 
exp-CAE-Sfio))^ 

4SKmkyT 
(31) 

for the single mode case. An alternate derivation of this result is given by Jortner 

[91]. If we let X=Shmthen the high temperature result is written as 

.which is Marcus's result [88,89] with ^defined as the reorganization energy. 

The multi-frequency equations can be calculated by carrying the summation 

terms of Eqns. 22 and 23. Both Jortner [91] and Sarai [92] have utilized a two mode 

formulation for inclusion of a low frequency protein mode (soft mode) and 

intramolecular vibration (hard mode) to explain the temperature dependence of the 

cytochrome c electron transfer reaction. 

This section includes two papers that report results of NPHB on the light 

harvesting chlorophyll complex of PSI. The first paper gives results for the core 

antenna complex C670 in which a pseudo-phonon sideband hole and vibronic 

satellite holes are reported for the first time in a pigment-protein complex. The 

second paper reports a more in depth study done on the "native" PSI particle that 

contains its natural complement of Chi proteins. Multiphonon EET theory is used to 

account for the temperature dependence of the EET and explore possible structure 

models for the antenna complex. 

(32) 
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PAPER I. HOLE BURNING SPECTROSCOPY OF A 

CORE ANTENNA COMPLEX 
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INTRODUCTION 

The importance of the electron-phonon coupling, associated with low-

frequency protein modes, for electron-transfer (ET) and electronic excitation 

transport (EET) in the photosynthetic unit poses an interesting problem. Recently, 

such coupling (strong) has been argued, on theoretical grounds, to be very important 

for certain optical excitation and ET processes of photosynthetic reaction centers 

(RC). Bixon and Jortner conclude, for example, that in the RC of photosynthetic 

bacteria the quinone reduction and its back charge recombination with the radical 

cation of the primary electron donor (FED) are governed (from a nuclear tunneling 

point of view) by protein modes of ~100 cm"^ in energy [1]. The role of the 

intramolecular modes of the donor and acceptor was judged to be unimportant [1]. 

Hayes, Gillie, and co-workers [2-4] have demonstrated that the recent hole burning 

data of the FED states F870, F960, and F700 of sphaeroides[5,6], Rps. viridis 

[7,8], and Fhotosystem I [3], can be quantitatively understood in terms of strong 

linear electron-phonon coupling and inhomogeneous line broadening (Tj) from 

pigment site inhomogeneity. That is, the absorption profiles of F870, F960, and 

F700 are dictated by a large Huang-Rhys factor S (long phonon progression) and Fj. 

An alternate interpretation [5,6,8] is that the broad (~400 cm"^) hole observed for 

F870 and F960 results firom an ultra-fast (~25 fsec) charge separation process within 

the special pair (a BChl dimer) prior electron transfer to the bacteriopheophytin. 

The optically excited FED state is viewed as a neutral pair excitonic state and 

electron-phonon coupling is neglected. This model, however, cannot account for 

the dependence of the hole profiles on the laser bum frequency (cojg) and the thermal 

broadening data associated with the FED state [2,4]. In the model of Hayes and 
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Small [2] phononic (by analogy with vibronic) transitions determine its absorption 

profile. 

The key parameters of the theory for hole burning in the presence of arbitrarily 

strong electron-phonon coupling are S, Fp the mean phonon frequency and the 

width of the one phonon profile T [2-4]. The values of the parameters for the three 

aforementioned PED states are given in Table 1 since they are germane to this 

paper. The Stokes shift and Franck-Condon factor for the zero-phonon transition 

associated with the PED states are, to a reasonable approximation, given by 2S(0^ 

and exp(-S), respectively. It was noted [2,3] that the large value of S for the PED 

states means that the optically excited PED state possesses substantial charge-

transfer character [9]. The same conclusion was more recently reached by Lockhart 

and Boxer [10] based on Stark measurements on P870. 

In this paper we report the first application of hole burning to an antenna (core) 

protein complex, C670 of Photosystem I. These data are used to determine the 

importance of protein phonons for EET from the antenna complex to the PED state 

of the RC. The importance of site inhomogeniety to EET within the antenna 

complex at low temperatures is also considered. A vibronic (and phononic) satellite 

hole spectram of an antenna complex, which represents the first high-resolution 

optical spectrum of an antenna complex, is presented and discussed. Finally, new 

high-resolution photochemical hole burning data are given for the P700 absorption 

region. 
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Table I. Electron-Phonon Coupling Parameters® 

C670 P700 P870 P960 

-1 Tj, cm 

S 

«m. cm 

r ,  cm* 

-200 

<0.9 

30 

-40 

-300 

5-6 

30 

30 

-350 

4-5 

80 

50 

-150 

4-5 

80 

40 

®Data for C670 from this work. Other data from ref. 4. Tj, site 

inhomogeneous line broadening contribution to absorption profile at 

helium temperature; mean phonon frequency; F, full-width half-

maximum of the one-phonon profile. 
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EXPERIMENTAL 

Enriched (-35:1 Chi a:P700) Photosystem I particles from spinach chloroplasts 

were isolated following the procedure of Golbeck [11] and dissolved in a buffered 

(pH 8.3) glycerol:water glass-forming solvent containing 1 mM ascorbic acid. A 

typical absorption spectrum showing a distinct P700 shoulder at 1.6K is given in 

reference 3. For the hole burning, the optical density (OD) at the bum frequency 

cog was adjusted to <0.5. A Coherent 699-21 dye laser (line width ~ 0.002 cm'^) 

was used for burning with intensity of ^ 4|LiW/cm^ (see Fig. 3 caption) for the high-

resolution hole-widths studies. In these studies the read scans were performed in the 

transmission mode with the ring laser as the probe source (intensity set four orders 

of magnitude lower than the bum intensity). Moderate resolution (~ 0.2 cm"^) hole 

reading was performed with a double beam spectrometer [12]. The laser dyes used 

for the C670 and P700 experiments were DCM and LD688. 
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RESULTS AND DISCUSSION 

Figure 1 shows a persistent hole spectrum for C670 obtained for X,g= 670.48 

nm, Tg = 1.6K, and at moderate resolution. The spectrum is dominated by a zero-

phonon hole coincident with A,g. The inset of Fig. 2 shows this hole burned to 

saturated [13]. The change in OD associated with the saturated hole is 17%. No 

intramolecular vibronic satellite holes to lower wavelength of Xgare discernible 

(not surprising since the ODs of the the vibronic transitions, e.g., at X= 625 nm, are 

^ 0.1). However, the broad but weak depression in OD identified by the arrow to 

the right of X,g in Fig. lis a phonon sideband hole with a frequency of ~30 cm"^. 

This hole is very similar to that shown in the inset of Fig. 2. We have, therefore, the 

first direct observation of a phonon sideband transition in a photosynthetic unit. The 

integrated area of the zero-phonon hole divided by the total intensity is given 

approximately by exp(-2S), where S is the the Huang-Rhys factor for C670 [2-4]. 

From the inset of Fig. 2 we obtain a value of S ~ 0.9 which corresponds to weak 

coupling. However, bum-time-dependent spectra are required for an accurate 

determination of S [14]. Since the coupling is weak, this means that the value of S 

determined from Fig. 2, when the zero-phonon hole is saturated, serves as a upper 

limit [14]. Since the fractional contribution of zero-phonon transition to the OD at 

tOg in Fig. lis-exp(-S), one can estimate (from the inset of Fig. 1) that ~ 40% of 

the zero-phonon transitions are burnt at saturation for S~0.9. Saturated hole depths 

rarely correspond to an OD change of greater than -50% [15,16]. 

It can be concluded, therefore , that the linear electron-phonon coupling for 

C670 is weak in contrast with P700 where it is strong [3]. The implication of this 

for nonadiabatic EET [17-19] from C670 to P700 is interesting. It is protein modes 
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Figure 1. Hole burned spectrum for the PSI core antenna complex at 1.6 K. The bum wavelengtfi Xg= 670.48 
nm. The arrow on the right locates the broad phonon sideband hole displaced by ~ 30 cm from the 
zero-phonon hole. Inset shows a 3 A scan recorded with a smaller step-size but same OD scale. 
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Figure 2. Vibronic and phononic hole structure of the PSI core antenna complex (C670) at 1.6 K. The bum 
wavelength is Xg = 641.45 nm. Features a-f are vibronic satellite holes (see text). The inset spectrum 
shows the phonon sideband hole and anti-hole with the dashed line indicating the baseline prior to 
burning. The energy interval I—I just below the zero-phonon hole is 30 cm"^. The ordinate scale for 
the inset is in OD units. 
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of frequency ~30 cm"^ are primary acceptor modes in the EET process. We note 

that protein modes associated with the strong electron-phonon coupling of P700 

were identified as having a frequency that is also ~30 cm"^ [3]. 

The hole burning of C670 has been observed not to be affected by bleaching of 

P700 prior to burning of C670. Thus, the hole burning mechanism appears to be 

unrelated to irreversible charge separation in the RC of Photosystem I (i.e., the result 

of an electrochromic shift of antenna Chi adue to charge separation within the RC). 

We suggest, therefore, that the hole burning mechanism in nonphotochemical due to 

phonon-assisted tunneling between different configuration of the glasslike antenna 

protein complex. The antihole to the left of the zero-phonon hole in the inset of Fig. 

2 is consistent with this mechanism. This mechanism is very common for 

topologically disordered pigment hosts in glasses and polymers [15,16,20]. The site 

inhomogeneous line broadening for C670 is discussed below. 

The hole burned spectrum of Fig. 2 was obtained for a bum wavelength 

Xg = 641.45 nm which is on the low E tail of the first vibronic transition (X,~ 625 

nm) associated with C670. The vibronic satellite holes observed in the C670 

absorption profile are analogous to those which have been observed [12,20] for laser 

dyes in polymer films (as just one example). Such structure is well understood. 

Thus, the displacement in cm"^ of features a-f measured relative to cog represent 

excited state vibrational frequencies of Chi a. The values obtained are 580,601, 

741,802, and 986 cm"^. Closer inspection of the satellite features reveals additional 

bands at 518,676,747 cm'^. Except for the feature at 802 cm"^, these frequencies 

agree extremely well (+2 cm"^) with those determined from high-resolution studies 

of monoligated Chi a imbedded in a low temperature matrix [21]. By shifting X,gto 
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lower values, it should be possible to determine the entire vibronic spectrum of Chi 

a in the antenna complex [20]. Such experiments are planned. 

A zero-phonon hole coincident with cOg can be produced over a wide range of 

(Og values lying within the C670 absorption profile, traces A-C of Fig. 3. The X,g 

values are 660.2,670.3, and 678.1 nm, respectively. Thus, C670 possess significant 

site inhomogeneous line broadening (r^> 200 cm"^) since the results of Fig. 2 

confirm that C670 is due to Chi a [22]. The hole widths corresponding to traces are 

0.047,0.036, and 0.032 cm"^. These widths provide a lower limit for the 

depopulation lifetime (Tj) through the relation Tj = (tccAv)"^, where Ai) is the hole 

width in cm"^ and c is the speed of light. The lifetimes corresponding to 

A,g = 660.2,670.3, and 768.1 nm are 220, 290, 340 psec. The Tj lifetimes may be 

longer if pure dephasing and/or spectral diffusion are contributing to the hole width 

[23]. Recently, Owens and coworkers [24] have used a random hopping model and 

picosecond fluorescence decay data for C670 to conclude that the single site EET 

time for Chi a is ~ 0.1 psec at room temperature. If the single site transfer (SST) 

occurred as rapidly at 1.6 K, the zero-phonon hole width would be ~100 cm'^. 

However, the time domain and hole burning results are not necessarily in 

disagreement. A marked lengthening of the SST time may be expected at very low 

temperatures relative to room temperature for a host medium which exhibits 

significant disorder (as mirrored by a large Tj) [25], as is the case for C670 in the 

core antenna complex. At a temperature of 1.6 K, EET is "downhill" from donor 

Chi a to acceptor Chi a and most involve phonon emission (for energy conservation) 

since Fj ~ 200 cm"^ » the energy uncertainty of the donor (acceptor) zero-point state 

due to total dephasing. For weak electron-phonon coupling (S< 1), an order of 

magnitude estimate for the lengthening factor of the SST time is 10-100. We note 

rr 
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5 20 10 15 

GHz 

Figure 3. High resolution scans of holes burned in C670 (A-C) and P700 (D), 1.6 
K. Bum wavelengths and percent AOD change are (A) 659.2 nm, 7.3%, 
(B) 670.3 nm, 9.7%, (C) 678.1 nm, 9.6% and (D) 709.6 nm, < 10%. 
Bum intensities were 4 pW/cm^fbr A-C and 0.2 jiW/cm^ for D. 30 
GHzss 1 cm"^. 

»* 
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that for EET in an inhomogeneous medium the SST should increase as Xgdecreases 

[25]. This trend is exhibited by traces A-C of Fig. 3. In consideration of the above 

discussion it should be noted that the random hopping model for EET may be an 

oversimplification. It is conceivable that the core antenna protein structure could 

impart a degree of delocalized-exciton character to EET. The nature and spatial 

extent of exciton derealization would be important in understanding the 

relationship between the frequency and the time domain data. 

Earlier hole burning studies on P700 established that the hole profile is 

comprised of a weak but sharp zero-phonon hole (coincident with A,g) superimposed 

on a broad intense hole [3]. An example of the former is shown in trace D of Fig. 3. 

If, as in reference 3, the zero-phonon hole width is taken to provide a lower limit for 

the ET time of P700, a value of 210 psec is obtained from Fig. 3. Very recently, 
I 

however, we have performed hole burning following both chemical and white light 

bleaching of the P700 absorption and find that the broad hole is not formed while 

the sharp hole is. Thus, the possibility exist that only the former can be associated 

with P700 that is photoactive at helium temperatures. A lower limit of 210 psec for 

the ET time presents interpretive difficulties since recent room temperature time 

domain picosecond measurements yield a lifetime of ~10 (reference 26) and 2.8 

(reference 24) psec. These values are within about a factor of two of those 

determined for P870 and P960 from time domain experiments [27,28]. Time 

domain studies have shown that the lifetime of P870 due to ET decreasesbv about a 

factor of two in going from room temperature to 8K and that the ET rate is constant 

for T < 50 K [29]. These results are in accord with earlier extensive Independent 

studies by Woodbury et ai. [30]. 
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INTRODUCTION 

Because of its importance in electronic excitation transfer and charge separation 

in the photosynthetic unit, the lowest excited singlet (Qy) state of chlorophyllic 

molecules has been the subject of a number of high resolution absorption and 

fluorescence studies [1-7]. As a result, considerable information on the active 

excited and ground state intramolecular mode frequencies for chlorophyll a, (Chi a), 

Chi b, bacteriochlorophyUs, as well as other pigments is available. Raman studies 

of the ground state modes are more extensive and have been the subject of recent 

reviews [8,9]. Despite the number of optical studies, however, the Franck-Condon 

factors associated with the Qy <— SQ transition have not been determined even for 

"isolated" Chi monomers imbedded in host matrices. Nevertheless, it is apparent 

from the published fluorescence line narrowed (FLN) spectra for the isolated 

monomers that the linear electron-vibration coupling associated with the QyState is 

weak for all modes [1,2]. 

The question of whether this is also the case and the determination of the 

Franck-Condon factors for protein-bound Chi species are important for a number of 

reasons. Included are the determination of the role of the intramolecular vibrations 

as acceptor modes for excitation transport from the antenna to the reaction center 

(RC) complex [10,11] and charge-separation within the RC [12-16]. Another 

pertains to the theoretical modeling of the absorption profile of the lowest Qy 

transition of the special pair in the RC of photosynthetic bacteria [12,17,18]. 

The above determination for Chi a and b in a light harvesting complex of 

Photosystem I (PSI-200) is the focus of this paper. Earlier nonphotochemical hole 

burning (NPHB) [19] studies of a core antenna complex of Photosystem I (devoid of 
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the Chi a/b polypeptide, enrichment Chi a:P700 ~35:1) demonstrated that rich 

vibronic hole stracture [20,21] can be observed for a protein-bound pigment. 

Because of our concern that the extensive extraction procedure used to obtain the 

35:1 particles may produce a significant amount of inactive (in excitation transfer 

[19,22]) Chi a, it was decided that further NPHB studies should focus on the more 

natural PSI-200 particles whose Chl:P700 ratio is ~ 200:1, see following section. It 

is shown here that exceptionally high quality NPHB vibronic hole spectra are 

obtainable for PSI-200. As a result, the excited state frequency and Franck-Condon 

factors for 41 fundamental vibrations have been determined for Chi a (15 for Chi 

y. All Franck-Condon factors are ^ 0.04. These results are discussed in 

comparison to the available data for Chi a and b monomers in glassy matrices. 

Also important for the understanding of transport phenomena in the 

photosynthetic unit is the determination of the linear electron-phonon (protein) 

coupling strength. This coupling is a measure of the protein reorganization energy 

associated with excitation of the Qy state. NPHB data which speak to the 

magnitude of this coupling are also presented and discussed. Finally, NPHB data 

that relate to the time scale of the initial phase of excitation transport within the 

antenna at 1.6 K are presented and theoretically discussed in terms of the available 

room temperature time domain data. 
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EXPERIMENTAL 

PSI-200 particles (ChI:P700 ratio 200:1) were isolated from the chloroplast of 

spinach [23]. This "native" PSI particle contains the full complement of polypeptide 

subunits that act as light harvesting antenna and the P700 reaction center with its 

associated electron acceptors [24,25]. The antenna polypeptides are organized into 

the light harvesting chlorophyll complex (LHCI) containing 100 Chls with a Chi 

a;Chl b ratio of ~ 3.5 [24,26,27] and the Chi a polypeptides associated with the PSI 

reaction center core antenna complex C670 [24,26]. Overall, the Chi a:Chl b ratio 

is ~ 6 [24,28]. The PSI-200 particle retains the structural and functional properties 

of PSI in thylakoids [24]. The particles were stored at 77 K in a buffered (pH 8.3) 

glycerol:H20 mixture containing 0.1% triton X-100 and used as needed. 

Optical densities of samples were adjusted to % 0.8 (at the 670.0 ran Chi a 

absorption maximum) by dilution in a buffered glycerol :H20 glass forming solvent 

(pH 8.3) to which 1 mM ascorbic acid has been added. The samples were quickly 

cooled (<10 minutes) in the dark to 4.2 K in a Janis model 8-DT Super Vari-Temp 

liquid helium cryostat. All experiments were performed with the sample immersed 

in superfluid He at 1.6 K. 

The bum laser utilized was a Coherent 699-21 ring dye laser. For the vibronic 

hole experiments, this laser was used broad band (linewidth 0.07 cm"^) with bum 

intensities of ~1 W/cm^, DCM laser dye. Moderate resolution (~ 0.2 cm"^) of 

vibronic hole spectra was performed in the transmission mode with a computer 

controlled double beam spectrometer (1.5 m Jobin-Yvon Model HR 1500) [20]. 

Output of a 500 W xenon lamp (Canrad Hanovia 960C1980) was dispersed by the 

spectrometer prior to incidence on the sample. For the high resolution studies of the 
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zero-phonon holes coincident with (bum wavelength), burning and reading were 

performed with the dye laser operating in the single frequency mode (linewidth 

0.002 cm"^). Bum intensities were <1 jiW/cm^ and for the read scans (30 GHz), 

performed in transmission, the probe intensity was set 3 orders of magnitude lower 

than the bum intensity. 
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RESULTS 

Vibronic Hole Structure 

Figure 1 shows a pre-bum and hole burned spectrum for PSI-200. The latter 

was obtained with Xg = 670.0 nm located at the center of the origin band for Chi a 

and a bum intensity (Ig) of 4 W/cm^and bum time (Xg) of 20 min. At this fluence 

the ZPH (zero-phonon hole) is saturated [29,30]. The difference spectrum, shown as 

the inset in Fig. 1, reveals more clearly the broad hole (FWHM ~ 66 cm"^) displaced 

to lower energy of Xg by 22 cm"^. It will be argued later that this hole is a pseudo-

phonon side band hole (pseudo-PSBH). The combined intensity of the ZPH and 

pseudo-PSBH can be seen to be compensated by the intensity of the anti-hole to the 

left of the ZPH, inset spectrum of Fig. 1. Thus, the mechanism for hole production 

is nonphotochemical [31-34] and must be associated with protein-pigment 

configurational tunneling induced by excitation [19,32-34]. To our knowledge, the 

spectra of Fig. 1 provide the best available example in any system for the 

conservation of absorption intensity associated with NPHB. This conservation is 

also illustrated in Fig. 2 for NPHB of the origin band of Chi b. Data, presented later, 

lead to a determination of the Huang-Rhys factor (S) for Chi of ~ 0.8. Since the 

intensity of an r-phonon process is govemed by the Poisson distribution exp(-S)SVr! 

[12 and ref. therein], it is readily calculated that ~80% of the Chi a sites whose zero-

phonon transition is coincident with X,g (Fig. 1) are bumed. The failure to observe 

100% hole burning may be due to spontaneous hole filling [34,35] and/or Chi a in 

protein conAgurations not amenable to NPHB. In any event, our concern that in 

earlier studies on the core antenna complex of PS I the NPHB was due to inactive or 

unnatural Chi a resulting from the isolation procedure appears to be removed. The 
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Figure 1. Hole burned spectrum of PSI-200. The bum wavelength Xg= 670.0 nm. The broad phonon sideband 
hole is displaced to the right of A,g by ~ 25 cm"^. The anti-hole is evident to the left of Xg. The 
difference absorption spectrum is shown in the insert. The arrow marks the 262 cm~^ Chi a vibration 
(see text). 
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Figure 2. Hole burned spectrum of the origin region of Chi b in PSI-200. 
displaced ~ 22 cm~^. The anti-hole is evident to the left of Xg. 
absorption. 

The broad phonon sideband is 
The broken line is the pre-bum 
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FWHM of the saturated ZPH measured at a read resolution of 0.2 cm"hs 0.9 cm"^. 

The FWHM of the ZPH obtained in the short bum time limit (O.D. change <10%) 

with a read resolution of 0.002 cm'^ is 0.025 cm"^ (profile not shown). It is well 

known and understood [35-39] that ZPH widths undergo significant broadening 

when the short bum time limit is not satisfied. The ZPH width of 0.025 cm"^ 

compares well with those obtained earlier for the core antenna complex (C670) in 

the short bum time limit [19]. 

In the pre-bum spectram of Fig. 1, weak vibronic structure to higher energy of 

the origin bands of Chi a and b can be discerned. Earlier NPHB studies have 

demonstrated that, with excitation into congested vibronic absorption regions, 

vibronic satellite hole structure can be burned into the origin bands [19-21]. The 

displacements of the satellite holes from this yield the excited state frequencies of 

the Franck-Condon active modes. This is illustrated in Fig. 3 for X,g= 650.1 nm 

excitation which results in the appearance of extensive vibronic hole structure in the 

origin band of Chi a. The associated difference spectrum is shown in Fig. 4, where 

several of the prominent holes are labeled by their excited state vibrational 

frequency (in cm'^). By tuning A-g, it is possible to map out the frequencies for all 

active modes. Difference spectra for X,g= 635.0 and 616.1 nm are shown in Figs. 5 

and 6, respectively, which show activity for Chi b in addition to Chi a. The excited 

state fundamental vibrational frequencies for Chi a and b are tabulated in Tables I 

and n. Also included are the measured Franck-Condon factors. With reference to 

Table I, these factors were obtained as follows: the spectnim shown in Fig. 1 was 

used to determine the hole (ZPH + pseudo-PSBH) intensity ratio of the 262 cm"^ 

mode to the origin band whose ZPH is coincident with A,g. This ratio was then 

scaled by the ratio of the optical densities of the pre-bum spectrum at (Ogand 

r 7  
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labeled with excited state vibrational frequencies (cm~^). 
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Table I. PSI-200 Sj vibrational frequencies (cm"^) and Franck-Condon factors 
for Chla obtained by nonphotochemical hole burning at 1.6 K 

S J Vibrational 
Frequencies^ 

Franck-Condon 
Factors'' 

Fluorescence (relative intensity)^ 
Si Sq 

262 0.012 263 (3) 260 
283 0.004 
390 0.015 390 (2) 390 
425 0.007 
469 0.019 465 (2) 470 
501 0.007 
521 0.017 515(1) 520 
541 0.009 
574 0.025 570 (2) 570 
588 0.005 583 (1) 
607 0.012 600 (1) 
638 0.009 635 (1) 
692 0.015 688 (1) 
714 0.010 
746 0.044 748 (3) 745 
771 0.007 765 (1) 
791 0.014 785 (1) 
805 0.012 
819 0.005 
855 0.009 
864 0.007 
874 0.007 880 (1) 
896 0.013 890(1) 
932 0.025 925 (1) 915 
994 0.028 
1009 0.005 1005 (1) 
1075 0.012 1075 (2) 
1114 0.009 1110(2) 

^From ref. 2. 

^This work. 
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Table I. (continued) 

Si Vibrational 
H Frequencies" 

Franck-Condon 
Factors*) 

Fluorescence (relative intensity)^ 
Si Sq 

1178 0.018 1168 (2) 1185 
1203 0.012 1195(1) 
1259 0.041 1250 (5) 
1285 0.011 1275 (1) 
1340 0.011 1345 (3) 1385 
1364 0.032 1372 (2) 
1390 0.018 1395 (1) 
1411 0.005 1415(1) 1430 
1433 0.009 
1455 0.006 
1465 0.006 
1504 0.010 1510 (3) 1525 
1524 0.032 1530 (2) 1545 
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(Og-262. Since the resulting ratio is «1 it is, to a very good approximation, equal to 

the Franck-Condon factor given as 0.012 in Table I. Because the mode frequency 

changes between the SQand Sj states are small (see last column of Table I), the 

Franck-Condon factor is just the Huang-Rhys factor 8252- The remaining Franck-

Condon factor (S values) in Table I were obtained from S252by utilizing the 

measured ZPH intensity of each vibronic hole relative to that of 262 with due 

account being given to optical density differences in the pre-bum spectrum, vide 

supra. The spectra in Figs. 4-6 yielded the data given in Table I. 

Avarmaa and Rebane [1,2] have previously determined the excited state mode 

frequencies and relative intensities for Chi a(mono-Ugated) in a diethyl ether glass 

from vibronically excited fluorescence line narrowed spectra. Their data are given 

in the third column of Table I. More recently, the same technique has been used for 

PSI-200 [40]. There is generally good agreement between these PSI-200 and the 

Chi a/diethyl ether data. Comparison of the data in the third column of Table I with 

those of the first and second columns is revealing. The protein-Chl ainteractions 

are apparently sufficiently weak to produce only slight frequency changes. 

Furthermore, there are similarities between the relative vibronic intensities of Chi a 

in PSI-200 and Chi a/diethyl ether. Because of the high degree of vibrational 

congestion in the S j state of Chi a, the degree of dependence of these intensities on 

the host medium apparent in Table I could be due to excited state mode mixing 

(Duschinsky effect) [41] modulated by the medium [42]. 

No activity by Chi a modes with a frequency less than 262 cm"^ was observed 

in the hole burned spectra of PSI-200 or in ref. (19). Thus, it appears that the 140 

cm"^ mode observed for Chi a in n-octane by Plantenkamp and co-workers [7] is 
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peculiar to the n-octane host. The Franck-Condon factor for a 140 cm" ̂  mode of 

Chi a in PSI-200 would have to be < 4x 10"^ in order to escape detection by NPHB. 

The procedure described above for Chi a was used to obtain the Franck-Condon 

factors for Chi b in LHCI, Table H. Significantly less vibrational information for 

Chi b is provided by NPHb because the Chi b/Chl a content ratio in PSI-200 is ~l/6 

and the Chi b origin band Ues on the high energy tail of the Chi aorigin, Fig. 1. As 

is the case for Chi a, the agreement between the excited state mode frequencies of 

Chi b in LHCI and as a mono-ligated monomer in the diethyl ether glass is good. 

There also appears to be some dependence of the relative vibmnic intensities on the 

host medium, Table H. 

An important conclusion that can be drawn from the data in Tables I and II is 

that the linear electron-intramolecular vibration coupling for both Chi a and b in 

PSI-200 is very weak with the maximum Huang-Rhys factor S measured being 

~ 0.04. The linear electron-phonon coupling is considerably stronger than that for 

any of the intramolecular vibrations as wiU now be discussed. 

Phonon Sideband Hole Structure 

In the presence of linear electron-phonon coupling, a phonon sideband hole 

(PSBH) is predicted on both the high and low energy side of the ZPH coincident 

with Xg [12 and refs. therein]. The former has been referred to as the real PSBH 

[36,37] since it builds on the ZPH, i.e., the intensity of the PSBH relative to that of 

the ZPH is governed by S, the Huang-Rhys factor. In contrast, the low energy 

PSBH is referred to as the pseudo-PSBH [36,43] since it is the result of the burning 

of sites (whose zero-phonon frequencies lie lower than cog) which absorb cogvia 

their phonon sideband. Short bum time limit model calculations of the ZPH and 
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Table H. PSI-200 S j vibrational frequencies (cm"^) and Franck-Condon factors 
for Chlb obtained by nonphotochemical hole burning at 1.6 K 

Si Vibrational 
Frequencies'^ 

Franck-Condon 
Factors*) 

Fluorescence (relative intensity)^ 
Si 

255 0.010 255 (1) 
315 0.009 310(2) 
350 0.021 345 (3) 
374 0.012 375 (2) 
563 0.015 560 (1) 
681 0.009 680 (1) 
733 0.005 732 (2) 
752 (shoulder) 750 (2) 
757 0.006 
833 0.005 832 (2) 
840 0.005 
983 0.010 980 (2) 
1045 0.007 1040 (1) 
1090 0.006 1087 (4) 
1143 0.010 1140(5) 

^From ref. 2. 
^^This work. 
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PSBHs have recently been presented for S-values ranging from 1 to 8 [12]. It is 

only in the short bum time limit that the intensities of the ZPH and pseudo-PSBH 

can be used to determine S. In the long bum time limit (e.g. ZPH saturated), the 

pseudo-PSBH intensity relative to that of the ZPH can be significantly greater than 

that expected on the basis of the S-value and the aforementioned Poisson 

distribution. This is the situation for Fig. 1 where it is apparent that if the pseudo-

PSBH hole intensity were used to determine S, a value much greater than unity 

would be obtained. It is also apparent that, with NPHB, the appearance of the anti-

hole to higher energy of the ZPH prevents a determination of the real PSBH. 

Figure 7 shows the dependence of the ZPH and pseudo-PSBH on bum time 

(Xg) for Ig = 10 mW/cm^ and X,g = 669.5 nm. The dominance of the one-phonon 

hole at (ùg-22 cm"^ indicates that S < 1. In the short bum time limit the 

ZPH:(ZPH + one-phonon pseudo-PSBH) intensity ratio is given by (l+S)"^. The 

calculated values of S for Xg = 1, 5, 10 and 20 min are 0.8, 1.0,1.1 and 1.2, 

respectively. Thus, a reasonable estimate of S is 0.8. An earlier study of the core 

antenna complex of PSI had yielded S < 0.9 for Chi a [19]. As a check on the value 

of 0.8 for S, the one-phonon hole profile for Xg= 1 min in Fig. 7 was analytically fit 

and subtracted from the pseudo-PSBH profile for Xg= 20 min after scaling to match 

the peak pseudo-PSBH intensity at cog-22 cm"^. The resulting spectmm exhibited a 

2-phonon hole at cog -2x22 cm"^ whose integrated intensity is r 0.23 that of the 

one-phonon + two phonon hole profile. The corresponding theoretical ratio is 

2"^S/(1+2'^S) which, when set to 0.23, yields S=0.6. This is in reasonable 

agreement with 0.8 considering the interference from the anti-hole. 

Extensive studies of the dependence of S and (0^(mean phonon frequency) on 

Xg for both Chi a and Chi b have not yet been performed. Preliminary studies 
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Figure 7. Time dependent zero-phonon and pseudo-phonon development for PSI-
200. The bum wavelength is 669.5 nm. Bum times (from top to 
bottom) are 1, 5,10,20 min. Bum intensity was 10 mW/cm^. The CD 
scale is equivalent for all spectra. The tailing feature to the left of Xgis 
the anti-hole. 
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with Xg = 677.2 and 650.2 nm (Chi b excitation) indicate that the coupling strength 

does not vary significantly between these two wavelengths. Thus, it appears likely 

that the linear electron-phonon coupling will be weak (S~0.8) for all Chi monomers 

which contribute significantly to the Sj(Qy) <—SQ absorption system. However, 

this coupling is significantly stronger than that associated with the intramolecular 

modes for which S < 0.04, vide supra. 
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DISCUSSION 

The present work on PSI-200 and earlier studies on the core antenna complex 

of PSI [19] have shown that the Huang-Rhys factor S for antenna Chi a is ~ 0.8. In 

this section the role of phonons as mediators for excitation transport within the core 

antenna complex will be focused on. The details of this mediation will depend on 

whether the phonons observed in this work are delocalized protein modes or 

resonant (pseudo-localized) phonons with a large amplitude of vibration centered on 

the excited pigment. For example, the familiar Dexter-Forster energy transfer 

theory [44,45], with its donor-acceptor spectral overlap criterion, is based on the 

precept of localized vibrations. The underlying theory for excitation transport 

involving delocalized phonons is fundamentally different [46]. Also important is 

the question of the accuracy with which regular antenna pigment array models can 

describe excitation transport. Organization of the antenna into subunits, containing 

several strongly interacting Chi molecules, would necessitate the incorporation of 

delocalized exciton structure for the subunits into the model. For the case of the 

green bacterium Prosthecochloris aestuarii. whose antenna structure has been 

determined [47,48], the basic structural unit is a trimer of subunits. Within a subunit 

nearest neighbor center to center distances between 11 and 14 Aexist. For such 

short distances, excitonic structure within the subunit should be very important 

[49,50]. Recent picosecond pump-probe depolarization studies have yielded data 

consistent with energy transfer occurring between exciton states of different 

subunits of P. aestuarii [51]. It has also recently been suggested, on the basis of 

pump-probe [52] and picosecond fluorescence decay [53] data, that excitonic 
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structure may also be important for the understanding of energy transfer in the core 

antenna complex of PSI. 

In our earlier NPHB studies of the core antenna complex of PSI [19], it was 

pointed out that an understanding of the relationship between the dynamical 

information provided by time domain and hole burning techniques depends on an 

understanding of the factors discussed above. For a zero-phonon hole which is 

homogeneously broadened by the initial step of excitation transport (viewed as a Tj 

process), the time (Tj) associated with this step is given by (jtcFj^)"^, where Tj^is the 

FWHM of the ZPH, in cm"^ [54]. For C670 of the core antenna complex and Xg= 

660.2,670.3 and 678.1 nm, zero-phonon holewidths of 0.047,0.036 and 0.031 cm"^ 

were reported for T = 1.6 K [19]. Our studies on PSI-200 (Ig<i jxW/cm^) have 

yielded Chi a holewidths of 0.025 and 0.028 cm"^ at Xg = 670.2 and 678.3 nm (hole 

profiles not shown), respectively. Further studies are required to determine whether 

there are significant differences in holewidths for C670 and Chi a of PSI-200. A 

holewidth of 0.05 cm"^ was obtained for Chi b of LHCI in PSI-200 at Xg = 650.3 

nm, 1.6 K (hole profile not shown). The important point for the ensuing discussion 

is that the holewidths yield values in the range of 200-400 psec [19]. For the 

calculations described later, for the core antenna complex, a value of Tj= 300 psec is 

used. 

Picosecond fluorescence decay measurements on PSI core antenna complexes 

of varying P700 enrichment by Owens and co-workers [22,53] have yielded data, 

which when analyzed in terms of the Pearlstein model [??] for excitation transport 

in a regular array of Chi a, lead to a value of -0.2 psec for the average nearest 

neighbor single site transfer (SST) time at 283 K. This time should be compared 

with Xj^ ~ 300 psec at 1.6 K. If the SST time was 0.2 psec at 1.6 K, the ZPH width 
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would be ~ 50 cm"^. Thus, within the framework of the regular array model, one is 

faced with the problem of understanding why the SST time increases by more than 3 

orders of magnitude as the temperature is reduced from 283 to 1.6 K. Such an 

understanding is impossible unless, perhaps, diagonal energy disorder for Chi ais 

built into the regular array model. Although it is clear that the C670 absorption 

profile is contributed to by at least three different Chi a components [3,53,56], our 

NPHB data establish that each component suffers from significant inhomogeneous 

line broadening. Thus, excitation transport cannot be understood without 

consideration of diagonal energy disorder. In the presence of such disorder and 

vanishing linear electron-phonon coupling, excitation transport would cease in the 

low temperature limit. 

Temperature Dependence of Excitation Transport in the Core Antenna Complex 

To our knowledge, electronic excitation transport theories have not been 

applied to any antenna complex for which the linear electron-phonon coupling 

strength has been determined. We proceed to do so now utilizing our data presented 

earlier as well as the results from time domain experiments on the core antenna 

complex of PSI [22,52,53]. The objective is to determine the extent to which simple 

regular and subunit-structured antenna models can account for the T-dependence of 

the initial step of excitation transport. By simple we mean, in part, that in the 

former model only nearest neighbor (monomer) hops are considered while in the 

latter model only a single nearest neighbor subunit hop is considered. Overall 

transport to the RC following excitation of an antenna donor state could involve 

multiple hops. Intramolecular Chi a modes are not taken into account in the 

calculations of this sub-section since no mode with an appreciable Franck-Condon 
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factor exists which has a frequency <262 cm'^, Table 1. A donor to acceptor energy 

gap larger than 262 cm"^ that plays a significant role in excitation transport within 

the core antenna seems unlikely. 

Quantum mechanical theories for EET from a donor (D) to acceptor (A) 

molecule processes have been developed for the cases where the phonons are 

localized [10,11,45] and delocaUzed [13,14,46]. The case of delocalized phonons 

would be applicable when the phonon displacement amplitudes involve molecules 

whose collective spatial extent exceeds the distance between D and A. For our 

purposes we need only consider the low and high T limits of the theories. For 

delocalized phonons [13,14]: 

A exp(-S) S^! , low T ^O)^» kT) (1) 

and 

4reSkT 
(2) 

where 

A = ——V2 (3) 

and 

e = (AE + ShcOjjj /4Sii(o^ (4) 

In (1) and (2), X5j[ is the rate constant for downward transfer from the excited state 

ID*A> to IDA*>, i.e., the pure electronic energy gap AE = E(DA*) - E(D*A) <0. 
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Furthermore, p is an integer closest in value to I AE l/iico^, where œ^is the mean 

phonon frequency. In Eqn. 3, V is the pure electronic matrix element that involves 

Huang-Rhys factor, S, is embellished with a "twiddle" to underscore the fact that 

ShcOjjj is the protein-pigment reorganization energy associated with the electronic 

excitation transfer from D to A. Thus, it is not equal or simply related to the value 

of S ~0.8 discussed earlier. The S of 0.8 is associated with the reorganization 

energy associated with the transition of a monomer Chi a from its ground to excited 

(Qy) state. Our preliminary studies indicate (vide supra) that S is quite insensitive to 

Xg within the Chi a absorption band of PSI-200. Thus S must be significantly 

smaller than 0.8, which is physically reasonable since the transport involves 

electronic excitation transfer in a medium that provides delocalized phonons for 

mediation. For the model calculations presented below, "5= 0.1,0.2 and 0.5 are 

utilized. 

For the case of localized phonons the low and high T limiting expressions for 

coupling of ID*A > and IDA* > through the intermolecular potential energy. The 

are [13]: 

(5) 

and 

/iiOm V 
\87tSkT/ 

(6) 

where A is given by Eqn. 3 and 

e = (AE + 2SficOn^)2/8SficOjn . (7) 
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The physical meaning of S is as just defined above. From Eqn. (5) it is particularly 

apparent that the localized phonons created by downward EET can reside either 

entirely on D or A or be shared between the two. This is, of course, consistent with 

the D-A spectral overlap criterion of Dexter-Fcrster theory and the fact that the 

reorganization energy for EET is 2Shci)^, i.e., the reorganization energy for D*—> D 

and A -» A* is, in each case, Sh©^. 

Table in gives the results of calculations, performed with Eqns. 1 and 2, 

appropriate for the regular monomer array model and delocalized phonons. They 

are given for a high T value of 1.0 psec. As discussed earlier, Owens et al. 

[22,53] determined a value for the average single site transfer time equal to 0.2 psec 

at room T. However, for the square or cubic lattice models they employ, 

would be 4-6 times this value based on nearest neighbor considerations. This is the 

reason why we consider the value of Tjja" Psec (high T). The low temperature 

value which corresponds to 1.0 psec is 750 psec. The latter value is 300 psec 

multiplied by the factor 2.5 (rather than 5) since at 1.6 K only downward excitation 

transfer is possible. For the regular array we assume that diagonal energy disorder 

places one-half of the nearest neighbors to higher energy of the donor. A single 

value for AE is employed in the theory. Other parameter values utilized are ci)^= 

20 cm"^ (observed) and S = 0.1,0.2 and 0.5. The values of I AE I /he listed are those 

which provide agreement with the experimentally determined Tj5^(high T)/T£)^ 

(low T) ratio. Also given are the corresponding values of V and the nearest 

neighbor (D-A) center to center distance R. This distance was calculated using the 

result from Pearlstein and Hemenger [50] that IV | ~ 250 cm'^ for R = 12.6 A and 

the fact that IVI a R"^. From Table III it would appear that the V and R values 

calculated with = 1 psec (high T) for delocalized phonons are physically 
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Table III. Regular monomer array model, (low temperature) = 750 
psec, (high temperature) = 1 psec. Calculations performed 
with Eqns. 1 and 2 for delocalized phonons; Eqs. 3 and 4 for 
localized phonons. F| and Fj^ are Xf,^/A (see Eqns. 1,2,3) for low 
and high temperature, respectively 

I AEI /he Fj X lO^/Fj^ X 10^ V(cm-1)/R(A) 

Delocalized Phonons 

0.1 71 2.0 1.6 32 25 

0.2 82 4.0 3.1 23 28 

0.5 109 5.3 3.8 21 29 

Localized Phonons 

0.8 180 3.8 3.0 24 28 
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reasonable for a regular array model since R ~ 26 Aand V ~ 27 cm"^. We believe 

that S values of 0.1-0.2 are more consistent with our Xg-dependent NPHB data than 

an S as large as 0.5. 

Table HI also gives the results of calculations performed with Eqns. 5 and 6 for 

the regular array model and localized phonons. Values of S and (O^equal to 0.8 

and cOjjj = 20 cm"^ were used. For = 1 psec (room T), V = 24 cm"^ and R = 28 

A are calculated from the fit to the T-dependence of These values, like the 

corresponding ones in Table HI for delocalized phonons, appear to be physically 

reasonable. However, for localized phonons IAE | ~ 180 cm"^ while for delocalized 

phonons I AE I ~ 80 cm'k The former value seems rather large for a regular array 

with diagonal energy disorder, since the inhomogeneous linewidths for Chi a is 

~ 300 cm"^ [57]. Thus, for the regular array it appears that delocalized phonons 

(cOjjj ~ 20 cm"^) could mediate excitation transport in a manner consistent with the 

T-dependent data. 

Very recently, Causgrove and coworkers [52] have performed picosecond 

pump-probe depolarization studies on C670 of PSI particles at room T. The data 

indicate that excitation transport within the core antenna complex should be 

modeled in terms of hops between subunits (clusters) containing several Chi a. 

Although a precise determination of the nearest neighbor subunit hopping time from 

the data must await a structure determination, the model calculations of ref. (52) 

indicate that a value of Xj-)^ ~ 10 psec is a reasonable estimate for the calculations 

which follow. Now D and A are viewed as donor and acceptor subunits. Results 

analogous to those of Table in are presented in Table IV for 10 psec (high T) 

and = 300 psec (low T). Interestingly, Table IV shows that there is little to 
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Table IV. Subunit model. (low temperature) = 300 psec, Tp^(high 
temperature) = 10 psec. Fjand are (see Eqns. 1,2,3) for 
low and high temperature, respectively 

S lAEl/hc FjxlO^/FjjXlO^ V(cm-b/R(A) 

0.1 42 

0.2 52 

0.5 76 

Delocalized Phonons 

3.3 10.6 

3.4 9.8 

2.4 7.3 

4.0 50 

4.2 49 

4.8 47 

Localized Phonons 

0.8 140 1.1 4.5 6.1 43 
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distinguish between the cases of localized and delocalized phonons. We note at the 

outset that the approach described earlier for the determination of R is highly 

questionable for the subunit-model. Indeed, even if a structure confirming and 

elucidating subunits were available, the question of the choice for R would remain 

(e.g. edge to edge vs. center to center). Another problem stems from the fact that 

one could reasonably expect subunit excitonic structure to be important. As a result, 

the excitonic levels of a subunit involved in transport could have transition dipole 

strengths which differ significantly from those of a monomer. An increased 

transition dipole would decrease the R-values given in Table IV. In P. aestuarii 

[47,48], the nearest neighbor subunit-subunit center to center distance is ~ 34 A 

while the edge to edge distance is ~ 24 A Recent electron microscopy data on 

LHC-n (light harvesting complex) associated with FSE [58] indicate that the nearest 

subunit-subunit center to center distance could be larger than 34 A With these data 

and the reservations expressed above (on the calculation of R) in mind we cannot 

argue that the subunit-model is incompatible with the T-dependent data. 

To summarize, the observed T-dependence for the initial step of excitation 

transport can be accounted for, using existing multi-phonon excitation transport 

theories, equally well by the simple regular array or subunit-stmcture models. 

However, the regular array model does not appear to be tenable since the 

integrated intensity of the Chi a fluorescence of PSI-200 is only weakly dependent 

on temperature between ~ 4 and 300 K [40]. The data of ref. (40) show that the 

fluorescence intensity of Chi a increases by only ~ 60% os the temperature is 

decreased to 4 K. The weak dependence on temperature has also been recently 

observed by Wachtveitl et al. [59]. As already noted, Owens et al. [22,53] have 

given a reasonable interpretation for their fluorescence decay data for the core 
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antenna complex in terms of the regular array model. The fluorescence lifetime 

associated with the Chi a which are active (effective) in excitation transport to the 

RC is linearly proportional to the effective antenna size (no. active Chi a/RC) [22]. 

The active Chi a constitute ~ 90% of the Chi a of the core antenna complex [22]. 

The data analysis of Owens et al. [22,53] indicates that at 283 K the trapping of the 

antenna excitation is close to being diffusion controlled (motion limited). At this 

temperature the rate constant for trapping of the antenna excitation by the RC, k^j., is 

the inverse of the measured fluorescence decay time [53]. For an illustrative 

calculation we consider x^j ~ 40 psec for an effective antenna size of ~ 60 [22]. 

Thus at 1.6 K, k^^.= (40 psec)"^(0.2/300) = 1.7 x 10^, corresponding to a trapping 

time of ~ 60 nsec. The SST times at room T and 1.6 K are 0.2 and 300 psec, 

respectively. The natural and observed lifetimes of Chi amonomer are 15 and 5 

nsec [60]. Owens et al. [22,53] have determined that the remaining 10% of the 

antenna Chi a (vide supra) have a lifetime corresponding to the monomer and point 

out that the static fluorescence would be dominated at room T by these inactive 

monomers. With the above lifetimes of 15 and 5 nsec and a trapping time of 60 

nsec, it is apparent that the static fluorescence intensity should increase dramatically 

(~ xlO) as the temperature is reduced from room T to 1.6 K. The fact that it doesn't 

(vide supra) indicates that at 1.6 K the static fluorescence is still dominated by the 

~ 10% inactive Chi a, i.e., excitation transport by and trapping of the ~ 90% Chi a 

(active at room T) by the RC is still effective at helium temperatures. This is 

inconsistent with the prediction of the regular array model for a SST time of 300 

psec at 1.6 K. For PSI-200, the static fluorescence data olso show that the Chi b 

fluorescence is very weak [61] relative to that from Chi a between ~ 4 and 300 K 

[40]. Thus, the trapping of Chi b excitation is also still efficient at low T. 
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Whether or not the subunit structure model can account for the weak T-

dependence of the antenna Chi astatic fluorescence and the dynamical data cannot 

be satisfactorily explored at this time since a structure for the antenna is not 

available. Nevertheless, we can calculate a minimum fluorescence quantum yield 

for the active Chi a at 1.6 K by assuming that 300 psec (from hole burning) 

represents an "effective" core antenna trapping time. This time and the natural and 

radiative monomer lifetimes of 15 and 5 nsec yield a quantum yield of 0.02. The 

quantum yield of the 10% inactive Chi a is ~ 0.3 [60]. These quantum yields and 

the composition percentages predict a minimum percentage increase in the static 

fluorescence intensity of ~ 60% as the temperature is decreased from room T to 1.6 

K. This prediction is in agreement with the data of ref. [40]. However, it is 

apparent that if 300 psec were to be viewed as a nearest neighbor subunit-subunit 

exciton transfer time and if several transfers of this type occurred prior to trapping at 

the RC, the predicted increase could be considerably greater than 60%. 

With regard to the subunit structure model it is germane to note that recent 

exciton-exciton annihilation studies on antenna mutants of sphaeroideshave 

shown that the fundamental energy transfer rate constant decreases by a factor of 12 

as the temperature decreases from 300 K to 4 K [62]. This ratio is not so different 

from the one obtained from Table V (subunit model calcs.) where 10 psec 

(high T) and = 300 psec (low T). 

Absence of Satellite Hole Structure Due to Excitation Transfer 

The broad satellite hole located at —22 cm"^ relative to the ZPH has been 

viewed as a pseudo-PSBH, Figs. 1,2,7. Another interpretation is that it is a 

manifestation of hole burning of sites populated by downward excitation transfer 
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from the excited isochromat at Xg. However, such an interpretation is very unlikely 

to be correct since the results of Fig. 7 prove that, at short bum times, the growth 

rate of the satellite hole is slower than that of the ZPH. This follows, in part, from 

the fact that for the most efficient NPHB system known, oxazine 720 in a glycerol 

glass, the rate constant for hole formation is 2 x 10^s'^ for the initial few percent of 

the bum [34]. For most systems kj^jpjjg< 10^-10^ s"^ [63]. Since the absorption 

cross-sections for oxazine 720 and Chi a are comparable, the lower bum powers 

used for oxazine 720 in ref. (34) compared to this work indicate that k]\^pHB(Chl 

a)< 10^ s"^ [34]. Therefore, one deduces that T^=(300 psec)"^» kjyjpjjg for Chi 

a. Consequently the -22 cm"^ satellite hole, if due to excitation transfer, would bum 

faster than the ZPH, contrary to observation. Thus, it is concluded that the satellite 

hole is a pseudo-PSBH. Additional support for this assignment comes from the 

observation that the satellite hole is also observed for Chi b, Fig. 2, since efficient 

trapping of the Chi b excitation in LHCI by the Chi a of LHCI or the core occurs at 

1.6 K, vide supra. 

Nevertheless, the absence of any apparent satellite hole structure due to 

downward excitation transfer might appear to be at odds with the inequality 

^^^NPHB* However, it would not be provided that downward excitation 

transfer from cOg (bum frequency) results (via a hierarchy of events) in a more or 

less equal probability for excitation of Chi amolecules whose zero-phonon 

excitation frequency lies lower than cogor if direct excitation transfer from the core 

antenna Chi a (whose zero-phonon transitions are in resonance with cog) occurs to 

the RC at 1.6 K. The latter possibility was mentioned earlier and will be explored 

further in the following sub-section. The implications of the former for the 

absorption profile are essentially the same as those from "uniform" white light 
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irradiation of the absorption profile. The absorption spectrum is invariant to such 

irradiation since, at any frequency in the absorption profile, there is a dynamic 

equilibrium between burning and filling. 

Finally, we make a few remarks on the implications of subunit excitonic 

structure on holewidths. If we admit that such structure contributes to the Chi a 

C670 absorption profile, it follows, given the existence of inhomogeneous 

broadening, that a bum at Xg would likely probe different exciton levels belonging 

to different subunits. Nevertheless, a holewidth corresponding to 300 psec could 

also serve as a lower limit for decay from upper to lower exciton levels of a given 

subunit. Such decay would not occur by the mechanisms discussed earlier, but by 

one that depends on the modulation of the electronic energy transfer integral by 

phonon displacements [64,65]. For the case of the lowest triplet exciton band of 

anthracene, it has been established that decay of the upper exciton level to the 

lowest (23 cm"^ lower in energy than the upper) occurs by this mechanism in 5 psec 

at helium temperatures [66]. The longer time scale for this process in the core 

antenna complex might be understood if the energy spacing between adjacent 

exciton levels is significantly larger than the frequency of the phonon(s) responsible 

for the aforementioned modulation. For anthracene, the relaxation occurs by one-

phonon emission. Two- and higher-phonon emission processes are significantly less 

probable. Another possible explanation for a long 300 psec exciton decay is that the 

structural arrangement of pigments in the subunits is such as to provide oscillator 

strength only to the lowest energy exciton level. 
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Possible Role of Intramolecular Modes in arge Energy Gap Excitation 

Transfer 

The discussion thus far has centered on the possible roles of low frequency 

phonons as acceptor modes for downward excitation transfer within the core 

antenna. Although the hole burning determination of ~ 300 psec for 

represents, in a strict sense, a lower limit, it is difficult to understand how 

could be much longer given the weak dependence of the static Chi afluorescence on 

temperature. However, the interpretation of x^^^" 300 psec is problematic. The 

possibility that it might correspond to an average time for direct antenna subunit to 

RC transfer was raised. Such a mechanism, even if important at low temperatures, 

might not be important at room temperature. That is, subunit to subunit excitation 

transfer could be facile at high temperature but not so at low temperature, leaving 

direct subunit to RC transfer as the residual operative mechanism at 1.6 K. 

To explore this possibility we have performed calculations on the low 

temperature rate for direct transfer from C670 to P700 (primary electron donor state) 

utilizing the intramolecular Franck-Condon factors in Table I for an energy gap 

AE/hc — 640 cm"^. For such a large gap, the phonons cannot mediate efficient 

direct transfer by themselves. Participation of intramolecular modes must, therefore, 

be considered. Equations 1 and 5 are readily modified to take this into account by 

inclusion of the one-quantum Franck-Condon factor for the intramolecular mode. 

We define p as the integer closest in value to (-AE/hc + where m^^s 

the intramolecular mode frequency and (o^is the mean phonon frequency equal to 

20 cm"^. It is required that p not be negative. With this in mind we can single out 

from Table I the 521, 584 and 607 cm"^ modes since their Franck-Condon factors 

are relatively large and because they lead to relatively small values of p, the number 
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of phonons required for energy conservation. In the absence of experimental data, it 

is assumed that the Franck-Condon factors for the intramolecular modes of P700 are 

the same as for antenna Chi a. Only the results of the calculations performed with 

Eqn. 1 (suitably modified) will be given here. Modification of this equation 

involves its multiplication by twice [10,13] the Franck-Condon factor for the 

intramolecular mode. S for the problem at hand is taken as the difference between 

its value for the antenna complex (S~l) [19,this work] and P700 (S~5.5) [12]. The 

rate constant for transport from the antenna to P700 is the sum of the rate constants 

calculated for each intramolecular mode considered. The value of 300 psec 

and experimental Franck-condon factors yield a value of 2 cm" ̂  for V. Interesting, 

however, is the result that the Tj-)^(high temperatureVXj)^ (low temperature) ratio 

is ~ 0.3. That is, the rate of excitation transport is slower at high temperature than 

low temperature contrary to the experimental data. Thus although direct large gap 

transport from the antenna to P700 may be viable at low T, such transport would 

appear not to be important at high T. 
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CONCLUSION 

This work establishes that spectral hole burning is a powerful high resolution 

spectroscopic technique for the determination of both the frequencies and Franck-

condon factors of intramolecular and phonon modes associated with the excited 

electronic states of pigment-protein complexes. The level of detail provided for the 

antenna of PSI-200 is unprecedented but there is every reason to suggest that 

nonphotochemical hole burning can provide comparable data for other light 

harvesting complexes. Data of the above types of essential input for theoretical 

studies which seek to distinguish between different mechanisms for excitation 

transport. We have attempted to illustrate this by performing calculations, for 

simple structural models of the core antenna complex, which explore the 

temperature dependence of excitation transport within the core antenna and from the 

antenna to the RC of PSI. It is gratifying that the existing multi-phonon excitation 

transport theories with the above data can account for the marked slow down of 

excitation transport as the temperature is reduced. Nevertheless, it is clear that the 

utility of the data presented here cannot be fully realized until the antenna structure 

is determined and correlated with more detailed spectroscopic data on the 

underlying structure of the Qy absorption profile. Ultra-fast measurements of the 

temperature dependence of excitation transport within the core antenna complex of 

PSI are also required. Finally, the data and calculations for PSI indicate that it is the 

low frequency protein phonons, and not the intramolecular modes, that mediate 

excitation transport within the antenna and from the antenna to the RC. 
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ADDITIONAL RESULTS 

It is interesting to consider how dispersion in phonon frequencies can alter the 

values of AE/hc, V, and R obtained in Paper n. Table I and n present results for 

regular monomer array and subunit model, respectively, with delocalized phonons 

of frequencieslicOj^s 10 cm"^ and 30 cm'^. Comparing Table I and n with Tables 

in and rv of Paper II reveals that a phonon frequency of1ia)^= 10 cm"^ gives 

results similar to that forha)^- 20 cm"^. In the regular array model AE/hc values 

forlio)^ = lOcm'^ are less than the corresponding values with'hcOj^~ 20 cm" V 

Lower frequency phonons could serve to enhance EET in a regular monomer array 

model. Determination of the structure of the antenna protein would aid 

interpretation. The values of AE/hc for1im^^= 30 cm"^ appear not to be physically 

reasonable since the inhomogeneous line width for Chi a is 300 cm"^ (see Paper H) 

[110]. 

Noticeably absent from Table n are the values for S=0.1 for subunit model with 

iitOjjj= 30 cm"^. It was not possible to account for the temperature dependence of 

EET using a value of S=0.1 (the best calculated value is Tg^=37 psec). This 

behavior is hinted at for S=0.1 in Table I for1iQ)jj^= 30 cm" ̂  and is common to all 

the calculations if S is made small enough. Remember that the corrected energy 

term is given by 

e = (AE + Sfia)j^) /̂4SftcOj„ 

with being the reorganization strength. For the calculations presented here, if 

e > 1000 cm"^ then, it is not possible to account for the temperature dependence of 
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Table I. Regular monomer array model and delocalized phonons® 

S 1 AE|/hc FlxlO^/F^xlO^ V(cm' b/R(A) 

Ao)^= 10 cm -1 

0.1 32 8.8 6.4 11 35 

0.2 39 8.7 6.2 12 35 

0.5 54 6.8 5.0 13 34 

-ficOjjj = 30 cm'l 

0.1 148 0.009 0.007 584 10 

0.2 135 1.1 0.85 54 21 

0.5 171 2.8 0.022 34.3 25 

^DA temperature) = 750 psec, Xj)^(high temperature) = 1 psec. Fjand 

Fjj are TQ^/A (see Eqns. 1,2, 3 of Paper 11) for low and high temperature, 

respectively. 
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Table H. Subunit model and delocalized phonons® 

S 1 AEl/hc F^xlO^/F^xlO^ V(cm' 1)/R(A) 

10 cm -1 

0.1 40 0.38 3.1 5.2 46 

0.2 47 0.59 4.1 4.5 48 

0.5 64 0.47 3.8 4.7 47 

fia)jjj = 30 cm'l 

0.2 180 0.007 0.06 67 20 

0.5 210 0.094 0.71 18.8 30 

^DA temperature) = 300 psec, X£)^(high temperature) = 10 psec. Fj 

and Fj^ are (see Eqns. 1, 2,3 of Paper H) for low and high temperature, 

respectively. 
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the EET using S=0.1. Physically, this suggest that at some point the energy 

separation between chromophores (AE) overwhelms the ability of the phonons to 

mediate EET, This is similar to the problem of direct large energy transport 

between C670 and P700 discussed in Paper H. No Franck-Condon active excited 

state vibrational modes have been observed in the AE/hc range presented in Tables I 

and II. Phonons must therefore mediate EET withiim^-" 30 cm" ̂  being an upper 

energy limit. 

Spectral diffusion and dephasing processes in glasses manifest themselves in 

spectral hole burning by broadening the hole profile [111-113]. The excitation 

depopulation lifetime Tj is calculated by 

Tl=_l_ 

^^^hole 

if spectral diffusion and dephasing processes C^^processes) are ignored. In this 

case, excitation depopulation lifetimes calculated from AV|^Qjgare shorter than the 

actual value. For this reason we report a lower limit of 300 psec. 

The maximum rate for EET can be calculated by setting -AE=Slia)^[89]. The 

rate constant at low temperature is readily calculated from 

x5^(low T)= %j^(high T) x e'^SP/p! 

(îitOj„/47tSkT)l/2 

with p=AE/h(Ojj^ = S. Table HI gives (low T) and for delocalized 

phonons within the regular monomer array and subunit model for the antenna. 

(low T) is much shorter than observed experimentally. The hole profiles are not 
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Table HI. Optimum Low Temperature Transfer Time 

S (psec) ^^hole 

Regular Arrav^ 

0.1 0.38 28 

0.2 0.32 24 

Subunit Model^ 

0.1 3.8 1.4 

0.2 3.2 1.7 

^DA (high T)= 1 psec. 

^Xad (high T)= 10 psec. 
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dominated by the broadening which would have been suspected if the calculated 

Xj)A was greater than 300 psec. For example, if the maximum rate for EET was 

~600 psec = 0.02 cm"^), then since the experimental holewidths are ~ 0.03 

cm"^ ("^DA ~ 300 psec) other processes such as spectral division and dephasing that 

broaden the holes could be dominating the relaxation process being measured. 

Further experiments are needed, however, to define the influence of spectral 

diffusion and dephasing in the antenna complex. It is not necessarily to be expected 

that the rate of EET is at its maximum because this could lead to a inefficient 

bottleneck of the excitation waiting to be photoconverted at the RC. 

The Stark effect is a general term used to label the influence of electric fields on 

atomic or molecular spectroscopy. A molecule placed in an electric field m=v+ txF, 

undergoes a change in potential energy caused by work done on the dipole. The 

potential change, V, is [114] 

V = -/m dF = - u F - IF a F 
jo 2 

where |i is the permanent dipole moment and a is the polarizibility tensor. If 0 is 

the angle between the dipole and electric field, then 

V(F) = -A|iFcos8 -1/2 AoF^ 

with An= is the difference of the electric dipole moment of the excited (e) and 

ground (g) state and Aathe polarizibility difference. F= fE with E being the 

externally applied field and f=(eQ+2)/3, the Lorentz local-field correction for a 

dielectric constant e^. The field induced changes allows one to probe the molecular 
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dipole and polarizibility and inteimolecular interactions. For example, Stark effect 

can be used to split the n-fold orientation degeneracy of impurities doped into 

molecular crystals by altering the field along a particular molecular axis. The 

observed effect is a splitting of the electronic transition (splitting of the spectral line) 

with an energy difference 

AE = 2FA(a IcosSI. 

For excitonic states. Stark effect can alter the resonance between states. For a 

review of Stark effect on molecular crystals see ref. 114. 

The Stark effect is easily studied in molecular crystals since the linewidths at 

low T are narrow. It is more difficult in amorphous materials since the linewidth is 

large (several hundred cm'^), however, site selective spectroscopies, in particular 

spectral hole burning, produce narrow features which allows us to investigate Stark 

effect in these systems. The Stark effect on spectral holes is not as straight forward 

as for crystals. The hole shape calculation must account for the shifting of 

molecular electronic transitions in and out of resonance with the bum frequency. 

The calculations must also include an integration over all dipole orientation angles 

since the dipoles are not aligned as in a molecular crystal [115,116]. 

The Stark effect results in a shift in the transition frequency which is displayed 

in spectral hole burning by a broadening [Ej^ggji E^eld^ splitting 

t^laser " ^field^ the hole profile for a parallel dipole moment and transition 

moment [115,116]. The frequency shift is given by 

hAv = -fAjLi'F -1 f^ F'AaF 
2 
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where E is the external field given in V/d, f is the Lorentz field factor, A|LI is the 

change in dipole moment and Aa is the polarizability of the molecule. Second order 

effects have never been observed so the frequency shift simplifies to 

hAv = - f A|X-F. 

The slope of the plot of holewidth (broadening) or hole splitting versus the electric 

field is used to calculate A|i in the ground to excited state electronic transition. 

The Stark effect absorption spectra for the RC of Rps. viridis demonstrates a 

large change in the dipole moment between the ground and excited state (~9 D) 

indicating substantial charge transfer character for the primary electron donor [117]. 

This is consistent with the hole burned spectra for the RCs of PSU which shows a 

strong electron-phonon coupling [118,119]. Such charge transfer characteristic 

would have important consequence in discussing EET in antenna systems. 

Although no spectral evidence for charge transfer in the antenna exist. Stark effect 

spectroscopy provides a simple check. 

Stark effect is not observed for the Chi in the core antenna complex of PSI. 

The uncertainty in the holewidths is ~0.002 cm"^ and the maximum applied E field 

was ~750 V/cm. A value for the dielectric constant for the protein complex is not 

available and will be taken as that for polymers, 6^=3.0 [117]. The calculation gives 

A|i<0.1 D for the core antenna Chi. The change in the dipole is small consistent with 

weak linear electron-phonon coupling and electron-vibrational coupling. This 

implies that the excited state potential surface is not greatly perturbed from the 
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ground state. The measured A|ifor Zn-tetrobenzoporphin in poly(vinyl butyral) is 

~0.2D and for isobacteriochlorin in n-octane A|i~1.6D [118,119]. 

No evidence for spontaneous hole refilling (SPHF) or laser induced hole 

refilling (LIHF) has been observed. This observation also removes global spectral 

diffusion and anti-hole reversion through external two level systems, processes 

speculated to be active in ionic dyes doped into polymers [111,113], as active 

processes in the antenna. More data such as hole growth and hole refilling studies 

are needed before a complete picture can be forwarded. 

This work demonstrates that spectral hole burning is an important new tool for 

studying dynamical processes in protein bound complexes. A number of interesting 

new results have been presented to answer important questions, but, a number of 

new questions have also arisen. A more complete understanding of EET in the 

antenna system of PSI awaits more thorough investigation of protein effects on hole 

burning and structure determination. 
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