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I Introduction

Since the discovery of the triplet state in photo-
synthetic bacteria, in which the primary acceptor was
chemically reduced {1] much work has been devoied
to elucidate the properties of this state and its mode
of generation. Optical cxperiments in reduced reac-
tion centers of Rhodopseudomaonas sphaercides [2,3]
revealed a state, called Py, that rose in i0—15 ns and
decayed in 3—6 us at room temperature. At 80°K and
lower it decayed in aboui 110 gs. On the basis of its
abhsorption difference spectrum it was concluded that
the state Py coincided with the triplet state as found
[1.4,5] by ESR spectroscopy. Tt was suggested [6]
that the triplet state was generated via a back reaction
between the oxidized primary donor (@ bacterio-
chlorophyll dimer) and a reduced intermediate
reactant, which was suggested to be a bacterio-
pheophytin [7—10]. Thus ai low iemperatures the
reaction scheme will be:

<5ps N 10 ns
{Bchl), Bph X™ —— (Bchl); Bph X~ ———

110
(Behl,)T Bph X~ — > (Bchl), Bph X~

The rate constanis (expressed as half times) of the
above scheme were measured by fast optical spec-
troscopy. The rise kinetics of the ESR sigral, corre-
sponding to Pg, couid not be measured; for its decay,
at v 10°K, half times of about 5 us were found
[1,4,5]. ESR experiments in zero field (zero field
resonance, ZFR) {11,12] at about 2°K have yielded
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decay rates for the x, ¥ and z compenentis of the
triplet state. Unfortunately, the reporied values fo.
the x and ¥ componants differed considerably,
vielding for the average dacay haif time {which
obtains at"higher temperatures above say 80°K)
values of 287 us [11] and 106 s [12]. In order to
resolve the discrepancies between the optical and ESR
measurements of the decay rates, and between the
conflicting values obtained by the ZFR method we
have carried out fast laser-flash ESR spectroscopy on
the triplet state of Rhodopseudorionas sphazioides
at a temperature of 5°K. Using a simple model,
incorporating the spin-atiice relaxation and depopulat
ing rates, we have arrived af a value for the decay rate
of the x aud y componenis, X, and &, and the z
component, &,, of 6300 s~ and 18CD st {x 20%),
respectively. These values compare favorably with the
ZER results [12] aad with the aptical low teripera.
ture measurements | 13]. An average decay half tiie
of 140 us (£ 20%) is found, in reasonable agreemen:
with the aptically-determined value ¢i 110 us at

80°K.

2. Matcrials and metitods

2.1. Experitnenial

The measuremenis were carried out with chromato-
phores of Rhodopsendomonas spheeroides. Bacteria
were grown as described [14], chromatophores were
prepared by sonification during 10 min. The chloro-
phyll concentration was 0.1 mg/ml. Reduction of ithe
primary acceptor was obtainad by adding excess solid
sodium dithionite unvier nitrogen atmosphere. ESR
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specira were recorded with a slightly medified Varian
E9 spectrometer, having an instrumental response time
of 20 us {15} ; ficld modulation was 20 G at 100 kHz.
The excitation light source was a Zeiss dy= laser type
FL3B giving z light pulse of 500 ns half widith (about
10 nJ), employing rhodamine R6G tuned at 390 nmn.
Low temperstures were obtained by an Oxford
Instruments helium-flow cryostat, equipped with a
temmperature control unit. Control measurerients with
a calibrated thermistor inserted in a dummy sample

indicated that the sample temperature was t¢ witliin
a few tenth of a degree around 4.2°K. Temperaiure

rise due to the laser flash proved to be negligible. The
kinetic response was averaged with a Daia Lab DL
102, (dwell time 5 ps or 10 ys) triggered by the laser
fiash. The number of scans varied from 16—3512
depending on the microwave power. Computations
and simulation of the depopulation of the triplet
levels were carried out with a PDP 9 computer
employing the program “SIMULA” written by Mrs
Lies Huyser.

2.2, Theoretical .

The triplet state in photosynthetic bacteria is
strongly spin polarized {4]. The polarization is
currently thought to be brought about by the so-
called radical pair mechanism {6,16,17]. in the state
{Bchl.)'Bph~ X~ the spins of the oxidized bacterio-
chlorophyil dimer and the reduced bacteriopheophytin
oscillate between the singlet and the triplet state:

(Bchl,"'Bph )8 X~ & (Behi, Bph )T X~

The energy difference between the mz = +1 levels
and singlet Ievel in high magnetic field being much
larger than between the m = @ level and the singlet
level, only the »z = 0 level is populated in the triplet
state of the radical pair; this spin polarization is
conserved in the back reaction:

(Bchl,’Bph )T X~ — (Bchl,)' Bph X~

If one admits that not only S—7y mixing but also
some 5—7:; mixing is allowed (some indications for

this have been found in experiments on the dependence

of the tripl=t yield on magnetic field {16} ) the initial
signal anplitudes will be decreased, but for not tco
lurge an admixture the kinetic response is found to be
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Fig.1. Light minus dark ESR spectrum of chemically-reduced
Rps. sphaeroides at 5°K. Modulation amplitude 20 G,
microwave power L mW. A, B and C indicate the ficld posi-
tions at which {lash experiments were perforimed.

the same. Predominant §--T; mixing explains the
unusual patiern of the ESR spectrum of the bacterial
triplet [&8] (fig-1). :
Monitoring the kinetic response of the triplet
ESR signal at the peaks A, B and C of fig.1 permits
extraction of the molecular decay rate constants

&, (4 =x, 3, z). Since the populations of the triplet

levels in high ficld are so strongly polarized, the
decay of the intensity of a flash-induced ESR signal
is to a large extent determined by stimulated emission
or absorprion 1ather than by the spin-attice relaxa-
tion time, at ihe levels of microwave power usually
employed [ 18] . This effeci nas to be taken into
account explicitly.

In fig.2 the various processes involved in the

HIH> Hi/Hy
R - Py Pyow,l W
W W }}(ky*k7] W, W,
| [kxq'ky} ﬁ
ks [o> ; 4 lo>
iRl vl owe . We W
Ky
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yz‘kx"kyl

Fig.2. Schematic represcatation of relaxation and depopula-
tion of the triplet states at high field for H//x and Hf/z. The
depopulation for &//y is analogous ta &//fx.
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depopulation of the triplet levels are depicted for the
magnetic field I parallel (o the molecular z and x axis
(Hffz and H//x, respectively). Note that the main
difference between these two situations lies in the
differens mixing of the molecular rate constants &,
upon the transformation from the zero field states
T >, ,>, IF,> to the high fieid states I+12>,

IU> I—1> The differential equations governing the
depopulation processes for H//z and H//x (the set for
[y is analogous to that for H//x) are as follows:

dN

E{“‘ W, Ng —W_N, — %( k_v)l‘@

AN ,
£
+ PN _ — Ng)—k, Ny

av
E;—P(Nu 7.{V )+W NO— W N_
4

Fl ¥RV

dN,
S PN N+ W.Ny - W_N,
r

— 3 &y HEN,

divg

Hiix Y LV N+ W_(V. —Ng)
— PV, — No) — kNyg
dn _ r 1
a‘u =W_Ng — W.N_ *5“5}, TRV

where M, , Ng and N_ are the populations of the
141>, lU> and |-1> states, respectively; F is the
prabability of the transition induced by the micro-
wave field; and W, and W_ are defined by 1/T, =

W, +W_and W /W_= e~ 2E/KT T, is the spin-
{attice relaxation. For the high fisld transition labeled
A in fig.t (if//z) the ESR signal is propertional to

Ny — N_, for transition labeled B in fig.1 (H//x,) it is
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proporiional to Vg — NV, . The energy differences

between the 102> and 41> levels has been taken equal
to that of the 10> and | -1>> leveis. As starting condi-
tion we assumed that the iriplet siate is instantaneously

populated in the 10> level enly; &, was taken to be
equal to &,..

3. Besulis

Figure 3 shows the measured decay times 7 for the
high field transitions &//z, A//y and &//x after a laser
flash at 53°K ar function of the microwave power
incident on the ecavity. The drawn line represerits tha
decay times ostained by solving the differentinl
equations; best fit was obtained taking = 10s7t at
50dB, &k, =k, =6500s"', k., = 1800s™" and
1/7y = 580 s~ . The values of Pand T, are not
unreasonable. At 4°K the spin-lattice relaxation time
for triplets Is of the order of a few milliseconds {19}
whereas £ must be much smaller than L7, at 50 dB
becavse we are then far from saturation. The ratio
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Fig.3. Triplet decay half times at 3°X as a function of micro-
wave power for H//c (—o—), H/fy (—2=) and H/z {(—o-);
20 ¢B corresponds to 2 mW. Deawn curves repicsent computer
fit as caleulated from the rate equations with parameters

=10 s™" at 50 4B, k.= ny =500t k, = 1800 57t and
1/, =500s7t.
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Fig.4 A. Rise and decay of the flash-induced triplet ESR signal at field position A. The risetime is instrument limited. Microwave
pewer 0.2 mW, temp. 37K, modulation amplitude 20 G. Accumulation of 16 lazer flashes at 590 am. Drawn line is caiculated
with values for P, T, and &k, (4 = x, y, z} determined from the computer fit to the data of fig.3. Fig.4 B. Semi-log plot of the

curves from fig4A.

between £ and 1/7, is about 1 at the microwave power
corresponding to the poini where the curve r versus
microwave power stzrts to bend down (best seen in
the case H//x). The intersection of the curves with the
P =0 axis give approximate values of &, + /7T, (not
exactly because spin-relaxation couples all three
levels).

The goodness of the fit can be judged by compar-
ing simulated and measured decay-curves. In fig.4
a typical example is displayed. It is scen that the
simulated decay curve can be very well fitted with a
single exponential and that it fits well with the
measured decay for times exceeding the instrumental
response time. For very high po.rer (32 20 dB) the
decay can ne longer be fitted with a single exponential,
due to the fact that stimulated emission is much
faster than s; m-lattice relaxation and radiation less
decay. Most of the decay then proceeds in a time
shorter than our instrumental respense time.
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4. Discussion

The decay rate of the iriplet ESR signial of photo-
synthetic bacteria is governed by stimulated emission,
by spin-lattice relaxation and by the decay of the
excited state to the ground state. In order to measure
the molecular de-excitation, it i5 imperstive to work
under conditions of very low microwave power, and
at temperatures where the triplet sublevels are effec-
tively isolated fram one another. Both these condi-
tions were not satisfied in [4] , which explains the fast
decay rates found for all lines in the triplet ESR
spectrun.

Our results show that following flash excitation,
the decay rates ¢f the ESR signals, as measured with
very low microwave power at 5°K are very much
longer. The rites for the x and y lines are faster than
for the z component, in agreement with zero field
resonance resulis [12]. The average half time for the
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x and ¥ components {106 wus) is somewhat longer than
that found [12} (78 us) and the half time {84 us) of
the fast decay component at 4.2°K found [13]. This
difference may be caused by the magnetic field. It
should be siressed that picosecond laser spectroscopy
and the present technigue, both in which the triplet
decay is followed after flash excitation, are quite
different from the ZFR technique which monitors
changes in fluorescence caused by resanant micro-
waves under continuous illumination. It is well
known that in the latter case the measured decay
rates depend on the intensity of the exciting light
[20]. At low levels of light intensity this dependence
becornes even more important, a fact that is not
always appreciated {21]. Thus, although the laser
iflash ESR technique is inherently somewhat less
sensitive, it is more direct than the ZFR mcthod with
fluorescence detection. We note that our present
results are in fair agreement with the ZFR work [12]
but deviate considerably from the decay rates found
[11] who employed the same ZFR technique. It has
been suggested [21] that the discrepancy between the
ZFR results of [12] and [11] resulted from differ-
ences in the light intensity employed. This possibility
has been examined in subsequent work [22], in
which the decay of the triplet siate was measured by
ZFR under conditions of very low light intensity.
Again, values of &, and ky were found that closely
agreed with our present results and with those found
[13]. We conclude that the values for £, and xy
fournd [11} are substantially too low.

The decay rates of the triplet state of the primary
donor are much faster than those of monomeric
bucteriochlorophyll in glassy soluticn [21]. This
finding is consistent with ZFR results on dimeric
model systems consisting of two planar aromatic
molecuies, like benzene or naphtalene, which are
rigidly kept together by two —CH, CH, bridges
{23 .24]. Adding suitable substituenis, these so-called
biphansas ¢an be made into charge-transter complexes,
whose triplet states show much-reduced zero field

splittings and decay times compared o the monomers.

Since it is known that in the oxidized primary donor
the unpaired election is fi:lly delocalized, this suggests
that it is not sufficient to take inio account only ithe
exciton character of the bacterial tripiet as in the
adaptation of the exciton model {25] trcated [21],
but that also ionized states should be taken into
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account. We feel, therefore, that it is premature to
use the theory ouilined in {21] with our values of
the molecular decay rates to obtain information on
the angle between the dimer consiituents.
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