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LIST OF SYMBOLS AND ABBREVIATIONS

EEF,

;0B

LI

,S =S

in formulae: arbitrary constant

matrix

element of matrix A

arbitrary constant

bactericpheophytin-a

chlorophyll-a

zero-field-splitting parameter

3- (3,4~dichlorcphenyl} -1, 1-dimethyl urea

relative difference between fluorescence-yield

for S0 > S1 excitation and SO - S1 (v} excitation,
indicating the deviation f{rom Vavilov's law (chapter 3)
zero-field splitting parameter; energy

energies of triplet spin states |x>, |y>, |z>

as referred to molecular axis-system

energies of triplet spin states |i», |j>», |k»

no reference to axis system

Fluorescence Detected Magnetic Resonance

Hamiltonian operator

Planck's constant h = 6.625 1075% Jsec

electric current

excitation light intensities

fluorescence intensity

interconversion

intersystemcrossing

average decay rate constant as defined by:

k= (% km nm] / £ ™

decay rate constant for lowest excited triplet spin
state |i>, |j», |k> respectively

rate constant for transition from level £ to level 2':
2,0 = 1-6; k21 is purely radiative

mean decay constant for decay from triplet spinstates
|1, 13>, and [k>; kp = ¢ 2k 3 m= 3,k
£,4' = 1-6 labels excited state |i>; as a subscript for
singlet or triplet states £,4' = 0,1,2,.... e.g.

S1, Sz, etc.

L 0’
radiation wavelength or eigen value of a matrix
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m,m'

|m>, im'>

12

3-methyltetrahydrofuran

m,m' = i,j,k labels spin levels

In zero magnetic field |i», |j» and |k>
correspond to spin states |x», [y> and |z>
which are eigenstates of the spin-operators

§x’ §y’ §z’ respectively 1i,j,k are ordered so
that Ei > Ej > Ek; for mm triplet states
E_,E >E

Xy Tz

total number of molecules in a sample

vector

relative population of excited level 2>, [2'>
relative population of triplet spin state

I, m*>

relative triplet population np = RN
Optically Detected Magnetic Resonance

relative triplet populating rate

relative triplet populating rate to spin state |m>
phecphytin-a

rhotosystem

photesynthetic unit

polytetrafluorethylene

relative triplet populating rate normalized so
that; P 1

yield for formation of Toﬁm'> originating from
the process Ty [m> > T |m> ==+ st — T0|m'>
yield of backformation of T0|m> following
excitation T0|m> > T£|m>, not including ISC
processes

general symbol for yield, defined as number of
molecules participating in or produced by a
particular process, divided by the number of
absorbed photons

fluorescence yield

yield for fluorescence originating from

T |m> > T_|m> absorption

average value of ¢m as defined in Chapter 3
yield of formation of T0|m>, following

S0 -+ S1 excitation




¢ISC yield of formation of T0 as defined by ¢ISC = % ¢?SC

a4, relative rate constant for T0|m> > Tz|m>
excitation followed by T* ~e> 8% =5 TH*ISC

o relative rate constant for transition
T0|m> -— T0|m'> vig T-T absorption and
T -=> 8% ——> T* *I15C processes ,

8,5, singlet state with energy increasing when g,z'
increases; SO = ground state; S1 = first excited
singlet state, etc; Generally £,2' = 0,1,2,3, etc

—x’§y’—z spin operators for spin states |[x>, |y>, |[z>

S*, T excited singlet or triplet states

Tz’Tz' triplet states with increasing energy when
£,2' increases; Tb = lowest excited triplet state,
T1 = first excited triplet state, etc; generally
2,2' =0,1,2,3, etc.

T lifetime, defined as the time elapsed after a
quantity has decreased to 1/e of its original
value through exponential decay

XY,Z Energies of triplet spin states |x, |y>, |z>

X,¥,2 define molecular axis-system for porphyrins where

x and y are two in-plane axes and z the out-of-plane
axis. For dihydroporphyrins the x axis is parallel
to the saturated pyrrole C-C bond

ZES zero-field-splitting



CHAPTIR I

INTRODUCTION

1.1 GENERAL INTRODUCTION

The subject of this thesis is formed by the energy conversion in photo-
synthetic compounds, with particular emphasis on the energy converting
pathways involving the lowest excited triplet state of pheophytins. These
compourkls can be obtained from the corresponding chlorophylls by replacing
the central Mg ion by two protons. As has been shown in a previous study of
the triplet state of chlorophylls [1,2 1, this modification does not
essentially alter the kinetic properties of the lowest triplet state; using
pheophytins instead of chlorophylls has the main advantage that the former
compounds are photochemically more stable; also, thorough studies have
been carried cut on the triplet state of porphin free base [ 3-5 1. Results
of these studies are very helpful for a first interpretation of the "spectral
properties of pheophytins, for which porphin free base may be considered to
be a suitable -although rather primitive- model compound. We have limited
this study to two kinds of pheophytins derived from chlorophylls occurring
in plants and algae: chlorophyll a and b, Bacteriopheaphytins, derived from
another important class of photosynthetic pigments, the. bacteriochlorophylls,

® coms
CH2
|
H-C CH3

]
H

HaC CHp =0
HH ‘l'Hz &HB
éw'wm

PHEOPHYTIN @: X = CHa CHLORIN FREE BASE
PHEOPHYTIN b: X « CHp

Fig. 1.1.1 Chemical structure of pheophytins—a and b (lefthand side} amd
chlorin free base (righthand side).
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which occur in photosynthetic bacteria [ 6 1, have been omitted from this
investigation, mainly because they prove to be experimentally more difficult.
The chemical structure of pheophytin-a and b is presented in fig. 1.%1.1a; it
15 evident that the chromophoric group can be viewed as a porphin base of
which pyrrole ring Iv has been reduced. Such a dihydrophorphin, also called
chlorin free base, is shown in fig, 1.1.1b. Its spectral properties carry
mich resemblance to those of pheophytins, although they are not identical.
Pheophytin may be considered as a perturbed dihydroporphin free base, and
therefore we have carried out a detailed study of the triplet state of this
modelcompound of pheophytins, using a recently developed magnetic resonance
technique. This technique, zero field optically detected magnetic resonance
[ 7,8] has come out to be very attractive for the study of such complex mole-
cules as pheophytins, and has yielded new and interesting data on a variety
of even more complex systems such as enzymes [ 9], DNA [ 1], and photosynthe-
tic reaction centers of plants [ 11], algae [12], and bacteria [ 13-16] . The
potential of this method is only beginning to show as is demonstrated by the
rapidly increasing amount of papers, among which are several excellent re-
views [ 17-19] . For more details about OIMR, we refer to section 1.5 below,
and Chapter 2,which treats experimental methods, both preparative and in-
strumental. This chapter partly consists of a reprinted paper from Review of
Scientific Instruments. Although at first sight, the study of triplet state
properties by ODMR may seem to be a rather limited approach to in vitre and
in vive energy conversion processes involving several excited states, kinetic
and static properties of the triplet state, obtained from such OIMR studies
provide information on other excited states and their kinetics as well,

as is shown in Chapter 3. Also, slow processes suchs as photoinduced

proton translecation in dihydroporphin free base can be followed by ODMR,
whereas at the same time interactions of the lowest triplet state with
other excited states can be extracted from kinetic ODMR data ( Chapter 4

and 5).

Chanter 4 is a reprint of a paper published in Chemical Physics Letters,
whereas Chapter 5 has been submitted to the Journal of Chemical Physics.

An outstanding problem in the optical spectroscopy of complexed photo-
synthetic pigments is the occurrence of multicomponent spectra, resulting
from several types of complexed pigments. This occurs with many pigments
in vitre, but certainly in vive. As is shown in Chapter 6, ODMR is a
suitable method for unravelling of such complex optical spectra. This
Chapter has been submitted to Chemical Physics Letters. The last Chapter,
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partly presented as a reprinted paper,is devoted toa the application of ODMR
to the study of the triplet state of chlorophyll-a and to what is thought to
be its hydrogenated phecphytin derivative in a number of algae. It is the
first report of its kind demonstrating the application of ODMR to an intact
organism. It has been published in Biochemical and Biophysical Research
Commmications. All symbols, used throughout this Thesis, have been collec-
ted in a list, preceding Chapter I,and the less atractive parts of mathema-
tical derivations have been removed from the reader's eye by dumping in an
Appenditch.

1.2 RELEVANCE OF PHEQOPHYTINS FOR IN VIVO SYSTEMS

The primary photochemical reaction in bacterial photosynthesis is the
transfer of an electron from a bacteriochlorophyll complex P to an acceptor
X. There 1s extensive evidence [ 20-~271 that P consists of a bacteriochloro-
phyll dimer; X has been.shown to contain. iron chelated with a quincne, very
similar to ubiquinone [ 28+~31] . Between P and X, an intermediate I occurs,
which is very likely to be bacteriopheophytin as follows from spectroscopic
experiments [ 32,33] . The bacterial reaction center contains four bacterio-
chlorophylls, two bacteriopheophytins and approximately two equivalents of
X [ 34-371 . The three compounds are thought to be held in place by surrounding
proteins and are part of the entire electron-transport system. There is
accumulating evidence, that the geometrical arrangement is such that two
bacteriochlorophylls are coupled, forming a dimer, the two remaining chloro-
phylls being at larger distance than the first two, and being located on
both sides of the dimer. Bacteriopheophytin is located between X and the
chlorophylls. It has been possible to observe the trapped anion radical of
bacteriopheophytin by low temperature magnetic resonance [33 ]. The data
suggest considerable orbital overlap between 1°~ and X, In bacterial reac-
tion centers where electron tranport through X is blocked, a short lived inter-
mediate state (t% ~ 10 nsec) has been detected, where one electron finds
itself on the (reduced) bacteriopheophytin [ 38,39). This intermediate state
may decay to the singlet groundstate by recombining both electrons in their
singlet state, or to a lower lying triplet state, which has been detectéd
by magnetic resonance both at high field [40-42] and at zero magnetic field
[43,44] . The process carries much resemblance to cleavage resulting in
radical fragments, originating from excited states, and it is therefore to
be expected that magnetic fields may have a profound effect on both triplet
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yield and the populating mechanism of this triplet state [45,46].

On the whole, the system represents a case where crucial information on the
details of the primary photosynthetic act has been extracted from the unusual
triplet state properties, found in these highly organized systems. Although
it is clear that bacteriopheophytin participates in the primary photosynthe-
tic act in bacteria, the significance of this observation is not vet fully
understood and Turther studies are necessary to answer important questions
concerning the exact geometrical arrangement of pigments, photoinduced
potentials, and the excitonic interaction in these reaction centers. The rdle
of pheophytins in plants and algae is much less clear. Although these com-
pounds are found in chloroplast or algae preparations, usually one is not
certain if they were naturally present or have been produced by chemical
treatment. A similar r&le for pheophytins as an intermediate acceptor in
chloroplasts has been suggested by van Gorkom { 47 ] . This suggestion appears
to be confirmed by luminescence measurements on the 4lgae Chiorella vulgaris
[48 ] and a very recent report on the detection of pheophytins in pea chloro-
plasts [49 1.

Finally, Mg2+ in chlorophylls can be replaced by 2 g upon irradiation
with blue or UV light [50]. It is interesting to note that this phototrans-
formation is inhibited by triplet quenchers, such as carotene and methylred,
which has led to the conclusion that photopheophytinisation {!) occurs
through the triplet state of the corresponding chlorophyll [ 501 . Such photo-
induced pheophytinisation may be caused by local photoinduced pH gradients
across membraned. At low pH, chlorophylls are chemically instable and are
converted into pheophytins. Even in the absence of light, pheophytinisation
can occur, and is one of the mechanisms causing the seasonal changes of
colour in green leaves.

1.3 THE RELEVANCE OF TRIPLET .STATE STUDIES. ON PHOTOSYNTHETIC PIGMENTS IN
RELATION TO PHOTOSYNTHESIS RESEARCH

By now, it has been well established that the triplet state of photo-
synthetic pigments, among which pheophytins, is not directly involved in
the series of events, starting with the absorption of photons in living
organisms at ambient.temperature, and ending with the transfer of an electron
of the reaction center to the electron transport chain.. However, by adding
an electron transport blocking agent, preventing electron transfer from
the primary acceptor to the secondary and subsequent.acceptors, the triplet
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state of photosynthetic pigments may be trapped and studied at low temperature
by magnetic resonance, or at ambient temperature by flash spectroscopy. In
this way pheophytins and chlorophylls can be used as natural, non-perturbing
probes, sensing the interaction of other parts of the pﬁotosynthetic system
with the probing triplet. Sofar its use has been rather limited in this
respect, but ploneering studies [ 11-17] have demonstrated that this appreach
is very fruitful and promising.

1.4 ENERGY CONVERSION IN PHOTOSYNTHETIC PIGMENTS

The most important energy levels involved in (optical) excitation of
photosynthetic pigments are shown in fig. 1.4.1. By absorption of red light
molecules are transferred from the singlet ground state Sp into a first
excited singlet state 5y or into a second excited singlet state 53 by blue
light. Following excitation to one of these singlet states, different path-
ways are possible for deactivation of the excited molecule:

i) intermolecular energy transfer

ii) chemical reactions

iii) internal conversion, vibrational relaxation, and intersystem crossing
iv) radiative decay

The first process is the most important one for the in vive chlorophyll
forming the "antenna" [ 6 1. The purpose of this antenna chlorophyll is
the transfer of energy originating from absorbed light to an energy trap
formed by the reaction center {see section 1.2), where the second process
takes place. This reaction center is formed by a specially organized

T

Fig., 1.4.1 Energy level diagram of pheo-
t 1; phytin-a; the values of k¢, ¢35, kyga,
9500 crm-" and ¢ygg are those for chlorophyll-a.
Values of all other parameters are those
for pheophytin-a.

“y -

¢
511 I ) Pi5c=. 57 !

% -39 k,sc=1035eC'1
- 7 To
ke =71 %10 sec-

kr = 1050 sex t

15000 em- 10700 cm-1

}
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assembly of chlorophyll molecules (“'special pair') for which the detailed
structure may be different for green plants, algae, and photosynthetic
bacteria [6,34-37]. At the reaction center the absorbed energy is converted
into chemical energy through oxidation of the special pair from which an
electron is transferred via an intermediate electron acceptor (which is in
photosynthetic bacteria bacteriopheophytin [32,33]) to an electron trans-
porting chain of a number of acceptors.

Apart from energy transfer and chemical reactions acting as deactivation
processes, there is a possibility of intra molecular processes iii) and iv).
These processes lead to losses of the total originally absorbed energy, and
are suppressed in natural energy conversion mechanisms,

Although these processes are therefore not of direct importance in natural
systems, in vitro studies of these intra molecular processes are very useful
since a detailed knowledge of the internal energy conversion processes is
necessary for an understanding of the naturally occurring processes i) and
ii} mentioned above. In this Thesis we will therefore describe processes iii)
and iv) within photosynthetic pigments based on results from experiments
carried out on pheophytin-a and -b and some of its model compounds.

Let us now consider the nature of these intra molecular processes. As
depicted in fig. 1.4.1 a molecule excited into the first or second excited
singlet state can decay within the singlet manifold by Sz - S1 (v) inter-
conversjon followed by a fast relaxation process from Sq(v) to the wvibra-
tionless Sy state. From the latter the molecule can decay to the Sp ground
state with the emission of a photon {fluorescence) or radiationless by
interconversion and vibrational relaxation. Generally, it is found that
radiative processes dominate the Sy - Sg decay, and we have therefore only
considered the latter type of decay. A third pathway involves intersystem
crossing {ISC) to the lowest excited triplet state denoted by Tp. From Tg
a second ISC process takes place to the Sgp ground state;in most photosyn-
thetic pigments the latter process is almost exclusively radiationless;
some weak phosphorescence can be found for chlorophylls and pheophytins
{51,52] . '

The lowest excited triplet state has two important features. Firstly
it has a relatively long lifetime, for photosynthetic pigments at T < 77K
~ 1 msec. If there is a high exciting light intensity, the molecule can be
re-excited by the absorption of a second photon into a higher excited
triplet state, the consequences of which are described in detail in chapter
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3 for the case that this T-T absorption is not followed by a chemical de-

composition of the molecule.

The second important. feature of the triplet state is the fact that the
three Ty spinstates (see section 1.5) have different kinetic constants, which
can be seen by cooling the sample to liquid the temperature or lower,
diminishing the relaxation rate between the spin states. At room temperature
the differences between kinetic constants of the various spin levels are
dominated by such relaxation however.One of the consequences of this different
kinetic behaviour is the larger population of the highest spin states w.r.t.
that of the lowest spin state for <n vitro photosynthetic pigments in model
systems (e.g. chlorophylls, pheophytins, chlorin free base, porphin free
base). Therefore these compourds can in principle show stimilated microwave
emission at frequencies corresponding to the transition frequency between
spin states. Thus, in principle, the compounds can be used for masers. A
chlorophyll laser has been constructed [ 53,54 .

Fluorescence and ISC yields have been previously measured by Gradyushke et

al for chlorophyll-a, chlorin and similar compounds [ 55 1. For the
pheophytins, however, very little is known about the kinetic behavicur of states
other than Ty. Since the effects of replacement of the central Mg++-ion in

the chlorophylls by the two central protons are relatively small for the
spectroscopic properties, we assume that the yields for fluorescence and

I18C (81 » To) for chlorophyll-a [ 55 ] will be similar to those of
pheophytin-a. Fig. 1.4.1 contains typical yields and rates for chlorophyll-a.
Summarizing, we have studied those processes, which represent cnergy losses

in the excited states of photosynthetic pigments, such as emission of micro-
waves, and fluorescence, as well as the generation of heat, causing spin lattice
relaxation in the lowest triplet state of pheophytins and their model compounds.

1.5 THE PRINCIPLES OF ZERO FIELD MAGNETIC RESONANCE

An electronic triplet state has three magnetic substates, denoted as
spin states; ‘in the absence of an external magnetic field, these three spin
states |x> |y> and |z> have energies corresponding to the eigenvalues
of the zero field spin Hamiltonian.

.. 2 2 2
H=- XS +YE +18) (M

§x’ §y’ and §z are the spin operators such that the eigen value of §? =

20



§§ + §§ + §§ equals S (S+1) = 2 when expressed in units of tZ and S | > = 0.
S (S+1) equals 2 for each of the zero field levels. Microwave induced
transitions between spin states can occur when microwaves with frequency v

satisfy the resonance condition

-y
E = 3 (2)
where ¢ is the velocity of light in cm sec_l, AE is expressed in an”! and
8B=|X-¥|, 1Y-Z|, or |X-Z! (3)

Since changes induced by microwaves in the populations of spin states lead
to small changes in the Sj ground state pepulation, due to the different
decay rate constants of the individual spin states, these changes in the
populations of states can be monitored via the fluorescence intensity which
is coupled to the ground state population. These changes in the fluorescence
intensity are in general small (typically ~ 1 - 0.1 %) but detectable due to
the high sensitivity of light detectors. For the detailed influence of the
microwave irradiation on the fluorescence intensity we refer to previous
papers [ 4, 56 ]| and Chapter. 3 of this Thesis.

Since the sum of the energies X + Y + Z equals zero, it is convenient to use
the zero-field splitting parameters D and E defined such that

1 (X+Y)-Z = - 3/2 Z | (4a)

oo
t

E=1} (XY) {4b)

Then microwave transitions occur at energies 2 E, D-E and D+E (expressed in
cm_l), corresponding to the transitions between states |x> < |y>,

ly> » |z>, and |x> & |z>, respectively.

In general the notation with X,y and z refers to a molecular axis system,
therefore we have denoted the spin states with |i>, |j>, and |k> respectively,
ordered by decreasing energy, independent of a molecular axis system. Only
when possible, we have made an asignment for i,j, and k in terms of x,y and

Z.

Selection rules for micTtowave transitions between spin states |x>, |y»,
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and |z> are derived from a perturbation Hamiltonian ¥'(t), given by
'(t) = Hy(t).§ ()

where H, represents the microwave field,and § = S, +5,+5,.

For microwave radiation polarized along the x-direction X' I-[1 S, the
matrix. elements <g|Sx|z'> determine the probab111ty for transitions between
spin levels |z> and [z'>.

Since Sy|x> = Syfy> Sz
-tained if z' is y or z with S as the operator. It is readily seen, that
this only allows transitions between |y> and |z>. Similarly, y polarized

z> vanish, non-zero matrix elements are only ob-

radiation induces transitions between |x> and |z>, and z polarized radiation
between |x> and |y>.

At sufficient amplitude, resonant radiation connecting spin states |z> and
|z'>, equalizes their populations. We have excluded coherent effects occurring
at still higher microwave power.

For a more detailed treatment of principles and applications of zero field
magnetic resonance, we refer to some recent reviews [ 17-19,571.
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CHAPTER 2

MATERIALS AND METHODS

Since we have described the preparations of the investigated compounds

in other Chapters, we will treat remaining details in this Chapter.

2.1 MODEL COMPOUNDS

Meso-tetraphenylporphin free base (1) was synthesized according to
Adler et al [1] T was obtained in almost quantitative yield and purified by
sublimation in an oxygen-free nitrogen stream at 350-250 9C. vielding 1 as
long, pink needles.

Meso-tetraphenylchlorin free base (I1) was synthesized following Whitlack et
al [2]. II was recrystallized from high purity grade benzene. Mass spectra
revealing a dominant m/e = 616 peak were taken at a sample temperature of
100 °c; at higher sample temperature we have observed a strong increase of
the 614 peak at the cost of that at 616, indicating the oxydation of II to I.

Chlorin free base (I1II) was synthesized following Eisner and Linstead
[3]. It turns out that III is obtained in its most pure form if the reaction
temperature is taken at 140 °c, using xylene as a solvent. Yields at 140
and 180 OC, using xylenc and O-dichlorobenzene as solvents, were 0.33 and
0.50 %, respectively. If the reaction is carried out in sealed tubes at
220 °C [ 41, using O-dichlorobenzene as a solvent, IIT is obtained in 1.6 %
yield. In addition to the chlorin mass peak at 312 impurities occur at
m/e = 326 and 394. The relative amount of these impurities increases with
increasing reaction temperature and may amount to - 30 %. The crude fraction
obtained at 140 °C reaction temperature was purified by thin layer chromato-
graphy using silicagel as solid medium and benzene-heptane 5 : 1 mixture as
an eluent. The visible absorption spectrum of a fraction with Rf = 0.6
agreed satisfactorily with literature data [ 3) . Purity was further improved
by vacuum~-subl imation.
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2.2 NATURAL COMPOUNDS

The synthesis and sample preparation of pheophytins from chlorophylls
is described in Chapter 6 of this Thesis.

2.3 ALGAE

For ODMR experiments on in vivo systems we used the following algae:
Anacyetie nidulane, Fuglena gracilie, Porphyridium eruentum, Chlorella
vulgarie, Synechococcus cedrorum, Phasodactylum tricormutum,and Visecheria
stellata.

All these algae except Phaeodactylum tricornutum Were grown in an incubator
shaker at 27 °C with a dark-1light cyclus of 14 hrs light, 10 hrs dark. The
air was slightly enriched with 0,-

Phaeodactylum tricornutum was grown at 17 °C with constant illumination with
extra addition of COZ' All cultures were grafted on fresh medium every 3

or 4 weeks.

Anacystis nidulans was grown following Myers and Kratz [ 5].

Buglena graeiiis was grown in a 0.5 % solution of pepton Difco in tap-water.
Porphynidium cruentum and Phaeodactylum tricormutum were grown in an arti-
ficial sea water medium.

For Phaeodaetylum tricornutum some waterglass was added.

Syngehoeoccus cedrorum was grown in a solution following Emerson and Lewis
[ol.

Chilorella vulgaris was grown in a medium as described in [ 7].

Vischeria stellata was grown in a proteose medium: T gr Proteose pepton
added to 1000 ml Bristol's solution [ 8].

For the preparation of the samples we refer to Chapter 7 of this Thesis.

2.4 THE ODMR APPARATUS
Section 2.4.1 consists of a reprint of our paper containing a detailed

descripticn of the apparatus. In section 2.4.2 below we describe some recent

improvements.
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2.4.1

Optical detection and electronic simulation of magnetic
resonance in zero magnetic field of dihydroporphin free base*

Sievert J. van der Bant, Adria de Jager, and Tjeard J. Schaafsma
Agricuitural University, Department of Moiecular Physics, De Dreijen 6, Wageningen, The Netherlands

(Received 14 Aygust 1975)

An apparatus for the measurement of optically detected magnetic resonance
{(ODMR)} in zero magnetic ficld at 4.2 K using commercially available parts is
described. A simple electronic analogue device is used to obtain kinetic data
from ODMR transients in a fast and reliable way. From these daia decay rates
of the three spin levels of the lowest molecular triplet state can be obtained,
whereas populating rates can be determinet within defined limits. Since the
apparatus is suited for unguarded operation during long periods of time, signal
averaging of weak signals, e.g., from biclogical molecules, is particularly easy.
Kinetic data have been obtained for dihydroporphin, which can be considered as
the structural basis for chlorophyll: k, = 121£12 sec™; k, = 277+28 sec™’;
ky=22+2 sec™"; 0.28 < P, <0.43; P, =1; P,<0.08, where k; and P, are the decay

and populating rates of the ith spin level.

I. INTRODUCTION

Optical detection of magnetic resonance in the lowest
molecular triplet state has proved to be a very sensitive
and selective method as compared with detection of
microwave absorption by diodes or bolometers.'™ At
low temperature, relaxation between the three triplet
spin levels can be slowed down sufficiently such that
they can be considered as isolated. Under such condi-
tions intersystem crossing occurs to and from separate
spin levels. Microwave absorption resonant with energy
separations between spin levels results in a change of
spin level populations which can be monitored by the
phosphorescence intensity, due to the fact that the spin
levels generally have different radiative properties.®*
If phosphorescence emission cannot be used to monitor
the changes in triplet state population—which is very
common for biclogical molecules—magnetic resonance
of the lowest triplet state can be detected by the
effect on the §, « §, fluorescence intensity 257 This is
to be expecied since a triplet state population perturba-
tion is transmitted to every part of the optical pumping
cycle. As an illustration we present in this paper an
application of this method o0 a model compound of a
photosynthetic pigment, since for this type of malecule
the phospharescence emission is usually weak or absent,
whereas the intersystem crossing is fast.®~?* This ap-
proach provides the experimental basis for the study of
more complicated biological systems, such as in vivo
photosynthetic reaction centers.

Il. EXPERIMENTAL
A. ODMR apparatus

For the type of molecule which we have studied,
phosphorescence is absent or too weak to be useful in
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monttoring changes in triplet population. The micro-
wave-induced changes in the finorescence intensity are
usually on the order of 0.1%-1%, which leads to the
following instrumental requirements:

(1) Due to the low S/N ratio of the changas in the
fluorescence intensity, averaging Over many measure-
ments is necessary. Therefore, the instrument must al-
low long periods of operation (typically 8 h).

(2) Noise from the excitation light source and the
photomuitiplier must be kept at 4 minimum.

(3) Since the measurements are carried cut over
prolonged periods of time, liquid helium losses must be
low.

{4) Preferably, the instrument should allow wunat-
tended operation.

The experimental setup presented in Fig. 1 meets these
requirements. We have replaced the conventional optical
cryostat by 2 superisolated liquid He container:
(L’Air Liquide model RS 25), with a capacity of 25
liters. This enables uninterrupted use over periods up to
3 weeks. Liquid He losses other than due to evapora-
tion occur only by sample replacement. Thus the net
loss of liquid He is considerably lower than with the
filling procedure of conventional cryosiats. With the
350450 nm filtered output of a 200 W Osram superhigh
pressure mercury arc focused onto the sample immersed
in liquid He and with a microwave input of ~ 10 MW, the
He losses typically amount to 56—60 cm?/h, which is about
twice the *‘dark’’ evaporation losses of the container.
For a descripticn of the experimental setup we refer
to Fig. 1. Excitation light from an Osram HBO 200
W/2 superhigh pressure mercury arc is passed through
bandpass filters and diaphragms and focused onto the
top of a quartz light guide (Suprasil, Schott), which
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Fig. 1. OQutSne of ODMR apparatus suitable for leng periods of

operation. For details see text.

has no coatings. A smail Al-coated surface mirror de-
flects the excitation light to the light guide, but does
not obstruct the fluorescence light focused by two col-
lecting lenses and a second mirror anto the slit of a
0.25 m Spex Minimate monochromator, equipped with
an EMI 9659 QB extended S20 photomultiplier,
thermoelectrically cooled to —35°C. (Products for Re-
search, model TE 104). Microwave power from a Hew-
lett—Packard 8690B/8699B sweep generator is applied
to the sample immersed in liquid He via an RG-213/U
Amphenol cable and a coaxial line of stainless steel
tubes (outer tube 0.d. 8 mm, inner tube 0.d. 3 mm; wall
thickness of both tubes 0.2 mm). Styrofoam spacers keep
the inner tube in position.

The rigid coaxial line terminates in a four-turn slow
wave helix (1 mm Cu wire), surrounding a thin-walled
Teflon tube containing the sample. The general features
of the apparatus are very similar to those described
by Schmidt,® who used a conventional cryostat. The
assembly of light guide and microwave coaxial line fits
into the superinsulated liquid He container, which has a
16 mm diam entrance. With —15 V pulses from a
Farnell pulse generator, microwave power can be ampli-
tude modulated. Signals are fed into a Hewlett—Packard
5480B signal analyzer for $/N improvement.

B. Equivalent slectronic network

The simulation of the measured signals can be under-
stood by noting that the fluorescence intensity is given
by the expression

3
Id?) = A[N - 5 n(#]. (1
i=]
where Ir(#} is the fluorescence intensity, A is a constant,
N the total number of solute molecules in the sample,
and #, the number of molecules in the spin levels of the
lowest excited triplet state.

A time dependent change Al/f) in the fluorescence
intensity [, induced by a microwave pulse, is given by

ATt = ~A S dn), @)

dml

where Anm(?) = ni(1n) — a,"; the superscript o refers to
steady state populations under continuous illumination
in the absence of microwaves.

When a saturating microwave field resonant with the
energy difference between two triplet spin levels is
applied, the populations of the two connected spin tevels
are equalized. In the absence of spin-lattice relaxation,
application of resonant microwaves equalizing the
populations of the ith and jth spin levels results in a
change AL (57

AILN) = Alk; — k){n® — n 0k + &)
x{exp[¥alk + k7] — 1}, (3)

where | # j = 1,2,3; total decay constants are denoted
by k and comprise both the radiative and the radia-
tionless deactivation. Switching off the microwave field
results in a time-dependent change Af/{t) given by

ATA1) = Aln® — nfVeky(k; + kg)™!
X[kt exp(— ki) = kit expl— k0], (4)

The time-dependent changes in the fluorescence in-
tensity expressed by Eqgs. (3) and (4) can be simulated
by an equivalent electronic network. We identify the
spin level population r, with an electric charge Q;, decay
constants k; with 1/R,C;, and populating rates P; with
electric currents I;. A similar technique has been applied
to high-field EPR transients.!? Figure 2 represents the
analogy between the optical pumping cycle involving
the lowest molecular triplet state 7, and the ground and

Sp—i T

Fio. 2. (a) Optical pumping cycle invelving molecular singlet states
S, and §, and the lowest excited triplet state T,. Dashed amows
refer to absorption and fluorescence; fully drawn arrows to and from
triplet spin Jevels labeled by i = 1, 2, and 3 correspond to populating

decay processes with rates P; and &, respectively. (b) Electronic
network equivalent to Fig. 2(a) consisting of current sources I,
capacitors C;, and resistors R,. Charges () on C, are measured by
determination of the voltage ¥, at points indicated by 1, 2, and 3
corresponding to similar labels in Fig. 2(a). Changes —ZAV,
proportional 1o a change Al; can be measured following closing and
opening of any of the switches Sy; V¥, denotes the supply voitage;
spin-lattice relaxation can be simulated with three extra resistors
added parallet to the switches, not included in the schema. C, = C; = (;
= (0.5 uF; Ry, Ry, Ry = |- 100 k{?, variable, tolerance 1%; Sy, Siy, Sia
reed relays (switching time 0.25 msec), Elec-Trol RA 30441051;
I, k. I, variable between 100 pA and 10 mA.
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Frg. 3. Experimental setup for the fiting of the measured and
simulated ODMR transienis using a signal analyzer, a simulating
electronic network, and a pulse generator. For details see text.

excited singlet states §, and §,, and—on the other
hand—an electronic network containing three current
sources, capacitors, and resistors. The part of the
network containing 7,, R,, and C, corresponds to one
triplet spin level.

Applying a resonan! microwave field connecting any
two triplet spin levels (7} and () in Fig. 2(a) corresponds
toclosing a switch S, ; between the points () and () in the
electronic network of Fig. 2(b).

The transient response of the network 1o closing or
opening one of the switches S;; is governed by the
values of two feeding currents f; and I, and two RC
constants }R,C, and V/R;C;.

According to Eq. {2), the changes in fluorescence in-
tensity are determined by

3
T an,

corresponding to

2
S AQ
=l

in Fig. 2(b). Choosing all capacitors to be equal and
noting that

S a0 -C¥ av,

i=1 i=1

A1) is found to be proportional to

- 3 AV,

i=1

where AV (r) is the change in potential at the points
i=1, 2, and 3 of Fig. 2(b).

Expe¢rimentally, currents and resistors are adjusied
with calibrated ten-turm potentiometers, enabling a direct
readout of the values of 7 and R which can be simply
related to the absolute values of k& and the relative
magnitude of P and » for each spin level. In practice,
only the decay rates and relative steady state population
differences (n° — n) are uniquely determined by
comparing simulated and experimental transients
Al{r). This means thai without further experimental
data, the magnitude of n?° is determined up to an un-
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known additive constant. Then, the relative populating
rates P; can only be defined within certain limits. By
introducing the absolute value of the triplet yield or the
change in fluorescence intensity immediately afterapply-
ing an exciting light pulse,®” the relative population
numbers and populating rates can be obtatned.

The use of fast reed relays allows the simulation of
pulsed microwave saturation. Note that the changes
3, AV, result only from connecting or disconnecting 1, 2,
and 3 and oot from a change in the feeding currents f;.
This is analogous to the experimental situation where
changes in I, are observed during continuous optical
excitation.

When the experimentat Al{¢) transient is stored in the
memory of the analyzer, its output can be compared with
that from the equivalent electronic network. The dif-
ference between these two transients can be monitored
on an oscilloscope, allowing the determination of the
values of 7 and R and giving an optimem fit be-
tween the measured and the simulated transient.
Typically, the fitting boundaries are ~10% for the slow
and ~5% for the fast decay rates. The method is
schematically represented in Fig. 3. By insertmg the
values of R, and C, the “‘kinetic’” network constants cor-
responding to &; can be determined in straightfosrward
fashion, no calibration of the network against a standard
compound being necessary. For representative pur-
poses the repetition rate of the pulses entering the
electronic network can be chosen different from the
cycling time during the accumulation of experimental
Al{?) transients. Then the simulated and experimental
molecular kinetic constants are simply related by a
known multiplication factor, i.e., the change im time
base.

MICROWAVE FREQUENCY v (MMz) }
AR P "1doo‘r e
DECREASE OF
FLUCRESCENCE
1300 MHz.
¥
L H 1078 MHz

Flg. 4. Zerofield fluorescence detected ODMR spectium of
chlorin free base in a a-octan¢ single ¢rystal at 4.2 K; dd ion
wavelength 635 am; excitation via the filter combination: Calflex
RB1/K1 (Balzers), OB 14 (Chance Pilkington), and a 5 cm

DI saturated CuSO0, solution. Mlcrawave sweep 2001500 M
microwave power = 2.5 mW, lated over 2'*
structure of chlorin free base.
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pulse widih: 25 lnwc The simuiated transients have been obtained
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Hi. TRWLET STATE KINETICS OF
DIHYDROPORPHIN FREE BASE

We have applied the method outlined before to the
compound (chlorin, systematic name: dihydroporphin
free base) shown in Fig. 4, which can be considered as
the structural basis for chlorophyll. Monitoring the
fluorescence So — 510 at the origin at 536 nm from a
10—*M solution of chlorin free base in a n-octane single
crystal, and simultaneously sweeping microwaves
through the 200~ 1500 MHz region, results in an QDMR
spectrum as shown in Fig. 4. Two transitions at 1078
and 1300 MHz are observed, the third one is absent.’®

The performance of the apparatus can be estimated
by noting that the ODMR spectrum of about 5 x 10°
molecules can be detected with an S/N ratio of 20 with
22 gecumulated sweeps, using a 200 W Hg arc as an
excitation source. For an accurate representation of the
line shape in the ODMR spectrum it is necessary to
meet the timit,

Veeg < 80~ A kg,

where vy, is the tepetition rate for accumulation; 6» is
the line width at half-height of a transition; A is the
frequency domain covered in one sweep; and 4, is
the smallest of all three decay constants. For chlorin free
base, this means that with A~ 1300 MHz, &y, ~ 20
sec™!, and &» ~ 10 MHz, v, < 0.15 sec™'. Accounting
for 109% dead time between cycles, this results in a total

accumulation time of 8 h for 2! sweeps. This time can
be shortened to 2 h (2'° sweeps) by using a 900 W
XBO xenon light source.

Now that the zero-field transition frequencies have
been determined, we can apply resonant microwave
pulses in order to obtain kinetic data on the populating
and depopulating process. Referring to Fig. 5, transients
in the fluorescence intensity are observed upon applica-
tion of saturating microwaves at 1078 and 1300 MHz.

-n5
a -An,(il
b -L
"
-Alﬁlllon;l!ll
d
. FGend
20m sec
—
R U T TP TP T ST S S
{ —
Fig. 6. Simulated time d dence of the h

—Any (1) {a) and =4x, (1} (b) | in spin levels 3 and 1, respecuvely re-
sulting from application of a 25 msec duration resonamt microwave
pulse at 1300 MHz. The sum =[An,{s) + Amy(n] as shown in {c) is

riional to the simutated change in fluorescence intensity
Al y) represented in Fig. 5(b). The upward direction in Fig. 6{z}., 6(b),
and &{c) correspands to a decrease of the populnnons an InCrease
of the fluorescence intensity; m" ardd 2" represent the steady state
populations in the absence of microwave power.
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By comparing the output of the electronic equivalent
network with the experimental zero-field transients as
shown in Fig. 5, we have obtained the following data:

Total decayrates: k, = 121 * 12sec™!; k, =277 = 28
sec™l; k; = 22 = 2 sec™! (estimated error limits including
all instrumental inaccuragies).

Relative steady state population differences:
n® — ™ (n® — " (® — %) =0.18: 0.5 0.32
{+109%). From the sign of AI{t) for transitions 1 <> 3 and
2 <> 3 and the values of &,, ks, and k; we find ny° < n,",
AN

For the two extreme situations, (@) ns® = 0; n,° # n,°
# 0 and (b) 1,* = n,® ~ ns® one can calculate the relative
values of the populating rates Py, which are found to be
within the limits 0.28 < P, < 0.43; P, =< 0.08 choosing
P, = 1, and using n° = Pk,

In the absence of heavy atoms, such as in aza-
aromatics and analogues of free base porphin, a paral-
ielism is to be expected (and found) between populating
and decay rates.’ This means that the real situation
mostly resembles (b), resulting in P, : P, : Py = 0.29:
0.66 : 0.05.

It should be pointed out that an additional check of
correct fitting is contained in the fact that a particular
set of kinetic constants should lead to a simultaneous
fitting to all three experimental transients, both with
respect to their shape and their amplitude.

It is interesting to note that such a fit of the simulated
to the experimental transients at 1078 and 1300 MHz
results in a very small amplitude of the third simulated
transient at 222 MHz, typically less than 10% of the
amplitude of the other two transitions, corresponding to
the fact that this transition was found neither in- the
ODMR spectrum nor as a transient,

By measuring the voltage at the points 1, 2, and 3 in
the equivalent network of Fig. 2 separately, we are
able to foltow the time evolution of the populations in
the three spin levels, even if we are not able to measure
these changes in the zero-field experiment. As an il-
Iustration, Fig. 6 depicts the time-dependent changes in
the populations of spin levels 1 and 3, as follows from
the simulated curves. Note that these changes have been
drawn to scale, illustrating that the change in the sum
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of two populations generally is smaller than that in the
populations separately.

This can be expected since upon microwave: satura-
tion of a transition i « j the changes An,{f} and An{t) are
of opposite sign. Therefore, in the sum Ar(f) + Anld)
there is always partial cancelling of the two effects. If
phospharescence can be used to monitor the microwave-
induced changes An; and Any, this may result in a more
favorable sensitivity since in that case the change in
signal intensity is proportional to kAndr) + &fAngd?),
where k7 are generally different, radiative decay
constants of spin levels § and /.

The straightforward method described above appears
to provide a valuable tool for elucidating the energy
conversion in photosynthetic pigments, both in vitro and
in vivo.
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2.4.,2,IMPROVEMENTS IN ODMR APPARATUS

In order to improve the S/N ratio. we have replaced the 200 w mercury are
lamp by a 900 w Xenon arc lamp (Osram XBC 400 w/r.)For the irradiation of
the sample with two resonant microwave frequencies we used the following
set-up:

The output from two sweep-generators.(Hewlett-Packard 8620C/86220A and
B690B/8699B), was seperately amplified using an Avantek AMP 200 amplifier
for the 1-2 GHz region and an Avantek UA 405 amplifier for the 20-1000 MHz
region. After amplification the two frequencies were coupled via an Anzac
H-183-4 "Hybrid T', preventing one microwave frequency to influence the
source of the other microwave frequency. It turned out to be important to
amplify the microwaves. before mixing , since addition before amplification
may result in harmonic distortion yielding not only the two original fre-
quencies, but also sun and difference frequencies. The power was monitored
at one of the parts of the Hybrid T using a Hewlett-Packard 423A detector.
If necessary, attenuators (Hewlett-Packard 8491A series) were used to prevent
overloading of the amplifiers.

2.5 OPTIMIZING SIGNAL TO NOISE RATIO

For most of the measurements reported in this Thesis, we have employed
a sigpal analyzer for signal-to-noise (S/N) improvement, with such a device
one feeds noisy signals periodically into a digital memory.
For the special case of light-induced decomposition of the sample material,
as occurs in algae (see Chapter 7), it is necessary .to determine the total
period of accumulation. for which maximm S/N of the recorded signal is ch-
tained. With a first-order decompasition process, characterized by a rate-
constant kd’ it can be easily derived that

-1 -1 -
S/N(t) = S/N(0) k] 't * [1-e"d"] for t > 0 (N

The maximum S/N ratio is found for an accumulation period t ~ ké1.

2,6 FITTING EQUATIONS TO DATA

For single-exponential fitting of experimental transients, as described
in Chapters 4-6 and using equations represented in Chapter 3, we have made use
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of a program of Daniel and Wood [9] after lineairization of exponential decaycurves.
Double exponential fitting was -carried out using an algorithm described by

Fiacco and McCormick [ 10] and applied in the optimization package

OPTPAC III, obtained from Corporate ISA's SCA-group of N.V. Philips Gloei-
lampenfabrieken, Eindhoven, The Netherlands.
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CHAPTER 3

KINETIC THEORY OF ODMR

3.1 INTRODUCTICN

In this chapter we will derive rate-expressions for the kinetics for
populating and decay of the electronically excited triplet (sub}states relevant
for aptical detection of magnetic resonance of nonphosphorescing molecules. Part
of the expressions which are important for our work have been reported in liter-
ature [ 1-3 ].

In this study we will emphasize on the effects of T-T absorption, spin-
lattice relaxation (SLR), and high light intensity on kinetic equations. A
similar study has been carried ocut by Clarke et ai. [ 4], neglecting SIR.

Most of the experiments described in Chapters 5-7 are carried out at 4.2 K,
where spin-lattice relaxation between triplet spinlevels cannot be neglected,

in particular for in vive systems; furthermore, for reasons of sensitivity it

is necessary to employ considerable light intensity for excitation. Under these
conditions, T-T absorption cannot always be aveided in particular for porphyrins
and chlorins, which have overlapping S-S and T-T bands. The kinetic equations
derived in this Chapter provide the necessary framework for understanding the
experimental results. Auxiliary mathematics which are helpful in deriving and
understanding the equations are presented in Appendix I.

3.2 DISTRIBUTION OF MOLECULES OVER ENERGY LEVELS AS A FUNCTION OF LIGHT
INTENSITY

Figure 3.2.1 represents the most important energy levels, participating in
the optical pumping cycle of an ODMR experiment, including both S0 + 5, and
Tb -+ Tn excitations. For convenience the electronic levels have been numbered
by, »4' = |1> through |6>, such that excitation-, interconversion-, and ISC
rate constants are given by k., (2,2’ = 1-6), These constants include both
radiative and radiationless transitions. Optical excitations take place at a
rate ' I(A) kzi,nl from state |¢> to state |2'> whgre I(2) denotes the excitation
light intensity at wavelength A and n, is the population of state [¢>; I(A} and
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1> Where

. m
and relaxation

m,m'=1i,j,k.

I'(A) are taken to be dimensionless and correspond to Sy + S, and T + T exci-

tations, respectively.

Defining the fracgion of molecules in each level |1> through {6> by n,

such that 1£T n,

through ne
. X . _dn
differential equations for I’l2 =

5% Kgy 1

Ay = -lkggmg +kpypmy kg my

By = -lkyy * kyg) my + kgp ng * kg g
By = Iky3 ny -(ksp * Kgp) g + kg3 ng
By = kpp mpy —Ckyy + Tkyed my * kgy
A5 = kgg ng ~(kgy * Kgy) ng + keo ng
g = T'kyg my =(kgz + Kz + Kggd 1g

= 1, the molecular kinetics follow from the set of

(1a)
(1b)
(1c)
(1d)
(Te)
(1£)

For these differential equations the following assumptions have been made:

(i) Only one S-S and one T-T excitation is considered; S

is disregarded.

>

0

S1 excitation

(i1) The triplet state is regarded as a single level, i.e. the presemce of

three spinlevels is ignored.

(iii) Excitation into vibronic levels is taken to be equivalent to excita-

tion directly into the vibrationless state.
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Concerning assumption (i), we note that usually kinetics are measured using
So * 53 excitation. As will be subsequently shown, this does not make any differ-
ence for the determination of the kinetic constants of the lowest triplet state.

Considering the three spinstates of an electronic triplet state as a single
state, results in simplified kinetic equations.

Since always

ﬁT = ﬁi + ﬂj + ﬁk (2)

where n, denotes the fraction of the total number of molecules N, occupying the
spinstate |m> of the electronic triplet state (m = i,j,k) and n defines the
total fraction of molecules occupying all three spin states |m> (see fig. 3.2.2).

We can now define an effective decay constant keff by writing

By == Kepr r * R 7Kg My - f e My (3a)

. moon_
flT ﬁ km L * % % k£4 ni ﬁ I'k46 M (3b)

Combining (3a) and (3b) defines keff:

_ 1
keff = EE'ﬁ km T (4)

where m = i,j,k labels spinstates; I includes sommation over all triplet spin
states or singlet states from which the triplet state T0|m> is populated at a
rate kf4 n?; km is the total decay rate constant of the spin state |m>. As will
be shown in the following, eqns. (1 a-f) can be simplified in this manner. Note
however, that keff carmot be considered to be a molecular constant, since we
can change its value by varying the temperature or by applying a rescnant micro-
wave field connecting spin levels.

For high temperature when SLR dominates triplet decay rates

]
keff = 3'% km ()

We are interested in the change of the fluorescence intensity If and the
fractional lowest triplet state population np (= n,) caused by connecting two
or three T, spin levels by resonant microwaves. The expression for I, as a
function of the constants Kop (2,2 # 4,1) and the variables I,I', and
keff (= k411 for the steady state situation (i.e. h, = 0(% = 1-6)) is given by
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kg ko O-80g) (kyy + T'hyedprd + 1 kyg Ukgeden (kyy + A0¢k) )

= 61
£ ] = (
Dhyz Ghyy * 80p kyp) * (kyy + kyp) Gy + 17 kyepy)

I

where If is expressed in number of photons emitted per molecule per second.
We define

S

_ 35 Koy
ﬂ¢f = . (6&1
(kg, + kye) (Kgy + Kgy)
and n km 0
] k L K _
bep = |2 63 ¢ | 65 K52 n .o 1 (6]

m m m
kyvkyy  KogtKegtKgg  (Kgy+Kg,tKgs) (Kg,+Ks,)

Defining the fluorescence yield 9¢ (SO + SnJ as the mumber of fluorescence
quanta emitted per second divided by the number of excitations per second for
the Sp > S, transition in the absence of T-T absorption (I' = (1], we find

_ 9p(5578,) - (5S))

B = L1575, (7}

A¢f is thus the relative difference in the fluorescence yield for S0 > 3, and

Sy > S.| excitation caused by ISC directly from S, - Tm'

$fT is the fraction of T, »~ T excitations resulting in deactivation through the

pathways:

T, -8 — 8/ 8, T, - T, == 8 > 8§, and T ==+ §, ==+ T > 5; > §,.

The value of both A¢. and der is between 0 and 1, and depends on the type of

melecule and its surroundings.

In deriving (6}, two assumptions have been made:

i) k21 is purely radiative as found for porphyrins, chlorins, chlorophyll
and pheophytins [ 5] ;

(ii} the probability for finding a molecule in a state other than S0 or 'l‘0 is
taken to be so small that to a high degree of accuracy ny+n, =1 (sce
Appendix I).

Eqn (6) is only valid in the absence of energy transfer or photochemical de-

composition.

As is evident from (6}, I. is non-linear in the excitation light intensity I,

but £n the absence of T-T absorption there is a linear dependence of If" vs 1

then

-
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The slope of the linear plot of I, ' ve 17| is given b K21 * Fon i
Silope 1 P £ & 1g1 ymﬁ

b (Sy > S)

Figure 3.2.3 represents a plot of the fluorescence intensity If as a function of
excitation rates Ik13 and I‘k46, with ¢pp @S a parameter. We have taken A¢f to
be zero and have adopted values for kJl o
molecules. These values have been used throughout Chapter 3, so that calculated

which are common to porphyrin-like

curves in different sections of this Chapter can be compared.
We will now consider possible spin-effects on the processes involving T-T ab-
sorption and ISC crossing from Tnfm> to S (v). In the most general case (i},
der is spin-dependent and no spin-flip is assumed during the spin-selective
T0|m> > T n[m'> T-T abscrption- and IC processes. Relaxing the spin-selection
w.r.t. Tn{m’> + Sn(v).ISC results in a spin-independent ¢ £T and a spin-selective
T-T process (case ii). Finally, we may conceive that both Tnlm'> -+ Sn (v) IsC
and T-T processes are totally spin-independent (case 1ii).
It depends on the type of molecule (through factors such as density of
states at T n? ISC matrix coupling elements, etc.) which of these cases applies.
For large molecules the most likely case appears to be (1ii} because of a
physical argument: such molecules generally are expected to have relatively
small ZFS values and short spin state lifetimes of T . Then, lifetime broadening
m> > Sn(v) and
T0|m> « Tn|m‘> processes. This means that in all equations following this

of all Tn spin states removes spin-dependency from Tn

section the index m can be dropped from the equations defining Tom and 9
(17a,d etc.).

Fig. 3.2.3 has been calculated for case (ii). It turns out that the results
obtained for case (i) and (ii) are very similar because of mathematical reasons:
The yield ¢£gc for the ISC process T n]m> -+ 8" is given by

_Mise @

¢ =
1 l<11I1sc * kIC

Clearly, when kﬁc << SC’ where kISC is the rate constant for ISC from T Im >
to S (v), and kp. is the rate constant for IC from T |m> to Tj|m>, ¢ISC = 1 and
sp1n—1ndependent This situation corresponds to curve a in f1g 3.2.3. In the
o?her extreme, i.e. k?c >> k?SC we have no noticeable ISC from Tn|m> to S, then
¢ISC = 0 and again we have a spin-independent case. The intermediate situation
could give rise to different results depending on whether we take $pp tO be
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