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STELLINGEN 

De ladingsscheiding in gereduceerde fotosynthetische reaktie 
centra via het z.g. radikaal-paar mechanisme, leidt in hoog mag-
neetveld niet per definitie tot een uitsluitend T0-gepolariseerde 
electron donor triplet toestand, waarneembaar in het EPR Am=±l 
triplet spectrum als een AEEAAE spin polarisatie patroon. 

Dit proefschrift, Hoofdstukken II, IV, en V. 

2. De relatieve amplitude van de Y-pieken in het Am-±1 triplet EPR 
spectrum van fotosynthetische reaktie centra van purperbacterien 
kan gebruikt worden om de nativiteit van het primaire acceptor 
ijzerchinon komplex te bepalen. 

Dit proefschrift, Hoofdstuk VI. 

De tijdsresolutie van een EPR spectrometer wordt niet principieel 
beperkt door de frekwentie van 100 kHz, toegepast voor de magneet-
veld modulatie, zoals door sommige auteurs wordt beweerd. 

M. Plato, und K. Mbbius, Messtechnik 8 (1972) 224-234. 
"Moderne Messtechnik und Datenverarbeitung in der Elektronenspin-
resonanz-Spektroskopie" 

A.D. Trifunac, and R.G. Lawler, Magnet. Reson. Rev. 7 (1982) 
147-174. 
"Detection of transient paramagnetic intermediates by time-
resolved magnetic resonance and related techniques" 

4. De conclusie van Angerhofer et al. dat er tekenomkeer plaats vindt 
in de ODMR spectra van antennehoudende reaktie centra preparaten, 
vergeleken met antenneloze reaktie centra preparaten, is op grond 
van hun eigen waarnemingen niet gerechtvaardigd. 

A. Angerhofer, J.U. van Schiitz, and H.C. Wolf, Z. Naturforsch. 
39C (1984) 1085-1090. 
"Fluorescence-ODMR of reaction centers of Rhodopseudomonas 
viridls" 

Blj het onderzoeken van de betrouwbaarheid van hun fluorescentie-
levensduurmetingen gaan DeWilton et al. ten onrechte voorbij aan 
neveneffecten van hoogvermogen laserpulsen op het monster. 

A. DeWilton, L.V. Haley, and J.A. Koningstein, Can. J. Chem. 60 
(1982) 2198-2206. 
"Detection limitations of photomultiplier tubes in pulsed-laser 
emission spectroscopy: time-resolved fluorescence spectra of 
chlorophyll solutions" 
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De superfusie snelheid die Brodelius en Vogel toepassen bij de 
bestuderlng van plantecellen onder fysiologische kondities, m.b.v. 
3*P in-vivo NMR, is daarvoor te hoog, zodat deze cellen in een 
niet-fysiologische toestand van voortdurende substraat-uitputting 
verkeren. 

P. Brodelius, and H.J. Vogel, J. Biol. Chem. 260 (1985) 3556-3560. 
"A phosphorus-31 nuclear magnetic resonance study of phosphate 
uptake and storage in cultured Catharanthus roseus and Daucus 
carota plant cells" 

7. Bij de polarografische bestuderlng van de binding van zware meta-
len aan polycarbonzuren, moeten Subramanian en Natarajan rekening 
houden met de verschillen in diffusiecoefficienten van de diverse 
species. 

R. Subramanian and P. Natarajan, Ind. J. Chem. 24A (1985) 432-434. 
"Complexation of Cu(II) with poly(acrylic acids) - A polarographic 
study" 

Het systeem van de z.g. "No Claim" bonussen, gebruikt in de auto-
verzekeringswereld, verhoogt het aantal gevallen waarin doorgere-
den wordt na een ongeval, en dient daarom te worden ingeperkt. 

Bij de diskussies over de stimulering van het aantal geboorten in 
verband met het probleem van de 'vergrijzing' van de bevolking, 
realiseert men zich onvoldoende dat overbevolking een groter pro
bleem is. 

10. Bedrijven, instellingen, en/of diensten, waarvan het staatseigen-
dom geen algemeen belang dient, moeten worden geprivatiseerd. 

11. Bedrijven die op commerciele basis opereren en waarvan de produk-
ten en/of diensten de uitoefening van de algemeen belang dienende 
taken van de overheid bemoeilijken, moeten worden genationaliseerd. 

12. Zoals vrijwel niemand, weten ook de meeste socialisten niet waarom 
de Dag van de Arbeid op 1 mei wordt gevierd. 

Fred van Wijk 

Triplet state dynamics of chlorophylls in phbtosynthetic reaction 
centers and model systems. 

Wageningen, 1 mei 1987 
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CHAPTER I 

GENERAL INTRODUCTION 

1.1 PHOTOSYNTHESIS 

According to current scientific views, radiation from the sun has 

provided the energy to initiate and sustain all life on earth. The 

earliest forms of life were probably totally dependent on the 

breakdown of non-biologically formed energy-rich molecules for their 

survival. These organisms were strictly consumers of organic matter, 

not producers [1]. A major step forward in the evolution was the 

development of photosynthesis, which enabled living organisms to 

capture solar energy for the production of organic molecules. The 

impact of photosynthesis was overwhelming, e.g. it determined the 

composition of the earth's atmosphere, and provided enormous 

quantities of food for non-photosynthetic organisms, including man. 

Photosynthesis is one of the most basic ecological and life-

sustaining processes, and is therefore subject of wide scientific 

interest. During the last decades it has also been recognized that a 

basic understanding of the complexities of photosynthesis is required 

if we are to evaluate its true potential, and understand why it is 

such an efficient energy converting process. Such understanding could 

also provide clues to construct and improve artificial photosynthetic 

systems [2,3]. 

The major function of photosynthesis is to act as a pump 

transferring electrons and protons from a donor to an acceptor, using 

light as fuel. For plants and algae the donor is water, and 

carbondioxide is reduced and utilized to produce carbohydrates (e.g. 

sugars): 



light 

H20 + C02 • [CH20] 

where CH20 is the building-block of sugars. 

Photosynthetic bacteria are not capable of oxidizing water, and use 

more reduced compounds. There are several types of photosynthetic 

bacteria, those that use reduced inorganic sulfur compounds as donor, 

such as H2S (green and purple bacteria), and those that use non-sulfur 

donors (non-sulfur purple bacteria, e.g. Rhodopseudomonas virldis and 

Rhodobacter sphaeroldes). 

In 1905 Blackman [4] showed that the photosynthetic activity 

consists of a group of processes depending on light for their 

occurrence, and a second group which do not. 

The majority of the light reactions involve a special class of pigment 

molecules: the chlorophylls (fig. 1). These pigments are embedded in 

specialized proteins, located in membranes of photosynthetic species. 

These chlorophyll-containing proteins can be divided into two types, 

according to their function. The first type catches photons 

(visible light) and transmits photon energy to a second type, a spe-

COCH) 

C,M, 

OCjo H M 0 =C 

OCHj 

(a) (b) 

Figure 1. 

Molecular structure of chlorophylls: a. X« -CH3 for Chl-a, X» -CHO for Chl-b; 

b. X» -C2H5 for BChl-a, X« =C2H4 for BChl-b. 



ciallzed cluster of proteins: the reaction center (RC). The first 

type, "light-harvesters" or "antennas" make up the majority of the 

light-absorbing pigments: typically 100 - 300 antenna chlorophylls 

serve one RC. 

After absorption of a photon the energy migrates from one pigment to 

another in the antenna system, and arrives in 10 - 1 1 s at the RC. In 

the RC the energy is trapped on a Chl-dimer (or BChl-dimer in 

bacteria), called the primary (electron) donor (P). The excited dimer 

ejects an electron to a nearby intermediary acceptor (I) in a few 

picoseconds. The electron on I is subsequently transferred to a 

primary acceptor, and then to a secondary acceptor, denoted QA, and 

QB, respectively. These processes make up the primary electron 

transfer reactions in the RC. The architecture of the RC and the 

primary photoreactions are described in more detail in the following 

paragraphs. 

For more details on photosynthesis in general we refer to 

a number of recent reviews [5-13]. 

The present work is concerned with several processes in the 

RC's of Rps. vlrldls. Rb. sphaeroides. and Chromatlum vlnosum. 

1.2 THE PHOTOSYNTHETIC REACTION CENTER OF PURPLE BACTERIA 

The first photochemically active reaction center was isolated 

from Rb. sphaeroides R-26 in 1968 by Reed and Clayton [14]. From then 

on the isolation procedures have improved [15], culminating in the 

crystallization of purified RC's of Rps. vlrldls by Michel in 1982 

[16], and later also of Rb. sphaeroides [17]. 

Although spectroscopic studies on the pigments in the RC's have 

revealed mutual distances and orientations of these chromophores 

[18-27], it lasted until 1984 before the first X-ray results provided 

unambiguous and accurate data on the absolute positions and 

orientations of almost all of the chromophores in the Rps. vlrldls RC 

[28-30]. Although during the crystallization step the primary and 



secondary acceptors were at least partly lost [16],more recently 

Improved methods resulted In fully photochemlcally active RC's 

[31,32], (with only half of the secondary acceptor lost during 

crystallization) [33]. Therefore the results from the crystal struc

ture are. believed to represent the native structure to a great extent. 

Also for Rb. sphaeroldes R-26 RC crystals the photoactivlty was 

demonstrated [34]. 

There is increasing evidence that the RC's from different purple 

bacteria are closely related, as reflected by large homologies in 

amino acid sequence [30], and almost identical pigment organization 

Figure 2. 

Structure of the backbone of the reaction center protein complex of Rps. 

vlrldls as seen In the plane of the photosynthetic membrane (dashed lines). 

(From Ref. [30]). 



[35-39,123]. Furthermore, it becomes more and more likely that the RC 

structure of purple bacteria probably resembles that of photosystem II 

in green plants (ignoring the oxygen evolving part of the latter) 

[40-42]. Thus, the elucidation of the RC structure from Rps. viridis 

bears a wide interest, and is a mile-stone in photosynthesis research. 

The protein structure of the RC from Rps. viridis is shown in 

figure 2. It consists of four subunits, one of which is a c-type 

cytochrome, containing 4 heme groups. This cytochrome is tightly (but 

not covalently) bound to the actual RC, consisting of 3 subunits, 

labeled L, M, and H, corresponding to their relative molecular weight 

(low, medium, and high) [12,37]. The primary processes are all located 

within the LM complex. The outer dimensions of the RC-proteln complex 

are roughly 30 x 70 x 130 A3 [43]. The longest axis is perpendicular to 

the plane of the photosynthetic membrane. The cytochrome and the 

H-subunit protrude out of the membrane, and have polar amino acid 

10 8 

Figure 3. 

Positions of the chromophores in the LM subunits of the reaction center from 

RPS. viridis as seen In the plane of the photosynthetic membrane. Car denotes 

the approximate position of the carotenoid [44]. Further details are given in 

the text (after ref [121]). 



residues on their surface, whereas the LM part is buried in the 

membrane; its surface is apolar and covered with membrane lipids. 

The positions of the chromophores in the RC are shown in figure 

3. Note the C2-symmetry axis parallel to the long axis of the RC. The 

pigments are labeled L or M, corresponding to their location in the L 

or M protein subunit. The labels "P" and "A" denote the primary donor, 

and accessory pigment, respectively. The most likely position of the 

carotenoid in the RC [44] is very near the B C ^ . In Rps. viridis it 

is redundant. 

The location of the accessory BChl (BCLA) between the donor and 

intermediary acceptor I is puzzling, for its location seems to 

indicate its Involvement in the early charge separation process. 

However,the spectroscopic results are contradictary with respect to 

the active role of BCL A [45-51]. 

As the exact positions of the chromophores became resolved, the 

RC C2-symmetry seemed to suggest a dual electron transfer pathway. It 

was however demonstrated that only one of the two BP's was reduced on 

illumination [35,52-57], although delayed fluorescence measurements 

were explained invoking some participation of the other BP [58]. 

The acceptor side of the RC consists of a QB-Fe2+-QA complex [20, 

36,59-67], where QA is the primary qulnone acceptor (a menaquinone in 

Rps. viridis and C^ vlnosum [33,61,68], and ubiquinone in Rb. 

sphaeroldes [61] and QB is the secondary quinone acceptor (a ubi

quinone [33,69]). The structure of these quinones is shown in figure 

4. 

I r l 
H,—CH=t—CII.-HI O 

menaquinone-n 

Figure 4. 

Molecular structure of the ubiquinones and menaqulnones (vlt. k2) as found at 

the acceptor side of bacterial reaction centers. 
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Figure 5. 

Schematic structure of the acceptor side of the reaction center from Rps. 

virldis. according to refs. [70,128]. Dotted lines indicate electrostatic 

interaction. 

Since the acceptor side of the RC is of particular importance to 

the following chapters, it is more closely examined. 

Lubitz and Plato [70] presented results, using the refined 

crystallographic data from Rps. vlridls , demonstrating the electronic 

interactions between the Fe , MQ, BPL, and the surrounding amino 

acids, schematically shown in figure 5 (taken from [70] and [128]). 

From this figure it is seen that the Fe 2 + and the quinones are not 

directly coupled [124], although a strong magnetic interaction between 

the electron spins of the singly reduced quinones and the high-spin 

Fe 2 + has been measured [39,65,71], (The spectroscopic behaviour of 

the qulnone-iron complex is described in detail by Butler et al. 

[71,72].) The interaction between high-spin Fe2 + (S=2) and the reduced 

Q~ results in a characteristic shift of the EPR signal from QA~ to 

g=1.83, and g=1.65, first observed by McElroy [20,62,66.73]. Large 

anisotropic g- and dipolar effects are responsible for the shift and 

broadness of the Fe 2 + EPR signal. This signal is only detectable below 

~20 K. Rapid spin-lattice relaxation on the Fe2 +, due to its large 



orbital momentum is thought to be responsible for the strong tem

perature dependence of the g=1.8 signal [65]. 

There is a second magnetic interaction involving Q~, i.e. with 

reduced BP^-• The Fe2+-Q~ coupling strengths are ca 102 mT for 

various purple bacterial species, whereas the magnitude of the Q~-I~ 

Interaction varies widely for different bacterial species (see e.g. 

Dutton et al.[20j). Relatively large couplings are observed when the 

primary acceptor is a menaquinone. Better n-electron orbital overlap 

of menaquinone with Trp-M250 [30] might be responsible for this obser

vation, although no firm proof has been given yet. The magnetic 

interactions in the RC have recently been reviewed by Hoff [74]. 

1.3 THE PRIMARY REACTIONS 

In this paragraph the dynamics and the redox properties of the 

components of the bacterial RC are considered in more detail. 

Figure 6 shows the redox couples and lifetimes of the primary 

photoreactants. Upon exciting the primary donor (P-960 for Rps. 

viridis, P-870 for Rb. sphaeroides), e.g. by trapping the energy from 

a nearby excited antenna molecule, an electron is transferred from the 

excited donor to I. Various times have been reported for this process: 

2.8 + 0.2 ps [51], 4.0 + 1.0 ps [49], or 7 + 2 ps [48] in Rb. 

sphaeroides , and 6.0 + 0.9 ps [75], 12 + 2 ps [50], or < 8 ps [76] in 

Rps. viridis RC's. The electron leaves BPL" in approximately 200 ps 

to the primary quinone acceptor [45,59,76-78], the latter transfer 

stabilizing the charge-separated state. Although the individual redox 

properties of the primary reactants may differ for various species of 

purple bacteria, the kinetics of the primary steps show a remarkable 

resemblance, indicating a close structural relationship. 

The time of the energy transfer step from a nearby excited 

antenna molecule to the primary donor is ca 1 ps [11,79,80]. This 

time is comparable to the time that an excitation remains on a 

particular antenna molecule [11,80]. Hoff argued [81] that 2.8 ps (or 
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Figure 6. 

a. Redox properties of the reaction center of Rps. viridis (after ref. 

[35,66]). b. The kinetics of the primary processes in Rps. viridis. Further 

details are given in the text. 

more) is therefore an unlikely long time for the existence of P , 

especially for Rps. viridis, where the lowest excited state of P-960 

is higher in energy than the corresponding state in the antenna, a 

curious phenomenon already known since the first characterization of 

the photosynthetlc system of Rps. viridis [82]. Ultrafast 

spectroscopic methods have provided possible answers for the problem 

of the long life-time of the trapped excitation on P-960 

[122,125-127]. A charge-separated state on P itself was postulated, 

which comes into existence only ~50 fs after excitation of P. It is 

not clear whether the accessory BChl's play a role in the latter pro

cess. 

1.4 THE TRIPLET STATE AND ITS SPIN POLARIZATION 

Much work has been carried out studying the triplet state of the 

primary donor (3P) in the photosynthetlc RC [9,18,83-86]. The 



advantage of studying this triplet state in photosynthetic RC's is that 

it may act as an internal magnetic probe, sensitive to its environ

ment. 3P can be generated if the electron transfer step from BPL~ to 

Q^ is blocked, e.g. because the primary acceptor QA was removed, or 

prereduced. Under these circumstances the P+I~ state recombines to 

form : a) the excited donor, giving rise to delayed fluorescence 

[25,87-90], b) the singlet ground state of P + heat, or c) the triplet 

state 3P [9]. The yield of any of the recombination products depends 

on the temperature and other external conditions (e.g. magnetic field 

strength). At low temperature (T < 20 K) the triplet yield becomes 

close to unity, whereas at room temperature the triplet yield is about 

15% [91]. 

When external magnetic fields are applied, the triplet yield 

drops considerably at room temperature, due to the increased 

separation between the | T+> energy levels and the | S> state energy 

level in the P+I~ state [92-94]. At low temperature however, there is 

no effect on the triplet yield by the magnetic field [92]. 

Since Dutton first measured the triplet state of P [95], EPR has 

proven to be a useful technique to study the primary processes in 

photosynthetic RC's. The dipolar zero field splitting parameters D and 

E obtained from Am=+ 1 triplet EPR, and ODMR spectra depend on 

the electronic structure of the molecule and characterize the observed 

triplet state, and thus contain information about the molecular frame 

on which the triplet state is located [96]. The donor triplet EPR 

spectrum exhibits an electron spin polarization (ESP) pattern, which 

was recognized as anomalous, i.e. this ESP pattern is inconsistent 

with the "normal" populating mechanism via intramolecular intersystem 

crossing [97,98]. The ESP patterns in triplet EPR powder spectra 

reflected a pure initial | T0> population in all canonical orien

tations, resulting in an AEEAAE ESP pattern (fig. 7). This pattern is 

observed in all photosynthetic RC's, including the plant photosystems 

I and II [95,98-101]. 

The explanation for this anomalous polarization was found in 

chemically induced magnetic polarization (CIMP) [92,102-106]. The 

10 
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Figure 7. 

The origin of an anomalously spin polarized first derivative Am=l triplet EPR 

spectrum (a). Emissive transitions are labeled E, A denotes absorption; b-d: 

Magnetic field dependence of the energies of the three spin levels of the 

triplet of the primary donor (3P), in which the magnetic field (B) is 

parallel to the z,y, and x zero field magnetic axes. The observed transitions 

are indicated by black arrows (after [106]). Note that in b-d only the middle 

sublevel (ms=0) at high magnetic fields carries population, independent of 

the relative orientation of the magnetic field and the molecular frame. 

magnetic field effect on the triplet yield [92-94] and the anomalous 

ESP can be explained by invoking the radical pair mechanism (RPM) for 

the triplet state formation in photosynthetic RC's [92,98]. 
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1.5 THE RADICAL PAIR MECHANISM 

Although the RPM was developed to explain the electron and nuclear 

spin polarization of the products of chemical reactions In solution 

[107,108], It could be successfully applied to the photosynthetlc RC 

[92,102-106,109], which, especially at low temperature, Is more like a 

solid. 

In the following a RC in a state in which the primary acceptor 

(QA) has been removed is considered in the presence of a high magnetic 

field, i.e much larger than the zero-field splittings of the donor 

triplet state. 

After absorption of a photon the P state ejects an electron, 

producing the P+I~ state. The two unpaired electrons on P+ and I~ were 

highly correlated just before the charge separation, and at the time 

scale of this chemical reaction this correlation is preserved i.e. the 

net spin moment of the RP state remains zero during charge separation. 

The basis set that describes this spin system consists of one singlet 

(| S>) and three triplet RP-states (| T+>, | T0>, and |T_>). The 

Hamiltonian describing the RP is given by [110]: 

H = gjpSj.i + g2p32.3 + 1 Alin1.ii * I A 2 J S 2 . I J -

-J12(%+2S1.S2) + Sj.D.Sg (1) 

where 1 and 2 denote the unpaired electrons on P+ and I-, respec

tively; gj is the g-factor of electron 1; 0 the Bohrmagneton; B 

denotes the external magnetic field; A^- denotes the hyperfine tensor, 

which couples electron k with nuclear spin q; I~ denotes the nuclear 

magnetic moment of the qth atom; Jj 2 is the electron exchange 

interaction; and D is the dipolar interaction tensor. These terms are 

one by one discussed In more detail by Ogrodnik [110]. 

In the following, only isotropic interactions are considered, and it 

is assumed that B=BZ. 

The external magnetic field causes each of the electron spins to pre-

cess around its axis. The difference in precession frequency (Aw12) of 
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electrons 1 and 2 is given by [106,107,112]: 

A(012 = J{tfH8(g rg2) + %ZA l l B l l - %lA2jm2J} (2) 

where ft is Planck's constant over 2n, and mkq denotes the magnetic 

nuclear quantum number of atom q on radical k (k=P+, I - ). 

Thus, the external magnetic field induces | S> - | TQ> mixing by g-value 

differences and/or differences in the local magnetic field strengths 

at P+ and I- (see figure 8). The | T+> and | T-> states are hardly 

involved, for the Zeeman energy splitting (~300 mT for X-band EPR 

fields) is much larger than the exchange energy J12 . which causes the 

energy gap between | S> and | TQ>. | J12| is ca. 0.1 mT [74,113,114]. (If 

there is no coupling at all between electron 1 and 2, the notion of a 

triplet state becomes meaningless.) 

In the photosynthetic RC the RP state has a lifetime of about 200 

E B, 

LUMO 

HOMO 
\ 

> t r ] 

Figure 8. 

Simplified view on the S-T„ mixing in the radical pair mechanism. Because the 

local magnetic field strengths are different, the spins on I" precess with a 

different frequency with respect to those on P+. After n/Au s the initial 

singlet state of the unpaired electrons of the RP is converted into the ms=0 

triplet state ("PF"). Upon recombination of the RP, only the ms=0 sublevel of 
3P is populated ("PR"). 
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ps when 'normal' forward electron transfer Is allowed, and exists 10 -

20 ns [89,115,116], If QA has been removed (or prereduced), effec

tively blocking the forward electron transfer. Parson et al. 

[115] denoted this short-lived (20 ns) state "PF", and denoted the 

much more stable triplet state of the primary donor Itself (3P) "PR" 

(F stands for "fast decaying", and R stands for "remaining"). These 

notations will also be used in this work. In the 'normal' case, 200 ps 

is too short for the RP to develop any | TQ> character, because g-value 

and hyperfine differences are too small. However, under blocked con

ditions the triplet RP-state becomes observable. 

Eq. 2 implies that the S-T„ mixing is caused by either differen

ces in g-values between P+ and I", and/or differences in hyperfine 

coupling strenghts. In the RC the g-values of P+ and I- differ only 

~0.001 [117,118], which is insufficient to cause any substantial S-T0 

mixing during the 20 ns life time of PF. 

Therefore the differences in hyperfine coupling strengths are 

considered responsible for the S-T0 mixing. This was theoretically 

illustrated using the notion of one proton coupled to one of the 

electrons [111], replacing the two hyperfine terms in eq. 1 and 

representing the net hyperfine coupling. 

So far the RC was considered without the presence of QA. 

In principle the same description is expected to apply when the 

primary quinone is prereduced, also blocking the forward electron 

transfer. But now there is an important difference. The unpaired 

electron on QA~ (or better, the QA~ Fe2 + complex) can magnetically 

Interact with the nearby spin on I~ as was realized by Roelofs et 

al. [119], and Hoff and Hore [120]. This resembles the description 

given above, i.e. of two electron spins in a RP interacting with one 

proton. However, now the Zeeman energy of the third electron spin on 

QA~ is a large factor in the three electron spin Hamiltonian (see 

Chapter II), in contrast to the relatively small contributions by the 

hyperfine term in the two electron spin-, one proton model. In the 

following chapters the P+I"QA~Fe2+ multi electron spin system is con

sidered in much more detail for various bacterial species. In these 
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bacteria the magnitude of the magnetic interaction between the spins 

of the second electron on I" (BPL) and the third electron on Q^ varies 

considerably (from -0.05 mT to ~20 mT). 

1.6 PERSPECTIVES AND OUTLINE OF THIS WORK 

In the previous sections a survey has been given of the photo

chemical reactions in the bacterial photosynthetic reaction center 

(RC) and the architecture of this RC. Both the structure of the RC and 

the sequence and time-scale of the events have been unraveled in great 

detail, so that research on primary processes in photosynthesis can 

now be focussed on the relation between structure and function. This 

is not straightforward as Hoff has pointed out recently [74], since 

the X-ray data give information on core electrons (in a molecular 

frame in a neutral ground state), whereas the spectroscopic data are 

sensitive to the properties of the outer electrons, dealing exclusi

vely with charged and/or excited states. 

Several basic questions remain to be answered: e.g. Why is the 

light-energy converting process so efficient in the RC? What is the 

role, if any, of the protein itself in the charge-separating and 

electron transfer process? Is there any reason for a dual electron 

path-way? And more detailed questions like: how exactly is the 

electron from P transferred to the intermediary acceptor? Do the 

tails of the chromophores play an active role in the electron transfer 

process? What is the function of the iron ion in the RC? 

Many of these questions are being answered at this moment by the 

joined efforts of numerous workers in the field. 

In our laboratory we were interested in the relation between 

structure of the photochemical device and the kinetics of electron and 

energy transfer processes in photosynthesis as well as biomimetic 

(artificial) systems [129-135]. The magnetic interactions between the 

involved reactants may provide a clue to understand the parameters 

determining the mechanism and kinetics of photosynthetic electron 
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transfer. Spectroscopic techniques provide the tools to study the abo-

vementioned relation. 

This work focusses on the factors which determine the electron 

spin polarization (ESP) of the lowest triplet state of the primary 

electron donor (PR) in photosynthetic bacterial RC's. One of the main 

results is that the magnetic interactions between the components of 

the RC in the acceptor region, which are related to the structural 

properties of the acceptor side, determine the ESP pattern of PR 

at low temperature (e.g. liquid nitrogen temperature). On the other 

hand, the donor properties of the RC are reflected by the quantum 

yield of PR. 

In summary, EPR spectra of PR contain structural information on both 

donor and acceptor side of the RC. We have applied this concept to 

model-systems containing bacterial RC's. 

This study was triggered by the surprising observation that the 

ESP pattern of the primary donor triplet state EPR spectrum from Rps. 

vlrldls RC's depends on the temperature (see Chapter IV), leading to 

the question whether the well-established radical pair mechanism in 

photosynthetic RC's necessarily results in an AEEAAE ESP pattern in 

EPR spectra. 

A simple theoretical approach, scouting various explanations for the 

observed temperature dependence of the ESP pattern of PR is presented 

in Chapter II. In Chapter IV several experiments are described on RC's 

and chromatophores under steady state conditions. It was concluded 

from these experiments that a detailed knowledge about the dynamics of 

the triplet state is essential to further characterize the mechanism 

underlying the temperature dependence. 

For that purpose a pulsed dye laser was constructed. Furthermore, an 

improved method for the detection of time resolved EPR was developed, 

both described in Chapter III. The results of the time-resolving 

experiments are reported in Chapter V. It was concluded that phonon-

assisted transitions between PF and PR may explain the PR relaxation 

behaviour. Finally, the profit of the use of the ESP pattern as moni-
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tor for structural changes in the RC was demonstrated in Chapter VI, 

where the incorporation of RC's into reversed micelles is described. 
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CHAPTER II 

THEORETICAL ASPECTS OF STATIC AND DYNAMIC MAGNETIC 

INTERACTIONS IN SOME MULTI SPIN SYSTEMS 

2.1 INTRODUCTION 

Prereduced photosynthetic RC's contain a paramagnetic anion of 

the quinone type (Q~). Recently several observations were reported, 

which were ascribed to the presence of the additional electron spin on 

Q.~ [1-4]. Several groups [4.5] realized that it was necessary to 

consider the interaction of the third electron spin on Q A
- with the 

unpaired electron spin on I- in the P+I~ radical pair (RP) state for a 

proper description of the magnetic interactions in the primary 

reactants of the charge-separating pathway. Roelofs et al. noted the 
— 2 + 

possible consequences of electron spin relaxation within the QA Fe* 

complex [4]. 

Generally, the lineshape, e.g. the ratio of the amplitudes of the 

X, Y, and Z transitions of the Am=l EPR spectrum of the donor triplet 

state, changes with temperature. In the more pronounced case, such as 

for Rps. vlrldis (see Chapter IV), even the sign of the Y-transitions 

may change. This is denoted as a change in electron spin polarization 

(ESP) pattern. This indicated some relation with the magnetic interac

tion between I~ and QA~, which was known to be larger for Rps viridis. 

The magnitude of this interaction in various bacterial species and in 

plant photosystem II has been collected in Table I [6], From this 

Table it is clear that a substantial magnetic interaction between I-

and QA~ is not rare in photosynthesis, although its effect on the 

electron transport process under physiological conditions, if any, is 

presently unclear. 
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Table I 

Species J,, (mT)a ref' 

Rb. sphaeroldes 

Rps. gelatlnosa 

C. vinosum 

Rps. vlrldls 

T. PfenniKii 

PS-11 

0.01 - 0. 

8.3 

8.0 

18.0 

6.8 

5.2 

05 7 - 9 

10 

11 

12 

13 

14 - 16 

a: pH 7 

The llneshape of the triplet spectrum Is not only affected by the 

presence of a third electron spin, but it is also sensitive for 

intramolecular spin-lattice relaxation (SLR). SLR is monitored by EPR 

as an increase in decay rate of the triplet signal. To decide whether 

SLR can induce the observed changes in the ESP pattern, the kinetics 

of the relaxation process in the triplet state is considered in 

section 2.2 of this Chapter. It will be shown that this process cannot 

cause the observed temperature dependence of the ESP pattern of the 

donor triplet state in RC's from Rps. viridis. The temperature 

dependence of the observed decay rates of the EPR triplet signals is 

considered in more detail in Chapter 5. 

In section 2.3 the effect of the presence of the third electron 

spin on the RP will be considered theoretically by a simple 

calculation in order to get qualitative insight in the physics of the 

spin levels of the recombination probabilities, which determine the 

populating rates of the donor triplet state, and thus its ESP pat

tern. For this purpose static magnetic interactions are quantum mecha

nically considered, resulting in the breakdown of exclusive S-T0 

mixing in the radical pair state P+I~. 

Static interactions alone cannot explain a temperature dependence 

as observed in the EPR triplet spectra. Therefore the effect of rapid 

Tj processes within the Q^~Fe2+ complex on the spin dynamics of the 
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three-electron spin system is qualitatively discussed in the second 

part of section 2.3. 

2.2 ELECTRON SPIN POLARIZATION AND SPIN-LATTICE RELAXATION 

In this section we investigate whether the observed temperature 

dependence of the ESP of the donor-triplet state (PR) of bacterial 

RC'8 (Chapters IV and V) is the result of spin-lattice relaxation 

(SLR). 

SLR denotes any of three phonon-assisted processes, causing 

spontaneous transitions between any pair of the three spin levels of 

pR, from which the Raman-process is most commonly encountered [17]. 

Depending on the nature of the relaxation process, temperature 

dependencies from T2 to T9 have been observed [17,18]. 

At low temperatures PR in photosynthetic RC's is exclusively 

populated in its ms=0 sublevel by the action of the radical pair 

mechanism [19,20]. The other sublevels may become populated by SLR. 

This will affect the ESP pattern as monitored by the Am=l triplet EPR 

powder spectrum. Especially when the SLR process is faster than the 

time resolution of the EPR spectrometer it may become impossible to 

discriminate between a temperature dependent change of the relative 

population rates of the three spin levels and of the relaxation 

process. If the SLR rate constants are much faster than the rate 

constants for decay from the observed triplet state, the ESP pattern 

of its EPR spectrum reflects a Boltzmann distribution over the three 

spin levels of P" and exhibits inversion symmetry around its center 

[21]. On the other hand, in the absence of SLR, i.e. at sufficiently low 

temperature, the Am=l triplet EPR spectrum exhibits mirror symmetry 

around its center. Such mirror symmetry is also found if the spectrum 

is recorded during a time-span following the generation of the triplet 

state which is short with respect to the SLR time, e.g. when using a 

pulsed excitation source and time-gated boxcar detection. We denote this the 

initial spectrum, in contrast to the fully thermalized spectrum. In 
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both the fully relaxed and fully polarized states of PR, the 

amplitudes of any pair of EPR peaks (I.e. low and high field 

transitions: X+/X~, Y+/Y", and Z+/Z~) are very close to equal. In the 

Intermediate situation, If SLR Is of the same order as the spin level 

decay rates, the Am=l triplet spectrum looses all symmetry: the 

amplitudes of e.g. the X+ and X" peaks are different. Generally, the 

same holds for the Y+/Y~ and Z+/Z~ peak amplitudes. 

In the following the radiative and radlatlonless decay of the 

spin levels of PR Is described by a single decay rate constant, since 

the phosphorescence quantum yield for chlorophyll-like compounds Is 

extremely low [31,32]. 

For Rps. vlrldls, for which we first observed the change In the 

ESP patterns of PR, two of the three decay rate constants are already 

near the time-resolution of the standard EPR spectrometer (I.e. 14, 

and 16 ms- 1 [22]). Therefore our observation that the ESP pattern of 

PR In the EPR Am=l triplet spectra changes with temperature, might be 

caused by temperature-dependent SLR. 

We consider a T0-populated triplet state (P0 = 0 , Pj = 0), with 

different SLR rate constants at high magnetic field, connecting any 

pair of sublevels (fig. 1). The ratio of such a pair of relaxation 

T* 
n 1 (xwi I awj 
K 0 \ ' ' 

"i 

P 1 \ a"! 
\ 

Figure 1. 

Kinetic scheme for a triplet state In high magnetic fields. Only the T0_ 

populating occurs (Pj=0), corresponding to the (two-spin) radical pair mecha

nism; Wj,w2, and w3 denote relaxation rate constants, a denotes the Boltzmann 

factor expj-AE/kT). The energy-differences between T+ and T0, and T0 and T_ 

are assumed to be equal. 
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rates (wup/wdown) *s determined by the Boltzmann factor: exp -AE/kT 

(a in fig. 1), where AE denotes the energy-difference between the pair 

of spin levels. It is assumed that Ej-E2 = E2-E3, hence only a single 

factor a is required. Then, solving the set of first order 

differential equations for the steady state case, the following result 

is obtained: 

sign {nj-n2 } = sign { (a -l)[awjw2 + aw2w3 + o2w1w3 + w^kj] _ 

- kj [(o2+l)w1 + aw2 + kj] } (1) 

Since 0< a <1, and all rate constants are positive, both terms on the 

right hand side of eq. 1 are negative. Therefore nj-n2 is negative for 

any set of parameters (P0,k0,k1,w1,w2,W3) at any temperature (a), 

indicating an absorptive EPR signal under all (steady state) cir

cumstances. The observation that the absorptive Y+ peak of PR (T<20 K) 

is converted into an emissively polarized transition at increasing 

temperature (T>20 K) therefore cannot be caused by an intramolecular 

relaxation process. 

2.3 A SIMPLE THREE ELECTRON SPIN MODEL FOR PF 

In the following we present a theoretical description of the 

magnetic interactions in the PF state. Emphasis is on the populating 

probabilities of the high-field spin levels of PR from the 

corresponding spin levels of PF. By "PF" we denote the total (three 

electron) spin system in the state P + I " Q A ~ l n t n e (prereduced) 

photosynthetic RC. 

Eigenstates of PF 

We must solve 

H Y = E ¥ (1) 

where 
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H = I=i gj M i » § - 2 J23 S2.§3 (2) 

and 

• = X a. +, 
k=l 

k ^k (3) 

H is the three-electron spin Hamiltonian, describing P ; ¥ and ^ are 

three-electron spin functions 1,2, and 3 denote the electron spins on 

P+, I~, and QA~, respectively; gj is the electron g-value of electron 

i; p denotes the Bohrmagneton; B is the external magnetic field of the 

EPR spectrometer; J2g denotes an exchange interaction - assumed to be 

isotropic - between spins 2 and 3. ((Ĵ J spans an orthogonal set of 

basis functions: 

*! = | a a a > + 3 = | a/Sa> <J>5 = | a/30> <J>7 = | fifia) 

<t>2 = I aa/3> <f>4 = I 0 a a> 4>6 = I /3o/3> <J>8 = | fififi) 

We choose B* = Bz • B; and J2 3 • J 

Solving (1) and setting the secular determinant to zero: 

det { H1 1 - E S w ) = 0 and S,t = 6 'ij ij " °ij 

yields the secular matrix, given by: 

' 11 

•"22 

-J d 33 
J 44 

J 55 

J 66 - J 

-J d 77 
a88 

(4) 
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with 

d l l • 
d22 " 

d33 • 

d44 B 

d55 " 

d66 a 

drjrj B 

d88 B 

1̂ 

Al 

Al 

-Aj 

Al 

"Al 

-Aj 

"Al 

+ 

+ 

-

+ 

-

+ 

-

-

A2 

A2 

h 
A2 

&2 

A2 

A2 

A2 

+ 

-

+ 

+ 

-

-

+ 

-

A3 

A3 
A3 
A3 

A3 

^3 

A3 

A3 

-

+ 

+ 

-

-

+ 

+ 

-

J/2 -

J/2 -

J/2 -

J/2 -

J/2 -

J/2 -

J/2 -

J/2 -

- E 

- E 

- E 

- E 

- E 

- E 

- E 

- E 

where 

A j * H Si /SB, the Zeeman energy of spin i. 

Solving (4), taking the g-values of the first and second spin to be 

equal (they differ ca. 0.001 [4,23]): 

Aj = A 2 a A 

and 

C • ( A - A3) 2 + J2 

yields the energies and eigenfunctions of the eight eigenstates of 

PF (Table II). 

The eigenfunctions can be expressed in another basis set, e.g. in 

"RP-functions", which consist of the conventional singlet and triplet 

functions, describing spins 1 and 2, combined with the spin function 

of the third spin, either | a> or | &>. These "RP"-basis functions 

conveniently show the probability of populating any of the three 

triplet sublevels of PR upon recombination. 
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Table II 

Eigenfunctions and -energies of three-spin pF 

1 tyf E 1 

1. Iaaa> 

2. c j | oa/3> + c2 | a/3a > 

3. c2 | <xoj5> - cjl a/3a > 

4 . I /3aa> 

5. | a|5/3> 

6. c j 0a/3> + c 2 I /30a > 

7 - c 2 | /3a/3> - c t | /30a > 

8. |/>M> 

2A + Ag - J/2 

A + J/2 

A + J/2 

A3 - J/2 

- A3 - J/2 

A + J/2 

A + J/2 

2A - A3 - J/2 

+ fc 

-•c 

+ /c 

-•c 

a: Cj = .J/[j2 + (AG - •c)2]* ; AG a A - A3 

C2 = (AG - Vc)/[ J2 + (AG - • c ) 2 ]* ; C • (AG)2 + J2 

The projection of the eigenfunctions Into "RP" functions Is given In 

Table Ilia. For completeness the Inverse projection Is given In Table 

Illb. 

The relative energy levels of the elgenstates are shown In Figure 2. 

In this figure these energy levels of PF were calculated using the 

experimental values for J and AG (A -Ag) of Rps. vlrldls. 

The eigenfunctions 4^ 3 6 a n d ^7 a r e l l n e a r combinations of a singlet, 

T0, and T+ or T_ RP function (see Table Ilia). This means that the 

probability that the PF state recomblnes into a | T+> or | T-> PR 

substate Is non-vanishing at high field: the presence of a third 

electron spin, coupling to the second spin on I~ breaks the exclusive 

S-T0 mixing which characterizes the "true two-spin" RP-mechanism in 

photosynthetic species [19,20]. 
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Table III 

Projection of elgenfunctions (<(><) into "RP"-functions (a) 

and the Inverse (b) 

Ilia 

1 if/j in "RP"-functions 

1. | T + a > 

2. C2V2I So > + c2/» /2| T0o>+c1 | T+/3 > 

3 . - C j / ^ I Sa > - cj /^2 I T0a > + c 2 I T+/3 > 

4. - 1V2 I Sa > + 1V2 I TQa > 

5. \/Vz I S/S > + 1V2 I T0a > 

6. -Cj/^2 I S/8 > + Cj/1^2 I T0/3 > + c2 I T_o > 

7. -C2V2 I S/3 > + C2V2 I T0/S > - Cj I T_a > 

8. I TJ3 > 

For definition of Cj and c2, see legend of Table II 

Illb 

"RP"-function in eigenfunction ij/j 

S a > c2 I|I2 - cj * 3 - <J»4 

S 0 > Cj * 6 - c2 *7 + *5 

T+ a > ^ 

T + p > a <|»2 + c 2 *3 

T„ a > C 2 *2 ~ Cx t|»3 + *4 

T„ /3 > cj <|»6 + c 2 *7 + t|»5 

T_ a > c 2 *e _ c l *7 

For definition of cj, and c2, see the legend of Table II 
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aE(mT) 

500-

0-

-500 

E , l |T + a» 

- E2(a2|Sa> + Q2|T0a>*Ci|T+P>) 

=\ E3(-Q,|Sa>-Q,|T0a>-fC2|T+p>) 
V Et(-b|Sa> + b|Toa>) 

E6(-ai|Sp> + Q1|T&p>+C2|T.a>) 

= f E7(-Q2|SP>+Q2|T0P>-C1|T.a>) 
E5( b|SP>*b |T„p>) 

J 

E.(T.p>] 

Figure 2. 

Energy level scheme of the eight magnetic sublevels In the reaction center 

state PF, as a result of the spin-spin Interactions between the electrons on 

P+, I", and QA"Fe2+, defined by eq. (2). The coefficients cl and c2 are given 

In the legend of Table II; aj-cj ̂ 2, a2=c2//2, b=lV2; | J23| =20 mT, AG=28 mT. 

Populating probabilities of PR 

In order to estimate the fraction of PR that will be found In the 

| T+> states, we consider the time-dependent elgenfunctions: 

•j(t) = *j.exp{ - i Ejt } 

jeii 8) 

(5) 

When the RP Is born, at t=0, Its spin configuration Is In the singlet 

state. If we assume that at t=0 50* of the net spin on QA~ exists as | a>, and 

the other 50* as | 0>, then the probability-coefficient of finding 

an elgenstate \qi* > at t=0 is given by: 

«ty (t=0) = <Sa | i|»j> + <S/S | «|>j> (6) 
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Since the problem is symmetric for spins 3 being | o> or | /5>, we 

proceed considering only the first term in eq. (6). The appropriate 

time-dependent eigenfunction then becomes: 

<|»j(t) = <Sa | *j > <t|/j | exp{ - i Ejt } (7) 

If we want to know how much T 0 character this eigenstate has (the 

calculation of the T + and T_ character is analogous): 

[cT (t)] j = | T Q O >< Sa | t ^ x *j | exp{ - £ Ejt } (8) 

Hence the probability to observe the | TQ> state in this eigenfunction 

is given by: 

Q 

I c T a(t)| 2 = | I | T o o >< So | *j>< g/j | exp { i - Ejt} | 2 (9) 

The results for all 8 spin combinations are summarized in Table IV. 

Table IV 

Time-dependent probability to find the "RP" state $i in PF 

•i I c+1| 2 

T+o> 0 

T+/J> 1/2 cj 2 c 2
2 (1-cos U 2 3 t) 

T0a> 1/8 (l+ci4+C24+2c1
2c2

2cos w23t-2ci2cos <i>34t-2c2
2cos w 2 4 t) 

To0> 1/8 (l+c1
4+c2

4+2c1
2 c22cos u6 7t-2c1

2cos u5 6t-2c2
2cos u 5 7 t) 

T_o) 1/2 c1
2c2

2(l-cos «67t) 

T_0> 0 

Sa> 1/8 (l+c1
4+c2

4+2c1
2c2

2cosu2 3t+2c1
2cos w3 4t+2c2

2cos u 2 4 t) 

sp) 1/8 (l+c1
4+c2

4+2ci2c2
2cos w6 7t+2c1

2cos u5 6t+2c2
2cos w 5 7 t) 

cj, c2, and AG as defined In the legend of Table II. 

nw23 = J+2/C; hw 2 4 - AG+jVc; nw 3 4 = AG+J-/c; * u 2 3 - J+z/c 

tiu56 - AG-jVc; ftu57 - A G - W C j 
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Figure 3. 

Time-dependence of the probability P to detect the | T+> or | T_> state of 

spins 1 and 2 in the three spin system (dashed line), and idem to detect the 

| T„> state (heavy line). In this figure the amplitudes are differently sca

led: the maximum probability of the | T+> states is ca 25 x smaller than for 

the | T0> probability. | J23| /AG= 0.43. 

There Is a difference between the time-dependence of the 

probability for the | T+ > character in PF, and that of the | S> and 

| TQ> character as Is evident from figure 3. Using experimental values 

for Rps. vlrldls for J23 and AG, It is found that the frequency of the 

quantum beats for the | T+> and | T_> states is higher by a factor ~5 

with respect to the overall-frequency of the | T0> and | S> states In 

PF. The maximum amplitude of the | T+> probability beats Is however 

much smaller than for the singlet and T 0 probabilities. 

If a lifetime for PF of T ns is used, then the probability for 

recombination in the | T+> substate of PR (with the third spin In the 

state j a> is given by: 

00 8 

| cT Q | R = | / I | T + a >< S a | Tj >< Tj | exp { - J Ejt)« 

• T. exp {-| } dt | 2 (10) 
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Table V 

Populating probabilities of PR 

<J>i I C ^ | 2(pR) 

I T+o> 0 

|T + 0> Cl
2c22 [1 - (W223T2 + i)-l] 

| T0a> 1/4 [l+c1
4+C2

4+2c1
2C22(«223T2+l)"1-2c1

2(u234T2+l)"1 

-2c2
2(u24T2+l)~1] 

I T0/3> 1/4 [l+c1
4+c2

4+2c1
2(u2

67T2+l)-1 - 2c1
2(w2

56T2-H)-l -

-2c2
2(u2

57+l)-1] 

|T_a> C l
2 c 2

2 [l - (w67
2T2

 + 1) "I] 

I T_j8> 0 

o>ij as In the legend of Table IV; cj, c2 as In the legend of Table II. 

Using that for the PF -* PR process the spatial spin quantization Is 

conserved, and assuming that there are no additional factors 

Influencing the recombination in any of the three triplet states, we 

obtain the results summarized in Table V. 

Because it is known that the triplet yield at low temperatures Is 

near to unity [30], the recombination into a singlet state is neglected. 

We find about 95* | TQ>, and ca. 2.5* | T+> and | T_>. These populating 

rates do not cause a change of sign in the steady state EPR triplet 

spectrum, using the known [21] decay rates of PR in Rpjs. vlridis. This 

is in accordance with what is observed experimentally. At temperatures 

well below 10 K, the AEEAAE ESP pattern Is not affected, in spite of 

the presence of the third spin (see Chapter IV). 
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Temperature dependence of the Fe 2 + relaxation in the Fe2 +-QA complex 

Several groups performed extended X-ray absorption fine structure 

(EXAFS) spectroscopy [33,34] and static magnetization measurements 

[35] on the iron site in RC's. From these results it was concluded 

that the Fe 2 + is in a distorted octahedral environment. Bunker et al. 

[33] concluded that the Fe 2 + is ligated to probably three histidine -

nitrogens, and one oxygen (and indirectly to the primary and secondary 

quinone). This was confirmed by the crystallographic data from Michel 

et al. [36], further showing that the oxygen atom belongs to a gluta-

mine amino acid residue (see also fig.5, Chapter I). 

Calculations on the static interactions within the quinone-iron 

complex of Rb. sphaeroides RC's gave satisfactory fits for the experi

mental low temperature (T < 5 K) EPR spectra [28]. Only the predic

tions with respect to the third (ms =0) Fe 2 + energy level were not 

confirmed by the experimental results. This level is approximately 10 

cm-1 (which is equivalent to ~ 15 K) above the second level. The dif

ference between the calculated and experimental spectra was explained 

invoking fast spin relaxation, broadening the third level [28]. 

In the reduced quinone-iron complex, all Fe2 + energy levels are 

split into two, because of the magnetic interaction between the 

electron spins on QA~ and Fe2 +. At a magnetic field strength of 300 mT 

(X-band EPR) however, this splitting is small compared to the energy 

differences between the sublevels of the Fe 2 + ground-state quintet, 

resulting in five Fe2+-QA~ doublets. Therefore, EPR only monitors 

transitions within one and the same Fe2+-QA~ doublet. 

A distorted octahedral crystal field, as present around Fe2 + in 

the RC, reduces the Fe2 + orbital momentum [37], and thus the zero-

field splittings within the ground state quintet. Such an effect has 

also been observed in MgO crystals, doped with paramagnetic Fe2 + 

[38-41]. Remarkably, in those samples some spectroscopic features 

(i.e. the quadrupole splitting in Mbssbauer spectra) change also con

siderably at 14 K. This was suggested to arise from an Orbach SLR pro

cess [39], involving an excited Fe2 + spin state with an energy level 
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that was ca. 100 cm-1 higher than the observed level. However, static 

crystal-field theory predicted a nearest excited state level at 200 

cm-1. In this case the reduced observed energy-difference could be 

accounted for by invoking a dynamic Jahn-Teller effect, also quenching 

the spin-orbit coupling (SOC) [40] in MgO, but not destroying it. 

The similarity between these observations and those in RC's may 

provide a clue to understand the SLR process in RC's. The residual 

orbital momentum of Fe2 + couples relatively strongly (with respect to 

that of Q A ) t o t n e phonons in the protein matrix. Recently Bixon and 

Jortner [42] reported that the average vibrational frequency in pro

teins (i.e. the RC) is ~ 100 cm-1. Therefore, the protein matrix is 

capable of delivering phonons of required energy to the Fe2 + (by SOC), 

Inducing rapid spin transitions. These phonon-induced spin flips are 

expected to become effective around 14 K (the energy separation in 

degrees K between the second and third spin level in the Fe2 + ground 

state quintet [28]), and will cause an important decrease in the 

electron spin correlation time (and thus of Tj) of Fe2 +. 

When only the lowest two ground-state doublets of the Fe2+-QA~ 

complex are involved (i.e. T < 8 K ) , an Orbach process on a ps 

timescale has been observed in RC's [43]. When the third -fast 

relaxing- doublet becomes energetically within reach, a substantial 

increase. of the relaxation rate is expected, and may well be within 

the lifetime of PF (~ 10 ns). The mechanistic order of the events, if 

separable at all, is schematically given in figure 4. 

The effect of Tl processes in the QA"Fe2 + complex 

As pointed out in Chapter I, the primary acceptor is considered 

to be a magnetically coupled quinone-iron complex. Since the spin-

lattice relaxation in the high spin Fe 2 + (S=2) can be very rapid 

already at low temperatures (10~8 - 10~9 s at ~ 20 K [12,24]), the 

third spin on QA" in the QA~Fe2 + complex will be forced to make 

concomitant spin transitions with the Fe 2 + spins (JFe2+-Q»~ = 1 3 0 m T 
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Figure 4. 

Schematic diagram of the magnetic interactions determining the temperature 

dependence of the spin-dynamics within the RC state PF. More details are 

given in the text. 

[25]). Following Abragam [26] in such a system with a time-independent 

spin-spin Interaction, a time-dependent spin operator S3(t) can be 

related to two different processes: Spin 3 may flip alone, but also, 

due to the exchange Interaction between spins 2 and 3, simultaneously 

with spin 2. Table VI gives the transition probabilities between the 

eigenstates of PF, If spin 3 flips. In figure 2 these transitions are 

Indicated by thin vertical bars. From this figure and Table VI it is 

seen that transitions may occur between two groups of four eigen

states. One group connects | S >, | TQ >, | T+/3>, and | T+<z>, the other 

connects the | S >, | T0|S>, | T_a>, and | T_/S>. 

Figure 5 shows a model for a kinetic approach to investigate the 

effect of spin transitions on the populating rates of PR from one of 

the two equivalent four-level groups. If the temperature increases, 

the electron spin correlation time of Fe2 + decreases, resulting in a 

concomitant shortening of the correlation time (Te) of QA~ in the 

quinone-iron complex. By this magnetic interaction with spin 2, this 

induces more transitions per unit time between the sublevels of PF 

(see fig. 5). At relatively high temperatures PF might be considered 

fully relaxed, i.e. all levels in each group of four levels are 
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Table VI 

0F Probabilities PJJ for transitions <|»j -• I|>J within Pr upon a flip of spin 3 (on 

QA-Fe2+). 

ci2 

c 2
2 2-4C l

2c2
2 

0 

2 
C2 

2 Cl 

0!2 

C 2
2 0 2-4Cj2C2

2 

„ 2 r 2 c2 cl 

Cj, and c2 as in the legend of Table II. 

equally populated by the fast equilibration between the four 

populations of PF within the lifetime of PF. In the limit of complete 

relaxation, considering both groups of four levels, the populating 

rates of P R become, according to this model: 

P+ = P_ = k + kk t + k k 2 

and 

P 0 = 2 (k/2 + kkj/2 + kk 2 /2) = P + = P_ 

where k is the PF-» P R decay rate constant. 

Hence, the populating rates become equal at high temperatures, result

ing in an inverted EPR spin polarization pattern for the Y-peaks. In 

fact, the ESP pattern of the X-peaks is predicted by this simple model 

to be inverted too, but anisotropic effects, which are obviously pre-
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Figure 5. 

One group of four (out of eight) magnetic sublevels of PF, coupled by trans

itions Induced by Fe2+ spin-lattice relaxation, kj, k2. and k3 denote tran

sition probabilities (see Table VI):k1=c1
2. k2=c2

2. k3=(k1-k2)2- Cj and c2 

are defined in the legend of Table II. Te denotes the correlation time for 

a « (3 transitions of spin 3 on QA" in the QA~Fe2+ complex. 

Vertical arrows denote transitions from the magnetic sublevels of PF to the 

spin levels of PR. k denotes the inverse lifetime of PF. 

sent in the system, have been neglected. 

Upon a pulsed excitation the subsequent transient of an 

appropriate EPR transition within PR is, according to the kinetic 

model of figure 5, expected to start at zero intensity, since there is 

no population difference between any pair of sublevels at t~0 us. The 

experimental results (see Chapter V) showed that this is the case for 

the Z-transitions. However, there was no effect of the presence of QA 

on the X-transitions, whereas the transients of the Y-transitions 

surprisingly showed that the | T+> and | T_> sublevels of PR are ini

tially more populated than the | TQ> sublevel. 
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Discussion 

The kinetic approach presented above, based on the static three 

electron spin model, qualitatively illustrates the further break-down 

of the S-T0 mixing (determined by the RP-mechanism) as the temperature 

(viz. the spin-lattice relaxation within PF) Increases. However, this 

approach is inadequate for understanding the observed preferential 

populating of the | T+> and | T_> substates of PR for the Y" and Y+ 

transitions. 

An explanation for the larger populating of the | T+> states 

(for the Y~/Y+ transitions) may be sought in the different 

time-dependence of the probability beats, shown in figure 2, where it 

is seen that at short periods after the generation of PF the | T+> and 

| T_> states are more probable than the corresponding | T0> states. 

The anisotropy which is observed in the temperature dependent EPR 

spectra, cannot be explained by invoking an isotropic exchange 

interaction only in eq. 2, There are several explanations: 1) Dipolar 

and/or anisotropic exchange interaction between I- and Q^_, as has 

been invoked to explain the shape of the split EPR signal from I- [12] 

(due to its magnetic interaction with 0.^); 2) Dipolar and/or aniso

tropic exchange in the Fe2+-QA~ complex itself [28], giving rise to 

anisotropic relaxation of this complex; 3) Dipolar interaction between 

P+ and I~, or a combination of 1 - 3. 

It is obvious that a more sophisticated treatment is necessary to 

fully understand the experimental results reported in Chapters IV and 

V of this work. Preliminary results from model calculations, based on 

the stochastic Liouville theorem [27], and including hyperfine, and 

dipolar interactions [29] are reported in Chapter V. 
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CHAPTER III 

TIME-RESOLVING EQUIPMENT AND EXPERIMENTAL METHODS 

3.1 INTRODUCTION 

The experiments and the theoretical considerations described in 

this work aim at elucidation of the kinetic pathways involving the 

triplet state (PR) in photosynthetic bacterial RC's. From earlier work 

[1-3] it is known that the populating rates of PR are of the order of 

108 s- 1, which is too fast to be detected by any EPR spectrometer. 

Therefore, the populating rates themselves cannot directly be 

measured by EPR, but one can measure the 'initial' spin polarization 

pattern. The initial ESP reflects the population distribution over the 

three spin levels of PR before this distribution has changed 

appreciably due to spin-lattice relaxation between the spin levels, or 

due to decay to the ground state. Because the standard response time 

of the conventional X-band EPR spectrometer is limited to about 200 us 

[4], which is long compared to reported lifetimes [5] and spin-lattice 

relaxation times [6,7] of PR spin levels, it was necessary to improve 

the response time of the EPR spectrometer. However, since we are 

interested in the complete time evolution of the magnetic resonance 

signals of this triplet state, including the relatively long decay 

rates of PR to the singlet ground state in one and the same 

experiment, a wide frequence-response is required. 

Several light sources can be used to generate the triplet state 

and to determine its kinetics [6,8-10], from which a pulsed light 

source (i.e. a pulsed laser with sufficient energy per pulse) offers 

the most straightforward approach in view of the interpretation of the 
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experimental results [6,11]. If the duration of the light pulse is 

much shorter than the observed decay- and relaxation times, generally 

deconvolution methods are unnecessary. A disadvantage of most pulsed 

solid state lasers is the limited number of fixed wavelengths of the 

output light. The Q-switched Nd:YAG laser used in our experiments 

(1064 nm, 532 nm, and 355 nm), produces no radiation in the region of 

optical absorbance of the photosynthetic RC's (around 600 nm, and 780 

- 1000 nm) [12]. Therefore a tunable dye laser was needed to shift the 

excitation wavelengths towards desired values. 

In the next section (3.2) of this Chapter the design and 

construction of a high-gain pulsed dye laser system is described. This 

dye-laser makes use of the negligible reflection losses at optical 

boundaries when Brewster angles between light beam and optical 

boundary are used to obtain optimum efficiency for use in transient 

EPR spectroscopy. It allows excitation at wavelengths which are not 

available from the pump source. 

When pulsed excitation sources are used in time-resolved EPR, 

e.g. lasers or pulsed beams of electrons [13], it is generally 

necessary to eliminate transient artefacts. Section 3.3 of this 

Chapter describes methods to reduce these artefacts. 

In section 3.4 several aspects of time-resolved EPR are con

sidered with respect to frequency response, time-resolution and 

fidelity of the detected transient, leading to a novel approach 

of wide-band phase-sensitive detection of EPR transients. This 

method combines wide frequency response with the high S/N ratio 

of phase-sensitive detection, and has therefore some advantages 

over the well-known "direct detection method" [14-17]. 

Finally, in section 3.5 other techniques and preparative methods 

relevant to this study are briefly described. 
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3.2 A TUNABLE BROADBAND PULSED DYE LASER 

A. van Hoek and F.G.H. van Wijk 

Agricultural University, Department of Molecular Physics, 

De Dreijen 11, 6703 BC Wageningen, The Netherlands. 

This paper describes the construction of a simple dye laser to be 

pumped by a Q-switched Nd:YAG laser. This system is used to create 

excited states at a time scale of ca. 10 ns, to be detected by means 

of time resolved EPR [l] or transient absorption spectroscopy. Neither 

of these techniques requires the spectral bandwidth of the dye laser 

to be particularly narrow, but spurious wavelengths must remain 

absent. For our applications multi-mode variations within the spectral 

envelope from shot to shot are not important and the dye laser was not 

designed to minimize these variations (e.g. a long cavity), which 

would have been necessary if applied to CARS for instance [2]. 

Recently a pulsed dye laser was reported [3] with a conversion effi

ciency of up to 20*, however tunability was achieved by changing the 

dye and/or its solvent. We preferred continuous tunability within the 

spectral range of the dye used. 

Apart from the main wavelength, the output of a short cavity pulsed 

dye laser contains a background of spurious wavelengths, originating 

from spontaneous emission [4], in particular when pumped with high 

energy pulses from a Q-switched Nd:YAG laser (e.g. at 20 pulses per 

second: 100 raJ at 532 nm, 60 mJ at 355 nm). Therefore, the concept of 

an oscillator amplifier dye laser was used. 

In order to gain maximum throughput efficiency of the dye laser, 

use was made of the polarized nature of the pump laser output by 

employing optical elements with such a geometry that all faces of 

these elements have the Brewster angle with respect to the laser beam. 

50 



This results in 100* deflections at the air-glass boundary. Also, 100* 

internal reflections were used. Fused silica Brewster cut elements 

were preferred because they have a long life expectancy and are rela

tively inexpensive as compared to many different customer specified 

high power mirrors (up to 100 MW/cm2). In the dye laser, decribed in 

this communication, only a few standard broadband mirrors were 

required. 

The output of the NdrYAG laser is horizontally polarized at all 

wavelengths (1064 nm, 532 nm using a 90° quartz rotator, and 355 nm). 

A gull wing prism wavelength separator is used to extract the desired 

output wavelength. The input and output faces of the two prisms are 

about at Brewster angle, resulting in negligible reflection losses. 

The output of the pump laser is directed towards the dye laser by two 

fused silica Brewster cut prisms (figure 1). 

To pump the oscillator stage in the dye laser a small part of the 

Figure 1. 

Lay-out of the pump scheme. 
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main beam is split off, using a thin optical flat substrate (fused 

silica), which is tilted somewhat from Brewster angle. The percentage 

of reflectance of this beam splitter is controlled by changing the 

angle of the substrate with respect to the direction of the main beam 

[5]. During alignment, the excitation power of the oscillator stage 

was chosen as low as possible, but high enough to assure stable opera

tion (ca. 1% of the incoming pump beam power). 

The oscillator pump beam is directed to the oscillator cuvette 

through a fused silica cylindrical lens (f=100 mm), using a standard 

broadband mirror (Melles Griot, type 08MLB 003/341 or /343). The axis 

of the cylindrical lens could be rotated to control the overlap of the 

thin vertical image of the pump beam and the path of the dye laser 

beam in the cuvette. The focus line could also be adjusted. 

The part of the pump beam that is not split off towards the oscil

lator stage, is deflected towards the amplifier stage via an optical 

delay line, using fused silica Brewster cut elements. The time delay 
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Figure 2. 

Reflected fractions of light on the surface boundary of an air/glass 

transition for unpolarized light (Reo), and light polarized with the 

electric vector parallel (Re/) and perpendicular (Rej.) to the plane of 

incidence, ctg is the Brewster angle. 
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of the amplifier pump pulse is necessary to compensate for the time 

delay, caused by building up laser action in the oscillator stage [6]. 

The optical delay line could be optimized by changing the possition of 

the reflecting elements. 

Just as in the oscillator cuvette, a thin vertical image is 

focussed in the amplifier cuvette by a cylindrical lens (lens and 

cuvette are identical to that in the oscillator stage). The cuvettes, 

the cylindrical lenses and the Brewster cut elements are all uncoated. 

Standard flow cuvettes were used (Hellma 134F QS, 10x4 mm). 

The Brewster angle (ofi) for the optical elements was calculated 

from Og = arctan u, where fx denotes the refractive index from air to 

fused silica [7]. To calculate the Brewster angle of the elements in 

the pump scheme, a theoretical wavelength of 420 nm was chosen as a 

compromise between the refractive indices [8] at 355 nm and 532 nm of 

the Nd:YAG laser output. The reflection losses introduced by this 

mismatch between theoretical and practical excitation wavelength were 

still very small, for the region of close to zero reflection around 

the Brewster angle is rather broad (figure 2). Further, the angle of 

the elements with respect to the light beam could be optimized for 

minimal reflection. 

The oscillator stage of the dye laser consists of a standard broad

band mirror (Melles Griot, type 08 MLB 003/343 or/341), four fused 

silica Brewster cut dispersion prisms [6], a flow cuvette and an out

put coupler (Zeiss FPE 015 nm, 30* reflectance, wedge 3*). The dye 

cuvette is about at the Brewster angle as a compromise for different 

optical boundaries. The cavity was kept as short as possible (ca. 20 

cm, resulting in about 1.5 ns roundtrip time), and arranged in such a 

way that the laser beam passes the cuvette vertically (figure 3). 

A shorter cavity results in more roundtrips during the 12 ns pump 

pulse, decreasing the bandwidth of the output. In general, also a 

lower output percentage of the cavity will increase the spectral 

purity. The reflectivity of the output mirror and the pump power to the 

oscillator were determined experimentally by using output mirrors with 

various percentages of reflection, and by varying the pump power: 30* 

53 



dispersion 
prisms 

end mirror 

Figure 3 . 

Lay-out of the oscillator-amplifier scheme. 

reflectivity and about 1* pump power resulted in reliable operation 

using a 12 ns width of the pump pulse and a 1.5 ns roundtrip time in 

the cavity. 

Using the dispersion theory for multiple prism arrays as discussed 

by Duarte and Piper [9,10J a theoretical linewidth of the dye laser 

output of a 1.5 nm/mrad was calculated. Thus, with an intra-cavity 

beam divergence of some mrad a linewidth of a few nm is expected; the 

exact value depending on multipass effects, beam geometry, etc. 

The polarization direction of the oscillator light is forced to be 

horizontal in the cuvette (like the pump beam) by the many faces at 

Brewster angle within the cavity. Thus, an optimum condition is 

created for dye molecules with transition dipole moments of excitation 

and stimulation (and stimulated emission) along the same axis [6] . 

Rotation of the excited dye molecules will reduce the stimulated 

emission. However, the width of the pump pulse, the roundtrip time in 

the cavity, and the rotation correlation time of the dye molecules 

dissolved in an alcohol (which is estimated to be less than some tens 
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of picoseconds) make this process negligible at given photon flux. 

The output beam from the oscillator was directed towards the 

amplifier cuvette using two Brewster cut elements. In the second 

cuvette the light path through the dye solution is vertical again. 

After passing this dye cuvette the amplified laser beam is deflected 

horizontally, again using a Brewster cut element, turning the output 

polarization to vertical. All Brewster angles in the oscillator 

amplifier were calculated using a refractive index of silica at 520 nm 

as a compromise between the blue and red dyes. 

The dispersion prisms were mounted together at one block and were 

pre-aligned. The oscillator wavelength could be tuned by the end 

mirror controls. In this way, tuning is uncalibrated, but for most 

applications this is only a small disadvantage, because once running, 

the laser system is operated for a long period at the same wavelength. 

With minor modifications calibrated wavelength selection is possible. 

The output wavelength was measured using a beam splitter and a 0.25 m 

monochromator. 

Of the deflection elements in the pump scheme only those just 

before the cylindrical lenses have a two-axis adjustment. All other 

elements are only partly adjustable. The two 90° deflection elements 

between pump laser and dye laser were mounted on prism tables. All 

components of the dye laser and pump scheme were attached to 10 mm 

thick anodized alumina plates, assembled perpendicularly. 

The dye solution was circulated through both cuvettes by means of a 

centrifugal pump and was cooled by a glass heat exchanger and 2 1 

stock water at ambient temperature. 

Testing the dye laser, several dyes were used, all of which were 

dissolved in methanol. Most frequently, a mixture of Rh 6G and Rh 640 

(1:1) was used (Lambda Physik), lasing around 610 nm. With this dye 

mixture, pumping at 532 nm, 33 mJ/pulse and 21 Hz repetition rate 

from a JK Laser HY200, a conversion efficiency of over 10* was reached, 

quite comparable with values from commercial dye lasers. The amplifi

cation of the light pulse from the oscillator was found to be about 

200 times. The bandwidth at 609 nm was 3 nm FWHM, as measured with a 
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SPEX minimate 0.25 m raonochromator (resolution 1 nm), in good 

agreement with the theoretical expected value. No attempts were made 

to measure the percentage of amplified spontaneous emission [ll-13J. 

The dimensions of the assembled dye laser are 30 x 20 x 120 cm (width, 

height and length, respectively). For the dye laser described here, 

all fused silica (Suprasil I) components were custom made by the 

Optics Group of the University of Amsterdam. 

Mr. M. Groeneveld from the University of Amsterdam is kindly 

acknowledged for grinding the specially designed fused silica com

ponents. Mr. H.E. van Beek is acknowledged for the construction of all 

mechanical parts of the dye laser. We thank Prof. Dr. T.J.Schaafsma 

for carefully reading the manuscript. 
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3.3 THE LASER-FLASH ARTEFACT IN TIME-RESOLVED EPR 

It is a well known experience, that a short, high-power laser 

flash irradiating a sample in an EPR cavity, generates a spurious 

transient in time-resolved EPR [1-4]. This artefact represents a 

serious problem, because in many cases it forces the instrumental con

ditions, such as microwave power and amplifier gain to be set to less 

than optimal values. Therefore the obtained S/N ratio is often appre

ciably smaller than would have been possible otherwise. 

Since the transient artefact is coherent with the light-pulse, it 

must be subtracted from the transient signal of interest, decreasing 

the obtained S/N ratio. Weak EPR transients may be completely 

obscured, even after careful subtraction, due to residual noise on the 

difference-signal. A novel time-resolving EPR technique, using the 

concept of broad-band phase-sensitive detection, as described in 

section 3.4, accomplishes the subtraction procedure automatically. 

Even so, it is crucial to minimize the artefact at forehand as much as 

possible. A considerable reduction of the laser-flash artefact was 

achieved when we observed that especially the side-walls of the E-231 

(TEJQ 2 mode) rectangular EPR cavity (Varian), used in our experiments, 

are sensitive to irradiation by (scattered) high-power laser light. 

A piece of carbon paper was brought into the cavity with the 

black side facing the scattered light, and completely covering the 

side-walls. The backside of the cavity, connected to the iris and wave 

guide was partly covered, leaving a hole for the microwaves. The 

inside front part of the cavity was left uncovered. This approach 

reduced the light-induced artefact by about a factor 10. The carbon 

paper introduces a broad, structureless, but light-independent EPR 

signal. This background signal was subtracted during the time-resolved 

experiments. Although the Q-factor of the cavity was reduced by 

Introducing the carbon paper, the net improvement of the S/N ratio was 

ca. a factor 2 - 5 , depending on the Incident laser pulse power. It 

should be noted that this method is only advantageous if the amplitude 

of the flash artefact is much larger than the amplitude of the EPR 
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signal. 

Another method, lacking the disadvantage of a reduced cavity Q, 

but less effective, employed a cylindrical glass light guide with flat 

top and bottom, snugly fitting into the EPR sample tube. The light 

guide was pressed down into the sample tube containing the liquid 

sample (ethylene glycol suspension of RC's) until no air remained 

between the bottom of the light guide and the liquid, and subsequently 

frozen. The sample was illuminated by focussing the laser beam on the 

top of the light guide. By this method the artefact was almost 

completely eliminated, and only a minor spurious dark signal around 

g=2 was introduced. Unfortunately,this method was less efficient, 

since the effective illumination of the sample was found to be rather 

poor, resulting in low EPR signal intensity. 

References 

[1] S.S. Kim, and S.I. Weissman, Rev. Chem. Intermed. 3 (1979) 107. 

[2] R. Furrer, F. Fujara, C. Lange, D. Stehlik, H.M. Vieth, and W. 

Vollmann, Chem. Phys. Lett. 75 (1980) 332. 

[3] R. Furrer, F. Fujara, C. Lange, D. Stehlik, and W. Vollmann, Chem. 

Phys. Lett. 76 (1980) 383. 

[4] D. Von Beckert, and K. Mehler, Experimentelle Technik Physik 33 

(1985) 73. 

59 



3.4 MICROSECOND TIME RESOLUTION ON A CONVENTIONAL EPR SPECTROMETER 

USING 200 kHz MAGNETIC FIELD MODULATION AND PHASE-SENSITIVE 

DETECTION 

P.A. de Jager and F.G.H. van Wijk 

Department of Molecular Physics, Agricultural University, 

De Dreljen 11, 6703 BC, Wagenlngen, The Netherlands. 

ABSTRACT 

A method Is developed to detect Electron Paramagnetic Resonance 

(EPR) transient signals with frequency components In the range from dc 

to 1 MHz and a low Initial signal-to-noise ratio (e.g. 0.1 after one 

sweep). This method uses 200 kHz magnetic field modulation on a con

ventional EPR spectrometer, using a modified lock-in detector: the 

tuned amplifier is replaced by a broadband preamplifier with a high 

pass filter and the low pass filter of the lock-in detector is 

replaced by a broadband amplifier. The transients are generated inco

herently from the magnetic field modulation, and subsequently 

averaged. The function of the (removed) low pass filter is taken over 

by the averaging. An instrumental response time of less than 1 Ms is 

obtained. This was determined by measuring the rise time of the 

triplet state of the photosynthetic reaction center of 

Rhodopseudomonas sphaeroides R-26 at 165 K. This method, direct detec

tion and high frequency (1-2 MHz) modulation are discussed. The S/N 

ratio of the method described in this paper is similar to that of the 

other two methods. However, when large linewidths (> .5 mT) are met, 

it gives a superior S/N ratio as compared to high frequency (1-2 MHz) 

modulation methods, due to the higher maximum modulation amplitude. 

When the transients of interest contain frequency components in the 

low frequency noise regime (dc - 50 kHz), the described method is to 

be preferred over direct detection, because of its better S/N ratio. 
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INTRODUCTION 

Time-resolved electron paramagnetic resonance (EPR) can be used 

to obtain relaxation times of short-lived radicals or metastable para

magnetic species, such as triplet states /1-4/. The power of the tech

nique depends strongly on its time resolution. A serious problem 

related to the commercially available EPR spectrometers, is the built-

in limited time resolution of about 200 (is, due to narrow band 

filtering in the lock-in detector, operating at 100 kHz magnetic field 

modulation. The time resolution has been improved to 20 - 100 us by 

modifying the lock-in detector /4-9/. In the literature the time reso

lution and modulation frequency have been related to each other in a 

rather confusing way /1.9-14/, i.e. one might get the impression that 

the time resolution is limited by the modulation itself. This is 

incorrect, as will be shown in this paper. The presence of 100 kHz 

modulation has been taken as 'the principal barrier' /l/ to decrease 

the response time below 20 - 100 ps. To overcome this putative 

problem, solutions were found by increasing the modulation frequency 

to 1 - 2 MHz /12.15.16/ or skipping the field modulation, using direct 

detection of the microwave absorption or emission /2,8,11,17/. Direct 

detection is to be preferred when exclusively fast transients are met. 

However, when e.g. fast increasing and slow decaying signals are met 

/18/, the signal of interest contains also low frequency components, 

and one needs a technique with a wide bandwidth (i.e. from dc - 1 

MHz). 

Since sophisticated averagers have become available, with 100% 

duty cycle in combination with high power, short pulse excitation 

sources, both with relatively high repetition rate, the time resolu

tion of the EPR experiment could substantially be further increased. 

The limitation to the time resolution is then determined by the con

ventional EPR spectrometer itself (i.e. bandwidth of the cavity, 

crystal detector and preamplifier). In the following we show that, 

when the transient signals are averaged, a moderate field modulation 

frequency (i.e. 100 - 400 kHz) suffices to obtain at least microsecond 
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time resolution, with a good signal to noise (S/N) ratio. Further, we 

will compare this technique with the high frequency ( 1 - 2 MHz) modu

lation method and the direct detection method. 

I. REQUIREMENTS 

We want our method to meet the following requirements: 

1. Detection of transients with frequency components in the range from 

dc to 1 MHz. 

2. Detection of signals with a low initial S/N ratio must be possible. 

Therefore special attention must be paid to maximize the signal, 

and to minimize the noise and pulsed excitation artefact. 

3. Use of an available conventional EPR spectrometer. The modification 

must result in an easy to operate apparatus. We prefer to use com

mercially available components, and the modification must be within 

a limited financial budget. 

4. The modified spectrometer must remain available to conventional EPR 

spectroscopy. 

From the first requirement it is concluded that standard EPR 

spectrometers can not be used to detect transient signals in the 

required time regime without modification. The third requirement 

excludes the superheterodyne EPR spectrometer /19/, and electron spin 

echo techniques. 

Direct detection, in which no magnetic field modulation is 

applied and the signal from the microwave detector is directly fed 

into a signal processor (e.g. an averager or boxcar integrator), 

meets the requirements 1,3 and 4. However, it has the disadvantage of 

a low S/N ratio, caused by the presence of low frequency noise. This 

extra noise, which is superimposed on the white noise, is an instru

mental problem, and originates from the microwave detector (1/f 

noise), preamplifier (1/f noise), microphonics in the cavity (e.g. 

building vibrations and sound waves), mains interference, and hum. A 

well known effective way in discriminating against this low frequency 
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noise is the use of a lock-in amplifier system. This uses magnetic 

field modulation with a frequency much higher than the frequencies in 

the abovementioned noise. 

The amplitude of the signal in a lock-in detection system is 

proportional to the amplitude of the magnetic field modulation, and 

also, in a complicated way, to the linewidth of the signal. The ampli

tude of the signal that is observed by the direct detection method is 

about 2 times larger than that is obtained with optimal amplitude of 

the field modulation. However, to suppress artefacts the direct detec

tion method requires the subtraction of the on - and off resonance 

signals. The subtraction procedure reduces the obtained S/N ratio per 

unit experimental time with a factor 2 /20/. The artefact is caused by 

the pulsed excitation source that generates the transient EPR signal. 

This spurious transient signal is added to the "true" EPR transient. 

Suppression of this light-induced artefact can be achieved auto

matically when lock-in detection is applied, since the artefact signal 

is not dependent on the magnetic field position (within the modulation 

amplitude) and is therefore not modulated. Suppression of the spurious 

transient is obtained during the summation process. The artefact can 

only be eliminated, if it does not cause overload of the electronics 

(in any method). This overload produces a long dead time, caused by 

overload recovery. 

An additional advantage of field modulation techniques is that, 

a first derivative spectrum is obtained, which is often more readily 

interpretable than the absorption signal that is provided by direct 

detection. 

From the abovementioned arguments we have adopted the method of 

lock-in detection. In the following paragraph we will show that lock-

in detection, with some modifications, also satisfies the first 

requirement. 

II. FREQUENCY RESPONSE OF A LOCK-IN DETECTOR 

Several authors suggested that the frequency of the modulation 
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itself is the limiting factor of the time resolution, or formulated 

the limitations to the time resolution of a lock-in detected EPR 

signal in a confusing way /1.9-14/. Since the above mentioned argu

ment is erroneous, we will take a closer look at the operation of a 

lock-in detection system, and evaluate its frequency response in more 

detail. 

A lock-in detector system improves the S/N ratio by reducing the 

bandwidth and by shifting the signals of interest to a less noisy part 

of the spectrum (out of the low-frequency regime). This shift is 

accomplished by modulating the experiment with a known frequency (f), 

generated by the oscillator (fig. 1). The reference unit converts the 

signal from the oscillator into a square wave (reference signal R in 

fig. 1). The phase-sensitive detector (PSD) is a double balanced mixer 

in which the input signal I in figure 1 is multiplied by R. The output 

signal 0 = I x R. After the PSD a low pass filter reduces the band

width (Af) and thus the noise. Because signal R is a square wave, the 

PSD also monitors signals and noise with frequency components at odd 

harmonics of the modulation frequency (i.e. 3f, 5f, . . . ) , but with a 

sensitivity of inverse proportion to the order of the harmonics. When 

sine wave modulation is applied (as in the EPR experiment), these 

experiment 
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Figure 1. 

Block diagram of a lock-in detector system. 
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higher harmonics only contain noise, and must be eliminated. This is 

achieved at forehand by the tuned amplifier. 

The bandwidth (Af), and timeconstant (T) which are used in this 

article are defined in the Appendix. The bandwidth of the lock-in 

detector can be enlarged by replacing both the tuned amplifier and the 

low pass filter with broadband amplifiers with Af > 1 MHz. Then the 

overall bandwidth becomes limited by the bandwidth of the remaining 

parts of the experimental set up. In the following a B-PSD denotes a 

broadband lock-in detector. Thus, the frequency response of a B-PSD 

is in principle equal to that of direct detection, as shown in figure 

2. In this figure we consider a theoretical experiment with a kinetic 

response with zero rise time and an ideal B-PSD. The experiment is 

modulated with a sine wave with amplitude A (fig. 2a). The transient 

response of the experiment, shown in figure 2c, to the input U(t) is: 

U(t).A.sin(2nft + <J>) (1) 

where <J> denotes the phase angle of the modulation at the time that 

the transient in fig. 2b (a unit step) is born, and A is small com

pared to the linewidth of the experiment. Since there is no phase dif

ference between the reference square wave and the signal, the B-PSD 

converts the signal into a full wave rectified sine function (fig. 

2d): 

U(t).A.[ | - |JJ cos2(2nft + *) - j^f cos4(2nft + <J>) - ...] (2) 

where U(t) still denotes the transient signal, here the unit step 

function. Note the rise time at t = 0 in figures 2c and 2d. During the 

averaging process the phase angles <J>j will be different for each suc

cessive sweep 1 (0 $ <|>i < 2JI), and the full wave rectified sine func

tions add to a unit step with a normalized amplitude 2/n (fig. 2e): 

lim I U(t)A[| - |-cos2(2Jt ft + (Ĵ ) -...] = n | U(t).A (3) 
n-«» i=l 

The total number of sweeps n necessary to eliminate the cosines in eq. 
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(3) is independent of the modulation frequency (f); in practice 100 -

1000 sweeps are sufficient. Thus, the averaging process smoothes the 

rectified sinewaves (fig. 2d). This is normally performed by the low 

pass filter in a (narrow band) lock-in detector. Since the low pass 

filter has been removed to improve the transient response, the 

averaging process must be incoherent with the modulation frequency. 

Figure 2. 

Transient response of an ideal PSD with Infinite bandwidth to a unit step. 

Figures a-d represent the same (single) sweep, a. modulation of the experi

ment; b. input of the experiment; c. output of the experiment; d. output of 

the PSD; e. output of the averager after many sweeps with random phases <J>. 

66 



If the amplitude of the modulation (A in eqs. 1-3) is increased 

with respect to the linewidth, higher harmonics are generated. 

"A.sin(2nft + <|>)" in eq. 1 should then be replaced by the sum over the 

harmonics created by convoluting the field modulation with the line 

shape /28/. Eqs. 2 and 3 hold as well, and it is recognized that the 

(odd) harmonics present in the transient signal cause no trouble even 

though they pass the B-PSD. 

A practical solution obtaining different phase-angles (tj>j) is 

employing two free-running oscillators: one for the pulsed excitation, 

the second for the field modulation. Another, more elaborate method, 

is to couple both oscillator frequencies, but introducing discrete 

phase-jumps. 

Until now, an analog B-PSD was considered. A more elegant proce

dure is averaging in combination with digital phase sensitive 

detection: the modulated response of the experiment (eq. 1) is fed 

directly into the computer and real-time processed. After many sweeps 

the result U(t) (eq. 3) is obtained. The advantage is the elimination 

of the analog B-PSD, in practice still limiting the bandwidth. In this 

way the field modulation and the pulse repetition rate (which can be 

seen as a second 'coding') are decoded simultaneously. This is 

possible because the order of decoding is immaterial, which is impli

cit in eqns (1) to (3). From eq. (3) it is also clear that the value 

of the modulation frequency f does not show up in the result after 

averaging (the right-hand side of eq. 3). 

It is crucial that in the B-PSD no tuned amplifier, nor a low 

pass filter is used to block the odd harmonics of the signal (fig. 2c) 

or to smooth the rectified sine wave (fig. 2d), respectively. These 

components deteriorate the transient response and their function is 

taken over by the averaging process, without deteriorating the tran

sient response. Because the step function (containing all frequencies) 

is detected without distortion, any transient signal will be detected 

with high fidelity. 
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III. EFFECT OF THE HIGH PASS FILTER 

In order to eliminate the low frequency noise in a B-PSD a high 

pass filter must be applied at position I in figure 1. The effect of 

a high pass filter on the transient response to a unit step function 

is given in figure 3. The damped oscillation D(t) is approximately 

described by: 

D(t) = -c . cos(2rrft) -t/THP (4) 

Tjjp is the time constant of the high pass filter and f is the modula

tion frequency, c is a proportionality constant. D(t) also depends on 

the phase setting of the B-PSD. The optimum value of Tjjp can be found 

by considering the spectral density of the low frequency and white 

noise. This implies a -3 dB point of the high pass filter fjjp between 

10 kHz and 100 kHz, depending on the experimental system. In addition, 

to minimize the amplitude c of the distortion D(t), the modulation 

frequency f must be higher than fjjp, because: 

f. HP 
f if f » (27TTHp)

 S fHP (5) 

arb 
units •I 

Figure 3. 

Transient response of an ideal B-PSD equipped with a high pass filter after 

many sweeps (compare with fig. 2e). 
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Figure 4. 

The solid curve represents the overall amplitude frequency response of a 

B-PSD equipped with a high pass filter. The dashed curve represents the 

Fourier transform of the unit step function. 

From equation (5) it is evident that the best transient response is 

obtained with the highest modulation frequency (c -» 0). The effect of 

this high pass filter on the overall frequency response of the B-PSD 

is given in figure 4. For simplicity the phase frequency response is 

not shown. The response of this B-PSD to a unit step (figure 3) is the 

inverse Fourier transform of the product of the two functions in 

figure 4. From this it is also clear that a higher modulation fre

quency results in a less distorted response. The dip in the amplitude 

frequency response has a depth of 50*, due to the fact that only one 

half of the Information is lost by the action of the high pass filter. 

The other half of the information is detected around 2f. It will be 

obvious that deconvolution methods /10/ can be applied to obtain an 

undistorted signal. This reduces the S/N ratio, but the low frequency 

noise still remains absent, because low frequency components are not 

used in this deconvolution process. 
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IV. APPLICATION ON EPR 

In the EPR spectrometer the modulation is applied on the magne

tic field. On a conventional spectrometer the modulation frequency is 

100 kHz. From the preceding paragraph it was found desirable to 

increase the modulation frequency as much as possible. In the past 

several MHz has been reported /12.15.16/ although band pass filters 

and low pass filters were used, degrading the transient response. For 

these high modulation frequencies the modulation amplitudes are 

instrument limited to rather small values (i.e. < 0.4 mT peak to 

peak). When large linewidths are met, as e.g. in biological triplet 

states, this small maximum modulation amplitude becomes an annoying 

limitation to the S/N ratio. On the other hand, when small linewidths 

are met, these high modulation frequencies give rise to undesirable 

sidebands. Furthermore, high modulation frequencies are difficult to 

handle and mean high capital investment or technical skill, since 

major modifications are necessary /21/. Another disadvantage of the 

application of high modulation frequencies is that , with a normal 

cavity a lower S/N ratio is obtained, as compared to moderate modula

tion frequencies, due to the limited bandwidth of the cavity (See 

Appendix). Therefore, we have chosen for a modulation frequency that 

is a compromise between S/N ratio and transient fidelity: 200 kHz. 

As is discussed above, the bandwidth of a B-PSD is not necessa

rily the limiting factor in the experimental set up. For the EPR 

spectrometer (also in direct detection mode) the bandwidth is deter

mined by the preamplifier (e.g. 1.5 MHz) and the cavity (See 

Appendix). 

V. DESCRIPTION 

Figure 5 gives the block diagram of the experimental set up. A 

Varian E-6 EPR spectrometer was used, equipped with an E-101 microwave 

bridge, and E-231(TE102 mode) rectangular cavity. The cavity was 
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Figure 5. 

Block diagram of the experimental set-up. 

modified. The cavity modulation coils were connected in parallel 

aiding /12/, which allowed a higher modulation amplitude. These coils 

were brought into series resonance with an appropriate capacitor in 

the cavity tuning assembly (Varian pub. no. 87-125-732) /22/. The 

standard modulation amplifier was used. The output of the external 

oscillator (Hewlett-Packard 3310A) is connected to the input of the 

modulation amplifier. The field modulation amplitude is determined 

with an ac voltmeter /22/. 

The front of the cavity was replaced by a light tube from an 

optical transmission cavity E-234 to obtain 100% optical transmission 

of the excitation pulse. The excitation source is a 12 ns (FWHM) laser 

flash from a homebuilt tunable dye laser /23/, pumped by a Q-swltched 

Nd:YAG laser, JK Lasers HY 200. The broadband output (E16) of the 

E-101 absorption reference arm accessory was used (Varian pub. no. 

87-125-795) instead of the "bridge signal out" output, because the 

signal from the latter is affected by the 70 kHz AFC notch filter and 
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a 300 kHz low pass filter. 

The B-PSD system consists of a preamplifier with high and low 

pass filters (Brookdeal 452, Brookdeal, Bracknell, Berks, England), a 

reference unit (Brookdeal 422), and a modified phase sensitive detec

tor (Brookdeal 411). The modification consists of a broadband 

amplifier (fig. 6) with a 50 ohm output. This output is connected to 

an averager (LeCroy signal analyser 3500, equipped with a 6102 

amplifier/trigger unit, TR 8818 transient recorder, and MM 8103A 

memory). The highest sampling frequency of the averager is 100 MHz, 

although in practice a lower sampling frequency suffices. The averager 

is triggered by a fast photodiode. This averager allowed recording of 

transient signals with 100% duty cycle with a repetition frequency of 

the laser (up to 50 Hz) using 1024 data points and 160 ns (or 40 ns) 

dwell time and has a pretriggering facility. Aliasing of noise with f> 

3.12 MHz (160 ns dwell time) is avoided, because the modified B-PSD 

has a bandwidth Af = 300 kHz. No additional filtering is applied. EPR 

transients were recorded with minimal 70 kHz AFC modulation amplitude 

to avoid an increase in the noise level at 70 kHz, 140 kHz and higher 

harmonics interference at the input of the B-PSD. 

OUTPUT 

Figure 6. 

Schematic diagram of the modification of the Brookdeal 411 PSD. Capacitor and 

resistor values are in Farads and Ohms, respectively. The t 15 V supply 

voltages are not shown, they are obtained from the 411 supply voltages and 

are decoupled to ground with 100 n. C107 Is removed to improve the transient 

response. IC1 and IC2 are LF351 National Semiconductor. 
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VI. RESULTS AND DISCUSSION 

The transient response of the B-PSD was tested by applying a 

gated sine wave with f = 200 kHz. The rise time of the gate circuit 

was less than 200 ns (not shown), this input of the B-PSD compares to 

fig. 2c. Figure 7a shows a typical response after one sweep. A small 

leakage of the reference signal (200 kHz square wave) is visible. This 

leakage originates from the imperfectness of the B-PSD, and is inde

pendent of the input signal. This implies that a small signal is 

distorted by a relatively high leakage. At t >0 the full wave rec

tified sine wave with a strong frequency component of 400 kHz is 

observed (see also fig. 2d). The effect of averaging 1000 sweeps is 

shown in figure 7b (which compares to fig. 2e). The spurious 200 kHz 

and 400 kHz signals disappeared to a large extent. The rise time of 

the step function in figure 7b was found to be T = 610 + 20 ns. (The 

error represents 90 * confidence of the fit). The effect of a 100 kHz 

high pass filter before the B-PSD is shown in figure 7c (which com

pares to fig. 3). The rise time was found from fitting a single expo

nential function, yielding T = 900 + 100 ns. Although a high pass 

filter was used, the output unit step signal does not show any 

sagging. 

In our laboratory we are interested in triplet states of biolo

gical (photosynthetic) species /24/. The response of the X+ peak of 

the Am=±l EPR spectrum of the donor triplet state (PR) of the iso

lated reaction center protein from the bacterium Rhodopseudomonas 

sphaeroides R-26 (depleted from its ubiquinone acceptors) at 165 K is 

given in figure 8. The donor triplet state is photochemically 

generated in less than 20 ns /25/. This provides a means to determine 

the response time of the total experimental set up. The transient of 

figure 8 is the result of 16,000 sweeps off-resonance, subtracted from 

16,000 sweeps on-resonance. The subtraction procedure improves the 

fidelity of the transient, because the small fraction of the laser 

flash artefact that leaks through the B-PSD and remains present in 

the transient, is subtracted. However, this additional subtraction 
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Figure 7. 

Experimental transient response of the modified Brookdeal 411 PSD (-3dB point 

300 kHz) and the LeCroy 3500 averager. The input signal is a gated sine wave 

simulating a unit step function modulated with a sine function with a fre

quency of 200 kHz. 1 K data points, pretrigger % sweep, no digital filtering, 

a. single sweep, bandwidth not limited by filtering, dwelltime 40 ns; b. 1000 

sweeps, further Identical to a; c. 1000 sweeps, -3 dB points of the preamp 

are 100 kHz and 1 MHz, dwelltime 160 ns. 
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procedure, that unfortunately reduces the overall S/N ratio, is in 

general only necessary when very small signals (with respect to the 

flash artefact) are met. The EPR signal from the photosynthetic spe

cies was very weak under the chosen experimental conditions (e.i. low 

microwave power, and relatively high temperature). The microwave field 
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Figure 8. 

Emisslvely polarised transient of the X+ peak of the donor triplet (PR) EPR 

spectrum of the reaction center protein (ubiquinone depleted) isolated from 

the photosynthetic bacterium Rhodopseudomonas sphaeroides R-26 detected at 

165 K. The position of the X+ peak was determined by recording a boxcar 

spectrum using the B-PSD. The sample was in a standard 4 mm quartz tube. 

Excitation: 612 nm, 2mJ/pulse, pulse width 12 ns FWHH, repetition frequency 

21 Hz. EPR settings: 200 uW, 200 kHz field modulation with 1.85 mTpp ampli

tude. Detection: 16,000 sweeps off-resonance subtracted from 16,000 sweeps 

on-resonance, -3 dB points of the preamp 100 kHz and 1 MHz, -3dB point of the 

B-PSD is 300 kHz, dwelltime 40 ns, 1 K data points, pretrigger 1/8 sweep, no 

digital filtering. 
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strength was kept very low (Bj < luT) /26/ to make sure that the shape 

of the transient signal is not affected by the microwaves or the field 

modulation (no stimulated relaxation or rapid passage effects /27/ 

were observed). 

The pulse repetition rate of the experiment was 21 Hz. This 

seems to be low with respect to the obtained S/N ratio per unit time, 

since the observed transient has a decay time of ca. 5 us. However, 

one does not observe the relaxation process from the triplet state to 

the singlet ground state. This process has a much longer decay time. 

The pulse repetition time must be determined by the time that the 

system has relaxed back to the initial state, thus, preventing build 

up of an excited steady state. 

A theoretical comparison between the 200 kHz and the 2 MHz 

modulation method is possible using the 2 mT linewidth of the EPR peak 

in the powder spectrum of the detected triplet state (fig. 8). The 

transient of this figure was detected using 1.85 mTp p modulation 

amplitude. The 2 MHz field modulation technique is experimentally 

limited to 0.1 - 0.4 mTp p /12, 15, 16/, resulting in a S/N ratio that 

is a factor 2.5 (using 0.4 mTpp) to 10 (0.1 mTpp) lower /28/ than is 

obtained by applying 200 kHz modulation. In this calculation we did 

not account for further decrease in S/N ratio due to the limited band

width of the cavity. 

An experimental comparison of the noise levels in the frequency 

bands 100 Hz - 1 MHz and 100 kHz - 1 MHz yields a factor ~ 10 more 

noise in the broader band. If these frequency bands are used for 

direct detection, and broadband phase sensitive detection at 200 kHz, 

respectively, the frequency response of the latter method extends to 

0 Hz, and the direct detection to 100 Hz and has a ca. 3 times lower 

S/N ratio. When rapid transients (frequency components > 100 kHz) are 

to be detected, the noise level of both approaches is about the same 

(-3dB point at 100 kHz in direct detection), yielding ~ 3 times higher 

S/N for the direct detection /28/. 

We paid attention not to overload the B-PSD with the artefact, 

to prevent the electronics to enter the non-linear region. This impro-
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ves the fidelity of the resulting transient in the time that the arte

fact is present, but unfortunately permitting more noise and leakage 

of the reference square wave. When the fidelity of the transient in 

the first microseconds is not important, a gate circuit is preferred. 

It blocks the intense artefact, and permits an increase of the gain, 

improving the observed S/N ratio. 

When a normal (not time resolved) spectrum or slower kinetics are 

measured (T > 10 us), the S/N ratio can be improved with 10-15 % by 

filtering out the noise at odd harmonic frequencies with a tuned 

amplifier. 

The fit of two exponential functions to the experimental data 

of figure 8 yields a rise time of Tj = 0.5 + 0.4 us, and a decay time 

of T 2 = 4.8 + 0.4 us. The large relative error in Tj is caused by the 

residual distortions due to the flash artefact. The flash artefact 

consists of the light induced cavity artefact and radio frequency 

interference (the pulse laser is within 2m range of the EPR 

spectrometer). Nevertheless, the rise time is, within experimental 

error, equal to the rise time of the B-PSD system (fig. 7c), indi

cating that the bandwidth of the B-PSD in the EPR spectrometer limits 

the time resolution. The "true" T 2 will be a fraction shorter than the 

observed 4.8 us (an educated guess yields 4.6 us). 

Comparing the experimental results of the broadband phase-sens

itive detection method with the abovementioned requirements, it is 

concluded that 

1. Microsecond time resolution is easily obtained. For the deter

mination of T-values of transients shorter than ca. 2 us decon-

volution methods will be necessary. This is currently implemented. 

It is estimated that a lower limit of ca. 200 ns can be achieved 

with the method applied to time resolved EPR. If this method is 

applied with 2 MHz modulation frequency, or direct detection is 

used, this lower limit of ca. 200 ns can be obtained without decon-

volution methods. 

2. Detection of signals with low initial S/N ratio (=< 0.1) is possible 

as has been illustrated (fig.8). This is due to the modulation 
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procedure in combination with a high pass filter, suppressing low 

frequency noise and the excitation pulse artefact. This results in 

at least a similar S/N ratio as compared to high frequency ( 1 - 2 

MHz) modulation. 

However, when large linewidths (> 0.5 mT) are met, the 200 kHz 

method has a superior S/N ratio over high frequency modulation 

methods, due to a higher modulation amplitude. Only when the 

signals of interest contain frequency components in the low fre

quency noise regime (dc - 50 kHz), the broadband phase-sensitive 

detection method gives a better S/N ratio than direct detection. 

When using direct detection, artefact signals are generally 

suppressed by going on and off resonance at a low frequency and 

subtracting the results. In the scheme presented here, artefact 

signals are suppressed by going on and off resonance at a high fre

quency (i.e. 200 kHz field modulation frequency). In an ideal world 

both methods are fully equivalent. In the presence of low frequency 

instrumental instabilities, the high frequency strategy offers 

advantages. 

Commercially available components were used. A modification in the 

phase-sensitive detector was necessary. Although we have applied 

200 kHz modulation, the described method can be used with other 

modulation frequencies e.g. the 100 kHz modulation and PSD of a 

standard EPR spectrometer together with a 50 kHz high pass filter. 

In this case the ultimate time resolution is still determined by 

the bandwidth of the PSD, and deconvolution methods might be 

necessary when decay times faster than ca. 4 us must be measured. 

The EPR spectrometer is still available to the conventional work. 

In our case it is a matter of a simple switch between the 100 kHz 

oscillator of the spectrometer and an external function generator 

operating at 200 kHz. There is one extra procedure, the modulation 

coils must be tuned to 100 or 200 kHz. 
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VII. APPENDIX 

The bandwidth (Af) of a first order system is the frequency 

where the amplitude of the sinusoidal signal is 3 dB lower with 

respect to the amplitude at zero frequency (as in a low pass filter), 

or at resonance frequency (tuned amplifier and cavity resonator). The 

bandwidth is given by: 

Af = (Al) 
2 n T 

T denotes the time constant of the first order system. 

The bandwidth of the cavity (Afc) is under matched condition 

given by: 

f 
M 

Af = (A2) 
c 2Q 

L 

f„ denotes the microwave frequency ( f„ = 9 GHz), and QL denotes the 

loaded quality factor of the cavity (typically 2000 < QL < 6000). A 

higher QL results in a higher S/N ratio (S/N ~ T/Q^) but in a smaller 

bandwidth. 
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3.5 ADDITIONAL TECHNIQUES AND PREPARATIVE METHODS 

Absorption measurements 

Absorption measurements were carried out using a Uvikon 810 

(Kontron) spectrophotometer for measurements with 200 nm < A < 700 nm. 

For measurements with A < 900 nm a Shimadzu UV-200 spectrophotometer 

was used; and for measurements with X > 900 nm a Beckman DU G-2400 

(single beam) spectrophotometer was employed. 

The absorption-difference spectrometers are referred to in sections 

4.4 and 6.2. 

Emission measurements 

Room temperature fluorescence measurements, described in section 

6.3 were carried out using a Perkin-Elmer LS-5 Luminescence 

spectrometer. Fluoresence measurements at cryogenic temperatures were 

carried out using the FDNR equipment (see below). 

FDMR 

Fluoresence detected magnetic resonance (FDMR) measurements were 

carried out employing either a homebuilt apparatus described by Van 

Der Bent et al. [1,2], or another homebuilt apparatus, described by 

Benthem [3]. In both cases the emission was detected using a Varian 

152-A photomultiplier, which was sensitive in the NIR (X $ 1150 nm). 

Preparative methods 

Photosynthetic bacteria were a kind gift by U. Smith at Argonne 

National Laboratory, USA (Rps. vlridls and Rb. sphaeroldes R-26), and 

dr J. Amesz at State University Leiden, The Netherlands (C. vlnosum) 

and were anaerobically grown according to refs. [4,5]. RC's from Rb. 

sphaeroldes R-26 and chromatophores from C. vlnosum were obtained as 

described in [4]; RC's from Rps. vlridls were purified as described in 

[6], with a slight modification as described in [7]. 

Iron was removed from isolated RC's of Rb. sphaeroldes R-26 as 

described in [8]. 
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Ubiquinone was removed from isolated RC's of Rb. sphaeroides R-26 

as described in [9]. 

Quinone reconstitions were carried out as described in [9]. A 

series of menaquinones (vitamine k2) were a kind gift from F. 

Hoffmann-La Roche & Co, switserland. 

No special precautions were made to remove oxygen from samples 

used in EPR measurements. 

Further experimental details are given in Chapters 4 - 6 . 
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CHAPTER IV 

STEADY-STATE TRIPLET STATE SPIN POLARIZATIONS IN 

BACTERIAL REACTION CENTERS 

4.1 INTRODUCTION 

As pointed out in previous Chapters, the radical pair mechanism, 

determining the electron-spin dynamics in the RC-state P+I~ in high 

magnetic fields, predicts an AEEAAE electron spin polarization (ESP) 

pattern in the Am=l EPR powder spectra of the donor triplet state 

(PR), resulting from recombination of charges in the radical pair 

P+I~. Until now, this ESP pattern has been exclusively observed in 

preparations containing photochemically active RC's. For this reason, 

this pattern is generally accepted as evidence for the integrity and 

photochemical activity of the investigated RC's. 

We were therefore surprised to find a deviating ESP pattern at 

temperatures higher than several tens of degrees Kelvin in 

photochemically active RC's of Rps. viridis. Further experiments 

demonstrated that this observation is not unique for Rps. viridis. 

Also for Ĉ . vinosum, and Rb. sphaeroides R-26 a change in the 

lineshape of the Am=l triplet EPR spectrum at increasing temperature 

was observed, although to a very different extent. 

This Chapter describes various experiments verifying the 

hypothesis that the temperature-dependence of the lineshape of the RC 

triplet EPR spectra results from the transmission of a rapid 

spin-lattice relaxation of Fe2 + at the acceptor side via a quinone as 

relaxation carrier to the P+I~ radical pair state in the RC. 
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4.2 

Interaction of a third electron spin with the radical 
pair in the photosynthetic bacterium 

Rhodopseudomonas viridis monitored by the 
donor-triplet electron spin polarization 
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Summary 

Am = ±1 triplet EPR spectra of reaction centers and chromatophores from 
Rhodopseudomonas viridis were studied in the temperature range 8-270 K. The 
AEEAAE spin polarization pattern changes into AEAEAE above 19 ± 3 K. A 
similar effect was found in chromatophores from Chromatium vinosum. This phe
nomenon is ascribed to the exchange interaction between the electron spin on 
bacteriopheophytin (I), which is part of the radical pair P+I~ (P denotes the 
primary donor), and a third electron spin on the reduced iron-quinone complex. 

bacterial photosynthesis; reaction center; Rhodopseudomonas viridis; triplet state; 
EPR; electron spin polarization 

Introduction 

In the reaction centers (RCs) of photosynthetic bacteria and plant photosystems 
the primary donor triplet state has been found to give rise to strongly polarized 
Am = ±1 EPR spectra at low temperature [1-4J. A unique electron spin polariza
tion (ESP) pattern AEEAAE (A = enhanced absorption, E = emission) is observed 
which has been shown to be incompatible with intersystem crossing through 
spin-orbit coupling [5,6], but can be explained by invoking the formation of a 

86 



donor-acceptor (D +A") radical pair (RP) [7,8]. Upon illumination the RP is created 
initially in a singlet state, and subsequently evolves into a triplet RP by differences 
in hyperfine interactions and g values between D+ and A" (in bacterial photo
synthesis D + and A - denote the cation of the bacteriochlorophyll dimer (P+) and 
the anion of bacteriopheophytin (I~), respectively). At sufficiently large magnetic 
fields, only the »is = 0 triplet RP state is formed, giving rise to a donor triplet state, 
which carries only population in the corresponding ms = 0 state, resulting in the 
abovementioned, unique spin polarization pattern. 

In bacterial RCs the donor triplet state (PR) can be observed when the first 
iron-quinone complex (Fe2+Q) is reduced. This paramagnetic complex is coupled 
to the electronic spin on I - of the RP by exchange and/or dipolar interactions 
[9-13], and therefore the system P+I~(Fe2+Q~) should be considered a coupled 
three-spin system [14], very similar to a RP containing one proton [15]. 

The presence of a third electronic spin is expected to affect the EPR triplet stale 
polarization pattern due to simultaneous spin-transitions in 1~ and Fe2+Q~. Also, 
the Fe2+Q~ electronic spin may exhibit temperature-dependent relaxation at a time 
scale compatible with that of the RP lifetime. A dependence of the magnetic field 
effect of the PR triplet yield on Fe2+Q~ has been proposed [16], but no direct effect 
of its presence on Am= ±1 EPR triplet spectra has been reported, although spin 
polarization transfer of I - to Q~ has been demonstrated [12,13]. Note, however, that 
these experiments were done with Rhodopseudomonas spheroides RCs, where the 
exchange coupling J r Q - is rather small (0.2-0.5 mT) [11-13]. 

We have monitored the PR state in RCs and chromatophores where the coupling 
is much larger (~ 10 mT), i.e. in Chromatium vinosum and Rps. viridis [9,10]. For 
Rps. viridis the AEEAAE ESP pattern changes to AEAEAE at T > 19 ± 3 K. 
whereas the zero field splitting parameters |D| and |E| remain almost unchanged 
over a wide temperature range (8-270 K). In chromatophores, the change of the 
ESP pattern can be inhibited by SDS treatment, which uncouples the iron atom 
from Q [10]. 

Materials and Methods 

Chromatophores from C. vinosum and Rps. viridis were obtained by sonicating 
for 10 min. Rps. viridis RCs prepared according to Ref. 17 with /4R10 = 30 were a 
kind gift from Dr. A.J. Hoff. Incubation of the chromatophores with 1% SDS was 
done at room temperature using a suspension with Am5« 80 in 50 mM de-
oxygenated Tris, pH 8. For measurements at T= 7-180 K standard 4 mm quartz 
tubes were used; RCs and chromatophores were diluted three times in ethylene 
glycol to obtain transparent samples at low temperature. For temperatures above 
180 K the RCs were immobilized in a poly(vinylalcohol) film and mounted on a 
quartz rod. The primary iron-quinone acceptor was photochemically reduced by 
illumination at low temperature. 

EPR spectra were recorded on a Varian E-6 spectrometer equipped with a helium 

87 



flow cryostat (Oxford Instruments E-6) or a nitrogen flow cryostat. The EPR 
spectrometer was modified to obtain a response time of 20-30 fis. Light minus dark 
spectra were obtained using a 150 W xenon lamp (Eimac R 150-7A) modulated at 
25-5000 Hz and phase-sensitive detection (PAR Lock-in Analyser 5204). Spectra 
were accumulated using a PAR 4203 signal averager connected to a MINC-11 
minicomputer. 

Results 

Am= ±1 triplet EPR spectra using light modulation of Rps. viridis RCs re
corded at various temperatures are shown in Fig. 1. At 8 K (Fig. la) an AEEAAE 
ESP pattern of PR is observed. The y-transitions are rather weak and broadened. 
|D| and |E| values of (160.3 ± 0.7) X 10 - 4 and (38.6 + 0.8) X 10~4 cm"1, respec
tively, agree with reported values [18]. At T> 19 ± 3 K the y-transitions reverse 
sign (Fig. lb, c) and the ESP pattern becomes AEAEAE (Fig. Id). At increasing 
temperatures the |D| and |E| values exhibit a small increase (160.5 X 10 - 4 and 

Fig. 1. Light minus dark triplet EPR spectra of PR in Rps. viridis RCs at different temperatures 
(/48i0 = 10). All samples contained 1 mM sodium ascorbate and were frozen in the dark. Relative 
amplifications: a: 1, b: 3, c: 6, d: 10. Light modulation frequency: 400 Hz; microwave power: 500 jiW in 
a, b and c, and 1 mW in d; 100 kHz magnetic field modulation: 1.6 mT. 
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Fig. 2. Effects of SDS treatment on ESP pattern of PR in chromatophores from Rps. viridis (/fmis = 30) 
at 125 K. a. No SDS added, ESP pattern: AEAEAE; b. 1% SDS added, incubated for 4 h, ESP pattern: 
AEEAAE. Light modulation frequency: 1 kHz; microwave power: 800 nW; other conditions as in Fig. 1. 

at 40 K; 162.0 X 10 - 4 and 39.6 X 10 - 4 cm - ' at 125 K) similar to 39.0 X10 - 4 cm-
results for Rps. spheroides [19]. This sign-reversal was also observed under continu
ous illumination. No Am = 2 signal was found between 8 K and 125 K. 

The same change in the ESP pattern is observed in chromatophores from Rps. 
viridis (Fig. 2a). Treatment with SDS inhibits the polarization inversion of the 
y-transitions (Fig. 2b). At the same time an emissive spin-polarized g = 2 signal was 
observed (not shown; in Fig. 2 this signal is overmodulated), indicating that the iron 
atom is uncoupled from Q and that polarization transfer from I - to Q~ occurs [12J. 
For chromatophores from C. vinosum, the 10 K triplet EPR spectrum exhibits an 
AEEAAE ESP pattern. At increasing temperature the amplitude of the y-transitions 
decreased and disappeared completely at T = 23 K. Differently from the observa
tions in Rps. viridis the amplitude of the y-transitions remained zero up to 80 K. 

Using phase-sensitive detection and light modulation [20] at T= 100 K we 
studied the phase dependence of the amplitudes of all six Am = ± 1 triplet transi
tions in Rps. viridis RCs as a function of the modulation frequency. We found that 
the Z- and .^-transitions have different decay rate constants, showing that spin-lattice 
relaxation between the spin levels of the PR triplet state does not dominate the 
kinetics. This conclusion is also supported by the observation that the sign of all 
transitions persists up to at least 240 K. At 100 K, the y-transitions exhibit the same 
phase dependence as the Z-transitions. 

Discussion 

For many years it has been accepted, that the radical pair mechanism in bacterial 
photosynthesis invariably gives rise to a Am = ±1 EPR triplet spectrum exhibiting 
an AEEAAE ESP pattern. Therefore, our assignment of a triplet spectrum with a 
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deviating polarization pattern to PR needs firm proof. This assignment is supported 
by the following observations: Firstly, up to 40 K, the values of |D| and |E| agree 
with reported values for PR of Rps. viridis [18], and are very different from the 
zero-field splittings for BChl-6 in vitro [22]. Secondly, the RC preparations are 
highly purified and do not contain any appreciable amounts of antenna, free, or 
desintegrated BChl-6. If present at all, triplets in these impurities are not expected 
to give rise to a large EPR signal amplitude, since they are formed via normal 
intersystem crossing. Furthermore, the change of the ESP pattern is not caused by 
the isolation procedure, as chromatophores at 125 K exhibit the same polarization 
pattern as RCs (Fig. 2a). 

From the mirror symmetry in all observed triplet spectra, including those with an 
AEAEAE ESP pattern, spin-lattice relaxation between the spin states of PR can be 
ruled out as the mechanism that is responsible for the polarization change. Also 
intersystem crossing from the excited singlet donor state to the triplet state is 
unlikely, since no donor triplets are detected when the electron transfer is blocked 
by reducing I [9,10,23]. 

The effect of SDS treatment (Fig. 2) is an indication that the change of the 
polarization pattern is induced by the strong exchange and/or dipolar interaction 
between I~ and the third electron spin on the iron-quinone complex. In a coupled 
P+I~Fe2+Q~ spin system, rapid spin-lattice relaxation of the high spin iron [24] can 
be transmitted to the P+I~ radical pair via the exchange coupling between Fe2+ and 
Q~ (128 mT [24]) and between Q - and I~ ( « 10 mT [9,10]). Thus, Fe2+ spin-lattice 
relaxation is expected to have a strong, temperature dependent influence on the 
spin-conversion mechanism in the P+I~ radical pair, an effect which is normally 
neglected in calculations. 

Further evidence for this role of Fe2+Q~ follows from the observation that 
similar effects were found in C. vinosum. In both species the coupling between 1" 
and Fe2+Q~ is much larger than in Rps. spheroides [9-11], where the ESP does not 
change with temperature [19]. Since the observed effect is strongly anisotropic (only 
the y-peaks change), dipolar interactions probably contribute to the I"-Fe2+Q~ 
coupling [10]. The AEEAAE ESP pattern is unique for exclusive S-T0 mixing [5], so 
effective population of the T ± , triplet levels is an absolute condition to give rise to 
the observed AEAEAE ESP pattern. Preliminary calculations (unpublished results) 
taking into account the coupling of the third electron spin on Fe2 +Q" to I~ indeed 
show that the T ± ! triplet spin states of PR can be populated. Spin-lattice relaxation 
of the high-spin Fe2+ may induce spin transitions within the three-spin system via 
the I~-Fe2+Q~ interactions during the lifetime of the P+I~Fe2+Q~ state of the 
RC, causing the observed temperature dependent change in the triplet spectra (Fig. 
1). This is supported by the observations of Dismukes et al. [25] that no EPR 
spectrum could be observed above 20 K from Fe2+Q~ due to spin-lattice relaxation 
of the iron. 

Concluding, we have demonstrated that the S-T0 selection rule for PR popula
tion is broken in reduced RCs and chromatophores from Rps. viridis and, to a 
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smaller extent, also in C. vinosum chromatophores. T ± ] population of P is likely 
to be due to the magnetic coupling between Fe2+Q~ and I - . 
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The hypothesis [(1986) Photobiochem. Photobiophys. 11, 95 - 100) that the temperature dependence of the 
electron spin polarization (ESP) pattern of the Am = + I EPR spectrum of the triplet state PR of the Rho
dopseudomonas viridis reaction center is caused by magnetic interaction between the reduced menaquinone-
iron complex QFe2* and the electron spin on T (reduced bacteriopheophytin b), which is part of the radical 
pair P*l (P* is the oxidized primary electron donor P960) has been investigated. It was found that the 
AEAEAE ESP pattern of the EPR spectrum detected at 7">20 K changes into the usual AEEAAE pattern. 
when Q Fe2+ is photochemicatly converted into Q2~Fe2+. This demonstrates that the presence of Q in 

Q Fe2* is a necessary condition to obtain the AEAEAE ESP pattern. 

Triplet slate electron spin polarization Bacterial photosynthesis EPR Reaction center Redox state 

1. INTRODUCTION 

In bacterial photosynthetic reaction centers 
(RCs) the donor triplet state PR is generated under 
illumination when the primary acceptor, a 
quinone-iron complex (QFe24), has been reduced 
U-3J: 

PlQFe 2 + hi> P* lQFe 2 + 

PRIQFe 2 + 

P M Q F e 2 

(1) 

where P is the primary electron donor (BChl2) and 
I is the intermediary acceptor (BPheo). At low 
temperature the radical pair P+I" (PF) recombines 
exclusively forming PR [3,4]. In high external 
magnetic fields this occurs via the radical pair 
mechanism [5,6], resulting in a triplet state with an 

* Present address: University of Chicago, Department 
of Chemistry, 5735 South Ellis Avenue, Searle 
Chemistry Laboratory, Chicago, IL 60637, USA 

electron spin polarization (ESP) pattern that has 
been shown to be inconsistent with an in
tramolecular intersystem crossing (ISC) mecha
nism [7,8], and characteristic for photochemical 
activity in photosynthetic RCs. This triplet state 
has been detected by means of EPR spectroscopy 
in numerous photosynthetic species, including 
plant photosystem I and II, and green bacteria 
[1,9-12], invariably showing an AEEAAE ESP 
pattern (A, enhanced absorption; E, emission). 
However, we observed deviating ESP patterns in 
the Am = ± 1 EPR triplet spectra of PR in isolated 
RCs from the purple bacterium Rhodopseudomo
nas viridis (AEAEAE) and in chromatophores of 
Chromalium vinosum (AE--EA) at temperatures 
above 20-25 K [13,14]. Spin-lattice relaxation 
within PR or intramolecular ISC are unlikely to 
cause this change in the polarization pattern. The 
phenomenon was ascribed to a magnetic interac
tion between the electron spin on I", which is a 
part of the radical pair P+I~, and a third electron 
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spin on the reduced menaquinone Q" in the 
Q~Fe2+ complex. This complex transmits the rapid 
relaxation of the high-spin Fe2+ to I". 

Although SDS treatment is known to uncouple 
at least the iron atom from the QFe2+ complex 
|IS], this method is not so well-defined as the 
technique of iron removal in RCs from Rps. 
sphaeroides R26 [16,17]. Therefore, a stronger 
proof for the involvement of Fe2+ and/or Q in the 
polarization inversion of the Y peaks of PR in this 
system is desirable. Unfortunately, the iron-
removal technique using LiGO.i and o-
phenanthroline does not apply to RCs from Rps. 
viridis, nor can Q be removed easily. We therefore 
have investigated the triplet polarization pattern as 
a function of the redox state of the primary accep
tor. Since the Rps. viridis RC contains a fast 
donating cytochrome, it is possible to reduce 
doubly the quinone acceptor. This is expected to 
quench the magnetic interaction between the 
quinone-iron complex and the radical pair P+I". 

2. EXPERIMENTAL 

RCs were isolated according to [14] and concen
trated to /4j3o = 50 cm"'. EPR experiments were 
carried out as described in [14]; a typical EPR sam
ple contained 25 //I of 0.5 M sodium ascorbate, 
75 p\ RCs, and 200^1 ethylene glycol. To create 
the doubly reduced state Q2~Fe2+, the samples 
were illuminated at room temperature with white 
light (-0.5 W-cirT2) from a 150 W xenon lamp 
(Eimac R150-7A) filtered through 6 cm water for 
varying periods of time, followed by rapid cooling 
to 77 K. Exposure to UV light was avoided. Reox-
idation of Q2~Fe2+ was accomplished by flushing 
the sample with oxygen for several minutes at 
room temperature [18]. 2/t\ ascorbate was added 
to these samples, which were then refrozen in the 
dark. QA to QB electron transfer was blocked by 
adding - 5 mM o-phenanthroline to the EPR 
samples. 

3. RESULTS 

The treatment of the RCs, in order to produce 
the Q2~Fe2+ state, is very similar to that on Rps. 
sphaeroides R26 RCs by Okamura et al. [18], and 
on Rps. viridis RCs by Prince et al. [19). Fig. I 
presents the Q"Fe2+, I" and light-induced triplet 

EPR spectra, when the RCs had been exposed to 
white light at room temperature for different 
periods of time. Prince et al. [19] found that upon 
illumination under these conditions the triplet 
spectrum completely disappears, due to trapping 
of I", inhibiting any further charge separation. To 
be able to observe PR we had to use a moderate 
redox potential, allowing Q2~ production, and 
simultaneously permitting reoxidation of 1~. We 
used ascorbate at pH 8 (E" = 0 mV), so the 
Q~Fe2+ state had to be generated by illumination, 
since the Q/Q~ redox couple is — 150 mV |20|. 

Upon increasing the period of illumination, the 
EPR signal at g = 1.8 of Q F e 2 + [21,22] disap
pears. Concurrently, the spin polarization of the 
Y~/Y+ peaks in the triplet spectrum changes from 
A/E into E/A (fig.lb.c), whereas at low 
microwave power a g = 2 signal appears, due to 
trapping of I" [19,23]. The l~Q~Fe2+ spectra can 
be understood by considering the results of the ex
periments represented in fig.la-c: although the 
sample was not illuminated at 300 K (fig. la) a split 
signal (S in fig.la) is observed, due to the trapping 
of a small amount of I", competitively formed 
during the generation of Q" by illumination al 
10-20 K. (When the sample is left in the dark, no 
split signal is observed.) After 20 s of illumination 
at 300 K (fig.lb), Q2" is built up at the cost of Q 
and more I" has been trapped, as is evident from 
fig.l (center). After 120 s of illumination at 300 K 
(fig.lc), the sample contains four different 
photoproducts: (i) IQ", (ii) 1"Q", (iii) IQZ", (iv) 
I"Q2". From the amplitude of the g = 1.8 signal an 
estimated fraction of less than 5°7o of these 
photoproducts were in states i and ii. Of the re
maining 95%, state iii gives rise to the observed PR 

triplet spectrum, whereas state iv is detected as 1", 
but does not give rise to triplet formation. Forma
tion of state iv explains the reduced amplitude of 
the EPR triplet spectrum. Prolonged illumination 
results in a lower triplet yield, due to the increased 
fraction of 1~Q2~. The EPR triplet spectrum of 
fig.lc does not show any changes in the 8-100 K 
temperature range, except for some decrease in 
amplitude of all peaks. 

When the sample of fig.lc is (hawed, flushed 
with oxygen and refrozen in the dark, the Q'Fe2* 
signal reappears, and the ESP pattern of PR at 
110 K is converted into the original AEAEAE pat
tern. When the experiments are repeated with 
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Fig.I. Relation between electron spin polarization pattern of the EPR triplet spectrum of PR in isolated RCs of Rps. 
viridis and the redox state of the primary acceptor. All samples contained 4 tnM sodium ascorbale (£"' = 0 mV) pll 
8, 200/iI ethylene glycol, 75 /A RCs (Am, = 50 cm'1) and were photochemically reduced, (a) No illumination at 300 K 
(only low-temperature illumination to produce Q~), PR spin polarization pattern: AEAEAE, s = split signal (I Q ); 
(b) intermediate case, after 20 s of 300 K illumination; (c) after 120 s illumination, PR polarization pattern: AEEAAE. 
Instrumental settings: TQ'Fe2* spectra: 3.2 mT modulation amplitude, 5 mW, I" (low-power) spectra: 0.4 inT 
modulation, 2/tW, PR spectra: I kHz light modulation, 2.5 mT field modulation, 5 mW. All spectra have the same 

vertical scale. 

samples in which the electron transfer from QA to 
QB is blocked, identical results are obtained. 

4. DISCUSSION 

In Rps. viridis RCs the magnetic I~-Q" interac
tion is relatively large ( -15-20 mT JI9J) as com
pared to other bacteria (e.g. Rps. sphaeroides 
-0 .1-0 .5 mT [18,24], Chromatium vinosum 
- 6 mT |23J). Therefore, we ascribed the observed 
effects to a spin-spin interaction between Q"Fe2+ 

and PM~ 114J. 
In the left wing of the Q~Fe2+ spectrum in fig. I 

the I" high-power spectrum can be recognized. 

This split I"-Q" signal (S in fig.l) disappears con
comitantly with the Q"Fe2+ signal and the A/E 
polarization of the Y"/Y+ peaks, resulting in the 
AEEAAE ESP pattern, characteristic for the 
radical pair mechanism. It can be concluded that 
the presence of the paramagnetic species Q~Fe2+ is 
essential to observe the AEAEAE polarized PR 

triplet spectrum at T > 20 K. There are several 
possible explanations: (i) Direct magnetic (dipolar) 
coupling between Q~Fe2+ and PR as suggested to 
exist in Rps. sphaeroides [25]. This is unlikely, 
since it cannot explain the relation (14) between 
I"-Q" coupling strength and the observed PR ESP 
pattern of the triplet spectrum in Rps. viridis, C. 
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vinosum and Rps. sphaeroides. For the latter we 
did not observe a temperature-dependent change in 
polarization pattern, (ii) The presence of Q2~ con
verts the high-spin Fe2+ into its low-spin form and 
subsequently changes the interaction with P + P . 
This indeed may explain the experimental results, 
if Fe2 t is the source of the temperature effect on 
the spectra of PR. Although there is no firm proof 
that the spin state of Fe2+ does not change when 
the primary quinone is doubly reduced, addition of 
o-phenanthroline to the RCs, blocking the electron 
transfer step between QA and QB 126], does not af
fect our experimental results. Butler et al. (27] have 
observed the characteristic g- 1.83 EPR signal in 
the QB"FC2+QA state. Under our experimental con
ditions the Fe2+ is ligated to Qi" and QB, which 
together are expected to have a smaller effect on 
the iron spin state. Furthermore, susceptibility 
measurements on Rps. sphaeroides R26 RCs did 
not show any changes in the spin state of the iron 
on reduction of the primary acceptor [16]. It is 
therefore unlikely that the Fe2+ spin state in Rps. 
viridis RCs changes upon illumination, due to the 
reduction of the quinone(s). (iii) Q" acts as a car
rier of spin transitions between the high-spin 
Q F e 2 + and P+I". The P + I Q F e 2 + must be con
sidered as a multispin system, to which the conven
tional radical pair mechanism cannot be applied as 
is reflected by the observed temperature-dependent 
change of the PR triplet pattern. Doubly reducing 
the primary quinone restores the radical pair 
mechanism as demonstrated by the AEEAAE 
polarization pattern. 

The Fe24Q" complex is coupled to the P+l~ 
radical pair state and causes the ESP pattern of PR 

to change at higher temperatures. Consequently, 
monitoring the EPR triplet state not only yields in
formation about the photochemical activity of the 
P-l part in the RC (i.e. AEEAAE below 15-20 K). 
Well above this temperature the observed ESP pat
tern also demonstrates that the QAFe2+ part is ac
tive in the RC. This provides a tool to check the 
acceptor side in RC or chromatophore prepara
tions from C. vinosum and Rps. viridis with EPR 
at liquid nitrogen temperatures. 
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ABSTRACT 

The electron spin polarization (ESP) pattern of the donor-triplet 

state (P") from reaction centers (RC's) of the purple bacterium 

Rhodobacter (formerly Rhodopseudomonas) sphaeroldes R-26 was 

investigated. Am=±l triplet EPR spectra were recorded of unmodified 

RC's as well as of RC's from which Fe2 + or ubiquinone was removed, or 

ubiquinone was substituted by menaquinone. 

The relative amplitude of the Y peaks in the triplet EPR powder 

spectrum of PR decreases when the temperature is increased from 8 K to 

100 K in RC's with an intact quinone-iron complex. This decrease is 

more pronounced when the primary ubiquinone is substituted by mena

quinone. These observations provide further support for the hypothesis 

that the observed lineshape of the PR triplet state EPR spectrum 

reflects the presence of a third electron spin, magnetically coupled 

to I" in the P+I~ radical pair, as suggested by Van Wijk et al. 

(Photobiochem. Photobiophys. 11, 1986, 95-100). Our observations 

suggest that this phenomenon may be general in purple bacteria. 
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INTRODUCTION 

The triplet state (PR) of the primary electron donor in both 

plant and bacterial photosynthetic reaction centers (RC's) is 

generated by recombination of the electron-hole on the oxidized donor 

(P+), and the unpaired electron on the reduced intermediary acceptor 

(I~) under conditions that forward electron transfer is blocked, e.g. 

by removal or prereduction of the primary acceptor (a quinone, QA, 

in bacterial RC's) [1,2]. In high magnetic fields (i.e. for external 

fields, which are much larger than the magnetic interactions between 

the electronic and nuclear spins on P+, I~, and QA~) this results in 

an electron spin polarization (ESP) of the recombination triplet state 

of P [3,4]. This spin polarization has been shown to be incompatible 

with generation via intersystem crossing through spin-orbit coupling 

[5,6], and is observed in low temperature Am=±l EPR powder triplet 

spectra with an AEEAAE ESP pattern (A=enhanced absorption, E= 

emission) [1,2]. This ESP pattern has been found in all photosynthetic 

species [7-10], and is now a common spectroscopic parameter which is 

suitable to demonstrate full photochemical activity in the photo

synthetic reaction center (RC). However, recently we reported 

deviating ESP patterns at temperatures above ~ 20 K in RC preparations 

from Rhodopseudomonas vlrldls and chromatophores from Chromatium 

vlnosum [11,12]. We demonstrated that the observed effect depends on 

the presence of a (singly) reduced primary acceptor (QA~) in the 

native quinone-lron complex [13], indicating that the magnetic 

coupling between I~ and QA" is involved. At T > 20 K Tj processes on 

the high spin Fe 2 + (S=2) in the QA~Fe2 + complex [14] are believed to 

induce rapid spin transitions on Q~. The spin-spin coupling between I~ 

and QA~ transmits these spin transitions from QA~ to I~, the latter 

being a part of the radical pair P+I~. 

In order to investigate the generality of the relation between 

the coupling of I~ with Q~Fe2+ and the ESP pattern in bacterial photo

synthesis, we studied the temperature dependence of the EPR spectra 

of PR in Rb. sphaeroldes RC's, for which it is known [16-18] that the 
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magnetic coupling strength between QA" and I" is weak. Furthermore, we 

extracted the primary ubiquinone from these RC's and replaced it by 

menaquinone as present in e.g. Rps. vlrids, thereby increasing the 

magnetic coupling between I- and Q~ from $ 0.05 mT for ubiquinone 

[16-18] to - 6 mT for menaquinone [16]. 

MATERIALS AND METHODS 

RC's from Rb. sphaeroides were isolated as described elsewhere 

[19], with the modification that instead of Triton X-100, BriJ-58 was 

used as the solubilizing detergent. Iron was removed using the lithium 

perchlorate method first used by Tiede and Dutton [20]. The result of 

this procedure was tested by monitoring the emissively polarized QA~ 

EPR signal at g=2 [21]. Ubiquinone depleted RC's were prepared using 

the method given in ref [22]. To see whether reconstituted RC's con

tained menaquinone, we determined the kinetics of recombination of P+ 

and QA~ at room temperature [23]. As a further evidence we used the 

presence of the characteristic g=1.8 EPR signal from QA~ in the QA~ 

Fe 2 + complex at 10 K [14,24,25]. EPR measurements were carried out as 

in ref. [l2]. The home-built optical absorbance difference spectro

meter was described in [26,27]. 

The reduction of the RC's was accomplished by addition of excess 

horse heart cytochrome-c and sodium ascorbate at pH 8. The samples 

were illuminated at room temperature with white light from a 200 W 

Tungsten lamp and rapidly frozen under continuous illumination. 

RESULTS AND DISCUSSION 

Ubiquinone-depleted RC's were reconstituted with menaquinones 

with isoprenoid tail lengths varying from C 3 5 (MQ-7) to C 5 0 (MQ-10). 

The reconstitution procedure was tested by monitoring the absorbance 

changes at 448 nm. At this wavelength the difference in visible 
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absorption of MQ and MQ~ is at a maximum. The recombination time of 

P+UQA~ at room temperature is 115 ms [23], whereas the kinetics of 

the P+MQ~ recombination yielded single exponential decay with T-values 

of 80±5 ms (independent of the length of the MQ-tail), demonstrating 

the photochemical electron accepting activity of the reconstituted 

menaquinone. However, in several of the reconstituted RC preparations, 

the EPR signal of Fe2 +QA" at g=1.8 was not observed. 

These results indicate that the reconstitution is less critical for 

the BPheo-a (L-branch) binding-site (probably a tryptophane [28,29]), 

than to the Fe 2 + binding-site (probably a histidine [28,29]); this is 

not too surprising, since removal of QA is known to affect the protein 

environment of the Fe 2 + [30]. The optical measurements at room tem

perature therefore cannot be taken as the sole check for native 

reconstitution. 

An intact quinone-iron complex was demonstrated by a reconsti

tuted RC that did show an EPR transition at g=1.8, although somewhat 

weaker than in untreated RC's. Only in samples were the characteristic 

g=1.8 signal was present, indicating that at least part of the MQ's 

were correctly bound to the iron, we observed a temperature dependent 

ESP pattern in the EPR triplet spectrum from PR. 

In the following we will use the total fractional amplitude 

(F) of the Y-peaks (Y+ and Y") in the polarized EPR (first derivative) 

triplet spectrum: F = 3Iy/(| ij +| ij +| Iz| ), where | IJ denotes the 

sum of the absolute values of the low field and high field peak ampli

tudes (i=x,y,z). We choose Iy to be positive for an AEEAAE polarized 

triplet spectrum. 

At low temperature (~5 K) F is about 1 in all samples. When the 

temperature is increased, differences are observed depending on the 

state of the quinone-iron acceptor complex. Figure 1 shows triplet 

spectra at 100 K. Those samples that lack the quinone (fig. la) or the 

iron (not shown, but identical amplitudes are obtained as in fig la) 

do not change their relative Y-amplitudes as a function of tem

perature. However, when the QA~Fe2 + complex is intact, the fraction of 

the Y peaks drops significantly from 0.9 at 8 K to 0.7 at 100 K (fig. 
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300 325 350 
B (mT) 

Figure 1 

Am=±l triplet EPR spectra of PR in RC's from Rb. sphaeroides R-26 at 50 K. a. 

RC's from which the primary ubiquinone (QA) is extracted; b. Native RC's. 

Experimental conditions: microwave power: 100 uW (9 GHz), modulation amplitu

de: 2.5 mT at 100 kHz; Illumination: 150 W Xe, filtered through 6 cm water, 

light-modulation frequency: 100 Hz. 

lb), whereas the X-peaks, which have very similar kinetics, do not. 

When the ubiquinone is replaced by menaquinone, which couples magneti

cally much stronger to I" than UQ" [16], the observed fraction is even 

lower: 0.5 at 100 K. The general trend of the temperature dependence 

of F for RC's reconstituted with MQ-9 is shown in figure 2. From 

earlier work [16] it is known that the magnetic coupling between I" 

and Q A ~ F e 2 + in MQ reconstituted RC's from Rb. sphaeroides R-26 is 

5-6 mT. This coupling strength is also present in RC's from C. vlnosum 

[31], from which we have observed that the triplet Y-peak amplitudes 

decrease with temperature until T«25 K, above this temperature the Y-

peaks have totally disappeared [12]. Since both types of RC's contain 

identical chromophores (BChl-a, BPheo-a, MQ, paramagnetic Fe 2 + ) with 

very similar magnetic interactions between the various electron 
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Figure 2 

Temperature dependence of the fractional Y-amplitude F of the Am=+1 EPR 

triplet spectrum of RC's from Rb. sphaeroides R-26, from which the primary 

ubiquinone is substituted by menaquinone-9. F is defined in the text. EPR 

spectra were recorded as in figure 1. 

spins, one would expect both species to exhibit a very similar tem

perature dependence of the llneshape of the Am=±l PR EPR spectrum. The 

reduced amplitude of the g=1.8 EPR signal from these reconstituted 

RC's with respect to that of native RC's, Indicated that less than 

100* of the MQ was present In an intact MQ~Fe2+ complex. 

Note, however, that every non-intact acceptor will yield F=l, thereby 

Increasing the observed fraction of Y-peaks. Hence, the observed frac

tions In figure 2 represent upper limits, and therefore it cannot be 

excluded, that the triplet Y-peaks from reconstituted RC's which con

tain native MQ~Fe2+ complexes, have zero amplitude at temperatures 

above ~ 25 K, similar to the observations for C^ vinosum [12]. 

The observed temperature dependence of the Y-peaks in the PR 

triplet spectra from RJK sphaeroides R-26 RC's with an intact acceptor 

complex is similar to the observations reported earlier for Rps. 

virldls and C_j. vinosum [11-13]. I.e. whenever the acceptor (QA Fe6 ) 

complex in the RC is modified, and consequently the magnetic interac

tions in this complex are destroyed, the observed fraction F of the Y-

amplitudes Is larger than in RC's with Intact acceptor complexes when 
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Table I 

Species 

Rps. vlrldls 

Rps. vlrldls0 

Rps. vlrldls 

C. vlnosum 

R-26d 

R-26' 

R-26" 

R-26'" 

Acceptor 

MQ" 

MQ" 

MQ= 

MQ~ 

UQ" 

UQ-

MQ" 

1 

-

-

-

-

-

-

Fe2 + 

Fe2 + 

Fe2 + 

Fe 2 + 

Fe2 + 

. 

Fe2 + 

Fe2 + 

Jl--Q-(mT) 

15 - 20 

15 - 20 

0 

6 

< 0.05 

s> 0.05 

0 

5 - 6 

ESPa 

AEAEAE 

AEEAAE 

AEEAAE 

AE—AE 

AEEAAE 

AEEAAE 

AEEAAE 

AEEAAE 

Fa,b 

-1.3 

1.4 

0.9 

0.0 

0.7 

1.0 

1.0 

SO.5 

ref. 

12 

12 

13 

12 

e 

e 

e 

e 

a: 100K 

b: F • 3Iy/( I Ix | + | Iy I + I Iz | ), Ix denotes the amplitude of X" + 

X+ etc. 

c: incubated with SDS, destroying the MQ~ Fe2+ coupling (no g=1.8 

signal), and probably keeping the I~-Q~ coupling intact (intact 

electron transfer), 

d: Rb. sphaeroldes R-26 

e: this work. 

observed at the same temperature. Table I summarizes the observed ESP 

patterns and the fractional Y-amplltude for several bacterial RC's and 

chromatophores. The minimum value of F In figure 2 at T ~ 50 K was not 

observed in samples of Rps. vlrldls and C^ vlnosum. At this moment, 

the origin of this difference is unclear. 

In conclusion, these results provide further support for the 
— P + 

existence of a relation between the magnetic coupling of the QA Fe" 

complex with I", and the observed temperature dependence of the 

lineshape of the triplet EPR spectrum of PR. This effect seems to be a 

general phenomenon in bacterial RC's, its extent is determined by the 

strength of the coupling between I" and QA Fec 
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4.5 SUMMARY AND CONCLUSIONS 

This Chapter describes the observed temperature dependence of the 

shape of the Am =±1 EPR spectra of the donor triplet state (PR) in 

RC-containing preparations of Rps. viridis, Rb. sphaeroldes R-26, and 

C. vinosum. 

SDS-treatment of chromatophores of Rps. viridis destroys the 

magnetic interaction between electron spins located on the high-spin 

Fe2 + and QA~ (together constituting the quinone-iron complex). In such 

SDS-treated samples the radical pair electron spin polarization (ESP) 

pattern of the triplet EPR spectrum from PR (AEEAAE) is observed at 

all temperatures between 8-120 K, despite the fact that a third 

electron spin ( Q A ~ ) . magnetically coupled to I", is present. 

In addition, an AEEAAE polarization pattern is monitored, when the 

primary quinone is doubly reduced (QA
=Fe2 +), independently of the tem

perature at least up to 120K. Conversion of QA
=Fe2 + to the singly 

reduced state (QA
_Fe2+) also restores the temperature dependence of 

the PR triplet state spin polarization. 

The magnitude of the effect of a change of temperature on the ESP 

and the strength of the magnetic interaction between QA~ and I- appear 

to be related. The strongest effect is observed in Rps. viridis with a 

magneting coupling strength of 10 - 20 mT. In C_;_ vinosum the effect is 

smaller, in accordance with a coupling strength of 6 mT. In RC's from 

Rb. sphaeroides R-26 the magnetic coupling is very weak: 0.01 - 0.05 

mT. A modest temperature dependence of the lineshape was observed, 

which is absent in RC's with a modified acceptor side (i.e. either 

Fe2 + or QA~ removed). 

In Rb. sphaeroldes R-26 the abovementioned relation was shown to 

exist by substituting ubiquinone in the quinone-iron complex, by mena-

quinone-9, thereby increasing the magnetic interaction between I" and 

QA~. This reconstitution resulted in a more prominent change in the 

lineshape of PR with temperature. 

In conclusion: 

The temperature dependence of the ESP pattern, or more correctly 
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the lineshape of the donor-triplet EPR powder spectrum in bacterial 

RC's depends on: 

1. the magnitude of the I- - QA~ magnetic interaction; 

2. the presence of an intact QA~Fe2+ complex. 

This knowledge is of practical interest: the lineshape of the PR 

EPR spectrum at T > 30 K reflects the structural status of the acceptor 

in the RC. A defect acceptor side always results in an AEEAAE ESP 

pattern, independent of the temperature, whereas for an intact 

acceptor side the fractional amplitude of the Y-transitions in the EPR 

Am=±l powder spectrum decreases with temperature, eventually leading 

to sign-reversal of the Y_/Y+ transitions. Thus, if another than an 

AEEAAE ESP pattern in the EPR spectrum of PR is observed, this does 

not imply that the RC-containing preparation is not photochemically 

active, although the inverse statement does hold. 

Our results indicate that the magnetic coupling between I- and 

QA~. exclusively observed at low temperaures (split EPR signal at T < 

20 K ) , persists up to almost room temperature. 

Rapid Tj processes, located on the high-spin Fe 2 + are thought to 

be the source of the temperature effect on PR polarization. Thus, the 

Fe2 + acts as a relaxation source, the singly reduced quinone acts as a 

relaxation carrier between source and radical pair. This hypothesis is 

consistent with the observation that both Fe 2 + and QA~ are required 

to observe the temperature dependence. 

The experimental result that the steady-state peak intensities 

for magnetic fields parallel to the X, and Y canonical axis are 

governed by almost identical decay constants, and the finding that 

only the Y-peaks are affected by the temperature, may be ascribed to 

anisotropic magnetic interactions between QA~ and I-, and/or QA~ and 

Fe2 +. 

Because the experiments, described in this Chapter, reflect 

steady-state spin polarizations, it can not be concluded whether the 

initial spin polarizations are identical to the observed polarizations. 

For that purpose time-resolved EPR experiments were carried out, the 

results of which are described in the succeeding Chapter. 
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CHAPTER V 

TRIPLET STATE SPIN DYNAMICS IN REACTION CENTERS FROM 

RHODOPSEUDOMONAS VIRIDIS AS STUDIED BY TIME-RESOLVED EPR 

5.1 INTRODUCTION 

The primary donor triplet state (PR) in photosynthetic reaction 

centers (RC's) can be used as an internal probe to monitor (changes 

in) the environment of the donor (P). Furthermore, since this triplet 

state is exclusively generated via the charge separated state P+I~, 

usually denoted as PF, I denotes the intermediary electron acceptor, 

(a BPheo-b in Rps. virldis), its electron spin polarization (ESP) in 

high magnetic fields is determined by the spin dynamics within PF 

[1-4]. 

When the primary electron acceptor (Q^) is removed, or reduced 

prior to illumination, the forward electron transfer reaction is 

blocked, increasing the lifetime of PF from ca. 200 ps [5-7] to 10-20 

ns [7,8,20]. The increased lifetime allows rephasing of the spins in 

PF. At sufficiently low temperature (T<20 K) [9], the charge separated 

state (P+I~) recombines exclusively into a triplet spin configuration, 

generating PR in an ms=o spin state. The corresponding ESP pattern as 

recognized in the Am=±l triplet EPR spectrum [1-4], exhibits an AEEAAE 

(A-enhanced absorption, E=emission) pattern. This ESP pattern is a 

general phenomenon in photosynthesis [10-13], and demonstrates the 

photochemical activity at the donor side of the RC, since the AEEAAE 

pattern is characteristic for generation of PR via the radical pair 

mechanism [1,2], which determines the spin dynamics in PF at high 

magnetic field strengths. 

Recently, we observed that this ESP pattern is reversibly con

verted into AEAEAE when the temperature is increased from T<20 K to 
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T>20 K for RC's isolated from Rps. viridis [14,15]. A similar, albeit 

less pronounced temperature dependent change was found in the triplet 

lineshape in RC-containing preparations from Ĉ _ vinosum [15] and 

Rb. sphaeroldes R-26 [16]. The extent of the change depends strongly on 

the magnitude of the magnetic interaction between I- and QA~. 

Furthermore, it was observed that when QA is doubly reduced (QA = ) 

destroying the abovementioned magnetic interaction, the change in 

lineshape of the PR EPR spectrum disappeared [17]. Finally, when the 

magnetic interaction between the paramagnetic ion Fe (S=2) and QA~ is 

destroyed (e.g. by adding SDS, or removing Fe 2 + and/or QA) again no 

change in lineshape is observed [15.16]. 

From these results we concluded that the temperature dependence 

of the ESP in PR, as monitored by EPR, is caused by rapid electron 

spin Tj-processes of Fe2 +; QA~ acts as a relaxation carrier between 

Fe2 + and I" in the RP state PF. 

In order to investigate the effect of a third electronic spin on 

the spin dynamics in PF, resulting in a temperature dependence of the 

recombination statistics, we studied the kinetic response of the Am=±l 

triplet EPR transitions of PR using pulsed optical excitation. The 

initial ESP pattern, observed immediately after generation of PR 

reflects the relative populating rates from the -multi- spin state PF, 

and thus yields more direct information about the temperature depen

dence of the spin processes in PF than steady state measurements. (In 

the following PF denotes the total (spin) state P+I~QA~Fe2+(S=2) and 

includes all interactions within this state.) 

Furthermore, since the observed decay constants of PR are known 

to increase by spin-lattice relaxation [18,19], the time-resolved EPR 

results provide also information on the spin-lattice relaxation pro

cesses within PR. Optical studies already revealed that the decay rate 

constants of PR are independent of the temperature in the range 0-150 K 

[21]. At T>150 K the triplet decay becomes faster. 
+ - * 

The rate of the back electron transfer reaction P QA to P QA was 

studied by several groups in RC's from Rb. sphaeroldes R-26 [22,23]. 

As a result it was concluded that, at least at higher temperatures, a 

back reaction from PR into PF (or a relaxed state of PF) might be 
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involved, increasing the rate of the P+Q^_ recombination process, and 

thus also the PR decay rate constants. Studies on the effect of a 

magnetic field on the triplet state lifetime, led to the same con

clusion [24]. 

These studies were carried out in Rb. sphaeroides. Whether ther

mal repopulation of the initial radical pair also occurs in RC's from 

Rps. virldis, may be concluded from the EPR transients at various tem

peratures. Our findings include: 

1. the temperature dependence (T<125 K) of the change in the relative 

populating rates of PR from PF for all three canonical orientations of 

the magnetic field; 

2. the temperature dependence of the relaxation rate within PF. The 

results are discussed using the framework of a kinetic model, yielding 

good quantitative comparison with experiment for T<40 K. Spin relaxa

tion seems to take place in another state (Px), and not in PR itself. 

pX is probably identical to PF (or a relaxed form). 

The non-zero PR ** PF transition probability is discussed 

in terms of the peculiar property of Rps. virldis that the energy of 

the Sj state of the antenna is lower than that of P-960 [25]. 

The abovementioned model is consistent with the idea that in 

Rps. virldis cells or chromatophores T-T energy transfer might be the 

usual pathway for the light energy to enter the RC, from where the 

pR _• pF p r o c e s 8 generates the stable charge separated state P+Q^~ in 

an initial triplet radical pair spin configuration. 

5.2 MATERIALS AND METHODS 

Cells of Rps. vlridis were grown anaerobically as desribed in 

[26,27], RC's were isolated as described in [28], with a slight modi

fication as described in [29]. 

EPR samples were prepared as desribed in [15], using ascorbate to 

reduce the cytochromes and the primary donor, followed by rapid 

freezing in the dark. Photoreduction generated the PIQA state in the 
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RC's. 

The time-resolved EPR measurements were carried out using a novel 

method as described in [30]. Briefly, the standard phase-sensitive 

detector of the EPR spectrometer (Varian E6), was bypassed, and 

replaced by a modified broad-band phase-sensitive detector (B-PSD) 

(Brookdeal), with sub-microsecond time-resolution. A high-pass filter 

at the input of the B-PSD was employed (-3dB point at 100 kHz ), 

replacing the tuned amplifier, which is standard present in lock-in 

detectors. The low-pass filter at the output of the B-PSD was removed. 

The magnetic field modulation frequency was 200 kHz, which slightly 

improves the fidelity of the obtained transient as compared to the 

more usual 100 kHz modulation frequency. EPR signals were averaged 

randomly with respect to the modulation frequency, averaging out the 

rectified sine waves from the output of the B-PSD. A LeCroy 3500 

signal analyzer was used to digitize and average the EPR transient 

signals, optically triggered by the exciting laser flash. The overall 

time-resolution of the time-resolved set-up, employing the 200 kHz 

B-PSD method was 750 + 150 ns, with a frequency responce from 0 to 1 

MHz. 

Typically 5000 transients were averaged per run to obtain a satifac-

tory S/N ratio. 

Excitation was from a Q-switched Nd:YAG pulse laser (JK HV-200), 

frequency doubled (532 nm, 30 mJ/pulse) pumping a home built high-gain 

broadband tunable pulsed dye laser [31]. A mixture of Rhodamine 6G and 

Rhodamine 101 (1:1) in methanol was used to obtain laser flashes with 

X=612 nm (3 nm FWHM), 1 - 2 mJ/pulse and a pulse duration of 10 ns. 

Excitation repetion rate was 21 Hz, running freely from the EPR magne

tic field modulation frequency (200 kHz, see above). The laser beam 

entered the EPR cavity (Varian, rectangular E-231 operating in TE10i 

mode) through a light tube in the front of the cavity, taken from an 

optical transmission cavity. 

The intense laser flash generates a spurious transient in the 

EPR cavity, orginating from heating of the side walls by scattered 

light. This artefact is partly subtracted by the magnetic field modu-
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latlon method, since its amplitude does not depend on the magnetic 

field position, as the true EPR signal from PR. However, part of the 

signal remains, but cart be further reduced by the averaging process. 

The phase of the artefact (present in the first few ps after the laser 

flash) is more or less random, whereas the phase of the EPR signal is 

always the same. Therefore, the laser flash artefact is substantially 

reduced with respect to the amplitude of the EPR signal. For those 

transients where the first few microseconds are less important (i.e. 

for transients with relatively long decay rates), the signal at the 

input of the B-PSD was blocked during the first 5 microseconds by a 

microswitch, driven by the laser excitation. In later experiments the 

interior of the cavity was covered by carbon paper (except the back 

and front side), reducing the light-induced spurious transient by a 

factor 5 - 10, but reducing the loaded Q-factor of the cavity. 

However, the net improvement of S/N ratio by this method was ca. a 

factor 2 - 5 . Further details are given in [32]. 

Exponential functions were fitted using the method described by 

McLachlan [33], employing a Rainbow 100 microcomputer interfaced to 

the LeCroy 3500 signal analyzer. For transients consisting of two 

exponentials this method was extended by an iterative subtraction of 

the calculated exponential from the experimental transient to calcu

late the residual exponential. 

5.3 RESULTS 

Figure 1 shows the EPR transients at 100 K recorded in the peaks 

of the first derivative Am=±l triplet spectrum as indicated by arrows 

in the inset. The spectra were recorded using the pretrigger facility 

of the signal analyzer. Therefore the laser flash arrives at l/8th of 

the horizontal (time) axis. Note the entirely different signal ampli

tude at t=0 ps of the X, Y, and Z transients. 

In order to investigate whether the observed changes in ESP 

pattern originate in PF, the decay rates from the spin levels of PF to 

113 



dx" 
dB 

-l r- -i r-

/"%*u z 

^ ™VWfyliW!*^&&t&!\ 
Y 

III 

200 400 600 

timers) 

Figure 1 

EPR transients from PR in RC's from Rps. viridls detected at 100 K. The tran

sients are recorded at the peak positions of the steady state Am=±l triplet 

EPR spectrum as Indicated by the arrows in the inset: from left to right: Z+, 

X~, and Y~. Experimental conditions: microwave power: 200 |iW, magnetic field 

modulation frequency: 200 kHz., modulation amplitude: 2.5 mT, excitation: 21 

Hz. 12 ns pulse duration, 2 mJ/pulse, excitation wavelength: 612 nm. Sample: 

A8 3 0=40 cm-1. 100 |il RC's in 200 |il ethyleneglycol. Photoreduction by 1 mM 

sodium ascorbate. 
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those of PR should be determined. These are =• 108 s~* [7], and are too 

fast to be recorded by our spectrometer. However, the initial ESP 

pattern of PR, corresponding to the ESP pattern as recognized in the 

first microsecond of the EPR transients in figure 1, contains the same 

information, since the spin-lattice relaxation of the PR spin levels 

does not contribute at a ps timescale (see below). The initial 

spectrum exhibits an -EAEA- ESP pattern, where "-" denotes zero 

amplitude for the Z-transitions. The transients of the three 

corresponding high field transitions are not shown in figure 1, but 

these are identical to those shown. The time-integrated ESP pattern, 

corresponding to spectra as observed under contineous illumination is 

AEAEAE, in accordance with our previous results [14,15]. 

The transients at 100 K exhibit several differences with those in 

figure 1. 

i) At 5 K the initial ESP pattern (transient amplitude for X, Y, and Z 

at t<l fjis) is AEEAAE, whereas at 100 K -EAEA- is found; 

ii) the observed decay rate constants obtained by a two-exponential 

fit of the EPR transients of the X- and Z peak have increased, but the 

observed decay rate constant of the Y-transion has decreased; 

ill) at T < 5 K all transients show single exponential decay (not 

shown) at sufficiently low microwave power [19]. At 100 K, however, 

four out of six transients follow a two-exponential decay (Y~, Y + ) , 

even at very low microwave power, the ones which follow single expo-
is 

nential decay, represent decay from the T+ spin levels of P . 

All these features can be explained by invoking a temperature 

dependent change in the populating channel, i.e. in the spin dynamics 

of the RP state P+I~. 

Our temperature study of the steady state EPR spectra showed the 

disapearence of the Y peaks around 19+3 K [15]. Figure 2 shows the 

transients detected at 17 and 40 K of the two EPR transitions, which 

change most strongly with temperature: Y, and Z (the relative X-peak 

amplitudes of the EPR transients hardly change with temperature ). As 

is evident from this figure, the initial ESP pattern yields an AEEAAE 

pattern, however, time-integration of the Y transient yields about 
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Figure 2 

EPR transients from PR in RC's from Rp_s. vlridis detected at 17 K and 40 K. 

Conditions were identical to those given at fig. 1. Solid lines represent 

fitted curves. 

zero amplitude at 17 K, and a net absorptive signal at 40 K. 

Time-integration of the Z-transient yields a net absorptive signal for 

both temperatures. These observations are in agreement with the steady 

state ESP pattern at the same temperatures. 

116 



P/Po 
0.5i 

O.Oj ^ m * l ^ ^ s TTT" 

oo-

1.0-

0.5-

0.0-

^ ^ 

• 

• / 

• 

> 

• 

r 

Y 

^W-X. 

1 — 

• • 

\v\v\ 
• 

c. 
1.5-

1.0 

0.5 

00 
( 

z 

• ^ — • 

• »r 

7-. ' 
' 

l 1 1 

) 50 

• 

• 
« 
»V 

• 

100 
temperature (K) 

Figure 3 

Ratio of amplitudes of the exponential decay constants making up the experi

mental transients. Pj denotes the amplitude assigned to the populating chan

nel of the T± spin levels of PR, P„ denotes the populating channel assigned 

to the T„ spin level of PR. 

a: transients detected in the X transitions of the Am=±l triplet EPR spectrum; 

b: idem in the Y transtions, when the T 0 spin level is not populated (around 

100 K), the P J / P Q ratio becomes infinity. Due to the limited accuracy of the 

experiments the region between 1 and » has been hatched; c: transients 

detected in the Z transition of the steady state EPR spectrum. 
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From these correspondences we conclude that the transients, as we have 

measured them, represent the time-dependent equivalent of the 

previously observed steady state spectra, even though the excitation 

procedure is entirely different, and the intense laser flash induces a 

spurious transient signal (see the previous section). 

Figure 3 shows the temperature dependence of the ratio of 

amplitudes in the first (is of the exponential components of the EPR 

transients. This ratio represents the relative populating rate from PF 

to P . Ratios larger than unity represent preferential populating of 

the T+ sublevels of PR. The spread in the measured Pi/p0 ratio is 

rather large,, since the flash artefact affects the initial amplitudes 

of the exponentials constituing the EPR transient. 

Especially for small contributions of one of the exponential com

ponents, the fit becomes relatively less accurate with respect of 

the initial amplitude. For B/Y two of the three transients follow a 

single exponent, leading to Pj/p0 •* °°- Considering the S/N ratio, 

Pj/p0 ratios of 3 - 6 are most likely. This ratio is supported by the 

observation that for T<40 K, the experimental results compare rather 

well (within experimental error) to those for the Z-peak, although the 

difference of PJ/PQ at 100 K is significant (see also fig. 1). 

To investigate whether the change of the observed decay rate 

constant is due to an increase of the spin-lattice relaxation rate 

Figure 4 

Kinetic scheme for PR. kj and k0 denote decay rate constants from PR to the 

singlet ground state of P-960. w denotes the relaxation rate constant. More 

details are given in the text. 
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within P", the experimental data was used to fit various intra

molecular relaxation models, of which only the model given in figure 4 

yielded satisfactory results, shown in figure 5a-c. In the calcula

tions to get this figure, the decay rate constant values at T=4 K 

were assumed not to change with temperature in the experimental range 

(4 < T < 120 K).. Thus, the increase in observed decay rate must 

entirely be due to the spin-lattice relaxation process. A quadratic 

dependence of the relaxation rate (w in fig. 5) on the temperature in 

the first 40 degrees Kelvin was found. The drawn line in fig. 5a, 5b, 

and 5c represents the calculated relaxation rate. The dots represent 

measured relaxation rates. 

Due to the fact that the decay rate constants from T+ and T_ are 

identical for PR, the transient EPR signal from this state is composed 

of a maximum of two exponential decay rates: one represents the decay 

from the T+ levels of PR. the other from the TQ level (k1 and k0 in 

figure 4). The mean decay rate constant <k> for a 1:1:1 spin distribu

tion over I T+>, | T0>, and |T_>, given by: <k> = (k0 + 2 kj)/3, would 

be observed in full thermal equilibrium, i.e. when the relaxation pro

cess is much faster than the decay rates. In the intermediate case, 

when the relaxation rate is of the order of the decay rate, both expo

nential decays are increased, due to the increased equalizing of the 

population difference between the two observed levels. The slowest 

observed decay rate increases until the mean decay rate constant <k> 

value is reached, whereas the faster observed decay rate constant con

tinuously increases with temperature. This compares with what we 

experimentally found. The observed decay rate (k0 for all transitions 

at T»5 K, (i.e. without SLR) increases with temperature, and the tran

sients start to follow a two-exponential decay. 

In figure 5a, and 5b the faster observed decay rate was used to 

calculate the relaxation rate w, since at low temperature (when almost 

exclusive T0 populating occurs) only k0 is observed, which is larger 

than kj for the X and Y transitions. The theoretical relaxation rate 

(using the empirical relation: w ~ T 2 ) , therefore is expected to 

increase 'forever' with temperature. However, the experimental results 
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The relation rate w* (w denotes spin-lattice relaxation rate, expressed in 

ms~*) and temperature as measured at the canonical magnetic field positions 

(B/X, Y, and Z). The dots represent experimental values for w, using the 

theory given in the Appendix. The solid line represents a fit, using the 

empirical relation: w=aT2. For B/X a=0.010±0.001, for B^Y, and B/Z a= 

0.01210.001 was used to fit the experimental data. The inset gives the tem

perature dependence of the decay time T present in the transients. More 

details are given in the text. 
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show that above 35 - 40 K no further increase in observed decay rate 

occurs. For the Z transition the situation looks different: k0(Z) is 

smaller than kj(Z), thus the observed decay rate is expected to 

increase until the mean decay rate <k> is reached, becoming 

independent of the relaxation rate at higher temperatures. This 

happens at T > 40 K (see inset in figure 5c). The extraction of the 

experimentally observed relaxation rate from the observed decay rate 

(the dots in fig. 5c), yielded values close to infinity at 

temperatures above 40 K. (The method of extracting the relaxation rate 

w from the observed EPR decay rates is given in the Appendix). 

The similarity between a, b and c in figure 5 is that at a 

temperature of about 35 K the decay kinetics of PR shows that the 

relative population of the PR sublevels becomes independent of 

temperature in a steady state, and thus independent of a further 

increase of the relaxation rate. Moreover, this high-temperature 

equilibrium distribution over the sublevels of PR, is not a Boltzmann 

distribution, as the time-integrated and steady-state [15] ESP pattern 

demonstrate. 

At 40 - 100 K the observed decay rates are given in Table I, 

Table I. 

transition 

X 

y 

Z 

kjdns"1) 

55 + 5 

50 ± 5 

50 ± 10 

% 

95 + 5 

10 + 20 

50 ± 10 

k2(ms-1) 

9 + 2 

14 i 6 

11 ± 2 

% 

5 + 5 

90 ± 20 

50 ± 10 

5.4 DISCUSSION 

First we will discuss experimental results with respect to 

the fate of PR in the first microsecond after generation of PR. Since 

this period is short with respect to the lifetimes and spin-lattice 
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relaxation (SLR) times of PR, as shown in this Chapter, we are 

observing the relative populating rates of the PR spin levels. These 

are directly related to the spin dynamics of PF, because any process 

affecting the probabilities to find a particular spin configuration 

within PF, must also result in a change of populating rates of PR, 

since PF •+ PR transitions are spin conserving. Transient EPR elimina

tes to a great extent unwanted effects due to processes within PR. 

In the second part of the discussion we will take a closer look 

at the time development of the EPR transients of PR and their 

dependence on temperature. 

Decay from PF 

As we are about to demonstrate, the transients in figure 1 

provide evidence that the initial ESP of PR results from the spin 

dynamics in the precursor state PF. For Rps. viridis this is the 

multi-electron spin system composed by the electron spins on P+, I", 

and in the QA~Fe2+ complex. We suggested in previous papers [14-17], 

that the rapid SLR in the paramagnetic Fe2+ ion is the source of the 

temperature dependence of the ESP pattern of the Am=±l triplet EPR 

spectra of PR. This relaxation is transferred to the 'traditional' 

P+I~ radical pair by the unpaired spin on the reduced primary acceptor 

(QA
-)- It is noteworthy that this relaxation process does not impose a 

Boltzmann equilibrium population distribution on the substates of PF, 

since such a distribution, at 100 K, would have been monitored as 

almost zero signal intensity at t=0 ps (i.e. in the first microsecond 

after generation of P R ) . The transient of the Y-transitions of PR 

clearly shows an inverted population distribution with respect to the 

low temperature distribution (mainly T0 populated). Therefore, it must 

be concluded that, in the temperature region of the experiments (5 K < 

T < 120 K), the spin dynamics at high magnetic field in the state PF 

is affected by the relaxation processes of Fe2+ in such a way, that 

the correlation time of the QA~ electron spin in the quinone-iron 

complex never becomes much shorter than the lifetime of PF, otherwise 

122 



a fully relaxed state would have been monitored by PR, nor much longer 

than the lifetime of PF, otherwise no temperature effect would have 

been observed. 

Simple calculations, based on the model presented In Chapter II, 

Involving the Zeeman-, and the spin exchange Interaction between I" 

and QA~, neglecting all other, much smaller, Interactions (see 

Chapter II), show that, upon entering PF from the excited singlet 

state of P, the probability for recombination of P+ and I" in the T+ 

or T_ spin state of PR varies much faster with time than the 

probability for recombination in the T0 state, although the net 

amplitude of the latter is much larger. This may provide a clue to 

understand the unexpected phenomenon of inversion in the recombination 

probabilties of the multi-electron spin state PF in Rps. vlridis, for 

this discriminates In time domain the T+ probabilities from the T0 

probability. 

These calculations also show that, at low temperature, when the 

spin-lattice relaxation of the Fe2 + center can be neglected, some 

mixing of T+ with T0, and the singlet state S occurs in PF (in the 

presence of the spin on Q A ~ ) - d u e t o t n e magnetic interaction between 

I~ and QA~. The same holds for mixing of T_ with T0 and S. Thus, even 

at low temperature, the T+ and T_ substates of PR are populated, 

albeit not enough to affect the ESP pattern of the Am=l EPR triplet 

spectrum from PR, which is in accordance with the experimental 

observations [15]. 

The effect of temperature dependent electron-spin relaxation of 

QA~, as a result of its strong magnetic coupling with the Fe2 + ion, can 

be qualitatively understood as follows. 

We define an average correlation time Te, during which a QA~ spin 

state a or fi persists. Then, evolution of any spin state of PF can 

only take place during a period Te. On average, at t=Te, the phases of 

all PF spin states, mutually connected by non-zero matrix elements of 

the static Hamiltonian, are assumed to be reset. During the lifetime 

T of PF the probability P for a transition between a spin level of PF 

and the corresponding level of PR, taking into account spin 
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conservation for all three electron spins Involved In this transition, 

is given by: 

T 
e P ~ / | C l(t)| exp {- J } dt (1) 

t=o x T 

where i denotes any of the PF spin states | i>; | Cj(t)| 2 has the form 

aj + X bjjcoslw^jt), with the constants aj (>0), bjj (<0), and the 

angular frequency Wjj appropriate for spin state | i> (see Chapter II). 

From an analysis of eqn. (1) it follows that if Te < T < 1 and WTe<l, 

the value of the integral in (1) increases with wre < 1, i.e. for a 

particular value of Te, the probability for a PF -* PR transition is 

higher for a more rapidly varying spin state in PF, than for a slower 

one. 

Referring to figure 3 of Chapter II, it it is easy to see that for 

sufficiently short values of Te, the rapidly oscillating probability 

I Cj(t)| 2 (where | i> = | T+> or |T_>), results in a higher populating 

rate for the ms= +1 spin levels of PR, than for the ms= 0 level. For 

the latter the probability | c±(t)| 2 (where | i> = | TQ>) of the 

corresponding PF level varies more slowly. This may provide a qualita

tive explanation for the relative increase of the ratios of the T+/T0 

populating rates as a result of a reduction of Te at increasing tem

perature (fig. 3). 

A large number of spin flips on QA~, each 'resetting' a 

particular PF spin configuration with another, results in a non-zero 

probability to go from a given spin configuration into any other spin 

configuration (see Chapter II). The spin flips of QA~ have two 

distinct effects (Abragam [46]): a flip of spin 3 alone induces an 

equal (i.e. Boltzmann) distribution over all 8 spin levels of PF, 

increasing the relative probability to detect a T+ spin configuration 

within PF, and equalizing this probability with that for an S or TQ 

spin configuration. Simultaneously, the coupled flip flop transitions 

of spins 2 and 3 induce the preferential probability to find T+ and T_ 

in PF, described above, since only the flip flop term in the relaxa

tion process Induces S,T0 *• T+ transitions. 
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It can be shown, that generation of PF in a triplet P+I~ radical pair 

spin configuration, creates much more favourable conditions for 

preferential populating into the T+ spin states. The effect of the 

foregoing is, that the T+ recombination probabilities are already 

affected by Te values which may be much larger than for singlet 

creation of PF, (analogous to the case given above). Then, relaxation 

effects on the T+/T0 populating ratio are expected to show up at 

lower temperature (i.e. smaller Te) than for continued resetting of P 

in the singlet RP state. From the discussion given above, it is 

evident, that the distinction between the evolution of the initial 

creation of PF in a singlet or triplet spin configuration is destroyed 

by the resetting process during the lifetime of PF. Generally, this 

results in a relaxing of the restrictions imposed on Te, allowing 

values much longer than * 10-*0 s. 

For the multi level PF system the quantitative effects of 

relaxation can only be calculated numerically. 

Such calculations are currently carried out by Hore and Hunter in 

Oxford, using the three-electron, one-proton Hamitonian previously 

described [34]. 

Preliminary results, incorporating a stochastic third electron 

spin state into this Hamiltonian, and invoking both exchange and 

dipolar spin-spin interactions between I" and QA~, indeed show that 

the populating rate from PF to PR can be larger for the T+ and T_ 

sublevels, than for the T0 sublevel of PR [35], supporting our 

hypothesis concerning the role of spin flips in the quinone iron 

complex with respect to the observed triplet EPR ESP pattern. Also the 

anisotropy in the temperature dependent change of the ESP pattern 

could be reproduced in the calculated spectra, by employing a dipolar 

interaction between I" and QA~. At this moment we cannot exclude, 

however that anisotropic relaxation (see fig. 1) arises from the 

anisotropy in the Fe2 + QA~ spin-spin coupling. 
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Decay from PR 

The kinetics of P" show an unexpected temperature dependence: 

i) The SLR rate is found to be relatively slow in Rps. viridis as 

compared to e.g. Rb. sphaeroides [18,19]. In the latter 1/Tj is about 

250 ms_ 1 at 100 K, whereas in Rps. viridis this rate is ca 10 ms_ 1. 

ii) the temperature dependence of the relaxation rate reaches a 

plateau around 40 K. 

ill) the relaxation rate shows a quadratic dependence on temperature 

in the first 40 K. 

The model we used to get rate equations to fit the experimental 

data is shown in figure 4. Note the absence of a relaxation channel 

between the T+ and T_ substates of PR. Furthermore, it is remarkable 

that both exponentials present in the transient yield a decay constant 

which does not vary in the temperature range 40 K - 100 K. One of 

these exponentials has a rate constant close to the mean triplet decay 

rate <k>. This indicates that the population distribution over the PR 

spin levels does not change anymore during the observation time, i.e. 

during the average decay time <k>-1 of PR. However, at this 

temperature the ESP pattern is far from Boltzmann equilibrium. We 

therefore conclude that the relaxation does not take place within PR, 

but in another state, connected to PR. If the other state relaxes 

fully above 40 K, then no further effect is expected to be observable 

in PR. However, the relaxation process within the other state must not 

impose a Boltzmann distribution on PR. 

If the projection of this other state, which we shall call Px, on 

the PR triplet axes does not yield the original spin state, e.g. 

because spin scrambling occurs in Px, and hence the transition 

probabilities from Px to the three substates of PR are different, then 

relaxation in Px would impose a non-Boltzmann equilibrium spin 

distribution on PR, as will be shown below. 

What is the nature of Px? 

Recently, Woodbury et al. [22] proposed the existence of a second, more 

relaxed, RP state below the unrelaxed RP state, which we have sofar 
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discussed. Chidsey et al. [24] invoked back transitions from PR into 

PF to explain their optical, temperature dependent magnetic field 

effects in RC's from Rb. sphaeroldes. Our results also suggest the 

involvement of the charge separated state PF (more relaxed or not) at 

higher temperature in the kinetic pathway of PR: Since PF does not 

consist of a pure triplet state, repopulating from PR into a PF 

triplet spin configuration (analogous to generation of Pr from P in 

the singlet spin configuration), is followed by spin scrambling within 

P . Spin-rephasing is fast, because the g-value differences between 

gj 2
 a nd 83 a r e substantial, and quite different from the situation in 

the 'pure' radical pair. Once in PF, the history of the spins may be 

lost due to the spin transitions caused by the Fe^+. The recombination 

probabilities, (again) generating PR, are only determined by the 

magnetic interactions within P , i.e. a replay of the processes 

leading to the first populating process of PR, yet different, since PF 

is now born from a T0 or a T+ state in PR, instead of from the 

singlet state P (see Chapter II). 

Using experimental values for the exchange interaction between 

the spins on I- and QA~, and g-value differences [36], we can 

calculate the approximate probabilities for recombination in any of 

the three spin states of PR, upon recombination in PF. Thus, we 

consider the process: 

Table 

* i \ * f 

T+ 

T o 

T_ 

II 

T+ 

0 . 95 

0 . 12 

0 . 00 

T 
' 0 

0 .05 

0 . 76 

0 . 05 

T_ 

0 . 00 

0 . 12 

0 . 95 

Relative recombination probabilities for creation of | <J)f> within 

PF during its lifetime, taken to be 15 ns, upon entering PF in the spin 

state |<|>i>; J23=20 mT, gj 2~63=28 mT. More details are given in the 

text. 
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PR(|<J>i >) - [ PF ] - PR (\4>{>) 

| 0j> denotes the initial spin state, | <J>f> denotes the final spin state. 

The results are given in Table II. These results were obtained using 

the static Hamiltonian, i.e no relaxation of Fe2+QA~- Using this 

static Hamitonian, only 2 - 3 * T+ and T_ is obtained, entering PF in 

the singlet spin configuration, also demonstrating that the spin flips 

in the iron-quinone complex are a prerequisite to explain the observed 

change in the intial ESP pattern of figure 1. 

A kinetic scheme for the mechanism described above is given in 

figure 6, and leads to the relatively simple model given in figure 4. 

It is evident from the observed relaxation rates (see fig. 5), that 

the jump rate from PR into PF is much slower than the lifetime of P . 

Thus, the rate of transition between a PR substate and PF vice versa 

is entirely determined by the upward jump rate (w). It can be shown, 

using the qualitative model for the three-electron spin state P , 

outlined above, that only mixing between T+ and T0, or T_ and T0 

occurs (the singlet state is also involved, but since at lower 

temperatures the probability of recombination into the singlet state 

is negligable, this process is not taken into account). Therefore, 

upon entering the state PF in any of the three triplet spin 

configurations, no effective mixing of T+ with T_ can occur (see also 

Table II). This explains the absence of the relaxation channel between 

these two states in figure 4, used to fit the experimental transients. 

In the kinetic model for the PR « PF interaction as given in figure 

6, it is easily recognized that the model of figure 4 can be extracted 

from it, if a - d * p (and thus » w ) . 

The rate equations from the kinetic scheme in figure 6 can be 

solved using the approximation that the transitions between PR and PF 

are much faster than the decay rates from PR to the singlet ground 

state. This is not exactly true, but for T > 40 K a reasonable 

approximation. Solving the rate equations, yields the result that the 

ratio of T+/T„ populations (equal to T_/T0) is independent of w, and 

thus of the temperature. Furthermore, this ratio is not unity. The EPR 

signal S(t) = n(T_) - n(T0) is given by: 
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Figure 6 

Kinetic scheme to model the coherent and stochastic processes within PF (rate 

constants a - d), and the transitions between P* and P" (rate constants p and 

w); kj and k0 represent the usual decay rate constants of P . The time depen

dent probabilities to find any spin configuration in PF (T+, T_, or T0) 

depend on the spin configuration in which P* is born. The three schemes of PF 

represent the three different ways by which P* can be generated from P . From 

left to right: generation in T_, T0, and T+. More Information is given in the 

text. 

S(t) N [ c(b+p) - a(c+d+p) ] (2) 

where N is a proportionality constant, and the rate constants a-d, p 

are referring to figure 6. From the experimental results, we 

know that the initial amplitude in the Y~ EPR transient is absorptive 

(emissive for n(T+) - n(T0), i.e Y + ) . 

The approximate values of the rate constants a - d in fig. 6, can 

be derived from the results in Chapter II. The g-value difference 
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between the spins on P+ and I-, with that of the spin on Q^~, induces 

rephasing of the spins in PF, anologous to the RPM. This rephasing 

frequency is of the order 109-1010 s_1, using experimental values for 

the g-value difference and the magnetic interaction between I- and 

QA~. Thus, the constants a-d in figure 6, are at least one order of 

magnitude larger than the lifetime of PF (p in fig. 6). Furthermore, 

the numbers summarized in Table II can be used to estimate the rela

tive magnitudes of a-d in the absence of spin relaxation within PF. It 

is easily seen, using Table II, that then b=20a, and d=6.3c. By 

further taking a=c*10p, an absorptive EPR signal is predicted using 

eq. 2. Furthermore, in steady-state, i.e. after many cycles of PR « PF 

during the PR lifetime, the ratio of T+ population over that of T0 in 

PR approaches approximately 3:1, i.e. a strong non-Boltzmann distribu

tion. 

When spin-relaxation within PF is taken into account, the recom

bination kinetics change with temperature, just as described in the 

first part of this Discussion. Thus, the numbers in Table II will 

change, resulting in a different steady state ratio of T+ population 

over that of T0. 

The quadratic dependence on temperature of the observed relax

ation rate within PR (i.e. the jump rate from PR to PF in our model) 

is unusual. Neither Orbach, nor Raman processes show this kind of 

dependence on temperature [39]. Also the direct relaxation process, 

which is rare as the sole relaxation mechanism, has a different temp

erature dependence from what we observed. 

De Groot et al. [40] reported a possible interaction between PR 

and QA~ in RC's of Rb. sphaeroides. The exsistence of such an interac

tion was deduced from similar kinetical behaviour of the polarized Q^_ 

EPR signal [41-43], and the decay time of PR. In the RC's studied by 

De Groot et al., the magnetic coupling between Q^~ and Fe2+ was 

destroyed. If the magnetic coupling is still intact, as in our experi

ments, the observation implies an indirect magnetic coupling between 

the paramagnetic Fe2 + and PR. If this interaction is also present in 

Rps. viridis, the jump rate from PR to PF is also governed by Tj 
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processes on the Fe2+. SLR of PR may then reflect the Fe2 + relaxation, 

or part of it. 

The PR *• P* mechanism may also provide understanding of the 

fact that the photosynthetic system of Rps. virldls is able to 

function using an unusual energy scheme. 

The lowest excited singlet state of the antenna system is higher in 

energy than the corresponding state of P-960. This can be understood, 

If we assume that PF, necessary for light-driven photosynthesis, is 

generated from PR and not, as is usual, from the excited singlet state 

P . The RC triplet is certainly lower than the antenna excited singlet 

state, and possibly lower than the lowest triplet state of the antenna 

chromophores. 

In this respect the following intriguing observations may be 

relevant: The sign of transitions in the ODMR spectra of Rps. vlrldis 

chromatophores [37] is the same as that In ODMR spectra from RC's 

[38]. In all other studied photosynthetic species the sign of the ODMR 

transitions in spectra of chromatophores or cells, containing both 

antennas and RC's, is opposite to the sign of these transitions in 

ODMR spectra of preparations exclusively containing RC's. The sign 

inversion in chromatophores and cells is explained by singlet-singlet 

energy transfer between antenna and the primary donor in the RC 

[44,45]. In Rps. viridis however, the sign for both types of prepara

tions is identical [38]. 

If it is assumed that the energy from the antenna system is 

transferred to the RC by a triplet-triplet energy-transfer mechanism, 

it is straightforward to show that the sign of the ODMR transitions 

will be the same for RC's with and without antennas. The charge 

separation, according to the model given above, would now have to 

occur via the PR •* PF back reaction, also yielding the P+Q^~ charge 

separated state. At low temperatures, under conditions where the ODMR 

experiments are performed, this back reaction is very slow (less than 

1 ms~*). It should thus be noticeable in time-resolved low temperature 

optical absorption measurements. 

Also, the initial ESP pattern of PR in antenna containing prepara-
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tions, detected at low temperature, and exclusively generated via an 

antenna triplet state, would be different from the AEEAAE pattern. 

This would be a second independent check for this model. 

Conclusions 

We have measured the EPR transients in the three canonical tran

sitions of the Am=±l triplet spectrum of Rps. virldis RC's. We 

established with microsecond time-resolution, that the initial ampli

tude of these transitions at 100 K is inverted for the Y-peaks, zero 

for the Z-peaks, and not affected (thus firmly emissively polarized) 

for the X-peaks with respect to the low (T<10 K) Initial amplitudes. 

This demonstrates that the populating channel, i.e. the multi electron 

spin state P , is responsible for the temperature dependent changes. 

The decay rate constants after correcting for SLR contributions 

from PR for all three canonical axes do not change with temperature 

from 4 K to 100 K. The observed increase in decay rate constants is 

explained invoking a relaxation mechanism via a state in which 

spin-scrambling occurs, probably P , or a relaxed form of it, between 

which we cannot discriminate. At a temperature of 40 K and higher the 

relaxation rate does not affect the observed decay rates anymore, 

although its magnitude is of the same order as that of the decay rate 

constants of PR. We speculate that above 40 K the initial ESP and the 

steady-state ESP approach each other, reducing the effect of the 

relaxing process. 

The proposed reversible jump mechanism between PF and PR in 

Rps. viridls is consistent with a lower energetic Sj state in the antenna, 

than the corresponding state of P-960. Creation of PF from PR is in 

line with PR being populated by T-T energy transfer from the antenna, 

The latter mechanism also explains the absence of the sign reversal in 

0DMR spectra of cells, and chromatophores as compared with purified 

RC's. 
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5.5 APPENDIX 

Calculation of the PR spin-lattice relaxation rate 

From the rate equations of the model schematically given in 

figure 4, it is easy to extract the secular equation in w: 

O X ^ k j - k ^ w 2 + (-4X2+2X(3k1+k0)-2(k1
2+k0k1))w + 

+ X3-X2(2k1+k0)+A(k1
2+2k0k1)-k0k1

2 = 0 (Al) 

where X is the experimentally measured decay rate constant. 

Substituting one X in (Al), using the values for k0 and kj values 

at 4 K, two possible values for w are found (for the Z-EPR transients 

a single w is found using Al). 

The solutions of X are of the form: 

xl = ko + fifw.kQ.kj) 

X2 = kj + f2(w,k0,k1) 

For T -+ 0 K, fj - 0 (1=1,2). Thus, by extrapolating the observed X's 

to T •» 0 K, one can decide which w to take, since only one of the 

two possible w-values has the correct limiting value (k0) for T -» 0 K. 

From A(l) and the abovementioned limiting condition, we can 

derive a unique, analytical relation between w and X; since the 

dependence of X on T is experimentally obtained, the temperature 

dependence of w is found (see fig. 5). 
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CHAPTER VI 

PHOTO-ACTIVITY AND STABILITY OF THE REACTION CENTER 

PROTEIN FROM THE PHOTOSYNTHETIC BACTERIUM RHODOPSEUDO-

MONAS VIRIDIS IN REVERSED MICELLES 

6.1 ABSTRACT 

The membrane bound reaction center protein complex (RC) of the 

photosynthetic bacterium Rhodopseudomonas virldls has been incor

porated into a reversed mlcellar solution containing 1.0 M AOT 

(sodium bis (2-ethyl-hexyl) sulfosuccinate) in 3-methylpentane. The 

stability of the RC was Investigated by optical absorption spectro

scopy and the electron spin polarization pattern of the EPR spectrum 

of the primary electron donor (P-960). No changes in the absorption 

spectrum were observed over a period of 30 days when the RC's were 

kept in the dark at 4°C. Photochemical activity was demonstrated by 

light-induced cytochrome oxidation and donor-triplet formation at 

various temperatures. It was found that the spin polarization pattern 

of the donor triplet EPR spectrum depends on the [H20]/[AOT] ratio. 

Increasing this ratio from 0.2 to 2 results in a change in the pho-

toactivity of the acceptor side. This irreversible change blockes for

ward electron transport. Full activity of the RC's is obtained at 

[H20]/[A0T] ratios lower than 0.4. The incorporated protein is highly 

sensitive to pH variations. Based on these results a model of the 

Incorporated protein complex in the reversed micelles is presented. 
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6.2 INTRODUCTION 

Membrane-bound proteins such as the reaction center protein 

complex (RC) from photosynthetic bacteria are solubilized by disper

sion in a buffered aqueous solution containing a small amount ( < .1%) 

of detergent [1]• 

The stability and activity of the proteins depend on the deter

gent but is in general excellent. In this respect detergents provide 

suitable membrane-mimetic systems. Furthermore, the ability of 

detergents in apolar media to form microemulsion droplets in the pre

sence of water [2] has been employed to incorporate isolated proteins 

[3-6], protecting them from the bulk organic solvent. The encaptured 

proteins can thus be used to compose artificial biocatalytic systems 

[7,8], or to study the physical properties of the entrapped water, 

which has some properties of water at biological interfaces [9]. 

Recently, also hydrophobic proteins have been succesfully incorporated 

into microemusion droplets [10], including the photosynthetic RC [11]. 

In this experiment soybean phospholipids were used instead of the com

monly used synthetic detergents, and hexane as the organic bulk 

phase. This resulted in good stability of the protein, in spite of 

some irreversible changes at the quinone acceptor side of the pro

tein; however, photochemistry was demonstrated when excess quinone was 

added. We report here on the photochemical properties of the RC from 

the purple bacterium Rhodopseudomonas vlrldls incorporated into a 

reverse microemulsion containing the synthetic detergent Aerosol-OT 

(AOT) and 3-methylpentane (3-MP) as the organic bulk phase, because 

this solution forms a clear glass at low temperatures. 

The photosynthetic RC from Rjss. viridis is a useful probe to 

study the protein-reversed micellar system, since its architecture is 

known from X-ray crystallography [12,13]. Furthermore, the RC is 

intensively studied [14], and its spectroscopic properties are suf

ficiently known and suitable to monitor the structural stability and 

photochemical activity [15-17]. 

The RC protein complex with a molecular weight of 37 kD [35] consists 

138 



of a hydrophilic cytochrome complex, tightly bound to the hydrophobic 

LM complex In which the photochemical chromophores are embedded. A 

third subunit (also hydrophilic) is linked to the LM complex opposite 

to the cytochrome complex [13]. 

Upon illumination at low temperature and under moderate redox 

conditions, the following reactions take place in the RC: 

cytPIQFe2+ M • cytP+I"QFe2+ • cytP+IQ~Fe2 + 

cyt+PIQ~Fe2+ hv
 f cyt+P+I"Q"Fe2+ • cyt+PRIQ~Fe2+ 

cyt denotes a c-type cytochrome, P denotes the primary 

electron donor P-960 (BChl-b dimer), I the intermediary electron 

acceptor (BPheo-b), and QFe2 + denotes the menaquinone high spin iron 

complex. PR denotes the triplet state of P-960, and is generated by 

recombination of P+ and I-, if forward electron transfer is blocked. 

It has been shown [18,19],that the recombination of this radical pair 

results in an anomalous electron spin polarization (ESP) of PR, 

inconsistent with inter system crossing [20]. The EPR spectrum of 

this anomalously polarized state of PR exhibits the characteristic 

AEEAAE polarization pattern (A denotes enhanced absorption, E denotes 

emission). 

In Rps. viridis, however the state P+I~Q~Fe2+ must be considered as a 

multi spin system, in which the magnetic coupling between I- and Q~ 

causes a temperature dependent change in the ESP pattern of P . At T < 

20 K the AEEAAE pattern is observed whereas at T > 20 K an AEAEAE ESP 

pattern is monitored, when the Q"Fe2+ complex is intact [21]. If this 

complex is inactivated the AEEAAE ESP pattern is also observed. Thus, 

the ESP pattern of PR provides a sensitive tool to check the accep

tor side of the RC [17]. We have used this tool together with optical 

measurements to probe the RC properties in RM's. 

In spite of the very high detergent concentration of 70 % (w/v), which 

is equivalent to a concentration of 1.0 M after solvatation of the 

detergent in the organic solvent, it was found that the protein 

complex is stable at very low water to detergent ratio (w0). 
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Since the RC is an efficient pump of electrons, and the reverse 

microemulsion system bears potent biotechnological application [8,9], 

the interactions between the protein complex and the 

detergent/organic solvent system are considered in some detail, 

resulting in a model that explains most of our results. 

Note that throughout this paper both the expressions "reversed 

micelles" and "(reverse) microemulsions" are used without discrimina

tion. 

6.3 MATERIALS AND METHODS 

Isolation 

RC's from Rps. viridis were isolated using a simplified method 

from ref [22] in which the sucrose gradient centrifugation was 

omitted. Instead, the LDAO-treated chromatophores were, after a short 

spin, directly loaded onto a DEAE-sephasel column, followed by exten

sive washing with buffer (10 mM Tris/HCl, pH 8.0, 0.1 * LDAO, 1 mM 

EDTA). The RC's were removed from the column with 0.05 M NaCl in 

buffer and concentrated to A g 3 0 = 60 cm-1 or in a second batch to 30 

cm-*. 

Incorporation 

As reversed micellar solution AOT (Aldrich) with 3-MP [2] was 

chosen for its ability to form a very clear glass at low temperatures 

(110 K) [24] for w0 < 4. The final concentration in the organic phase 

of AOT was 1 M (70* w/v). The water content of the vacuum dried AOT, 

as well as the 1.0 M stock solution were measured by the Karl Fischer 

method [23] conducted on a Metrohm Herisau Automat E 547. The residual 

water content was 0.21 [H20]/[A0T]. w0 values given in this paper 

refer to moles water added to the system. 

To obtain a high degree of reproducibility, it is essential to 
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pay special attention to the method of incorporation of the RC's. The 

best method turned out to be to inject the RC's slowly under the 

reversed micelle solution contained in a 1 ml Eppendorff microtube. 

This ensured that the contact between RC's and organic phase was kept 

to a minimum. After this the biphasic solution was sonicated 

vigorously for several hundreds of milliseconds (typically 0.7 s) at 

maximum power (150 W Branson sonifier, equipped with microtip), 

resulting in a clear solution. Before each sonication the solutions 

and the microtip of the sonifier were cooled to 0-5°C. The whole pro

cedure was carried out in dim green light. For the EPR experiments, 

the reversed micelle/RC solution was immediately transferred into a 

standard quartz EPR tube, and rapidly frozen in the dark to 77 K. 

Redox potential and pH 

The redox potential in the samples was determined by mixing 

the RC's with a buffer solution containing the redox chemicals. For 

most of the experiments stock solutions of 1M Tris/HCl, 0.5 M ascor-

bate pH 8.0 were used. For the redox potential of 440 mV a 4:1 mixture 

of potassium Fe3 +/Fe2 + cyanide was used. The final concentration of 

the buffer in the waterpool of the reversed micelles was 80 mM. In all 

cases the redox chemicals were in thousand fold excess compared to 

the RC's. 

The pH in the system is determined by the same buffer solution 

that contains the redox chemicals. For pH 7, 8, and 9 Tris/HCl was 

used, for pH 6.5 sodium phosphate buffer was taken. No effect of the 

kind of buffer was observed. 

Ionic strength. 

The ionic strength in the RM solution was varied using an appro

priate stock solution of NaCl in water. First a low w 0 microemulsion 

was prepared, without salt, but Including the protein. Then high sali

nity water, or pure water was added, and by a second sonication mixed 

with the RC-microemulsion. Microemulsions with w0 = 5 were not comple-
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tely clear and did not form glasses upon rapid freezing. 

EPR experiments were performed as in ref [21]. Light-absorption 

spectra were recorded with a Uvikon 810 for \ < 700 nm, or with a 

Beckman DU G2400 for A> 700 nm. Optical absorption-difference 

spectroscopy was performed at the Department of Biophysics at Leiden 

University, with a home-built spectrophotometer [25]. The viscosity 

of the mlcroemulsion was measured with an Ubbelohde type viscometer 

at 20°C in a thermostatted waterbath. Optical birefringence measure

ments were conducted on a Zeiss research microscope (6.3x 

planachromate). 

6.4 RESULTS 

To test the stability of the RC's from RES. viridis in A0T and 

in 3-MP separately, the RC's (25 ul) were first incubated in a 2 ml 

aqueous AOT solution (2* AOT in 10 mM Tris/HCl pH 8.0) at room tem

perature in the dark. Already after one hour, a strong increase in 

the absorption at 680 nm was observed, indicating degradation of the 

BChl-b of the protein. When the RC's were injected into a solution of 

3-MP (25 ul RC-solution in 2.5 ml 3-MP), most of the BChl-b was 

extracted from the protein after two minutes of incubation. However, 

when the RC-solution was injected into a reversed micellar solution of 

1.0 M AOT (70* w/v in 3-MP), no damage to the RC's was observed, based 

on the absorption spectrum (Fig. la). Many methods of incorporating 

the RC's into the micellar solution were tried, before good reprodu

cibility of the spectroscopic results were obtained, including negli

gible increase of absorption at 680 nm. The best method is the one 

described in the previous section. Although also good results were 

obtained when the RC's are injected into the reversed micelles during 

sonication, the latter method was found less reproducible. No effect 

of the period of sonication on the activity of the RC's was observed 

(0.1 - 1.0 s), when the total energy (period x power) was kept 

constant. 

As figure la shows, the absorption peaks around 960, 830,790, 
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Figure 1. 

a. Absorption spectrum of RC's from Rps. viridis incorporated in a reversed 

micellar solution, consisting of 1.0 H AOT in 3-methylpentane. 

b. Effect of increasing w„ [H2O]/[AOT] on the absorption spectrum of RC's in 

the A0T/3-MP reversed micellar solution. 

600, 550, and 530 nm are identical to the normal spectrum of this 

type of RC's [15]. No change in the absorption spectrum was found 

over a period of 30 days when the RC's were kept in the dark at 4°C; 

when kept at room temperature in the dark, the ratio A600/A680 

increased to 2.5 after 7 days, whereas no absorption increase at 680 

nm was found for RC's in Tris/LDAO. 

The stability under illumination was slightly less for the RC's 

in the microemulsion than for RC's in Tris/LDAO. After one hour of 

strong illumination with a 150 W Xenon lamp (about 0.5 W/cm2) at room 

temperature, the ratio A680/A600 was »1 in the microemulsion, whereas 

no 680 nm absorption band was observed in the RC absorption spectrum 

in Tris/LDAO solution. 

These results are only valid for solutions with w0 < 0.4 . Figure lb 

shows the effect of increasing w0 values on the RC absorption spectrum. 

For w0 > 0.4, the absorption band of P-960 shifts to 920 nm, and the 

830 nm absorption diminishes, whereas the 790 nm absorption propor

tionally increases. The shift of the 960 nm band to 920 nm could be 
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Figure 2. 

2a. Effect of w0 ([H20]/[AOT]) on the EPR electron spin polarization pattern 

of the donor triplet state (PR) at 110 K. a. wQ = 0.7; b. w0 = 1.6; c. wQ = 

3.0. Experimental conditions: microwave power: 3.5 mW, magnetic field modu

lation amplitude: 2 mTp p, central magnetic field: 327.5 mT, illumination: 

150 W Xenon lamp filtered through 5 cm water and glass, light modulation fre

quency: 500 Hz. 

2b. Ratio (R) of the Y~peak over the amplitude of the Z+peak relative to this 

ratio in ethyleneglycol/Tris/LDAO versus w„. Error bars represent 90% con

fidence and increases at relatively low w0 (due to low protein 

concentration), and at high w0 (due to low triplet yield). Positive values 

of R represent absorptive Y~signals. 
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the analogue of the shift of the 865 nm band to 855 nra in Rps. 

sphaeroldes, when the quinone acceptors are extracted [26]. 

The photoactivity of the RC's in the raicroemulsion was examined 

with low temperature EPR spectroscopy and room temperature optical 

absorption difference spectroscopy. The primary photo-induced charge 

separation activity upon illumination was demonstrated by the obser

vation of the anomalous electron spin polarization (ESP) pattern 

(AEEAAE [18,20]) of the Am = + 1 EPR triplet spectrum of 3P-960 (PR) 

at 10 K (not shown). Even at 0°C PR could still be observed with EPR 

under continuous illumination in the liquid micellar solution of low 

w0, due to the low dielectric losses in the EPR cavity. As described 

in the Introduction the ESP pattern of PR at 110 K is a sensitive 

probe to monitor structural changes at the acceptor side of the RC 

[17]. The relation between ESP pattern of PR and wQ is shown in 

figures 2a and 2b. In figure 2a the PR triplet spectra from RC's in 

the AOT/3-MP solution are given for various w0 values. For w0 = 1.6 

the triplet yield (amplitude of the Z peaks) is equal to that of RC's 

in a w0 = 0.7 reversed micellar medium, whereas the triplet yield 

Figure 3. 

pH dependence of the ratio (R) of the amplitude of the Y~peak over the ampli

tude of the Z+ peak from the triplet EPR spectra, scaled to unity at pH 8.0 

in ethyleneglycol/Tris/LDAO in reversed micelles with w„ = 1.0. Positive 

values denote absorptive Y~ peaks. 
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Table 1 

w0 Salinity Relative triplet ESP pattern b) 

yield a) 

< 0.4 low + + 

0.4-2 low + +/-

0.4-2 high ++ 

~ 5 low +/-

" 5 high ++ 

a): + denotes triplet yield of the order at w0 < 0.4 

b): + denotes AEAEAE ESP pattern 

+/- decreased y-amplitudes 

AEEAAE ESP pattern 

Relation between activity of the RC and the ionic strength of the 

waterpool of the microemulsion. 

Low salinity implies that no NaCl was added. High salinity refers to 

0.5 M to 3.5 M NaCl in the waterpool of the RC/mlcroemulsion. 

Activities of donor and acceptor side are related to the amplitude of 

the triplet peaks (donor side), and ESP pattern of the EPR triplet 

spectrum from p" (acceptor side). 

drops at higher w0 values. Clearly the central Y-peaks of the spectrum 

change sign at Increasing w0, this sign reversal is irreversible. 

Figure 2b shows the w0 dependence of the fraction (R) of the ratio of 

Y~/Y+ amplitudes divided by this ratio of amplitudes from RC's in an 

ethyleneglycol glass. R is strongly pH dependent in the 

microemulsion, whereas only small variations in R are observed for 

RC's in ethyleneglycol (fig.3). 

The ESP pattern of PR is also affected by changes in the ionic 
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strength (Table 1). In this Table the triplet yield at high ionic 

strength is compared to that at low ionic strength at the same w0 

value. The ESP pattern provides the information about the activity of 

the donor and acceptor. 

To test whether electron transfer between the intermediary accep

tor I and the first quinone acceptor still occurs, in spite of the 

change in magnetic interaction between these two species [15,17,21], 

the effect of different redox potentials of the RC-solution was moni

tored. A redox potential of +440 mV was chosen, just between the E0' 

values of the primary donor P-960 (E0' = +500 mV [27]) and the high 

potential cytochrome that donates an electron to the (light-induced) 

oxidized primary donor P+ (E0' = +340 mV [28,29]). 

Since the RC's are frozen in the dark, the first absorbed photon pro

duces the state P+I", or P+QA~. Because the electron donating cyto

chrome is already oxidized, no subsequent rereduction of P+ takes 

place. Then either P+I~ recombines to generate exclusively PR (at 

low temperature), due to the malfunction of the QA acceptor, or P+Q~ 

recombines (much slower) without PR formation. The results for both 

RC's in the ethyleneglycol glass and in the frozen microemulsion are 

shown in figure 4. The triplet yield of RC's in ethyleneglycol 

decreases with a factor 6 when exposed to the high redox potential. 

However, the AEAEAE ESP pattern is not affected. A large EPR signal 

is detected around g=2, due to the generation of light-induced P+ 

radicals. When the RC's are incorporated into the reversed micelles 

with relatively high w0 (w0 = 3) the triplet yield even increases 

slightly at high redox potential. The relative amplitude of the Y-

peaks also increases at high redox potential; no radical signal is 

observed, and a pronounced AEEAAE ESP pattern is detected, indicative 

for active primary charge separation at the donor side. 

To test whether secondary charge separation at the donor side 

occurs in the RC's in reversed micelles, light-induced cytochrome oxi

dation was monitored by absorption difference spectroscopy around 555 

nm at room temperature. The results are shown in figure 5, and clearly 

show cytochrome oxidation [30]. The kinetics of the absorption changes 
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RC's in ethyleneglycol RC's in reversed micelles 

E' = 0mV 

E' = 440mV 

10 mT 

x 1/6 

Figure 4. 

Effect of redox potential on the EPR electron spin polarization pattern and 

t r i p l e t yield of P . Samples were prepared at room temperature in dim light 

and frozen in the dark. E'= 0 mV: 35 mM sodium ascorbate pH 8.0; E'= 440 mV: 

35 mM potassium ferri/ferrocyanine, pH 8.0. w0 = 3.0 of the reversed micelle 

solution. Spectra have the same vertical scale (note the reduction factor of 

the upper left spectrum). EPR settings as in figure 2. 

( f i g . 5 , i n se t ) a re almost i d en t i ca l for RC's in A0T/3-MP and in 

Tris/LDAO so lu t ion . I den t ica l absorption changes were found in a 

sample t h a t was kept a t 4°C for 30 days in the dark. 

The v i s cos i t y and op t i ca l b i refr ingence of the A0T/3-MP so lu t ion 

were measured in order to i nves t iga t e the nature of the observed w0 

e f f e c t s . I t was found t ha t the v i s cos i t y s t e ad i ly increases from 3.0 

cp a t w0 = 0 to 4 .3 cp a t w0 = 2, and 9.8 cp a t w0 = 4 , independent of 

the presecne of the p ro te in complex. No s t a t i c op t i ca l b i ref r ingence 

was observed for w0 values in the range from 0 to 2. 
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Figure 5. 

Absorption difference spectrum of RC's in A0T/3-MP reversed micelles around 

555 nm. Conditions: light excitation with an RG780 cut-off filter; room tem

perature; sodium ascorbate was added to the RC solution. Inset: kinetic tra

ces of the absorption change at 555 nm for RC's in Tris/LDAO solution and in 

1.0 H A0T/3-MP, w0 = 0.4. 

6.5 DISCUSSION 

We have demonstrated the stability and photoactivity of the RC's 

from Rps. vlrldls in a microemulsion under the condition that w0 is 

kept below ca. 0.4 at 0°C and at low temperature (110K) without the 

necessity of adding any quinone as was reported to be necessary for 

Rps. sphaeroides RC's [ll]. In spite of the fact that both components 

of the reversed micelle solution, AOT and 3-MP, when used separately, 

inactivate the protein complex very rapidly, a combination of both 

components has almost no effect on the protein. The developed injec

tion method is very successful and yields reproducible spectroscopic 

results. It may well be that this technique can also be applied to 

incorporate other (hydrophobic) proteins into reversed micelle solu

tion, which are otherwise inactivated or denatured. 
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Light-induced PR formation and cytochrome oxidation [30] 

demonstrates that the primary charge separation and charge stabiliza

tion at the donor side takes place. A slight difference in the tran

sients of the absorption changes at 555 nm between RC's in Tris/LDAO 

and RC's in AOT/3-MP was observed (fig.3, inset). These differences 

indicate partial inactivation of the primary quinone acceptor in 

A0T/3-MP [11]. This observation is consistent with the shift of the 

960 nm band to 920 nm at high w0 values [26], and the reversal of the 

Y peaks in the PR triplet EPR spectrum at high wQ. Even at a w0 value 

of 0.4 the amplitude of the Y-peaks reflect some strain at the 

quinone acceptor side. 

Although the acceptor side seems to be mostly affected by the 

alien environment, the electron transfer from the reduced intermediary 

acceptor to the quinone may still occur. To test this possibility the 

redox potential was raised to a value (440 mV) were the majority of 

the cytochromes is oxidized (E01 cyt/cyt+= 340 mV [28,29]), and at the 

same time, most of the primary donors are not (E0' P/P+= 500 mV [27]). 

Figure 4 shows that the triplet yield at 440 mV in the ethyleneglycol 

glass has dropped significantly, due to light-induced P+Q~ radical 

formation instead of PR formation. In contrast, in the reversed 

micelles the triplet yield is at least equal to that at 0 mV, because 

apparently no secondary P+ reduction is necessary to produce PR. This 

demonstrates that indeed the electron transfer step from I~ to QA is 

effectively blocked in RC's in the microemulsion, since any accumula

tion of P+Q~ during the illumination would have resulted in a 

decreased triplet yield. Therefore, the quinone acceptor itself must 

be affected by high w0. Nevertheless, the charge separation step (P -» 

P+I~) still occurs as the AEEAAE ESP pattern demonstrates. The 

slightly higher triplet yield at 440 mV as compared to 0 mV in the 

microemulsion is probably caused by the total absence of rereduction 

of P+ within the lifetime of the radical pair P+I" ( 10 - 20 ns) in 

a blocked forward electron transfer situation. 

To understand why the wQ value is such a crucial factor for the 

activity of the incorporated RC, the AOT/3-MP solution was studied in 
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more detail. Because the concentration of the protein is very small 

(typically 10 pM) as compared to the number of micelles (=< 25 mM) at 

all w0 values used in our experiments [31], we have verified whether 

a phase transition of the A0T/3-MP imposes a structural change in the 

incorporated RC's. Neither the results of the viscosity measurements, 

nor those of the birefringence point to the occurrence of a phase 

transition in the range of w0 values used in our experiments. The 

increase in viscosity at higher w0 can be explained by the increase 

in volume fraction of the microemulsion droplets, due to the 

increased amount of enclosed water [31]. At the very high detergent 

concentration which was used, in combination with the very low w0 

values necessary for good stability, the chemical potential of the 

AOT molecules probably changes drastically upon increasing the w0 

value. This change in chemical potential might explain the observed 

wQ dependencies as will be discussed hereafter. 

Before the proteins are incorporated into the microemulsion 

droplets, the protein complex was already solubilized by the detergent 

LDAO. This detergent was also used in the isolation procedure of the 

RC's. It is known, that when the anionic SDS is used instead of the 

non ionic LDAO, the quinone-iron complex is damaged [15], and the 

AEAEAE ESP pattern of PR is changed into AEEAAE [21]. AOT is also an 

ionic detergent, and the effects on the EPR spectra for w0 > 0.4 

strongly resemble those obtained after SDS treatment of the protein. 

The results summarized in Table 1 show the dependence of the 

relative triplet yield and ESP pattern on the ionic strength. It indi

cates that electrostatic forces play an important role in the stabi

lity of the incorporated RC, since at high ionic strength charges are 

shielded in the aqueous phase. From table 1 it is clear that the 

charge separation, located at the donor side in the RC is stabilized 

at high ionic strength, as demonstrated by the increased relative 

triplet yield, whereas the acceptor side is drastically modified, as 

shown by the pronounced AEEAAE ESP pattern of PR. At wQ = 5 the 

A0T/3-MP microemulsion does not form a clear glass at 110 K. 

Nevertheless, the sodium chloride stabilized RC's showed an enhanced 

151 



triplet yield, as compared to RC's at low ionic strength at the same 

w0-value. 

On the other hand, for w0 > 0.4, Table 1 shows that both donor 

and acceptor side are stable at low ionic strength. Increasing the 

ionic strength does not affect the relative triplet yield, but the 

amplitude of the y-peaks decreases in the triplet spectrum, indicating 

that the magnetic interactions between I~ and QA~, and/or Q~ and Fe2 + 

are reduced. Under these conditions the electron transfer rate from I-

to Q^~ is not yet affected, otherwise an increase in triplet yield 

would have been observed. This was probably the case for the inter

mediate w0-values (0.4 - 2.0 in Table 1). 

The effects of SDS treatment, and our observations can be 

understood when the following model is invoked. In aqueous solution 

the hydrophobic part of the RC is covered with LDAO molecules, which 

make the surface of this part of the protein also polar. Thus the 

solubilized protein is completely surrounded by water and ions. 

Sonication for a short period of the RM solution leaves this water 

layer intact, whereas water which is not tightly bound to the RC, is 

captured in microemulsion droplets. At low w0 values the size of the 

microemulsion droplets is much smaller than the size of the protein 

(13 x 7 x 3 nm [32]), and during the sonication several reversed 

micelles are required to provide the number of detergent molecules 

necessary to cover the small water layer around the protein [4]. The 

water layer around the RC is very thin and thus highly structured, so 

that a high degree of dissociation of the AOT molecules is unlikely. 

Probably the LDAO molecules around the hydrophobic part of the RC are 

exchanged with the vast excess of AOT molecules. This situation is 

depicted in figure 6, left hand part. Thus, the thin water layer 

around the protein does not change significantly after mixing at low 

w„. In order to understand the observed w 0 dependence, consider that 

at higher w0 values the extra water is put in the microemulsion 

droplets. Then the AOT molecules in these droplets would be in a dif

ferent environment with respect to those surrounding the protein, and 

the consequent difference in chemical potential forces water molecu-
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Figure 6. 

Schematic model of RC incorporated into an A0T/3-MP microemulsion. For 

clearity the polar head groups of the AOT molecules are enlarged to a dif

ferent extent for the AOT molecules surrounding the RC and those within the 

reversed micelle. The dimensions of the protein moiety and those of the 

microemulsion droplets are proportional. P. denotes the primary electron 

donor, I denotes the Intermediary electron acceptor, and Q the first qulnone 

accceptor. Left hand side: closely packed AOT/water layer surrounding the 

protein; right hand side: less structured water layer around the protein. 

Further explanation is given in the text. 
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les from the microemulsion droplets into the water layer surrounding 

the protein. In equilibrium the result is a slightly more liquid-like 

water layer, allowing increased dissociation of the AOT molecules. The 

polar head groups of the dissociated AOT molecules which are adsorbed 

to the protein create a repulsive force which opens the protein struc

ture (fig. 6 right hand part). This environment of the RC's becomes 

more comparable to that of SDS solubilized RC's in aqueous systems. 

Apparently, the weakest spot in the LM unit is located at the quinone-

iron complex, which is also the most polar group within this unit. 

This model explains almost all observed effects. However, the pH 

effect (fig. 3) is not fully understood. At the high detergent con

centrations which were used, a change in pH affects the properties of 

AOT and thus the chemical potential. To explain the observed maximum 

in figure 3 a single effect might not be sufficient, e.g. the titra

tion of an (AOT-induced) exposed amino acid in the LM moiety may be 

involved. Although a high ionic strength affects the structure of the 

microemulsion, its effect can be understood using our model. Clearly 

the donor side is stabilized. The destabilization of the acceptor side 

indicates that direct electrostatic interactions between the ions and 

the acceptor are also involved; not merely the direct effect of the 

repulsive force leading to the distortion of the protein matrix of the 

LN complex. 

In conclusion, we demonstrated the stability and the photochemi

cal activity of RC's from Rps. virldis in relation to the wQ value of 

the A0T/3-MP microemulsion. The dependencies on w0 can be explained 

qualitatively by considering the chemical potential of the detergent. 

Further, the RC/microemulsion system exhibits efficient charge separa

tion under controlled conditions and it is a potential candidate as an 

electron donor in artificial systems. At low w0 intermediates are pro

duced at ca -100 mV [34] (the Q" state) with a lifetime of > 10-100 

ms. At high w0-values charge separation produces intermediates with an 

E' = -400 mV [29] and a lifetime of 10 - 20 ns (I") [33], instead of 

the usual 200 ps [33]. 
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SUMMARY 

In this work the temperature dependence of the lineshape, and 

more specifically, the electron spin polarization pattern of the Am=±l 

triplet EPR (Electron Paramagnetic Resonance) spectra from several 

photosynthetic purple bacteria has been investigated. 

In Chapter I a general introduction is presented to photo

synthesis, focussing on the structure of a the protein complex, known 

as the reaction center (RC), and the processes in this RC. All 

investigations presented in this work are related to processes and 

magnetic interactions within this RC. At the end of Chapter I the 

triplet state (PR) of the primary electron donor (P) is introduced, 

and also the way it is generated, i.e. in sufficiently high magnetic 

fields via the radical pair mechanism. 

In Chapter II the theoretical background is presented to support 

the explanations given in later chapters in order to understand the 

experimental results. First it is proven that the observed temperature 

dependence of the triplet lineshape cannot be caused by intramolecular 

spin-lattice relaxation. Then the radical pair state PF is generalized 

to a three electron spin state, coupled to the paramagnetic Fe2+ ion 

in the RC. Solving the secular equations exactly for a Hamiltonian 

which contains all relatively strong magnetic interactions, the time-

evolution of PF is obtained, resulting in the break-down of the exclu

sive S-T0 mixing, which is characteristic for the radical pair 

mechanism. The effect of spin transitions on the Fe2+ is considered 

phenomenologically. The theory developed in this Chapter is used, and 

in some respects extended in Chapter V. 

In Chapter III time-resolving equipment and experimental tech

niques are described, as far as employed in this work. 

The design and construction of a high-gain, broad-band tunable pulsed 

dye laser is reported. Furthermore, a novel time-resolving EPR tech-
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nique is described, which is based on broad-band phase-sensitive 

detection. The technique is able to detect EPR transients with fre

quency components from 0 Hz - 1 MHz and a low initial S/N ratio, which 

makes it very suitable for the purpose of detecting the time-evolution 

of the triplet state in photosynthetic RC's. Furthermore, a means is 

described to reduce the light-induced transient artefact distorting 

time-resolved EPR signals, because of the high-power laser flash. 

In Chapter IV the results are presented from a number of studies 

on the lineshape of EPR spectra, reflecting steady state populations 

of PR, as a function of: i) temperature, ii) redox potential, iii) 

SDS incubation, or iv) modification of the electron acceptor side in 

the RC. The results were interpreted as follows: The lineshape 

reflects the population distribution over the spin levels of PR. This 

distribution is determined by the processes in the precursor state P^. 

The relaxation processes of the paramagnetic Fe2+ are transferred by 

the unpaired electron spin of the reduced primary quinone. The latter 

is magnetically coupled to the familiar radical pair in the RC. Thus 

the primary quinone acts as a relaxation carrier within PF. 

In Chapter V the explanation presented in the preceding Chapter, 

is considered with respect to its time-evolution. Time-resolved EPR 

measurements established that the (temperature dependent) lineshape, 

as observed under steady-state conditions, is already present in the 

first microsecond after excitation at 100 K. This indicated that the 

processes within P^ favour recombination of P+ with I- (I denotes the 

intermediary acceptor) into PR into a T+ or T_ spin configuration for 

magnetic fields parallel to the Y triplet axis of PR. Using the 

theoretical results of Chapter II, the preferential T+ recombination 

probability was qualitatively explained. 

Once PR has been generated, the time-evolution of the EPR triplet 

signals shows a remarkable temperature dependence. Spin-lattice 

relaxation seems to be dependent on temperature only for T < 40 K. A 

model is proposed to explain this unusual temperature dependence. In 

this model transitions from PR back Into PF are Invoked. 

The values of the PR decay rate constants at 4 K are found to be in-
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dependent of temperature up to at least 120 K. Furthermore, the 

relaxation rate as measured as an Increased triplet decay is found to 

be proportional with the square of the temperature. 

In Chapter VI the use of the lineshape of PR triplet EPR spectra 

was demonstrated in a series of experiments in which the RC's from 

Rhodopseudomonas viridis were incorporated into a reversed micellar 

solution (water in oil). One of the results is that under very strict 

conditions the RC maintains its native structure. Damage to the accep

tor side (which turned out to be the most fragile part of the RC) is 

reflected by pronounced changes in the lineshape of the EPR spectrum, 

monitored at ~ 100 K. 
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SAMENVATTING 

In dit werk is de temperatuursafhankelijkheid onderzocht van de 

lijnvorm, en meer in het bijzonder, van het electron spin polarisatie 

patroon, van de Am=±l triplet EPR (Electron Paramagnetische Reso-

nantie) spectra afkomstig van verscheidene fotosynthetiserende purper 

bacterien. 

In Hoofdstuk I wordt een algemene inleiding gegeven op de foto-

synthese. Speciaal de struktuur van een complex van eiwitten, bekend 

als het reaktiecentrum (RC), en de processen die zich daarin afspelen 

worden beschouwd. Alle onderzoekingen die in dit werk gepresenteerd 

zijn, hebben te maken met die processen en met magnetische interakties 

die in dit RC plaats hebben. Aan het eind van Hoofdstuk I wordt de 

triplet toestand (PR) van de primaire elektron donor (P) geintrodu-

ceerd, alsmede de manier waarop deze toestand wordt gemaakt; nl. via 

het radikaal-paar mechanisme, mits er een voldoend groot extern mag-

neetveld aanwezig is. 

In Hoofdstuk II wordt de theoretische achtergrond gegeven die 

nodig is om de verklaringen van experimentele resultaten, die in 

latere hoofdstukken aan de orde komen, te ondersteunen. Eerst wordt 

bewezen dat de gevonden temperatuursafhankelijkheid van de triplet 

lijnvorm niet veroorzaakt kan worden door intramoleculaire spin-

rooster relaxatie. Vervolgens wordt de radikaal-paar toestand (PF) ge-

generaliseerd tot een radikaal-trio, n.l. een drie elektron toestand, 

gekoppeld met het paramagnetische Fe2+ ion in het RC. 

De seculaire vergelijkingen worden exact opgelost voor een Hamil-

toniaan die alle relatief sterke magnetische wisselwerkingen be-

schrijft. Daarmee kan het gedrag van PF in de tijd worden beschreven. 

Dit resulteert hierin, dat de exclusieve S-T0 menging, karakteristiek 

voor het radikaal-paar mechanisme, niet meer geldt. Het effect van 

spin overgangen, gelokaliseerd op het Fe2+, op PF wordt fenomenolo-
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gisch beschouwd. De theorie die in dit Hoofdstuk ontwikkeld is, wordt 

gebruikt en enigszins uitgebreid in Hoofdstuk V. 

In Hoofdstuk III worden tijdsoplossende apparatuur en experimen-

tele technieken beschreven (voor zover toegepast in dit werk). 

Er wordt een beschrijving gegeven van het ontwerp en de bouw van een 

breedbandige, afstelbare gepulsde kleurstof laser. Verder wordt een 

nieuwe tijdsoplossende EPR technlek beschreven. Deze techniek is geba-

seerd op breedbandige fase-gevoelige detectie. Er kunnen kortlevende 

EPR signalen (transients) met frekwentiekomponenten van 0 Hz - 1 MHz 

en met lage initiele S/N verhouding mee gedetecteerd worden. Dit maakt 

deze techniek geschikt voor o.a. het detecteren van triplet signalen 

van RC's. 

Verder wordt in dit Hoofdstuk een methode beschreven om de liclit-

geinduceerde stoorsignalen van de hoogvermogen laserflits in de EPR 

trilholte te onderdrukken. 

In Hoofdstuk IV worden de resultaten gepresenteerd van een aantal 

studies betreffende de veranderingen in lijnvorm in EPR spectra van PR 

in steady-state als funktie van: i) temperatuur, ii) redox potentiaal, 

iii) SDS incubatie, of iv) modificatie van de elektron acceptorkant 

van het RC. De resultaten werden als volgt ge'interpreteerd: De lijn

vorm weerspiegelt de bevolkingsverdeling over de spinnivo's van PR. 

Deze verdeling wordt bepaald door de processen die zich afspelen in de 

precursor-toestand PF. De spin-relaxatieprocessen gelokaliseerd op het 

paramagnetische Fe2 + worden doorgegeven door de ongepaarde elektron-

spin van het gereduceerde primaire chinon. Deze laatste is magnetisch 

gekoppeld met het bekende radikaal-paar in het RC; aldus opereert het 

primaire chinon als een relaxatie-'carrier' binnen P . 

In Hoofdstuk V wordt de hierboven gegeven verklaring beschouwd 

m.b.t. het gedrag in de tijd van PR. Tijdsopgeloste EPR metingen toon-

den aan dat de (temperatuursafhankelijke) lijnvorm, zoals die reeds 

was waargenomen onder steady-state condities, al aanwezig is in de 

eerste microseconde na excitatie bij 100 K. Dit gaf aan dat de pro

cessen die zich binnen PF afspelen, leiden tot een preferentiele 

rekombinatie van P+ met I" (I staat voor de intermediaire acceptor) 
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tot P , in een T+> of T_ spinconfiguratie, d.w.z. bij magneetvelden 

evenwijdig aan de triplet Y-as. Deze voorkeur voor T+ en T_ kon kwali-

tatief worden verkiaard m.b.v. de resulaten uit Hoofdstuk II. 

Zodra PR ontstaan is, toont het tijdsverloop van de EPR signalen van 

PR een opmerkelijke temperatuursafhankelijkheid. De spin-rooster 

relaxatie snelheid lljkt slechts afhankelijk te zijn van de tem-

peratuur voor T < 40 K. Er wordt een model voorgesteld dat deze onge-

bruikelijke temperatuursafhankelijkheid kan verklaren. In dit model 

zijn overgangen van PR terug naar P^ betrokken. 

De waarden van de PR-snelheidskonstanten bij 4 K zijn onafhankelijk 

van de temperatuur tot tenminste 120 K. 

In Hoofdstuk VI tenslotte, wordt het nuttig gebruik van de lijn-

vorm van PR triplet EPR spectra gedemonstreerd in een reeks experimen-

ten waarin de RC's van Rhodopseudomonas virldls werden geincorporeerd 

in omgekeerde micellaire oplossingen (water in olie). Een van de 

resultaten is dat slechts onder strikte kondities het RC zijn natieve 

struktuur behoudt. Beschadigingen aan de acceptorkant (dit blijkt de 

zwakste plaats van het RC te zijn) zijn waarneembaar als een duide-

lijke verandering in de lijnvorm van het PR EPR spectrum bij ~ 100 K. 
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