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Spectral hole burning studies of Photosystem II 

Major Professors: Drs. Gerald J. Small/ Walter S .  Struve 
Iowa State University 

Low temperature absorption and hole burning spectroscopies were applied to the 

Dl-D2-cyt b559, and the CP47 and CP43 antenna protein complexes of Photosystem 11 

from higher plants. Low temperature transient and persistent hole-burning data and 

theoretical calculations on the kinetics and temperature dependence of the P680 hole 

profile are presented and provide convincing support for the linker model. Implicit in the 

linker model is that the 684-nm-absorbing Chl a serve to shuttle energy from the proximal 

antenna complex to reaction center, The stoichiometry of isolated Photosystem II 

Reaction Center (PSII RC) in several different preparations is also discussed. The 

additional Chl a are due to 684-nm-absorbing Chl a, some contamination by the CP47 

complex, and non-native Chl a absorbing near 670 nm. In the CP47 protein complex, 

attention is focused on the lower energy chlorophyll a Q,-states. On the basis of the 

analysis of the hole and static fluorescence spectra at 4.2 K, the lowest energy state of 

CP47 was found to be at 690 nm. The 690 nm and 687 nm states are excitonically 

correlated and correspond to an excitonically coupled dimer. High pressure hole-burning 

studies of PSII RC revealed for the f is t  time a strong pressure effect on the primary 

electron transfer dynamics. The 4.2 K lifetime of P680*, the primary donor state, increases 

from 2.0 ps to 7.0 ps as pressure increases from 0.1 to 267 MPa. Importantly, this effect is 

irreversible (plastic) while the pressure induced effect on the low temperature absorption 

and non-line narrowed P680 hole spectra are reversible (elastic). Nonadiabatic rate 
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expressions, which take into account the distribution of energy gap values, are used to 

estimate the linear pressure shift of the acceptor state energy for both the superexchange 

and two-step mechanisms for primary charge separation. It was found that the pressure 

dependence could be explained with a linear pressure shift of = 1 cm-'/MPa in magnitude 

for the acceptor state. The results point to the marriage of hole burning and high pressures 

as having considerable potential for the study of primary transport dynamics in reaction 

centers and antenna complexes. 
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CHAPTER 1 GENERAL REMARKS ON PHOTOSYNTHESIS 

1.1 Dissertation Organization 

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

Photosystem II. General introduction is divided into three chapters (chapters 1-3). 

Photosynthesis, spectral hole burning spectroscopies, and theoretical background are 

described in chapter 1,2, and 3, respectively. Chapter 4 contains one published paper 

which report hole burning experiments performed on the CP47 complex. Chapters 5 ,6  

and 7 are published papers which report experiments performed on the Photosystem II 

reaction center. Each of these published works contains a description of the experimental 

apparatus as it was used for the specific experiment. Additional results of the CP43 

complex and Photosystem II reaction center are described in the appendix. The references 

for each chapter are found at the end of that chapter. 

1.2 Introduction 

Most of the energy which is available on earth comes from photosynthesis. Every 

year 3 x 1021 joules of energy are stored by photosynthesis [ 11. Therefore, as our reserves 

of energy diminish, it becomes important to understand how photosynthesis works. The 

whole process of photosynthesis can be resolved into numerous reaction steps [ 1-31. An 

overall equation of the process that occurs is [ 1-31 

nCO, + 2nKA + hu + n(CH20) + 2nA + nH20 

where (CM20) represents part of a carbohydrate molecule and H,A is the oxidizable 

substrate, such as H20  or H2S. Photosynthesis can be regarded as a process of converting 

radiant energy of the sun into chemical energy. 
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Photosynthesis in green plants takes place inside of the chloroplasts. The apparatus 

used by plants to perform photosynthesis is both complex and highly efficient. As shown in 

Figure 1, three different membranes (outer, inner, and thylakoid membranes) divide the 

chloroplast into three separate spaces (intermembrane, stroma, and thylakoid spaces or 

lumen) [ 1-31. The stroma that surrounds the thylakoid membrane contains the enzymes . 

responsible for the actual fixation of CO, and the synthesis of carbohydrates. The 

thylakoid membranes are very important to the primary steps of photosynthesis. The 

photosynthetic proteins, such as the light-harvesting proteins, and reaction centers are 

buried inside the thylakoid membranes [ 1-31. The pigment molecules are specifically bound 

to proteins which determine the positions, environments, orientations and spacings of the 

pigment molecules. Chlorophyll a and b are the primary photoreceptors of green plants. 

The absorption spectra of chlorophyll a (Chl a) and chlorophyll b (Chl b) are different [l- 

31. Thus, coexistence of these two kinds of chlorophyll is important to the absorption of a 

wide range of solar wavelengths. The incorporation of different pigments (e.g., Chl a, Chl 

b, and carotenoids), absorbing at different wavelengths, allows the photosynthetic unit to 

use a greater portion of the solar spectrum. 

Functionally, pigmented proteins are divided into two classes: antenna and reaction 

center complexes @C). The initial event in photosynthesis is the capture of light by 

antenna. Light absorbed by antenna pigments leads to singlet excitons. The funneling of 

these excitons to the reaction centers induces electron transfer. Finally the energy of 

electron flow is stored in chemical forms. 

Antenna only absorb light and cannot transform the energy of light into chemical 

energy. The antenna systems are generally characterized by different absorption maxima 

and form "ladder I '  systems for heterogeneous and directed excited energy transfer (EET) 
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[4,5]. Antenna chromophores nearer to the reaction center absorb at longer wavelengths, 

leading to an energy funneling effect. This downhill transfer has been shown to increase 

trapping rates by as much as a factor of ten [5]. 

Photosynthesis by oxygen-evolving organisms is comprised of two photosystem 

mechanisms: Photosystem I (PSJJ and Photosystem I1 (E'SII). The excitation energy is 

thylakoid mem- 

Figure 1. Diagram of chloroplast structure. Chloroplasts have three different 
membranes (outer, inner, and thylakoid membranes) and three separate space 
(intermembrane, stroma, and lumen). The thylakoid membranes contain the energy- 
transducing machinery. 
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transferred to the reaction centers: P680 in PSII, and P700 in PSI. Photosystem I leads to 

the formation of NADPH. Photosystem 11 generates a strong oxidant P680" which 

extracts electrons from water and leads to the formation of 0,. 

The mechanism of electron transport of green plants is called the Z-scheme (Figure 

2). The primary charge separation of Photosystem I1 leads to the formation of P680" and 

Pheo-. P680' is reduced via various steps (indicated as S) by an electron which is 

Figure 2. Pathway of electron and proton flow in photosynthesis of green plants. 
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ultimately derived from water [ 1-31. From Pheo-, the electron is transported to the first 

quinone QA and then to the secondary quinone QB. QB accumulates two electrons and 

becomes protonated with two protons from the stroma and exchanges with the 

plastoquinone pool ( P Q q ) .  From PQH, , electrons are transferred to the cytochrome b6/ 

cytochrome f (cyt b,/f) complex and two protons are liberated into the internal lumen of 

the thylakoid. Plastocyanin (PC) transfers a electron to P700' to fill the electron hole 

produced by the primary separation of Photosystem I. The electron is transferred to FeS 

centers. Eventually the high energy electron flow leads to the formation of NADPH and 

ATP. 

1.3 Photosystem II And The Similarity To Bacteria 

As shown in Figure 3, the main portion of the light-harvesting antenna of 

Photosystem 11 is made up of several chlorophyll ab-proteins, mainly LHCII. LHCII is the 

most abundant pigment protein of the thylakoid membrane. Based on the analysis of the 

crystal structure of LHCII complex, a trimeric structure of triangular shape has been 

resolved and also believed to be the native form [6,7]. All chlorophylls are arranged in two 

levels near the upper and lower surfaces of the thylakoid membrane [6,7]. The shortest 

center-to-center distances between Chls were estimated to be less than 15 %i [6,7]. The 

densely-packed structure of LHCII demonstrates that excitonic interactions can play an 

important role in antenna systems. LHCII is connected with the reaction center complex 

via other chlorophyll proteins referred to as CP24, CP26, and CP29. There are also two 

more major chlorophyll a proteins (CP47 and CP43) which are more tightly associated 

with the reaction center. CP47 and CP43 are called inner antenna which serve as the 

intermediary between LHCII and Photosystem I1 reaction center. Additional discussion of 

CP47 and CP43 can be found in Chapter 5 and the appendix A, respectively. 
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Consequently the light energy captured by the antenna is transferred to the primary 

electron donor P680 of Phtosystem II reaction center where the electron transport starts. 

It is particularly interesting to ask whether or not the structures and functions of 

Photosystem 11 RC are similar to those of bacterial RCs. As resolved by an X-ray 

Figure 3. Simplified scheme of the incorporation of antenna-pigment protein 
complexes into the thylakoid membrane of green plants. The light-harvesting complex 11 is 
explicitely shown. CP= chlorophyll-protein complexes, numbers refer to the approximate 
molecular weight of the polypeptides. The cytochrome complex and PSI are not explicitely 
shown in the membrane section. 
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crystallograph [8,9] (see Figure 4), the purple bacterial reaction center from Rps. viridis 

carries four BChl, two BPheo, and two menaquinone (Q, , Q,). Two closely-coupled 

BChl molecules (PL, PM) comprise a "special pair" that functions as the primary electron 

donor. One BPheo (H,) is the proximal acceptor, receiving an electron from a special pair 

in 3 ps [14]. The electron moves in 200 ps to a quinone acceptor (Q,) and subsequently, 

in 60 ps, to a secondary quinone (Q,). These pigments are organized in two almost 

identical branches by the L and M proteins. With the availability of the X-ray structure of 

Rps. viridis [8,9] significant homologies between the amino acid sequences of the L and M 

subunits of the bacterial RC and D1 and D2 proteins of PSII were realized [lo]. This 

discovery led several groups [9,11,12] to predict that the D1 and D2 proteins were 

homologous to the L and M subunits in both structure and function. 

In 1987 Nanba and Satoh announced the method which can extract the reaction 

center of PSII from green plants [13]. As predicted, the isolated PSII reaction center 

contained D1, D2, and cyt b559. The homologies of the amino acid sequences between 

bacterial and PSII reaction centers suggest that the structure of both may be similar, 

although there is no crystallographic proof yet. Photosystem I1 RC, i.e., D1-D2-cytbss9 

complex, contains 4-6 Chl a, 2 Pheo a, 1 or 2 p-carotenes, 1 cytochrome bSs9 and no 

plastoquinones (see chapter 5). The pigment cofactor composition of Dl-D2-cytbss9 

complex also resembles that of bacterial RCs. As a consequence, it was suggested that 

P680 is most likely a dimer [ 141. Certain optical properties suggest a dimeric structure for 

P680 as well [14-171. For example, spectral hole burning studies of the PSII RC yielded 

data which strongly indicate that P680 is a special pair with a dimer splitting of only 300 

cm-' [ 16,171. The Q, transition moments of two monomers are nearly anti-parallel. This 

geometry results in nearly all transition probability being found in one of the two exciton 
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I -J 

Figure 4. Structure of the reaction center of purple bacteria. Four bacterio- 
chlorophylls (P,, PM, &, BM), two bacteriopheophytin (HL, HM) and two menaquinone 
(QA, QB) are shown. The molecules are arranged in two branches, L and M forming an 
approximate %-symmetry. 
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bands. On the basis of the 300 cm-' splitting, Kwa et al. [17] deduce that the separation 

(Mg***Mg) between the monomers of P680 is -1 1A. Therefore, P680 is a relatively weak 

coupled special pair, but may be disguised as a monomer by the geometry of two 

monomers. 

As indicated in Figure 5, the kinetics scheme of PSII RC shows the similarity with 

that of bacterial RC. The primary charge separation in PSII (P680' + Pheo 

Pheo-) takes place in a few picoseconds in the isolated D1-D2-cyt b,,, complex (3.0 ps at 

277K [18] and 1.9 ps at 4.2K [16], respectively). The rate of the process of the electron 

transfer from Pheo- to Q, was determined from PSII membrane fragment or PSII core 

complex instead of Dl-D2-cyt b,,, complex which does not have Q, . The rate of Q, 

formation exhibits a half-rise time of about 300 ps [19,20]. The reduction kinetics of Q, in 

P680' + 

PSII are slightly slower than those of the corresponding reaction in bacteria (200 ps). Q; 

transfers the electron to the secondary quinone QB , which is a two-electron carrier. The 

rate of electron transfer from Q, depends on the reduced state of the secondary quinone. 

A value of 100-200 ps is observed for the first reduction, but is increased to 300-500 ps 

for the second reduction [ 19,201. 

1.4 Superexchange Or Two-step 

The basic arguments involved in the understanding of the bacterial reaction center 

are not settled even though the crystal structure has been solved. One of the major reasons 

is that the information required for excited-state dynamics can not be obtained directly 

from the X-ray structure in the ground state. Whether or not P'B; serves as a real or 

virtual state in the primary charge separation process is one of the long-standing questions 

[2 1,221. Three mechanisms have been proposed: (i) one-step superexchange mechanisms 

in which P'BiH, is simply a virtual state and P+B,H, serves as the acceptor state. 
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Figure 5. Reaction scheme of primary processes in the reaction center of 
Photosystem I1 at room temperature. P680, Pheo, Q, , and Q, represent the primary 
donor, pheophytin, first and secondary quinone, respectively. The rate of the second 
reduction of QB (300-500 IS) is not shown. 
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(ii) two-step mechanism; here P+BiH, is a real state and serves as the acceptor state. The 

electron is subsequently transfered to the second state, Le., P'KH;. (iii) the parallel 

sequential-superexchange mechanism; this mechanism includes both superexchange and 

two-step mechanisms as limiting cases. 

In order to illustrate the major differences between the superexchange and the two- 

step mechanisms, we consider the general multilevel multimode system of the excited states 

[23,24]. The Hamiltonian can be written as 

i=I i < j  n=l ij n 

where N is the number of excited states involved and M is the number of vibrational 

modes. I i) is the excited state with electronic energy qi. J, is the electronic coupling 

element between states ti) and I j) and on is the vibrational frequency of mode n. 0; 

corresponds to vibronic coupling parameter. Assume a dipole allowed excited state D to 

interact with a dipole forbidden excited state A. Note that, in the case of bacterial RC, D is 

the lowest energy state (P-) of the special pair and A corresponds to P"K. Then 

where IO) represents the grounG electronic state. Eq.2 is rewritten as 

H = c&ili)(il+ c' Jiji)(jI+ob+b+ ~ O i ~ i ) ( j I ( b ' + b )  
i=D,A i.j=D,A i.j=D,A 
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For simplicity, we consider only one vibrational mode with frequency o and define 

1 El= le, -E,[. The calculations of Friesner et al. [23] reveal how, for a fixed IAEI and J, 

the extent to which the I D) state steals S from the I A) state increases in passing'from 0/o 

<1 to 9/0>1 where the adiabatic limit is in effect. That is, Huang-Rhys factor of P- state 

(ID) state) is not affected by P'B; (I A) state) in the weak coupling limit. 

It is known from the data of spectral hole burning that a zero-order P" state, with 

weak electron-phonon coupling, receives the Huang-Rhys factor ( S )  from a charge transfer 

state through the coupling (or electronic state mixing) between these two states. (The key 

observation is that the electron-phonon coupling for P+ is weak, but strong for P- of Rb. 

sphaeroides RC [24].) To explain this observation, one must consider the coupling 

between the lowest energy excited electronic state (9) of the special pair with weak 

electron-phonon coupling and a nearby external charge transfer state (P'B,) with strong 

electron-phonon coupling (see Small [24] for detail). In order to explain the effect of the 

"stealing" of S from the dark charge transfer state, the case of a strong coupling limit needs 

to be addressed. 

The strong coupling between P- and P + q  results in an adiabatic energy surface 

associated with two wells, as indicated in Figure 1 of Chapter 3. These two wells originate 

from the nonadiabatic P- and P'B, surfaces, respectively. Therefore, the question of 

whether or not P'B; serves as a real or virtual state in the primary charge separation 

process becomes irrelevant in the strong coupling limit. 
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CHAPTER 2 SPECTRAL HOLE BURNING SPECTROSCOPIES 

2.1 Introduction 

Fundamentally amorphous systems are not in thermodynamic equilibrium. Various 

local structures make dominant contributions to the properties of amorphous systems, and, 

as indicated in Figure 1, the absorbing centers are surrounded by different local 

environments [ 11. The distribution of these local environments results in inhomogeneous 

broadening (rh). In order to observe a homogeneous line width and obtain useful 

information about the dynamics of an amorphous system, spectral hole burning can be 

effective. It removes the inhomogeneous broadening. Proteins, like glass, possess many 

conformational substates which may transform from one state to another state by virtue of 

thermal energies [2]. As the temperature goes down to the temperature of liquid helium, 

the transformations among the substates are frozen and the distribution of these substates 

results in inhomogeneity. To put proteins in perspective, the intrinsic glass-like character 

of proteins needs to be adequately addressed. Therefore, spectral hole burning serves as a 

useful tool in the studies of proteins [3-51. 

The invention of the narrowband laser provided a suitable excitation source for 

spectral hole burning. This provided an improvement in the resolution of the optical 

spectra by 2-3 orders of magnitude [6]. Typically these holes, burned at very low 

temperatures, are narrow and sensitive to the microscopic environment. A zero-phonon 

hole is the one with no net change in the number of phonons which accompany the 

electronic transition. The width of the zero-phonon line (ZPL) is mainly determined by 

homogeneous broadening which originates with the effective decay time of excited 

molecules. The effective decay time is described [7] as 
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where 

molecules. Eq.1 is not symmetric in J and T;, because the scattering processes with 

characteristic time T; can occur in both the ground and excited state El]. That is why the 

is the lifetime of the excited state and T,* is the pure dephasing time of the 

Amorphous lattice Inhomogeneous line 

A 

Figure 1. Schematic view of the optical absorption of three identical guest 
molecules in an amorphous host. In contrast to the situation in a crystalline lattice, the 
lines appear at different transition frequencies. The broad sidebands represent the phonon 
spectra of molecules 1,2, and 3, respectively. 
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term of Tl owns a factor of two. Glass or proteins provide a high density of very low- 

frequency lattice states (due to the presence of two-level systems) which cause broadening 

via dephasing [6] .  Due to the disappearance of thermal-excited lattice modes, the 

dephasing time is increased with decreasing temperature. As the temperature approaches 

zero, the zero-phonon hole width approaches its limiting value determined by J . Eq. 1 is 

rewritten as 

or T, = 2T, 2 1  -=- 
T2 J 

The absorption spectrum after a burn for time z at a frequency of o, in the low 

temperature limit is written as (see section 3.3) 

(3) 

(4) 

Substitution Eq.4 into Eq.3 leads to 

= z % l d u N o ( v  -u,)exp[-oI@zL(o, -u)] 
p=o 

xl,(Q - 2) - PO,) 

Consider the case of the short burn time limit [8] which we are intersted in. Then 

exp[-oI@zL(w, - u)] = 1 - oI@zL(o, - u) 

xl, (Q - 2) - PO,) 
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The hole profile is given by 

(9) 

Thus the hole profile is the convolution of two Lorentzians. Assuming Avh is the full 

width at half-maximum of the Lorentzians, we have 

where rho[e is the full width at half-maximum of the hole measured. The uncertainty 

principle leads to 

By substituting Eq.2 and Eq.8 into Eq.7, the relationship between measured hole-width and 

total dephasing time is written as 

2 
‘hole =- 

71% 

2.2 NPHB, PHB vs Bottleneck HB: Mechanistic Aspects 

Three basic hole-burning mechanisms can be described [3]. These are referred to 

as photochemical hole burning (PHB), nonphotochemical hole burning (NPHB), and 

transient hole burning. Photochemical hole burning [l] means the absorbing center (the 

guest) is involved in some internal change, such as tautomerization, bond-breaking, 



19 

isomerization, and so on. If the absorbing center is photoreactive, selective photobleaching 

of absorption spectrum can be engineered. What is required for PHB is the photoreactivity 

of the absorbing chromophore. Therefore, PHB can be observed for both amorphous and 

crystalline hosts. Photochemical hole burning was first observed [9] for free base 

phthalocyanine in n-octane where the PHB is caused by an intramolecular hydrogen 

tautomerization. In PHB the antihole is usually not near the zero-phonon hole as shown in 

Figure 2. The antihole is usually much broader than its parent hole because of the 

inhomogeneous broadening of the zero phonon lines of the photoproducts. 

In the case of nonphotochemical hole burning, photoreactivity of the absorbing 

centers is not required. Nonphotochemical processes result from the change of the 

environment (the host) around the absorbing center. As indicated in Figure 2, absorption 

positions of the products (antihole) for nonphotochemical processes are not moved very far 

from the original absorption position. Since the host configurations need to be changed in 

the case of NPHB, NPHB has only been observed with glasses and polymers, with a few 

exceptions [SI. Nonphotochemical hole burning was first observed [lo] for perylene and 

for 9-aminoacridine in the ethanol glass. The nonphotochemical holes often irreversibly 

disappear after increasing the temperature. In 1972, Anderson et al. [ 111 and, 

independently, Phillips [ 121 proposed that in any glass system there should be a certain 

number of atoms or groups of atoms which may occupy, with nearly equal probability, two 

equilibrium positions separated by an energy barrier, the so-called two-level system ( T L S )  

(see Figure 3). At very low temperatures, atoms or groups of atoms cannot be thermally 

activated over the barrier, but can tunnel through it. As indicated in Figure 3, the excited 

molecules are produced by the excitation light (aB). At the burn temperature, relaxation 

between the minima of ground state TLSa is slow on the time scale of the experiment, 
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while it is competitive with the excited state lifetime at TLsp ( p denotes the impurity 

excited state). The degree of competiveness determines the hole burning efficiency. 

In 1978 the two-level system g Z S )  model, based on the coupling of the electronic 

transition to the glass TLSext, was utilized for the NPHB mechanism [13]. Extrinsic TLSs 

(TLSexS are suggested to be strongly associated with the absorbing center and are 

PHB 

Figure 2. Spectral distribution of the photoproducts after photochemical (PHB) 
and nonphotochemical (NPHB) hole burning. 
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TLS p 

E 
TLS, 

Figure 3. The two-level system (TLS) model for nonphotochemical hole burning. 
The subscripts a and p label the TLS that interact with the impurity in its ground and 
excited electronic states. Asymmetries, displacements, intermolecular coordinates are 
labeled as A, d, and q, respectively. 
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responsible for the initiation of hole burning. NPHB occurs primarily in amorphous 

(glassy) matrices due to a rearrangement of the host enviroment , triggered by the electron- 

TLSex coupling. The rate-determining step for hole formation is phonon-assisted 

tunneling of TLSext. The intrinsic bistable configuration of the host itself is denoted by 

TLSint. The intrinsic TLSs (TLSint) was proposed to cause optical dephasing [8,13]. The 

mechanistic model for persistent NPHB was further developed by Shu et al. [ 141. NPHB is 

triggered by electronic excitation and results in an increase in the free volume of the probe. 

An increase in the free volume for the probe in its inner shell of host molecules successfully 

explained the blue-shift of the antihole since 'm* states typically undergo a red-shift in 

going from the gas to the condensed phase. From the above we know that NPHB is the 

result of phonon-assisted tunneling of TLSs and provides a physical observance of TLS 

relaxation. 

In NPHB only two electronic states of the quest molecules are involved (the 

ground and excited states). Population bottleneck hole burning utilizes a third, long-lived 

state to store the population depleted from the ground state [3,4]. The triplet state is 

usually the suitable candidate to serve as a population reservoir. In transient hole burning 

of bacterial reaction center, however, the analogous state is a product of the charge 

separation state of the primary electron donor, P*. Although photoexcitation of P results 

in electron transfer on a picosecond timescales, return of the electron to the primary donor 

requires milliseconds [4,5]. 

2.3 Remarks On The Application Of Hole-Burning 

During the past decade, spectral hole-burning has been generally applied to 

photosynthetic protein-pigment complexes [3-51. The width of the ZPH, which coincides 

with the burn frequency, was used to determine the lifetimes of the excited states which 
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correspond to rapid electronic energy transfer or the primary charge separation. As 

indicated in Figure 4, a zero-phonon line is accompanied by a phonon side band (PSB). 

Therefore, the zero-phonon hole (ZPH) is normally assocated with phonon sideband holes 

(PSBH). The PSBH in the high energy side of the ZPH is referred to as real-PSBH. In 

contrast to real-PSBH, the pseudo-PSBH lies to lower energy of h~ (burning wavelength). 

The pseudo-PSBH are comprised of the bleached zero-phonon lines which absorb the laser 

light by virtue of the PSB. 

Importantly, hole burning reveals the frequencies and coupling strengths (Huang- 

Rhys factors, i.e., S )  of the phonons that couple to the electronic transition [3-51. Weak 

electron-phonon coupling ( S 4 )  is the main condition for observing intense zero-phonon 

lines. As discussed in the previous section, weak phonon coupling corresponds to a small 

change of the equilibrium configuration of the lattice due to the transition from the ground 

state to the excited state. Up to now all hole burning studies of the photosynthetic 

complexes showed weak electron-coupling for antenna [3-51 in contrast to strong coupling 

for reaction centers. Studies of the neutral excitonic m* dimer states of organic crystals 

such as anthracene [ 151 and naphthalene [16], had shown that the exciton-phonon coupling 

is weak and charge-transfer states of 1 : 1 donor-acceptor complexes are characterized by 

very strong electron-phonon coupling [ 171. Therefore an excited primary donor (P*) may 

possess a significant amount of charge transfer character. Besides the character of strong 

electron-phonon coupling, the primary donors of bacterial RCs also showed a Franck- 

Condon progression of low-frequency vibrational mode(s), the so called marker mode(s) 

[3-51. The marker mode can be viewed as a pseudolocalized or resonant phonon whose 

lengthy Franck-Condon progression signals a significant geometry change for the special 

pair in its excited state. One should notice that the marker mode is not observed in the 
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system of monomeric chlorophylls. In contrast to bacterial RC, the hole spectra of P680 

show a weak contribution from the marker mode (ST ~ 0 . 3 ) .  This observation reflects the 

fact that P680 is a monomer-like dimer, as indicated by a longer intra-dimer distance (1 1A) 

of P680 than those of bacterial RCs [18]. The marker mode may originate from the 

intermolecular vibration of the special pair. Such special properties of the reaction centers 

Figure 4. Schematic representation of homogeneous and inhomogeneous 
broadening. Profiles of the zero-phonon lines (ZPL) and their associated sidebands (PSB) 
at different frequencies are shown. 
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have stimulated several works of ultrafast studies [ 19-21]. The time evolution of the 

stimulated emission of the primary donor showed a modulation on a picosecond timescale. 

This phenomenon confirms the existence of the low-frequency nuclear vibrations and 

implicates the coherent nuclear motion in the primary electron transfer reaction in 

functional reaction centers. 

Spectral hole burning also provides information about inhomogeneous broadening. 

In the action spectrum the ZPHs were burned under constant burn fluence conditions 

[22,23]. Assuming that NPHB efficiency is independent of burning frequency, the 

envelopes of the ZPHs represent the inhomogeneously broadened absorption bands. 

Nonphotochemical ZPH action spectroscopy has been used to probe weakly-absorbing 

components of photosynthetic systems (see chapter 4). Due to the inherent "glass-like" 

structural disorder of proteins, the action spectrum reveals a heterogeneity which is 

responsible for site inhomogeneous broadening (TI,, ) of the individual absorption bands. 

rlnh for chlorophylls and pheophytins of antenna protein-pigment complexes and reaction 

centers is in the range = 50-200 crn-' and is comparable to that observed for chromophores 

in glasses and polymers [3-51. Due to the glass-like structure of protein, it is known that 

the kinetics of electronic energy or electron transfer can be dispersive [24]. To illustrate 

the relationship between the inhomogeneous broadening and the dispersive kinetics, 

assume the decay time for a single system to be a single exponential and described as 

where z(o) is the lifetime of the system which is isoenergetic with frequency o. Consider 

the distribution of heterogeneity to be a Gaussian with a variance o;,,. Then 
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where W, corresponds to the position of the maximum. The full-width at half maximum of 

the Gaussian, i.e., rjnh is written as 

The measured kinetic decay is expressed as 

Substitution of Eq.10 and Eq.11 into Eq. 13 leads to 

As indicated in Eq.14, the measured kinetic decay may be non-single exponential or 

dispersive due to the inhomogeneous broadening. Whether the system is dispersive or not 

depends on the magnitudes of inhomogeneous broadening and homogeneous broadening. 

As discussed by Small et al. [24] (see chapter 3), the average value of rate constant is 

written as 

In the case of 
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the system is dispersive. 

Whether or not the energy gaps between the Q, states of different pigments of a 

particular complex are perfectly correlated (remain the same) between different minimal 

subunits is particularly interesting. In a highly correlated system the appearance of a sharp 

ZPH, instead of the whole absorption profile of a acceptor state, represents the presence of 

a correlation between the donor and acceptor states. Recently, spectral hole burning was 

used to prove that there is an absence of such correlation for the accessory Chl a, active 

pheophytin a and primary electron donor (P680) of the reaction center complex of 

Photosystem I1 [25,26]. 
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CHAPTER 3 THEORETICAL BACKGROUND 

3.1 Nonadiabatic Electron Transfer Theory 

In the application of weak coupling, a nonadiabatic electron transfer theory has 

been developed by Marcus [l-31, Hopfield [4], Jortner [5 ]  et al., and employed routinely. 

To illustrate the difference between adiabatic and nonadiabatic cases, the potential energy 

for nuclear motion for the whole system of donor, acceptor, and surroundings of both 

cases are plotted against the nuclear configuration (Figure 1). Initial and final equilibrium 

configurations are labeled as A and B, respectively. In the adiabatic case, the interaction 

between R and P is so strong that appreciable splitting into curve 1 and 2 is seen at C. In 

contrast to the adiabatic case, while the nuclear vibrates about the equilibrium position in 

curve R, passage through C does not usually cause transition from R to P. It is well known 

that the rate of a transition in the nonadiabatic case from an initial state R to P follows 

Fermi's golden rule [6]: 

where V is the interaction matrix element between R and P and FC represents the effective 

Franck-Condon density of states. 

To simplify the situation, first consider two harmonic oscillators with the same 

frequency as shown in Figure 2. Assuming the nuclear vibrations follow Hook's law, the 

equations of R and P curves are : V, = k,(X -X,)* / 2+  E, and 

V, = k, (X - X,)2 / 2 + E,, respectively. As indicated in Figure 2, h (called the 

reorganization energy) is the amount of energy required to move the system from initial 

equilibrium system X, to X, . 
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h =Vp (X, ) - V, (X, ) + AE 

Defining the Huang-Rhys factor (S) as h l A  o, then 

S = -  kH (X, -X,)2 = Q2, 
2Ao 

NON-ADIABATIC: 

(3) 

AD I ABATIC: 

w 

I 1 
I I  
I I I 

A C  B 

Nuclear Coord i nat e 

1 R / .( P 

11 
I 

1 1  
I I 

A C  B 
I 

Nuclear Coordinate 

Figure 1. The role of nuclear motion in the cases of non-adiabatic (A) and adiabatic 
(B) transfer. The initial and final equilibrium configurations are labelled A and By 
respectively. In the adiabatic case at the right, interaction between potential curves R and 
P is so strong that splitting into curves 1 and 2 is seen at C. 
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x* 
Nuclear Coordinate 

Figure 2. Nuclear motion accompanying non-adiabatic transfer. V, and V, 
represent the nuclear potential curves of the donor and acceptor, respectively. X, and X, 
are the initial and final equilibrium positions, respectively. The reorganization energy, h, is 
the mount  of energy required to displace the system from X, to X, . 
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where the angular frequency of oscillation, O, is given by o= - . The Huang-Rhys 4: 
factor ( S )  is a measure of the coupling of the nuclear vibrations to the system. If the 

system consists of a group of oscillators, S is a summation of values for each oscillator. 

The probability of the transition from R to P is proportional to the square of the 'overlap 

integral', C(n,n'), between the vibrational state n' in P and the corresponding state n in R. 

C2 (n,n') is called the Franck-Condon factor given by 

where x, is the vibrational wavefunction for state n in R, and xno is the wavefunction for 

state n' in P. x is the oscillator coordinate. At a given temperature, the fraction of systems 

expected to be in state n of R follows Boltzman distribution under the assumption of 

thermal equilibrium. Then 

where B(n,T) is the fraction of systems at temperature T. By multiplying each C2(n,n') by 

B(n,T) of various n, the FC term in Eq.1 is obtained. 

m 

FC =xC2(n ,n ' )B(n ,T)  
n=O 

Substituting Eq.6 into Eq. 1 leads to 

0 

W = A X  C2 (n, n' )B(n, T), 
n=D 
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where A = 2xV2 / A2m. Manneback [7] derived the exact formula for C2(n,n’) with n’=n+p 

for the case where the frequency does not change. 

n 

l2 (-S)i C2(n,n+p) = n!(n+p)!SPe”[C 
i s 0  i!(n - i)!(p + i)! 

To get a more physical feeling for Eq.8, consider the situation as T +O K. At low 

temperature, almost all molecules occupy the lowest state (n=O). Eq.8 then simplifies to 

Substitution of Eq.9 and B(n=O, T+O K)=l into Eq. 6, yields the reduced Franck-Condon 

factor 

where p=n‘-n=n‘ represents the number of vibrational quanta involved in the transition 

process. As indicated by Eq.lO, the Franck-Condon factor of vibrational quanta (called 

phonon for the case of lattice vibration) follows the general formula for Poisson statistics 

181. 

and 

As revealed by Eq.10, the Franck-Condon factor of zero and nonzero-vibrational quanta 
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processes @=O) are e-' and 1 -e-', respectively. Eq.8 is suitable only for the case of two 

single oscillators with no frequency change. Kubo [9] and Lax [ 101 further developed the 

Franck-Condon factor for a system consisting of a group of oscillators which do not 

change frequency in the form of Eq.13. For a complete derivation, the reader is referred to 

Devault [ 1 13. 

1 -  
2x2 -- FC = --I dt exp{-S[2 n+ 1 -(n+ l)eiM - n e-'"' 1 - piat) 7 

where S is a summation of values for each oscillator, n = [exp(fio / kT) - 11-' is the 

average quantum number at thermal equilibrium (in analogy to B(n,T) in EqS), and t is a 

dummy variable. To explain the physical meaning of terms inside exp( ), one starts with 

the delta function in intergrd form 

6(n' -n -p) = - 0 
2n: 

ei(n'-n-p)ot dt 

which satisfies conservation of energy, i.e. 

p=n'-n. 

As revealed by comparing Eq.13 and 14, the e'"' and e-iot terms in Eq.13 correspond to 6 

(1-p) and 6(-l-p), respectively. That is, etot and e-'wt terms describe the process of the 

absorption @=n'-n=l) and emission @=-1) of one vibrational quantum in a transition. 

Furthermore, the exp term in Eq. 13 describes all the vibrational quanta processes (n'- 

n=0,1,2 ...) as indicated by the Taylor expansion series in Eq. 16. 

Z2 

2! 
e' = l+z+-+ ... 
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Each term of the right hand side of Eq. 16 can be further expanded, 

With reference to Eq.13, a more general form of the Franck-Condon factor, modified from 

Eq. 13 for multi-oscillators with different vibrational modes, is usually written as 

1 -  
2xA -- 

FC = -1 f ( t)e-Gt'hdt, 

where f (t) = exp{-G + G+ (t) + G- (t)} 

G+(t) =cSa(n, +l)eiouf 
a 

G- (t) = Sa n,e-'""' 
a 

G = G+(O)+G-(0). 

Again, G,  and G- represent absorption and emission of one vibrational quantum, 

respectively. a designates the different modes in a multi-oscillator system and the 

summations (E) are over all modes. Substitution of Eq.18 into Eq.1, yields 

1 v2 - J- f (t)e-"'*dt, 27r W=-  
A 2xA -- 

where W denotes the trasition rate and V is the interaction matrix element. Eq.23 w,as the 

starting point for Small et al. [ 121 who obtained a simplified but accurate expression for the 
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rate constant for primary charge separation in the photosynthetic reaction center (RC). 

The summation terms (E) carries the shape of one-vibration quantum (one-phonon) profile 

were approximated by a Gaussian function, g(o), which carries a width of -20 

where om represents the mean phonon frequency. The substitution of the summations 

with a gaussian function, g(o),  is reasonable, since the hole-burning data [ 131 indicate that 

the one-phonon profile is smooth. That is, 

s, = s j  g(o)do  (25) 
a 

Substitution of Eq.25 into Eq.19 leads to 

- io t  - f (t) = exp(-l g(o )S(  (2 na + 1) - eiw( &,+ 1) - e (&)}do) . 

After rearrangement one finds 

f(t)= 

exp[-jg(w)S(2na + l )do+  jg(o)Sn,(eiat + e-'")do+jg(w)Se'"*do]. (27) 

Substitution of the Gaussian function g(o), Le., Eq.24, into Eq.27 followed by integration 

yields 

A 

where S is defined as 
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= I g(o)S(2 n, + 1)do 

A 

S is further simplified by employing the mean phonon frequency approximation 

A 

s =S(2n+l)  

=S ctnh(Ao, / 2kT) (30) 

Eq.28 is further approximated by expanding the t-dependent functions in the argument of 

the exponential, sin and cos and neglecting terms of order higher than t2.  

Note that Eq.3 1 originates from Eq. 19 which describes all of the phonon processes 

including the contribution from zero-phonon transition with Franck-Condon factor equal to 

exp(-S). To calculate the contribution of phonon side band mode (n’-n=l,2, ...) to energy 

or electron transfer rate, Eq.31 is multiplied by a factor of (1-exp(-S)). 

A 

A 

Substitution of Eq.32 into Eq.23 and taking the Fourier transform using 

(33) 

leads to 
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Note that Eq. 19 is the form suitable for harmonic oscillators with no frequency change 

between initial (donor) and final (acceptor) states. That is, Eq.34 assumes the phonons 

created by the energy or electron transfer process have no frequency change, and are 

shared entirely between donor and acceptor state. For delocalized phonon the assumption 

of no frequency change is an excellent one. Eq.34 was used to calculate the electron 

transfer rate constant for a single reaction center (RC). 

A 

In the strong electron-phonon coupling limit (S >1), the rate constant for single RC can be 

approximated as 

where AE is the electronic energy gap and V is the electronic coupling matrix element 

between the donor and acceptor states. For a Gaussian distribution of AE values centered 

at AE,, the average value for the rate is [14] 

< k,, >= 

where 2 r  is the width of the normal distribution for AE. As pointed out by Small et al. 

[ 12,141 I‘2 and S(02 + 6.1;) can be viewed as terms associated with inhomogeneous and 
A 
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homogeneous broadening, respectively. In the case of 

the average rate constant (kDA) is simplified to 

That is, the kinetics are non-dispersive as indicated by (kDA) = k,, (AE = AEo). Further 

application of Eq.37 in the high pressure studies of a Photosystem II reaction center will be 

discussed later in Chapter seven. 

3.2 Theory Of Molecular Excitons 

To illustrate the theory of molecular excitons, consider the case of a one- 

dimensional array of N identical molecules which are located at a distance r from each 

other. The energy states of an isolated molecule are determined by 

( H - E ' ) ~ '  = o  , (40) 

where i corresponds to the ground state (i=O) or excited state (i=e) of the molecule. For 

simplicity, non-degenerate levels of the molecule are assumed. In the case of N molecules, 

Eq.40 is rewritten as 

1 N (CH,+---~V"~-E)$ = o  , 
n=l L. n,m 

where V,, is the matrix element of interaction between molecules n and m. c' is the 
n.m 

summation of all terms except n=m. The wavefunction of the ground state of the system of 



N molecules can be written in the form of 

N 

n=l 

40 

From first-order perturbation theory [ 151, the energy of the ground state of the system of 

N identical molecules is equal to 

1 Eo = NE: + - ~ ~ o ' ~ '  VmwodT , 
2 n.m 

(43) 

where E: is the energy of the ground state of an unpertubed molecule. An excited state 

can be written in a similar manner if it is assumed that only one molecule is in an excited 

state. Then, for molecule at site n excited, one has 

where e denotes the excited state and $: is the excited state wavefunction with the 

excitation energy localized at nth molecule. It is clear from the pertubation theory that the 

wavefunctions of the excited states result in an N-fold degeneracy if the interactions among 

the states in which the excitation is at different sites are negligible. The first order energy 

correction of $: is 

Eq.45 does not account for the interactions among the states. Furthermore, the states 

(Eq.44) are not stationary states of the system if there are nonvanishing matrix elements 

among these states. As shown in Eq.46, the interaction energy among states is 
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To properly describe the coupling among states, the wavefunctions of the excited states are 

rewritten in the form of a linear combination of the states. Then 

where Werepresents the wavefunction of the delocalized excited state. In order to have a 

better understanding of the exciton theory, consider a model of two identical molecules 

coupled by an interaction V. The Hamiltonian of this system is simplified as 

H = H, +H, + V ,  (48) 

where H, and H, are the Hamiltonians of the isolated molecules and V is the interaction 

operator between two molecules. As indicated by Eq.47, the wavefunction of the 

delocalized excited state is a linear combination of the localized wavefunctions with 

excitation energy localized at first and second molecules, respectively. Then 

~f = ali(~I"(~2 + aZi(Pl(Pi 7 (49) 

where V: represents the wavefunctions of the stationary excited states. i=l or 2 denotes 

the first or second stationary excited states of the system of two molecules. The 

wavefunctions of stationary states must be orthogonal to each other and normalized, i.e., 

they must satisfy the condition: 
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Substitution of Eq.49 into Eq.50 leads to the solutions: 

and 

where w+ and w- are the wavefunctions of the excited dimer states. The first order 

energy correction of the excited states are 

The physical meaning of Eq.53 is explained as follows. The first two terms of the right 

hand side of Eq.53 represent the interaction energy between the excited molecule and its 

neighboring molecule. The third and fourth terms mean the excitation transfer between 

two molecules induced by the coupling term V and cause the dimer splitting or exciton 

splitting in the excited states. The energy difference between w' and w- is 

With reference to Eq.45-47, the physical meaning of Eq.47 can be explained as the 

excitation energy which is no longer localized at nth molecules (delocalized exciton). As 

discussed above, Eq.46 determines the exchange of excitation between the nth and mth 
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molecules. That is, M of Eq.46 reflects the excitation transfer time 2, [ 161. D of Eq.45 

represents the interaction of the excited nth molecule with all the other normal molecules 

[16]. The Hamiltonian for delocalized exciton is conveniently written as [16,17] 

where the operators BL and Bn are the creation and annihilation operators for the nth site 

and E, is the excitation energy of an isolated molecule. Again D represents the interaction 

between the excited nth molecule and all other ground state molecules and M represents 

the excitation transfer from the nth molecule to the mth molecule. HE, is a function of the 

lattice configuration by virtue of the fact that the mamx element D, and M, are. D, 

and M, may be decomposed into a power series of the displacement R relative to the 

equilibrium positions of the molecules. 

M,(R) = Mnm(0)+Mnm(l)+ ... 

where 

and a respresents the six degrees of freedom of the molecules (three for translation and 
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three for rotation). Obtained from Eq.57 and Eq.58, the Hamiltonian of exciton-phonon 

coupling is written as 

To have a clearer understanding, consider the case of two identical molecules, i.e., D 

(donor) and A (acceptor). As indicated in Eq.55, the Hamiltonian of the dimer for the 

delocalized exciton is written as 

D and A are identical molecules, so 

D,, = D, = D 

and 

Substitution of Eq.63 and Eq.64 into Eq.62, we have 

To illustrate the physical meaning of M, consider the operation of the creation and 

annihilation operators. 
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and 

M B : ~ I  D'A) = MB:I DA) = MI DA') 

MB;B,] D A ~ )  = MBJ DA) = MI D'A). 

As revealed by Eq.66 and Eq.67, M represents the resonance-energy transfer matrix 

elements between two molecules, i.e., from D"A to DA' . 
The matrix element D determines the extent of the lattice distortion which may 

occur at and around a given excitation site (donor or acceptor). The excited and normal 

molecules act with different forces upon their neighbors. A change in the force of 

interaction between neighboring molecules upon the excitation of one molecule in the 

system sometimes may cause a displacement of molecules to new equilibrium positions. 

The displacement of the molecules may involve the distortion of the lattice. The 

displacement time (7,) of molecules from the old equilibrium positions depends on the 

change in the force of the interaction of a molecule with neighboring ones upon excitation 

of the molecule. With reference to Eq.58, the distortion arises from the first order term of 

D, that is, from 

The subscript 0 designates evaluation at the ground-state configuration. For simplicity, 

consider the case of a dimer system with strong dispersion coupling (D) which must be 

dealt with first before energy transfer (M) is considered. Note that the displacement of the 

molecules can be expressed as the ground-state phonon coordinate [17,18]. Then 
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where Qn is the phonon coordinate associated with mode q. To reach the thermal 

equilibrium among exciton levels, downward energy cascading between exciton levels ($ 

and w-) is accompanied by emission of phonons (Davydov mechanism). To have a clear 

physical understanding, assume Q, to be the promoting mode. It is convenient to express 

the phonon coordinate in terms of creation and annihilation operators [17]. Then 

A Q, = (----)112( b + b') 
2mP 

The interaction matrix element of downward energy cascading accompanied by the 

absorption of one phonon of the lattice takes the following form in the first order of 

perturbation: 

where m, and m,,+l represent the phonon states before and after absorbing one phonon, 

respectively. The first term represents the absorption of one phonon of the promoting 

mode, and the second term represents the downward energy cascading from W+ to W- 
state. In the case of a promoting mode of frequency o, contributing to the process of the 

' energy cascading, the enregy gap left for the delocalized phonons to fulfill is equal to 

A E = A E - A w , .  (72) 
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With reference to Eq.35 of section 3.1, the rate constant with the summation of all phonon 

modes is rewritten as 

(AE-hw,-Som)2 

1 9 (73) k = 27~(-)~(-)(n~ aD,, 2 f i  + 1 ) ( 1 - e - s ) [ ( 2 ~ ~ ( d  +coi))-1'2e 2%s2+0;) 

aQp 20, 

where ( z ) ( n p  + 1) is the transition probability of the promoting mode, as indicated in 
2% 

Eq.7 1. Further applications of Davydov mechanism in photosynthesis will be discussed in 

Chapter four. 

3.3 Theory Of Hole Profile 

Consider the absorption of light from the initial electronic state i leading to the final 

electronic state j. The absorption cross-section is written [19] as 

where p is the dipole moment, n' and n denote the vibrational levels of the final and initial 

states, respectively. With the allowance for the homogeneous broadening, replace the delta 

function with a Lorentzian function l , ,  . Eq.74 is rewritten as 

where a denotes the pnonon modes. With the Condon approximation, the matrix element 

in Eq.75 becomes 

i 
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Recall that I( n' 1n)f is the Franck-Condon factor, e ( n ,  n' ) , discussed in section 3.1. With 

the benefit of the Condon approximation, the theory of nondiabatic transfer can be utilized 

for the development of the theory of hole profiles. Substitution of Eq.76 into Eq.75 leads 

to 

a n n' 

To have a better physical feeling, consider a low temperature case ("+OK), in which only 

the n=O term is left. Eq.77 is rewritten as 

a n' 

With reference to section 1.1 , the Franck-Condon factor of the transition from n=O to n' is 

given by a Poisson distribution. 

where p=n'-n is equal to n' at the low temperature limit. Substitution of Eq.79 into Eq.78 

leads to 

a p=o P! 

The zero-phonon line (ZPL) frequency is a Lorentzian centered at 2). u is defined as 
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Substitution of Eq.8 1 into Eq.80 leads to 

Because the frequencies of the phonons are close together, the sum (c ) of the 

Lorentzian functions becomes a smooth function of frequency with a one-phonon spectrum 

centered at u + om and the n'-phonon centered at u + n' om. Eq.82 is rewritten as 

a 

where om is the mean phonon frequency. The p values of 0, 1,2, ... correspond to zero-, 

one-, two-, ... phonon transitions. The p-phonon lineshape (1,) is the result of convoluting 

one-phonon profile (1,) p-times with itself. Note that the inhomogeneous distribution of 

various sites is not considered in Eq.83. Define the single site absorption profile in the low 

temperature limit [ 131 as 

The absorption spectrum is the integral (or summation) of the single-site absorption 

profiles with a Gaussian distribution of ZPL frequencies. Then 

Ao(Q) = jduN,(u-um)L(Q-u) , 

where No(u - urn) is the distribution of ZPL frequencies centered at frequency v, and 

Ao(Q) is the absorption spectrum before burning. Substitution of Eq.84 into Eq.85 leads 
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to 

Let the laser intensity and the quantum yield of hole burning equal to I and $, 

respectively. Then following a burn for time z [22] 

N,(~ -u , )  = N,(u-u,)exp[-oI$zL(a,-u)] , (87) 

where a, and o are the laser burn frequency and the optical cross section, respectively. 

The absorption spectrum following hole burning at a frequency a, for a time z is written 

as 

Substitution Eq.87 into Eq.88 leads to 

Xl, ($2 - 2)  - pa,). (89) 

The hole spectrum H(S2) is obtained as the difference between the absorption spectra of 

after-bum (Eq.89) and pre-burn (Eq.86). 

Eq.84 is the expression of the single site absorption profile valid in the low temperature 



51 

limit. To extend the theory of hole profile to arbitrary temperatures [20], begin with the 

general form of Franck-Condon factor [ 11,211 mentioned in previous section (section 3.1). 

FC = 'p f (t)e-'"""dt 
2xtz -- 

where f( t )  = exp{-G+G+(t)+G-(t)} 

G- (t) = Sa n, e-'""' 
a 

G = G+(O)+ G-(O) 

(94) 

(95) 

G, and G- represent absorption and emission of one phonon [ 111, respectively. The 

parameter t is simply a dummy variable. As indicated in Eq.93 and 94, S+ = (n+ 1)s and 

S- = n S correspond to absorption and emission of one phonon, respectively. At low 

temperature limit (n + 0), only S+ (or G,) nonvanishes. The term of exp in Eq.92 can be 

viewed as multi-phonon processes as revealed in the expansion of a Taylor series. 

Substituting Eq.96 into Eq.92 and Eq.91 and performing the integration gives 
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AE m-- + c %[P - 2P' I1 
f i a  

In the case of low temperature (G- + 0), Eq.96 is rewritten as 

- G; = exp[G+] = c- 
p=o P ,  I 

Substituting n + 0 and Eq.98 into Eq.92 and Eq.91, we have 

AE -2% 
F C = e  a 2c$G[--+pw,] 

p=o a P. ti 

Sp AE = e - ' z  - G [ -  - + Po, 3. 
p=o P. I A 

(97) 

(99) 

Eq.99 shows that Eq.97 is reduced to the Poisson distribution at low temperature limit. 

That is, Eq.97 is the general form of Franck-Condon factor for arbitrary temperatures. In 

analogy to Eq.84, the delta function is replaced by a line shape function. The single site 

absorption profile for arbitrary temperature is written as 

XlPP' (R - 2) - (p - 2p' >ma> 



53 

Consequently, following the same procedure as the case of low temperature (Eq.85-90), 

the equation of hole profde for arbitrary temperature is obtained. Applications of the 

theory of hole profile to photosynthesis will be discussed in later chapters (see chapter 5 to 

chapter 7) 
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CHAPTER 8 GENERAL CONCLUSIONS 

Considerable progress has been made towards an understanding of the excited 

electronic state structure and primary charge separation dynamics of the PS I1 RC. The 

present work establishes the importance of CP47 contamination and the 684 nm absorbing 

Chl a in preparations containing, on average, 5 and 6 Chl a molecules per RC complex. 

Our previous and present measurements of the lP680* lifetime, together with the time 

domain data, indicate that the 684 nm Chl a do not play a role in primary charge 

separation. However, both the 684 nm Chl a and CP47 contamination should be expected 

to complicate the interpretation of energy transfer data. Therefore, in future studies of 

energy transfer dynamics and electron-phonon coupling, attention should be focused on 

4 Chl a-RC preparations which contain negligibly low amounts of CP47,684 nm Chl a and 

non-native Chl a absorbing near 670 nm. 

The 684 nm absorbing Chl a contribute to the additional Chl a are of the linker 

type, serving to shuttle energy from the proximal antenna complex to the reaction center. 

Implicit in this model is that the 684 nm Chl a communicate with the primary electron 

donor Chl a (P680) via energy transfer and that the resulting detrapping of the Q, -state of 

the 684 nm Chl a should depend strongly on temperature. Temperature dependent 

transient hole spectra are presented that are in complete accord with this prediction. 

Theoretical calculations on the kinetics and temperature dependence of the hole profile of 

the 680 nm absorption band are presented and provide convincing support for the linker 

model. The data are argued to be inconsistent with other models. 

In the CP47 protein complex, attention is focused on the lower energy chlorophyll 

a Q, -states. On the basis of the analysis of the hole and static fluorescence spectra at 
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4.2K7 the lowest energy state of CP47 was found to be at 690 nm. The 690 nm and 687 

nm states are excitonically correlated and correspond to an excitonically coupled dimer. 

It has demonstrated, for the fxst time, that pressure can have a pronounced effect 

on primary charge separation of a reaction center. The 4.2K lifetime of P680*, the primary 

donor state, increases from 2.0 ps to 7.0 ps as pressure increases from 0.1 to 267 MPa. 

While this effect is plastic, the pressure induced effects on the Qy-absorption and non-line 

narrowed P680 hole profile are elastic. The latter observation, together with the 

observation that the linear electron-phonon coupling of the P680" t P680 transition is, at 

most, weakly dependent on pressure, allowed us to eliminate P680" and the electronic 

coupling V as sources for the plastic pressure dependence of the primary charge separation 

kinetics. Within the standard model of primary charge separation, it was then possible to 

focus on the acceptor state (P680+Pheo- and P680+Chl- for the superexchange and two- 

step mechanisms, respectively). It was found that the pressure dependence could be 

explained with a linear pressure shift of =1 cm-l/MPa in magnitude for the acceptor state. 

(The data and calculations do not permit a distinction between the superexchange and two- 

step mechanisms.) We emphasize that the PS I1 RC appears to be an ideal candidate for 

more detailed studies of the pressure dependence of primary charge separation. 



218 

ACKNOWLEGEMENTS 

It is a pleasure rather than a duty to record my thanks to my advisors, many friends, 

and organizations for their guidance, help, encourgement, and financial assistance during 

my years of research. In particular I want to mention Professor Small whose steady advice 

and rigorous criticism prevented me from making many mistakes. The work contained 

here is certainly more a product of his efforts than of mine. I am grateful to Professor 

Struve who allows me to choose him as one of the coadvisors. A large thank you goes to 

Dr. Ryszard Jankowiak and Dr. N.Raja.S. Reddy for discussions and experimental 

guidance in my research projects of Photosystem II. Thanks must go to Dr. John M. 

Hayes for the use of the hole simulation programs. 

Life in Ames was enriched not only by the facilities of the University, but also by 

many friendships. First in Prof. Small's group I would like to thank Dr. Freek Ariese, Dr. 

Tonu Reinot, Myungkoo Suh, Wook-Hyun Kim, Hsing-Mei Wu, Nick Milanovich for their 

help and keeping the research atmosphere a good one to work in. In Prof. Struve's group I 

would like to thank Dr. Herbert van Amerongen, Dr. Su Lin, Dr. Sergei Savikhin, and 

Chuck Smith for their assistance. 

I am indebted to several organizations for their financial support. In particular I 

want to mention Ames Laboratory, Department of Chemistry, and Dow Chemicals. 

Above all I am grateful to my parents, not only for their sacrificial assistance but 

also for their steady encouragement and unfalling love. 

This work was performed at Ames Laboratory under Contract No. W-7405-Eng-82 

with the U.S. Department of Energy. The United States goverment has assigned the DOE 

Report number IS-T1754 to this thesis. 



219 

APPENDIX A. A HOLE BURNING STUDY OF THE CP43 

COMPLEX 

I. Introduction 

CP43 protein complex is one of the interior Chl a light-harvesting antenna protein 

complexes for Photosystem I1 (PSII) [ 11. The inner antenna of PSII of higher plants 

consists of two chlorophyll-protein complexes denoted as CP43 and CP47 according to 

their apparent molecular weights. It is generally assumed that the inner antenna, both 

CP47 and CP43, accept the excitation energy from the light-harvesting complex (LHC) and 

transfer it further to the reaction center [l]. The CP43 antenna can be easily detached from 

the PSII reaction center by increasing the detergent (dodecyl maltoside) concentration to 

over 1% [2]. Detachment of CP43 can also be observed in the PSII particles after 

treatment with strong reductant dithionite at a concentration of 2 mg(mg Ch1)- [2]. It 

was not possible to detach the antenna CP47 under similar conditions. Therefore, it has 

been suggested that the CP43 antenna is less closely associated with the Dl-D2-Cyt b559 

reaction center than is CP47. 

The absolute structure of CP43 is not known [ 11. As in CP47, hydropathy plots of 

CP43 can be interpreted by six membrane-spanning helixes. Six helixes are connected by 

five hydrophilic loops. The total number of histidyl residues, the possible Chl a binding 

site, in CP43 is 12 [ 11. There is a considerable debate in literature about the Chl a content 

in CP43 complex [1,3,4]. For example, de Vitry et al. suggested that both CP47 and CP43 

bound 20-25 chlorophylls/ protein [3], while Barbato et al. [4] found 9-12 Chl a per CP47 

and CP43 complexes. 

CP43 and CP47 were previously thought to be only Chl a and p-carotene binding 
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proteins [1,5]. Photoprotective energy dissipation is one of the important functions of p- 
carotene, due to a lower triplet energy level than those of chlorophyll. Recently, 

xanthophyll lutein, which also functions as dissipating excess of excitation energy into heat, 

was found in CP43 and CP47 [5]. So the regulation of energy transfer to the reaction 

center could be one of the important functions for CP43 and CP47. 

The low temperature (8K) absorption and emission spectra of CP43 were reported 

by Carbonera et al.[6]. The absorption maxima of CP43 complex are at 437,668,681 nm, 

while the fluorescence maximum is located at about 682nm [6]. Picorel et al. [7] showed 

that the QY absorption bands of CP43 at T=48 K could be resolved into four spectroscopic 

transitions of Chl a peaking at 682.3,678.4,671.5, and 661.4 nm. At 77 K fluorescence 

maximum was measured at -685 nm [ 11. At 8 K, ODMR spectra revealed two triplet 

states peaking at 683 and 668 nm, respectively [6]. The former (683 nm) was assigned as 

the lowest energy component of the antenna funnel in CP43 [6]. 

II. Results 

A. Absorption Spectra 

The absorption spectra of CP43 protein complex from two different preparations 

were obtained at low temperature (4.2 K). Figure 1 shows the low temperature absorption 

and its fourth derivative spectrum (4.2 K) of the first preparation denoted as CP43(I). The 

fourth derivative (dashed line) reveals one major band located at 682.8 nm associated with 

four additional higher energy bands located at 678.5, 672.2, 668.1,664.7 nm, respectively. 

In contrast to the pronounced -683 nm absorption band revealed in the CP43(I) 

complex, the second preparation (CP43(II)) shows less intensity in that region, as 

illustrated in Figure 2a. Although the contribution from the -683 nm band depends on 
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Figure 1. Absorption (Qy-region) of CP43 (I) protein complex obtained at 4.2 K 
(solid line). Positions of the peaks revealed in fourth derivative (dashed line) are labeled. 
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preparation, the absorption spectra and their fourth derivatives are quite similar. 

The difference between the above discussed preparations (i.e., CP43(I)-CP43(II)) is 

shown in Figure 3 (curve c) revealing the contribution of pigments absorbing at -683 and 

670 nm, respectively. In addition, the major absorption maximum at -670 nm in CP43(I) 

(Figure 3a) is 2-3 nm blue shifted when compared with CP43(II) (Figure 3b). 

B Persistent Hole Burned Spectra 

Several nonphotochemical hole burned spectra obtained at various burn 

wavelengths at 4.2 K are shown as Figure 4 and 5 for CP430) and CP43(II), respectively. 

Persistent hole-burning spectra in Figure 4 were obtained with h~ =675 nm (a), 670 nm 

(b), and 655 nm (c) respectively. The broad hole (EWHM-90 cm-l ) located at 682.8 nm 

is invariant to AB as indicated by solid arrows. Thus, these -683 nm Chls serve as the 

lowest energy trap. An additional satellite hole located at -670 nm can be identified in 

curve a, although the interference from an antihole make the observation of the -670 nm 

satellite hole difficult. Vibronic holes are revealed when hg =655 nm is utilized. The 

numbers correspond to the vibrational frequencies in the excited state of Chl a absorbing in 

-678 nm region. These low-frequency modes are compared in Table I with the data 

obtained from Chl a in PSI [8]. 

Two persistent hole burned spectra of CP43(II), shown in Figure 5, were obtained 

with hg =659.8 nm (curve a), 658.8 nm (curve b), respectively. Similar vibronic hole- 

burned spectra were obtained. Due to a small difference in excitation energy (-20 cm-l) 

between curves a and b, all of the low energy fine features keep track of laser frequency 

and are blue-shifted about 20 cm-l in curve b in comparison with curve a. The key 

observation is that the intensity of the invariant broad hole at -683 nm is drastically 

reduced in CP4301). 
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Figure 2. Absorption (Qy-region) of CP43 (11) protein complex obtained at 4.2 K 
(solid line). Positions of the peaks revealed in fourth derivative (dashed line) are labeled. 
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Figure 3, Low temperature (4.2 K) absorption (Qy-region) of CP43 (I) (curve a) 
and CP43 (n) (curve b). The difference (curve c) between curve a and b reveals two 
maxima located at 682.5 and 669.4 nrn, respectively. 
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Figure 4. Persistent nonphotochemical hole burned spectra of CP43 (I) obtained at 
4.2 K with hg= 675 nm (curve a), 670 nm (curve b), and 655 nm (curve c), respectively. 
The vibrational frequencies of vibronic holes are labeled in curve c. 
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Table 1. Vibrational frequency (cm-l) obtained by nonphotochemical hole burning. 

CP43 

261 

---- 

349 

387 

422 

462 

495 

5 17 

535 

569 

PSI 

262 

283 

390 

425 

~ 469 

501 

52 1 

54 1 

574 

588 
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Figure 5. Persistent nonphotochemical hole burned spectra of CP43 (IQ obtained 
at 4.2 K with AB= 660 nm (curve a) and 659 nm (curve b), respectively. 
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Hole burning data of CP43(I) obtained with burn wavelength of hg= 675,680.5, 

and 682 nm are shown as Figure 6. Two shallow holes located at -671 and -678 nm are 

identified as indicated by dashed arrows. Interestingly, the position of these two satellite 

holes is invariant to hg (dashed arrows). 

Hole burned spectra of CP43(II) are shown in Figure 7. Again two satellite holes 

located at -671 and -678 nm are also revealed in the antihole region. The observed cusp- 

like features just to the right of the ZPH are yielded by the interference between the real- 

phonon sideband hole and the anti-hole. 

C Transient Hole Burned Spectra 

The population-bottleneck hole burned spectra of CP43(I) (see Figure 8) revealed 

two broad features at -683 nm and -670 nm. As expected, the 683 nm band is greatly 

reduced in the population-bottleneck hole burned spectra of CP43(II) (data not shown). In 

curve a and b of Figure 8, the 683 nm hole feature exhibited abrupt termination at h ~ .  It is 

possible that the 683 nm band is inhomogeneously broadened. The -670 nm hole (curve c) 

has a much larger bandwidth than the 683 nm hole. It is interesting to note that the 

difference between CP430) and CP43(II) (shown in Figure 3c) also reveals a component at 

-670 nm. This 670 nm band also exists in the population-bottleneck hole burned spectra of 

CP43(II) (data not shown). 

HI. Discussion 

A. Absorption Spectra 

The 4.2K absorption spectra, Le., Figure 1 and 2, exhibit one band at -683 nm 

associated with several partially resolved bands at a higher energy side. Interestingly, a 

684 nm band with 

protein complexes. The question arises, do these two bands show similar hole burning 

=110 cm-l was recently found in CP47 and D1-D2-cyt b559 
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Figure 6. Persistent holes of CP43 (I) obtained with h ~ =  682 nm (curve a), 680 
nm (curve b), and 675 nm (curve c), respectively. Satellite holes located at high energy 
side are indicated by dashed arrows. 
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Figure 7. Persistent holes of CP43 (11) obtained with AB= 685 nm (curve a), and 
682.5 nm (curve b), respectively. Satellite holes located at high energy side are indicated 
by dashed arrows. 
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Figure 8. Low temperature (4.2 K) transient triplet bottleneck hole-burned spectra 
from CP43 (I) with hg =682 nm (curve a), 680 nm (curve b), and 655 nm (curve c), 
respectively. 
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patterns? This will be addressed below. The 670 nm broad feature revealed in the 

difference spectrum (Figure 3c) is also observed in transient hole spectra (two holes 

located at 670 and 683 nm, respectively). One should notice that these two transient holes 

(at 670 and 684 nm) are not connected, Le., they originate from two different triplet 

bottlenecks (vide infra). We notice that ODMR experiments [6] also observed a -670 nm 

band. It has been demonstrated that all preparations may contain some contribution from 

the dysfunctional Chls [&lo]. In contrast to the suggestion of disrupted Chl a, this band is 

assigned to an upper exciton band of a possible Chl a dimer or, simply showed an 

interaction with a different chlorophyll population absorbing at higher energy [6]. 

B. Persistent Hole Burned Spectra 

The Stokes shift between the absorption and fluorescence origin bands is given by 

is the mean phonon frequency. Persistent hole burned spectra indicated 2S%, where 

that a sharp zero-phonon hole can be observed at AB =682 nm (see Figure 6 and 7). 

Carbonera et al. [2] also reported -682 nm to be the fluorescence maximum at 8K. All the 

observations given above indicate that the linear electron-phonon coupling of the 683 nm 

state is weak (S<l). 

We note that the spectra of both Figure 6 and 7 show that hole burning of the low 

energy bands elicits weak responses from the higher energy absorption bands at -67 1 and 

-678 nm. It is interesting to note that these weak responses do not drastically diminish in 

CP43(II), which has much less 683 nm band, as revealed in Figure 5. This observation 

strongly suggests the satellite hole at 683 nm is not excitonically correlated with the higher 

energy holes at -671 and -678 nm. That is, the 683 nm band does not belong to a part of 

the CP43 exciton-interacting pigments. It is possible that another lower energy state, 

which is revealed in the low energy tail of CP43(II) (see Figure 2), serves as a shuttle state 
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for energy downward transfer between the higher energy state and the 683 nm band. In 

summary, based on the satellite hole structure observed in Figure 6 and 7, two states at 671 

and 678 nm are identified as being excitonically correlated with the shuttle state which is 

located at the low energy side of CP43 absorption spectrum. The constant fluence action 

spectrum may provide further confirmation. The 683 nm hole, which can be further 

washed out, may not be one of the exciton states in CP43 protein complex. Similar 

behavior was revealed in the CP47 protein complex. 

The pseudo-vibronic structures revealed with high energy excitation (Figure 4 and 

5) provide the evidence for the existence of some disrupted Chl a in both CP43(I) and 

CP43(II). That is, the high resolution ZPH measurements may not accurately reflect the 

dynamics of fully functional energy transfer time in both CP43(I) and CP43(II). 

C. Transient Hole-Burning Spectra 

The broad feature located at 670 nm appears in both the difference absorption 

spectrum (Figure 3c) and the population bottleneck hole burned spectra (Figure 8c). The 

key observation is that this 670 nm hole is diminished with lower excitation energy (Figure 

8a and b). This observation invalidates the suggestion of Carbonera et ai. that the 670 nm 

band may be due to an upper exciton band. Van Kan el al. [ 113 also reported an intense 

feature at 670 nm in the population bottleneck hole burned spectra in the CP47 protein 

complex. They concluded that it is most likely due to non-native Chl molecules produced 

by the isolation and/or sample handling procedures. 

The 683 nm feature exhibited abrupt termination at AB (shown in Fig.8a and b). 

This result indicates the 683 nm band is inhomogeneously broadened. Similar behavior 

was reported for the 684 nm band in CP47. See Chapter 4 for more explainations. 
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APPENDIX B: COMPARISON OF THE ABSORPTION SPECTRA OF 

THE PHOTOSYSTEM I1 Dl-D2-CYT B559 REACTION CENTER 
FROM TWO DIFFERENT PREPARATIONS 

It is informative to examine the difference between absorption spectrum of Dl-D2- 

cyt b559 protein complexes prepared by two groups, i.e. Seibert (socalled 4 Chl a 

preparation) and Dekker, respectively. In earlier work [l], samples prepared by the 

procedures of McTarish et and Dekker et al. were studied utilizing hole burning technique. 

It was shown that the charge separation and energy transfer dynamics of the two 

preparations are very similar. Recently it was found that the relative Chl a content of the 

sample can be determined by normalizing the intensities of the Q,-band of Pheo a at 543 

nm [2,3]. It is assumed that the absorption from Chl a and carotenoid only contribute to 

the broad background absorption which underlies the sharp Pheo a band at 543 nm. Low 

temperature (4.2 K) absorption spectra of preparations from Seibert (dashed line) and 

Dekker (solid line) are normalized to the same intensity of the Q,-band of Pheo a as shown 

in Figure 1. The extent to which the Pheo a Q,-band is resolved is illustrated by the inset 

spectra of Figure 1. A straight line obtained by the subtraction of Qx-band of Pheo a 

ensures that the normalization procedure is performed correctly (see inset). The 

normalized absorption spectra at the Qy-region from Seibert's (curve a) and Dekker's 

(curve b) preparations are shown in Figure 2. Comparison of the two indicates that 

Dekker's preparation has a higher Chl a content. Assuming that the Dekker preparation 

has -6.4 Chl a/ 2 Pheo, as recently measured by HPLC method [4], the integration of the 

absorption spectrum of the Seibert preparation estimates the number of Chl a/ 2 Pheo as 

5.3. Subtraction of spectra a and b, i.e. curve c, reveals that Dekker's preparation has less 
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Figure 1 Low temperature (4.2 IS) absorption spectra of Dl-D2-cyt b559 protein 
complexes prepared by Seibert (dashed line) and Dekker (solid line), respectively. The 
spectra were normalized to the same intensity of the Qx band of Pheo a (see inset). The 
difference between these two preparations in Qx region is shown as the lower trace (see 
inset also). 
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Figure 2. Absorption (Qy-region) of D1-DZcyt b559 complexes prepared by 
Seibert (curve a) and Dekker (curve b), respectively. Curve c corresponds to the 
difference between the absorption spectra of Dekker's and Seibert's preparations. 
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contribution from dysfunctional Chl a absorbing at -670 nm, but may contain some 

contribution from the 684 nm band and/or CP47-Dl-D2-cyt b559. Chang et al. [3] 

discussed the complications associated with proper stoichiometry assignment when the 

preparation is contaminated with CP47 and/or dysfunctional Chl a. Considerable evidence 

exists [SI which indicates that the Chl a/ Pheo a ratio depends on the isolation procedure 

and other factors. Holzwarth's group studied the picosecond fluorescence kinetics of long- 

term (samples from Shuvalov) [6] and short-term (from Dekker) [7] Triton-exposed RC 

particles. An ultrashort component of 1-6ps, which has been resolved in samples from 

Shuvalov, was not resolved in Dekker's samples. The absence of the ultrashort component, 

assigned to the primary charge separation time, was attributed to the larger chlorophyll 

content of Dekker's preparation [7]. It is known that the maximum position of P680 

transient holes is dependent on the purity of the RC preparations [3,8]. One should notice 

that the maximum position of the P680 hole of Dekker's preparation [9] lies between that 

of the 4 and 6 Chl a/ RC preparations [3]. 

References 

1. 

2. 

3. 

4. 

5 .  

Tang, D.; Jankowiak, R.; Seibert, M.; Yocum, C.F.; Small, G.J. J .  Phys. Chem. 
1990,94,6519 

Chang, H.-C.; Jankowiak, R.; Yocum, C.F.; Picorel, R.; Alfonso, M.; Seibert, M.; 
Small, G.J. J. Phys. Chem. 1994, 98,7717 

Chang, H.-C.; Jankowiak, R.; Reddy, N.R.S.; Yocum, C.F.; Picorel, R.; Seibert, 
M.; Small, G.J. J. Phys. Chem. 1994, 98,7725 

Dekker, J.P. Private communication 

Seibert, M. in The Photosynthetic Reaction Center; Vol.1; Deisenhofer, J., Norris, 
J., Eds.; Academic Press: New York, 1993, p.319 



239 

6. Roelofs, T.A.; Gilbert, M.; Shuvalov, V.A.; Holzwarth, A.R. Biochim. Biophys. 
Acta 1991,1060,237 

7. Roelofs, T.A.; Kwa, S.L.S.; van Grondelle, R.; Dekker, J.P.; Holzwarth, A.R. 
Biochim. Biophys. Acta 1993,1143, 147 

8. Jankowiak, R.; Small, G.J. in The Photosynthetic Reaction Center; Vol.11; 
Deisenhofer, J., Norris, J., Eds.; Academic Press: New York, 1993, p.133 

9. Kwa, S.L.S.; Eijckelhoff, C.; van Grondelle, R.; Dekker, J.P. J. Phys. Chem. 1994, 
98,7702 


