Triplet-State Electron Spin Resonance of Chlorophyll a and b
Molecules and Complexes in PMMA and MTHF

I: Experimental Determination of Fine-Structure and Rate

Constants
W. Héagele, D. Schmid and, H. C. Wolf

Physikalisches Institut, Teil 3, Universitdat Stuttgart, 7000 Stuttgart, Germany

Z. Naturforsch. 33a, 83—93 (1978); received November 4, 1977

The triplet state zero-field splittings and the rate constants for the population and depopulation
of the triplet spin sublevels have been investigated for chlorophyll a and chlorophyll b in poly-
methylmethacrylate (PMMA) and methyltetrahydrofurane (MTHF) as a function of the con-
centration. In PMMA both chlorophyll a and chlorophyll b yielded only one ESR spectrum in
the entire range of concentration which could be covered (1.5 x 10— —1 X 103 mole/1). In
MTHF the results were more complicated. At low concentrations (up to 103 mole/l) only one
spectrum was observed, at higher concentrations additional spectra were detectable (all together
two for chlorophyll a and five for chlorophyll b at 10-1 mole/l). The assignment of these spectra
was facilitated by observing the “triplet resonance-field identity’’ which connects the resonance-
field strengths for the canonical orientations of one particular species. Furthermore, the rate
constants for some of these species could be determined.

1. Introduetion

Electron spin resonance (ESR)experiments have
proved to be a powerful tool for the investigation
of the electronic and structural properties of mole-
cules in their metastable triplet state. In recent
years this technique has been applied increasingly
to molecules which play a major role in the primary
steps of photosynthesis, like chlorophyll, both in
vivo [1—14] and in vitro [15—22]. These pigment
molecules participate in at least three steps of the
photosynthetic process: the so-called light harvest-
ing, the transfer of the absorbed energy to the
reaction center, and the actual charge separation.
It has been suggested that the different roles of the
chlorophyll molecules in the photosynthetic process
are induced by different environments or by forma-
tion of complexes containing the pigment molecules
[23—25].

In order to contribute to the solution of this
question we have studied the ESR of chlorophyll a
(chl a) and chlorophyll b (chl b) at various concen-
trations in a polar and a nonpolar solvent (MTHF
and PMMA, respectively). It is the purpose of this
work to investigate the influence of the environment
and the concentration on the molecular properties
of chlorophyll a and chlorophyll b. Parallels be-
tween these properties and those found in in-vivo
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systems may help to find models for the chlorophyll
configurations occuring in in-vivo systems.

A molecule in its metastable triplet state can be
characterized by static and by kinetic parameters.
The static parameters are the so-called fine-struc-
ture constants D and E, which describe the splitting
of the state in zero field due to the dipolar inter-
action of the two unpaired electrons, (see Fig. 1A).
If one designates the z-axis as the axis perpendicular
to the plane of the chlorophyll molecule (Fig. 1B)
and the z and y-axes in the plane of the molecule,
the bottom zero field level for these flat “‘pancake-
like”” molecules is the spin state £, (a state in which
the spin moves in the xy-plane). The two top levels
can be assigned to the spin states ¢, and t,, which
are defined correspondingly. The splitting between
these states is indicated in Fig. 1A and can be used
to define the fine structure constants. The kinetic
constants are the rate constants for the population
and depopulation of the zero-field levels which are
relevant in the excitation and deexcitation cycle
shown in Fig. 1A, [26, 27]. To describe the full
dynamic behaviour spin lattice relaxation processes
between the spin levels may be important. The rate
constants for such processes connecting the levels #;
and ¢; will be designated as wy; in the following. In
principal it is possible to derive these static and
kinetic constants from the static and dynamical
behaviour of the ESR spectra.

Since these molecular parameters depend criti-
cally on the interaction with the environment, they
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Fig. 1. A) Schematic representation of the relevant energy levels and transitions during the excitation — deexcitation
cycle in the experiments of this work. Full lines indicate radiative transitions, broken lines radiationless transitions.
The left hand part illustrates the electronic transitions between the groundstate and the singlet and triplet excited states;
the right hand part defines in an enlarged scale the rate constants for the selective population and depopulation of the
triplet sublevels ¢z, t, and t,. So, S1, Sn: singlet states, T'1, T»: triplet states; s: rate constants for population, k: rate
constants for depopulation; D, E: finestructure constants; IC: internal conversion; ISC: intersystem crossing. B) Struc-
ture of chlorophyll a and chlorophyll b. The molecular z-axis is perpendicular to the plane of the molecule,  and y are

in plane.

can reflect the interaction of a chlorophyll molecule
either with solvent molecules or with another
chlorophyll molecule in a dimer arrangement. Such
““special dimers” in their triplet state play a crucial
role in the “‘upconversion model” by Fong [24].

It is the aim of this work to study the concentra-
tion dependence of these molecular parameters and
to try to extract information about the complex
formation behaviour of chlorophyll. Furthermore,
we attempt to apply this technique to in-vivo sys-
tems. We will reinterpret the experimental results
on bacteriochlorophyll by Clarke and coworkers [9,
14] and propose a tentative model for such a dimer
in vivo as well as for dimeric forms of chlorophyllb
in vitro.

2. Experimental

2.1. Sample Preparation

Chlorophyll a and b was purchased from Sigma
Chemical Company (product No. C-5753 and C-5878,
respectively). To get rid of residual water all chloro-

phyll was dried carefully by dissolving it several
times in waterfree methanol which was subsequently
pumped off until a solvent vapor pressure of 104
to 10-5 Torr was reached. The dried chlorophylls
were dissolved at concentrations of 1.5 X 105 to
1 x 103 mole/l in methylmethacrylate (MMA,
R6hm and Haas) and of 106 to 10-! mole/l in
methyltetrahydrofurane (MTHF,  Merck-Schu-
chardt), which had been purified by repeated
chromatography and vacuum destillation. Follow-
ing a repeated degassing cycle the MTHF samples
were sealed in a quartz sample tube, whereas the
MMA was polymerized to PMMA by adding the
catalyzer Porofor N (Bayer) at a concentration of
10-3 mole/l.

2.2. Instrumental

Figure 2 presents a block diagram of the entire
ESR setup. Since all experiments were done at
liquid helium temperature the sample had to be
immersed in a cryostat. This cryostat has been
described previously [28].
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Fig. 2. Block diagram. Conventional ESR can be recorded using a Varian E-6 spectrometer. The light originates from a
high pressure xenon arc (XBO 450 W/2, Osram). It is passed through appropriate filters F and lenses L and focussed
onto the sample. For the nonstationary spectra it is chopped using a rotating disk. The reference signal for the double
lock-in technique and the CAT is obtained from a photodiode which monitors a chopped reference light.

Optical excitation in the wavelength region be-
tween 400 and 700 nm was achieved using a xenon
high-pressure arc (XBO 450 W/2, Osram) and
suitable filters (GG3 (5 mm) + KG3 (2 mm),
Schott, + edge filter A << 700 nm, Coherent Radia-
tion + water (7 cm)).

The ESR spectra were recorded using a commer-
cial spectrometer with 100-kHz field modulation
(model E-6, Varian). Apart from performing con-
ventional ESR experiments in many cases the light
was chopped additionally (chopping frequency be-
tween 0.25 and 2000 Hz) in order to improve the
signal to noise ratio and to obtain additional infor-
mation about the kinetic parameters. In these ex-
periments either a double lock-in technique (both
at the field-modulation and the chopping frequency)
could be used, thus eliminating the light-indepen-
dent stationary ESR signals, or the kinetic behav-
iocur of the ESR signal amplitude after switching the
light on or off could be studied. In the latter case
the output of the 100-kHz lock-in amplifier was

recorded using a signal averager (model 5480,
Hewlett Packard).

Qualitative information about the dynamic be-
haviour of the ESR signals may also be obtained
by studying the way the double lock-in signal
depends on the chopping frequency. This is illus-
trated qualitatively in Figure 3. Three different
cases of the kinetic behaviour are distinguished in
this illustration :

A) a monotonous approach of a purely absorptive
signal to its equilibrium level after the light is
switched on or off suddenly,

B) an absorptive signal which overshoots its equi-
librium value after the sudden switching of the
light,

C) an emissive ESR signal with an absorptive
overshooting after the light is switched on.

All three cases have been observed in molecular
crystals [26, 27]. The accompanying ESR signals
depend differently on a variation of the chopping
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Fig. 3. Qualitative behaviour of the ESR-signal amplitudes at chopped excitation using double lock-in techniques for
various experimental parameters. See text for detailed explanation.

A) Stationary absorptive signal without overshooting,

B) stationary absorptive signal with absorptive overshooting,

C) stationary emissive signal with absorptive overshooting.

frequency. In case A the signal amplitude drops
monotonously, if the chopping frequency is raised
from low values to values which are high compared
to the inverse of the systems characteristic time
constant. In case B the lock-in signal reaches a
maximum value, if the chopping frequency equals
the inverse time constant, whereas in case C it
reverses its sign when passing through the critical
chopping frequency.

In this way it was possible to estimate the sys-
tem’s rate constants by looking at the chopping-
frequency dependence of the double lock-in signal.

3. Experimental Results

3.1. ESR Spectra

Figure 4 shows the ESR spectra obtained from
chlorophyll a molecules in a matrix of PMMA at

various concentrations (1.5 x 1075, 2 x 104 and
8 X 104 mole/l). They were obtained using the
double lock-in technique described in section 2.2.
Since the molecules are oriented at random the
sample yields the familiar “glass-spectrum” pattern,
which has been discussed in great detail by Kottis
[29]. He has shown that the lines observed in the
differentiated ESR spectra at the field strengths
labelled B, B;- and B;* result from the low and the
high field transition (ms; = 0 < mg = 4+ 1) of mole-
cules in canonical orientations (B parallel z, y and
z, respectively). Thus the fine-structure constants
may be obtained from these spectra in a first-order
approximation using the well known relations

D = }g.pup(B:* — By),
D+ 3E = gyup(Bzst — By), (1b)
D —3E =gyup(By* — By) . (1c)
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Fig. 4. ESR-spectra of
chlorophyll a in PMMA at
4.2 K. Concentrations:

8 X 1074, 2 X 104 and

1.5 X 104 mole/l. Light-
chopping frequency: 50 Hz.

2850 3050 3250 3450 |0 3850
MAGNETIC FIELD STRENGTH [G] —»

Assuming g; = gy = ¢, &~ 2, this yields for the fine-
structure constants of chl a in PMMA in the covered
range of concentration (low concentration, species
AO):
(AO): D= (303 4 3) x 104 em™1,

E = (424 3) x 104cm™1.

Figure 5 shows analogous spectra for chl b in
PMMA (¢ =5 x 10-5,2 x 10~4and 1 X 10-3 mole/1).
They can be interpreted by using the following
numbers for the fine-structure constants of chl bin
PMMA in the low concentration limit:

(BO): D= (320 4 5 x 10~4cm-1,
E = (32 +3) x 104.

However, there is an indication that the observed
spectra for 10~3 mole/l result from a superposition
of two different species with slightly different fine-
structure constants (D = (314 + 3) X 10~4 em~1,
E=(294+3)x10%4cm~1 and D =(32343)
X 10~4em™1, E = (34 4 3) X 10~4cm~1, respec-
tively) and different rate constants. This presump-
tion is hinted by a slight shift of the observed line
positions, if the response time of the low-frequency
lock-in amplifier (light-chopping frequency) is
varied. It is also hinted by a very small splitting

} —t } — — Fig. 5. ESR-spectra of chlorophyll b in PMMA at 4.2 K.
2950 3150 3350 3550 3750 3950 Concentrations: 1x 1073, 2 x 104 and 5 X 10-5 mole/l.

MAGNETIC FIELD STRENGTH [G] — Light-chopping frequency: 50 Hz.
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Fig. 6. ESR-spectra of chlorophyll a in MTHF at 4.2 K.
Concentrations: 10-3, 10-2 and 10-1 mole/l. Light-chopping
frequency: 110 Hz.
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Fig. 7. ESR-spectra of chlorophyll b in MTHF at 4.2 K.
Concentrations: 9 x 10-2,2.5 % 10-2,7 x 10-3and 1 x 10-3
mole/l. Light-chopping frequency: 40 Hz.

of some of the lines observed in the spectra with
continuous excitation (see for example Fig.9, B;").

Compared to the spectra of a system of triplet-
state molecules at random orientations in thermal

equilibrium as discussed by Kottis [29] some of the
lines have reversed signs. This is due to the well
known spin polarization occuring in the singlet <
triplet transition [26, 27, 30]. As has been mentioned
before (Sect. 2.2) this can be used to estimate the
rate constants for the population and depopulation
of the zero-field sublevels of the triplet state. We
will discuss this in detail in the following section.

Figures 6 and 7 present the respective ESR
spectra for chla and chlb in MTHF at various
concentrations. In these spectra a significant in-
fluence of the chlorophyll concentration is observed.
For instance the spectrum from 10-3 mole/l chloro-
phyll a in MTHF yields the following fine-structure
constants:

(A1l): D= (288+3) x 10~4cm™1,
E=(424+3) x 10-4cm™1.
If the concentration of chl a is increased to 10-2 or
101 mole/l another set of fine-structure constants
accounts for the observed spectra:
(A2): D=(29143)x10~%4cm1,
E=(59+3)x10%4em™1.
For chlorophyll b in MTHF the observed concen-
tration dependence is more complicated:

At low concentrations (= 10-3 mole/l) the ob-
served fine-structure constant are
(B1): D =(29443) x 10~4cm1,

E=494+3) x 104cm-1.
If the concentration is increased to 10~2 mole/l, the
additional spectra can be explained using
(B2): = (3156+3) x 10~4cm1,

E = (874+3) x104cm-1.

Following a further increase of the concentration
the chl b spectra become quite complicated and
must be attributed to a superposition ot different
triplet spectra. By varying the light-chopping fre-
quency between 0.25 and 2000 Hz systematically it

was possible to identify three additional triplet
species in order to account for the observed spectra :

(B3): D:("5—l—’) 10-4cm—1,
E=(294+5)x104%cm1,
(B4): D=(212j:3)><10 4dem-1,
E=4143)x10%cem1,
(B5): D= (255-+3)x 104cm1,
E=(69+3)x10-%cm-1.
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This assignement was made possible by observing
the following simple relation, which we will call the
triplet resonance-field identity, and which can be
easily derived from the spin Hamiltonian of the
triplet state [31]. It states that for a given triplet
system the resonance fields observed in the glass
spectrum must obey the simple relation

~\ (B [ BrY\
<Bx+> .(Bf) .(Bz_) = -

It is straightforward to prove this statement gener-
ally, even for anisotropic g factors, simply by cal-
culating the resonance field strengths for the canoni-
cal orientations [32] and multiplying them in the
indicated fashion. The triplet resonance-field iden-
tity is quite useful to determine whether the assigne-
ment of a set of ESR-lines in a complicated glass
spectrum to one particular triplet species is adequate
or not.

Table 1 summarizes the triplet species observed
in the different samples and their respective fine-
structure constants.

Table 1. Fine-structure constants of chl a and chl b in
PMMA and MTHF at various concentrations.

Ma- Mole- Concentra- Fine-structure Sym-
trix cule tion constants bolic
[mole/1] [104 cm™1] Label-
D E ling
PMMA Chla 105—10-3 303 +3 4243 A0
Chlb 105—103 320+5 32+3 BO
MTHF Chla 103 288 +3 42+3 Al
Chla 102 288 +3 4243 Al
291 +3 59+3 A2
Chla 101 291 4+3 5943 A2
Chlb 104 29443 4943 B1
Chlb 25%x102 29443 4943 Bl
315+3 87+3 B2
Chlb 10-1 204 +3 4943 B1
315+3 87+3 B2
325+5 2945 B3
272 +3 4143 B4
255+3 69+3 B5

3.2. Optical Electronspin Polarization (OEP)

It was mentioned in the previous sections that
some of the observed ESR transitions are emissive
(Sect. 3.1) and that in such cases the size and even
the sign depends on the choice of the light-chopping
frequency relative to the characteristic time con-

3050 3250 3450 3650 3850

MAGNETIC FIELD STRENGTH [G] —»

Fig. 8. Comparison of the light-chopped ESR signal (top)
of chl a in PMMA (2 x 104 mole/l, 50 Hz) to the stationary
signal of the same sample (bottom).

2850

stants of the system (Sect. 2.2). As an example
Fig. 8 (lower curve) shows the spectrum obtained
from chl a in PMMA (2 x 104 mole/l) at continuous
excitation. Comparing this spectrum with the
pattern given by Kottis [29] for a purely absorptive
system it is obvious that some of the lines are ab-
sorptive (4) and some are emissive (E):

B :E|By:A|B;E; B,jt:A|B;:E|B+: A.

From this pattern the following inequality for the
relative occupation numbers of the spin levels can

be deduced [33]
Ny>NZ9 NZ'

The influence of nonstationary effects in the chop-
ped-excitation spectra is demonstrated by the com-
parison of this pattern with the upper curve in Fig-
ure 8. In the latter case the light was chopped at
a frequency of 50 Hz, and it is clearly seen that the
lines at BF have reversed their signs. This observa-
tion manifests an emissive overshooting of this line
after switching on the light as discussed in Section
2.2. This yields for the occupation numbers im-
mediately after switching on the light N, Ny > N,.

Figure 9 illustrates the corresponding spectra for
chl b in PMMA. Whereas in the chopped spectra all
three low-field lines are emissive and the high-field
lines are absorptive indicating a occupation N,
Ny> N, thelinesat B, and B, in the steady-state
spectra have reversed their signs compared to the
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Table 2. Stationary and nonstationary OEP patterns and triplet-level occupation numbers.

Molecule/ Stationary OEP Nonstationary OEP
Matrix
’ Character of ESR line Occupation Character of ESR line Occupation
(£ = emissive numbers (E = emissive numbers
A = absorptive) A = absorptive)
B, B, By~ Byt B;* B;* B, B,~ By~ Byt B; Bt
Chl a/PMMA E A E A E A Ny>N_, N, E E E A A A Nz, Ny> N,
Chl b/PMMA E E A E A A Ny;> Ny, N, E E E A A A Ny, Ny> N,
Chl a/MTHF E A E A E A Ny> Nz, N, E A E A E A Ny> N, N,
Chl b/MTHF E E A E A A Ny;> Ny, N, E (E) E A A A Nz, Ny> N,

chopped spectra indicating a initial occupation
N;>Ny, N,.

In a similar way both the stationary and the non-
stationary OEP for chla and chlb in MTHF can
be analyzed. It turns out that these qualitative re-
sults in both matrices do not depend on the con-
centration. The results are compiled in Table 2.

Chlorophyll a exhibits in both matrices the same
stationary pattern, but in the nonstationary case
B; is emissive in PMMA and B, absorptive
whereas in MTHF B is absorptive and B, emis-
sive. For chlorophyll b both the stationary and the
nonstationary patterns agree in both matrices
qualitatively with each other. However for chla/
MTHF our pattern does not agree with that ob-
served by Kleibeuker et al. [20]. They observed a
nonstationary polarization pattern of the type
E, E, A/E, A, A. This discrepancy is not yet under-
stood.

3.3. Kinetic Rate Constants

The time dependence of the ESR signal intensity
following a sudden switching of the excitation light
is determined by the rate constants for the popula-
tion and depopulation, s; and k; respectively, of the
Zeeman level |t;» (i =0 or + 1), and by the spin
lattice relaxation rates indicated in Figure 10. For
convenience we have abbreviated the latter quanti-
ties. wy is an abbreviation for the relaxation rate
from |t1) to |to), w1 =w1,0. w2 and w3 are defined
similarly: we = wq, -1, w3 = w1,-1. €1, €2 and eg are
abbreviations for the Boltzmann factors of these
pairs of Zeeman levels. by, b_; and by are the cor-
responding microwave transition probabilities. The
rate constants s; and k; are related to the zero-field
rates in the well known way [27].

It is straight forward to write down the rate
equations for the occupation numbers of the

Zeeman levels of the system illustrated in the right
hand part of Figure 10. The solution of these equa-
tions is facilitated by assuming that the ratio of the
population numbers of |£41) and | ¢-1) is N1/ N_1~ves,
independent of the degree of spin polarization. This
assumption is justified in first order approximation
for X-Band experiments, since N1/N_; in this case
can vary only between ez~ 0.82 (thermal equi-
librium) and 1 (complete spin polarization). Using
this approximation the rate equations are:

No= — (ko+ w1e1+ wa + so+ b1+ b-1) No

+ (w1 e3+ waes — so (1 + e3) (3a)
+brez+b_1) Noa+so N,
No1= (w2 — s1+ b-1) No (3b)

— [k + waeg+ b1+ s1(1 +e3)] Noy+s1V,
Ni=esN-1; Ni=esN. (3c)

N is the total number of chlorophyll molecules. The
s; account for the transition probabilities from the
singlet ground state to the excited singlet states
multiplied with the fraction of excited molecules
which crosses over to the state |ti>. by was ne-
glected in writing down Eqs. (3), since (4m = 2)-
transitions are negligible in the experiments under
consideration. In the following we will neglect all
the microwave-induced transition rates, since all
experiments were performed at microwave levels
far below saturation.

The coupled differential equations (3) can be
solved readily yielding for the time dependence of
the occupation numbers a superposition of two
exponential approaches to the equilibirum value:

No=NQ + N{Pent4 NPet,  (4a)
Ay—l — A7\*(—01) E N(—ll) e~ Tt -k A‘(_‘Zl) e~ et , (4}))
Ni=e3N_; (4c)
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r1 and rg are the roots of the secular determinant
— [ko + w1e1 + w2 4 5o — 7]
[wa — s1]

It should be remembered that Eq. (5) depends on
the orientation of the magnetic field with respect to
the molecular principal axes frame, since the high-
field rate constants depend on the orientation. For
instance, for By parallel to « the rate constants are
given by ko =k, and k1= k_1 = } (ky + k;). Anal-
ogous relations hold for the other canonical orienta-
tions [27].

+ +
BZ

1 1 1 1

2950 3150 3350 3550 3750
MAGNETIC FIELD STRENGTH [Gl —»

Fig. 9. Comparison of the light-chopped ESR signal (top)
of chl b in PMMA (1.5 10-3 mole/l, 50 Hz) to the sta-
tionary signal of the same sample (bottom).
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Fig. 10. Rate constants for population and depopulation
of the triplet-state sublevels in zero field and in high field
together with microwave and spin-lattice transition proba-
bilities.

[wyes + waea — so(1 + e3)]
— [k1+ waea+ s1(1 4 e3) —r]|

=¥ (5)

Since the ESR signals are proportional to the
difference of the occupation numbers of the levels
envolved, they are proportional to a superposition
of the same exponentials and their time dependence
reflects the rate constants r; and rs obtained from
Equation (5).

Figure 11 presents examples for this time depen-
dence of the ESR signals obtained from chlb in
MTHF (10-4mole/l). The ESR signal for each
canonical orientation approaches its new equi-
librium value in agreement with the predictions of
Eqgs. (4) after the light is switches on or off suddenly.
Thus we can determine the roots of the secular
equation (5) for the canonical orientations experi-
mentally.

In order to relate these experimentally deter-
mined quantities to the rate constants let us con-
sider first the turn-off process (s; =so=0). For this

Bllz OFF
Ss |

10ms

10ms

ESR SIGNAL INTENSITY (ARBITRARY UNITS)

TIME —»

Fig. 11. Kinetics of ESR-signal amplitudes of chlorophyll b
in MTHF (10-4 mole/l) for the high-field and low-field
transitions of molecules in the canonical orientations.
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Table 3. Rate constants for the population and depopulation of triplet states of chl a and chl b in PMMA and MTHF.

System Depopulation rate constants Spin lattice relaxation Population
rate constants rates

[s71] [s71]

kp kx ky k, Wy wy Wy Sz, Sy, Sz
Chlain PMMA (AO) 270 +30 420430 3554+30 25+10 80440 130450 5040 sy~sy>s;
Chlbin PMMA (BO) 220 +30 420-+40 220430 2015 110260 2004+60 190 +50 sy~ s>,
Chlain MTHF
A1 (10-3 M/1) 460 - 50 310440 930 4+90 150 +25 750 4120 250 + 110 150 +90 sy > s> 8
A2 (10-1M/1) 730 80 1180 £120 830480 180430  20,+£,150 220 £ 140 200 + 130 sy >8> s,
Chlbin MTHF
B1 (104 M/l) 200430 195430 380440 20410 125450 265460 285460 spA sy >s;

discussion we will furthermore use the approxima-
tione; —es=)/e3=e~09 and w;=wy=w.
Vieta’s formula for the roots % ; and 7Y , of the
quadratic eq. (5) yields

rhg e =k 4+ k4 (14 2e)wt,

Py X rie = Kok 4 (1 4+ e) K + e k) wi.
The index A4 designates the turn-off process, the
superscript ¢ stands for the canonical orientation x,
y or z. Equations (6) yield a quadratic equation for

k. Substituting e = 0.9 into this equations gives
finally

= = 1.0364 kr — 0.0182 (', + r'y,)
+ [— 2.2612 k% + 2.0350 (v, + 7o) kr
— 2.0364 7, , ¥’ 5 + 0.0003 (1%, + 7% 5)2]12.

(7)

kr is the inverse triplet lifetime:

kp=3(ks+ ky+ k) =3 2K + ko). (8)

The three Eqgs. (7) are double valued yielding eight
arithmetically possible combinations. However,
Eq. (8) allows in general to rule out at least six of
these combinations. The final ambiguity can then
be removed by consulting the qualitative results of
Section 3.2. Substituting these numbers for k¢ into
Eq. (6a) the spin lattice relaxation rates w; can be
obtained. In principal it is possible to determine
also the rate constants for the population, st, from
the approach to the equilibrium after switching on
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