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ADIABATIC PASSAGE THROUGH OR AROUND
AN AVOIDED CROSSING

Samuel I. Weissman
Department of Chemistry, Washington University
St. Louis, Missouri 63130
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ELECTRON AND NUCLEAR SPIN EFFECTS
IN SUPRAMOLECULAR SYSTEMS

Nicholas J. Turro
Department of Chemistry, Columbia University
New York, New York 10027

During the past two decades it has been found that enormous
magnetic effects can be found for radical pair reactions conducted in
micelles, zeolites, biradicals, etc. The issue arises as to whether there is
a common structural and dynamic theme which would provide an
intellectual framework for analyzing and constructing such systems. A
model of such a framework which exploits the ideas of "supramolecular
structure” and "hyperkinetic dynamics" will be explored. Examples of the
model will be given for the combination of two reactive radicals in micellar
environments. In these examples, the geminate radical pair serves as guests
in a micellar host. The system is supramolecular because the guest host
pair will be shown to possess properties that are beyond (supra) those
anticipated for the "molecular” radical pair or the unoccupied micelle. The
occurrence of large magnetic effects will be shown to be a consequence of
"resonances" in time-space-structure relationships within the supramolecular
system.
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COMPARATIVE ANALYSIS OF MAGNETIC FIELD EFFECTS IN VISCOUS LIQUIDS AND
MICELLES. CAGE VS. SUPERCAGE.

A.I.Shushin
Institute of Chemical Physics, Academy of Science, 117977, Moscow, Russia.

It is well known that in viscous liquids and micelles the life time of
particles at short distances from each other is usually much longer than is
expected from simple gas phase type estimations. This confinement phenomenon
is usually called the cage effect (CE). CE shows itself significantly in
various chemical and physical processes in liquids. Here we will discuss the
manifestation of CE in magnetic field effects (MFEs) on geminate radical
pair (RP) recombination in viscous homogeneous and micellar solutions. These
two media differ in size of cages: usually the micelle cage is significantly
larger than the cage in homogeneous liquids (whose size is of the order of
the size of the molecules d).

The most physically reasonable model of CE both in viscous and micellar
solutions is based on the Smoluchowsky approach assuming diffusive motion of
radicals with the coefficient Dc inside the short range interradical mean

forice potential well u(r) with the coefficient Df outside [1]. The spin

evolution of RPs 1is governed by the distance dependent spin hamiltonian
This model predicts some peculiarities in MFE generation kinetics both
iscous liquids and micelles [1,2].

Small cages: R = d, Dc = Df. In this case for typical parameters of
b= RZHH“/D < 1 and the magnetic field dependent RP recombination
c

kinetlics is completely determined by the universal quasistationary evolution
of the RP spin density matrix n(t) within the cage which is given by [2]

i
. . o A “ -1
n(t) = —17.[ de eetN(s)n and N(eg) = [iH +W+W Rk(s)+e] . (1)
2mi 0 c d
-jio0 ~
In eq. (1) n, is the initial RP density matrix, Hc = [HC,...] is the

commutator of the RP spin hamiltonian within the cage Hc HO + Jc, where Ho

is the free radical spin hamiltonian and Jc is the effective exchange

~ ~ -~ ~

interaction, W = W +W +W +W and k(eg) = v4£+iH +W )/D. W, W, W and W

s e r d O r £ s e r d
are the rates of reactivity, spin exchange relaxation, intraradical
spin-lattice relaxation and escaping from the cage, respectively. Simple
analytical formulae for all these supermatrices in terms of the parameters
of the potential are given in [2]. Any time resolved MFE observable M(t) (of

type MARY, CIDNP, CIDEP etc.) can be calculated in terms of n(t) [2]:

t i
M(t) = Idt TriMn(t)] = (2mi)”} I de eEts‘lTr[bﬂQ(e)nO], (2)
(o] -jio

where M is the operator of the corresponding observable.
Eqs (1) and (2) demonstrate some important characteristic features of

the MFE generation kinetics in the presence of CE. "
a) For rather deep wells and strong spin dependent interactions: ”Hc" >

WdR“k”, one can neglect the term WRk thus reducing the model to the
3
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exponential one
n = -(iH +W +W +W _+W )n. (3)
c s e r d % -~
b) For shallow wells and weak interactions: "Hc" e WdR”k" MFEs are
completely determined by the term Wde which results from the contribution

of reencounters of radicals escaped from the well and predicts inverse power
type kinetics corresponding to the free diffusion model [2].

2. Large cages: R » d, Dc < Df. In this case which corresponds to

micelle cages the MFE generation kinetics consists of two stages: a first
stage of spatial separation and equilibration of radicals within the cage
and a second stage of exponential quasiequilibriumZevolution. The kinetics
is significantly different in two limits: (a) & = R7[H|/D_< 1, and (b) & >

1, which will be called the cage and the supercage limits, respectively.

(a) In the cage limit, < 1, the kinetics is described by egs (1)-(3)
and the effect of the first stage on the spin evolution is negligible.

(b) In the supercage limit, ¢ > 1, the RP spin coherence within a
micelle is strongly reduced due to superposition of contributions of RPs
diffusing within the well. This rapid dephasing accompanies the spatial
separation in the well. Spin evolution during this first stage results in
the initial condition for the second stage and is determined by the free
diffusion model [3]. For example, in the STo—approximation, CIDEP P0 and the

escaping probability 2 are given by [3]

PQ = quI/[1+(Le—Ls/2)qR] and 2o =1 - (1/2)LSqR/[1+(Le-Ls/2)qR]. (4)
where qR+in = V(wr+21Q)/Dc, W; is the spin-lattice relaxation rate, 2Q =
w, W is the difference between the Zeeman frequencies of two radicals, Le
and I_.s are the radii of spin exchange relaxation and recombination,

respectively [3].

The second stage can be treated as a recombination of F-pairs i.e. the
kinetics is described by simple equations for the populations of - the spin
states of free radicals. For example, in the STo—approximation the equations

for the populations of the states |1> = |+>a|—>b and |2> = |—>a[+>b read [1]
P=-(W+W )P +KZ and Z = -(W_+W )Z, (5)
e d e F d
where P = n_-n and Z2 = n_+n__. In eq.(5) K =(W /2)P is the CIDEP
11 22 11 22 e s 0

generation rate and WF=(W /2)(2-20) is the recombination rate..
S

It is worth noting that the same micelle simultaneously can correspond
both to the cage and to the supercage limits for different effects which are
determined by the characteristic interactions satisfying the inequalities
<1 and £ > 1. One of the most interesting examples of such a case is the
antiphase structure (AS) of CIDEP spectra in micelles. For the majority
realistic RPs the CIDEP generation process in micelles is described by the
supercage approach (L > 1). At the same time AS is described by the cage
approach (L < 1) because the chaEFcteriggic time of AS generation is
determined by the relaxation rates we and wr for which one always gets ¢ =

RZW /<1 1],

e,r

I.Shushin, Chem.Phys.Lett. 181(1991)274, J.Chem.Phys. in press.
I.Shushin, Chem.Phys.Lett. 170(1989)409, J.Chem.Phys. 97(1992)1954.
I.Shushin, Chem.Phys. 144(1990)201, 223.

1. A.
2. A.
3. A.
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In the presence of triplet excited molecules, the electron spin system of radicals
in solution frequently exhibits a net and/or multiplet type chemically induced
electron polarization (CIDEP). It is thought to be generated during radical-triplet
collisions, via mixing and splitting of the doublet and quartet pair spin states
combined with preferred population or depopulation of either of these states
during triplet generation or annihilation, respectively (1-3).

The qualitative and quantitative experimental findings, so far available, all
indicate that this radical-triplet pair mechanism (RTPM) can account for those
polarizations, their signs and magnitudes as well as their dependence on the
relative diffusion of radical and triplet species. Especially it turns out, that the
net polarizations can become quite appreciable, whereas the multiplet type
enhancements will be rather small in most cases, due to the relatively weak state
mixing interaction and the rapid loss of spin coherence because of fast triplet
spin relaxation in solution.

References

(1) C. Blattler, F. Jent, H. Paul, Chem. Phys. Letters 166 (1990) 375;
C. Blattler, H. Paul, Res. Chem. Intermed. 16 (1991) 20L
(2) A. Kawai, T. Okutsu, K. Obi, J. Phys. Chem. 95 (1991) 9130;
A. Kawai, K. Obi, ]. Phys. Chem. 26 (1992) 52.
(3) A. I Shushin, Z. Phys. Chem. 182 (1993) 9;
G.-H- Goudsmit, H. Paul, A. I. Shushin, ]. Phys. Chem. 9T (1993) 13243, and
references cited therein.



FDMR AND CIDEP STUDIES IN PULSE RADIOLYSIS*

A. D. Trifunac, D. W. Werst and 1. A. Shkrob

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439

Time-resolved magnetic resonance techniques are used to examine the paramagnetic species
produced in condensed phase by radiolysis or photoionization. In such high-energy events, the
charge-pair creation is the first observable event. In alkane liquids, alkane radical cations can be
studied by Fluorescence Detected Magnetic Resonance (FDMR). The alkane radical cations
exhibit different chemistry depending on their structure. Linear and cycloalkanes undergo ion-
molecule reactions with the surrounding neutral solvent molecules. Branched alkane radical
cations undergo fragmentation. Unimolecular reactions such as Hy elimination giving rise to
olefin radical cations also occur in many alkane radical cations. Complementary CIDEP studies
of radicals produced in pulse radiolysis of alkanes provides information on the radicals
produced.

These time-domain magnetic resonance studies together with other time-domain optical and DC
conductivity studies, as well as the examination of reaction products allow us to develop an
overall scheme of high energy chemistry. Radical ions play a significant role in such a high-
energy T=gime.

(=

*Work performed under the auspices of the Office of Basic Energy Sciences, Division of
Chemical Science, US-DOE under contract number W-31-109-ENG-38.
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Measurement of Through-Bond and Through-Solvent
Spin-Spin Couplings in Flexible Biradicals. A Test of
the Superexchange Model for Electronic Interactions

Malcolm D. E. Forbes, Shiyamalie R. Ruberu, Gregory R. Schulz,
Kanku Bhagat, Ankur Bhagat, and Nikolai I. Avdievich

Venable and Kenan Laboratories
CB #3290, Department of Chemistry
University of North Carolina
Chapel Hill, NC 27599-3290

Flexible poly(methylene) biradicals are excellent model compounds for the study of
through—bond and through—solvent electronic couplings which are of importance in electron
donor-acceptor chemistry. We are studying the effects of unsaturation, aromatic spacers,
heteroatoms, temperature and solvent on the spin exchange couplings in flexible and semi—flexible
organic biradicals. The observed effects are subtle except for the temperature dependence, which
is dramatic especially in the longer (>12 carbon atom) chains. In very long chains (Cz; to Cag),
the coupling can change by almost an order of magnitude over just a 30° temperature range. We
will show evidence that spin correlation begins to disappear in the Cog biradical at temperatures
below —45°C. This important result has led us into a region of temperatures and chain lengths of
very high sensitivity to changes in molecular structure and solvent. The isolation of cis and trans
isomers of a biradical precursor has allowed a quantitative measurement of the effects of
geometrical isomerism on a long range electronic coupling, the result of which is shown below for
the solvent benzene at room temperature:

o

X\/\/\/\M

Jirans = -84 + 8 MHz
©)]

s

Jes=-182+ 18 MHz

The temperature dependence on these cis and trans isomers in THF indicates that the double
bond in the trans biradical assists in the through—bond electronic coupling, and that as the
temperature is lowered, the cis biradical coupling decreases on a much steeper slope, confirming
the domination of the through—solvent mechanism in this structure at high temperatures. Biradicals
with hydroxyl appendages have also been observed, and while the spectra did not have sufficient
signal-to—noise ratios to quantify the couplings, there were qualitative differences in the spectra
when hydrogen bonding vs. non—hydrogen bonding solvents were used. The high temperature
(40°C) TREPR spectrum of the Co¢ biradical shows an “alternating line width” effect reminiscent
of early work on nitroxides in the 1960’s. Through the development of a theory for the magnitude
of the modulation of the exchange interaction via fast conformational jumping, we are beginning to
make a connection between the chain dynamics and these observed effects.



ELECTRON SPIN POLARIZATION ARISING FROM
PHOTO-INITIATED CHARGE SEPARATION

Marion C. Thurnauer
Chemistry Division, Argonne National Laboratory, Argonne, IL 60439

Transient Electron Spin Polarized (ESP) EPR signals were first observed in natural
photosynthetic material twenty years ago. The properties of the ESP found in these systems
were clearly unexpected and unusual. The recognition that an understanding of these effects
could provide significant information about the dynamic structure and function in
photosynthetic systems has sustained a large body of research designed to explain the ESP.
Initial efforts were focused on identifying the species responsible for the signals and on
developing an understanding of the ESP in the context of the primary photosynthetic
reactions, i.e., the photo-initiated sequential electron transfer steps leading to charge
separation. The general conclusions from this work are: i.) The characteristic ESP found
in natural photosynthetic proteins results from the relatively stabile charge-separated state,
Pt*X)Q (where P, the primary electron donor, is an oxidized chlorophyll species, Q°, the
first stable electron acceptor, is a reduced quinone species, and (X) represents one or two
intervening electron acceptors.), ii.) The critical structural properties of the electron donor
and acceptors within the photosynthetic membrane that are necessary for efficient charge
separation are responsible for the characteristic ESP effects found in these systems, making
the ESP EPR signal a signature for successful charge separation, in general. and iii.)
PT*X)Q is a correlated radical pair. Based on these conclusions, recent studies have
focused on determining the structural properties of the reaction center proteins by using
models of the ESP based on the correlated radical pair polarization mechanism. Our work
has concentrated on describing the ESP in the context of the sequential electron transfer steps
(through the acceptor(s) X) that are necessary for successful charge separation. The model
we have developed provides a tool to study not only structure but also function in the
primary electron transfer steps. We have verified the model with experimental data from
the relatively well-defined purple photosynthetic bacterial reaction center protein. We are
now applying this model as a tool to study how modifications of the bacterial reaction center
protein affects the electron transfer reactions and the sequential electron transfer steps in the
photosystems of plants, green bacteria, and heliobacteria.

This work was supported by the U.S. Department of Energy, Office of Basic Energy
Sciences, Division of Chemical Sciences under contract W-31-109-Eng-38.



SPIN DYNAMICS AND ODMR HOLEBURNING IN TRIPLET STATES
OF PHOTOSYNTHETIC REACTION CENTERS

Alexander Angerhofer, 3. Physikalisches Institut, Universitat Stuttgart, Pfaffenwaldring
57, D-70550 Stuttgart, Germany

Zero field absorption detected magnetic resonance (ADMR) was performed on the pho-
toexcited triplet states of photosynthetic bacterial reaction centers (RC) as well as bac-
teriochlorophyll @ (BChl @) in solution. Specifically, hole burning and double resonance
techniques were employed to investigate the spin dynamics and site effects of these triplet
states.

By extrapolating the measured hole widths to zero RF power pseudohomogeneous
linewidths of 2.0 MHz, 0.9 MHz, and less than 0.25 MHz have been found for RCs of
Rhodopseudomonas viridis, and the fully protonated and deuterated forms of RCs of
Rhodobacter sphueroides R26. The second moments are clearly due to unresolved hyper-
fine interaction which is present in zero external magnetic field only in second order of
perturbation theory. The line shape of the measured holes can be explained by spectral
diffusion among the nuclei surrounding the triplet electron spin. This process also seems
to be responsible for the difference between static and dynamic linewidths as measured
by spin echoes [1].

The difference in second moments between the RCs of Rhodopseudomonas viridis and
Rhodobacter sphaeroides R26 may be explained by different localization of the triplet spin
on the primary donor in these two species as had been observed by single crystal EPR
previously. In the case of Rhodobacter sphaeroides the triplet is delocalized on the time
scale of the experiment, whereas it seems to be localized on one of the dimer halves in
Rhodopseudomonas viridis [2]. Delocalization over two BChl molecules would decrease the
apparent second moment by roughly a factor of two.

In the case of deuterated RCs of Rhodobacter sphaeorides R26 nuclear quadrupole satel-
lites were observed due to the nuclear quadrupole moments of the nitrogens in the bacte-
riochlorin rings. The observed spectra suggest very similar field gradients and asymmetry
parameters for all eight nitrogens.

(1] E.J.Lous, and A. J. Hoff, Chem. Phys. Lett. 140, 620 (1987).
[2] J. R. Norris, D. E. Budil, P. Gast, C.-H. Chang, O. El-Kabbani, and M. Schiffer,
Proc. Natl. Acad. Sci. USA 86, 4335 (1989).



ELECTRON SPIN POLARIZATION IN BACTERIAL PHOTOSYNTHETIC
REACTION CENTRES: THEORY AND RESULTS

P. J. HORE

Physical Chemistry Laboratory, Oxford University, U. K.

The EPR spectra of spin—correlated radical pairs are now reasonably well
understood. The basic spectrum is a four line pattern of two antiphase doublets, in
which the splitting arises from the dipolar and/or exchange coupling of the two
unpaired electrons, as shown below for a singlet radical pair.

Considerable attention has focussed on photosynthetic systems, in which radical
pairs are formed as intermediates in the course of charge separation and energy
stabilization, and in particular on the species P+HQ-, where P is the primary electron
donor (in purple bacteria, a bacteriochlorophyll dimer) and Q is the secondary acceptor,
a quinone. The EPR spectra of P+Q- in the photosystems of both bacteria and plants
can be described very satisfactorily once g-anisotropy, electron—electron dipolar
coupling, and unresolved hyperfine interactions are taken into account.

The nature of the electron spin polarization, and the strong overlap of the
antiphase doublet components make these spectra highly sensitive to certain properties
of P+Q-, in particular the orientation of the radicals and very small electronic exchange
interactions. Tiny shifts in EPR frequencies that would be undetectable in the spectra
of thermally equilibrated radical pairs, have a profound influence on the appearance of
the polarized spectra. Such effects will be discussed with reference to recent EPR
spectra of bacterial reaction centres reconstituted with non—native quinones (J. S. van
den Brink and A. J. Hoff).
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RECOMBINATION DYNAMICS IN MODIFIED REACTION CENTERS

Inst. Physik. und Theoret. Chemie, Technische University of Muenchen
Lichtenbergstr. 4, D-85748 Garching, Germany
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A PHOTOACOUSTIC STUDY OF TRIPLET STATE FORMATION
BY RADICAL PAIR RECOMBINATION IN PHOTOSYNTHESIS
USING MAGNETIC FIELD MODULATION

Shmuel Malkin
Department of Biochemistry, Weizmann Institute of Science
76100 Rehovot, Israel
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FOLLOWING LIGHT-INDUCED CHARGE SEPARATION IN PHOTOSYNTHETIC
REACTION CENTERS WITH TRANSIENT EPR SPECTROSCOPY

D. Stehlik, A. van der Est, A. Kamlowski, T. Prisner
Physics Dep., Free Univ. Berlin, Arnimallee 14, D-14195 Berlin

From an EPR point of view light induced charge separation in intact reaction centers (RC) is
unique in particular ways: Electron transfer to the first stabilized charge separated radical pair
state P*Q" is so efficient that it occurs "sudden" (within less than 300 ps, i. e. no time for spin
dynamics) from a highly correlated (singlet) spin state and during the lifetime of this correlated
coupled radicalion pair (CCRP) P*Q~ spin dynamics proceeds under the convenient condition
of stationary magnetic interactions with their full tensorial character maintained. Structure as
well as dynamics information can be obtained. However, in spite of the model applicability un-
der most simple conditions the complexity of the molecular system involves a multiple parame-
ter analysis. Meaningful results require coordinated evaluation of as many as possible indepen-
dent sets of experimental data. While other presentations at this meeting focus on spin dyna-
mics and coherence effects, this contribution concentrates on spectral information from spin
polarization patterns and on kinetics obtained from transient EPR-spectroscopy at various fre-
quencies.

The k» 5 X-ray ground state structure of bacterial reaction centers bRC, e. g. from Rb.
sphae: ° s, permits detailed model tests for the analysis of transient EPR-spectra of the P*Q}
state when the native non-heme iron is replaced by diamagnetic zinc (ZnbRC). Earlier data sets
for protonated [1] and deuterated ZnbRC [2] at X- and K-band (9 and 24 GHz) could be
supplemented recently by data at W-band (95 GHz) as shown in Fig. 1. The considerably im-
proved resolution will be shown to remove remaining uncertainties in the extensive previous
data analysis [1,2]:

(i) The orientation of the g(P*) tensor can be fixed unambiguously to choice g3 as known from
single crystal EPR-studies [3].

(ii) The orientation of the g(Q;) tensor is obtained very accurately in the P*Q; state and does
not change significantly from the ground state structure to the extent the latter is known.

(iii) Information on the linewidth parameters and their anisotropy is considerably improved.
Consistency with spin coherence results [4] on the same samples is achieved.

Analogous results have been obtained for PS I-particles of cyanobacteria for which a 6A-res-
olution X-ray structure is available [S]. The orientation of the quinone acceptor A; (Vit. K1)
in the PjoA; state is distinctly different from that in bRC but seems to alter appreciably be-
tween PS I preparations from different species. In addition, EPR provides structural informa-
tion on Py and the whole terminal acceptor chain: A[, Fy, Fz and F, as will be summar-
ized.
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Fig. 1: Transient EPR-spectra in direct detection with E(emissive) and A(absorptive) spin pol-
arization for protonated ZnbRC (left) and deuterated dZnbRC (right) at three different micro-
wave frequencies: about 95, 24 and 9 GHz from top to bottom. The spectra have been aligned

with respect to each other to have the same position on the fieldscale for the free electron
g£=2.0023 value.

References:

[1] G. Fiichsle et al., Biochim. Biophys. Acta 1142 (1993) 23-35

[2] A. van der Est et al., Chem. Phys. Lett. 212 (1993) 561-568

[3] R. Klette et al., J. Phys. Chem. 97 (1993) 2015-2022

[4] R. Bittl et al., Chem Phys. Lett. 225 (1994) in press and talk at this conference
[5] N. Krauss et al., Nature 361 (1993) 326-331

This work was supported by the Deutsche Forschungsgemeinschaft (Sfb 337 and 312)
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TRANSIENT EPR oF CHARGE SEPARATED STATES OF
PHOTOSYNTHETIC REACTION CENTERS
Robert Bittl
Max-Volmer-Institut, Technische Universitat Berlin, Germany

Time-resolved EPR spectroscopy of charge seperated states of photosynthetic reaction
centers (RC) is an ideal technique to study the spin dynamics of radical pairs (RP).
Light-induced electron transfer can generate in RCs as well as in artificial donor-acceptor
complexes a geminate RP with an initially highly correlated spin state. This results in
a coherent spin motion of the two unpaired electrons. The fixed spatial arrangement of
the two radical moieties with respect to each other as imposed by the RC protein matrix
results in a stationary interaction between the unpaired electron spins during the lifetime
of the RP. This is a favorable condition to monitor the coherent spin motions.

A widely used technique to study radical pair reactions is the observation of the mag-
netic field dependence of the reaction yield (MARY or RYDMR). However, this method
gives only integrated information about the time evolution of the spin dynamics. One
possibility to follow this time evolution is the time-resolved detection of the delayed flu-
orescence after spin selective recombination, i.e. destruction of the RP. In contrast, the
time-resolved EPR spectroscopy allows a direct observation of the spin dynamics during
the lifetime of the RP.

In the time-resolved EPR experiment the coherent oscillation of the RP spin state
between singlet and triplet results in a modulation of the observed EPR signal intensity.
This modulation has been observed for the state P75,A;" in fully deuterated PS I [1]
and P#;;Qx in fully deuterated bacterial RC [2, 3] (P: primary donor; A;, Qa: primary
quinone acceptors). In these radical pairs the dominant mechanism for the coherent
singlet—triplet oscillations is the difference in the g-factors of the donor and acceptor.
This allows an unambiguous experimental verification of the observed modulation of the
transient EPR signal as coherent singlet—triplet oscillations. In different EPR frequency
bands thus different external magnetic fields the Ag-induced singlet-triplet oscillations
have different oscillation periods. The corresponding change in the period of the observed
modulation of the EPR intensity is indeed observed [3] for P#;sQx" in X- and K-band (9
and 24 GHz, respectively).

Fig. 1 compares the time profiles of the transient magnetization in X- and K-band. The
arrows mark the strongly damped intensity modulations at early times due to coherent
singlet—triplet transitions. The dominant signal modulations in Fig. 1 are transient nuta-
tions. This can be shown by the dependence of the modulation period on the microwave
power used [3]. While in K-band the transient nutations persist for the whole detection
time, in X-band the transient nutations fade out rapidly and another modulation with
low frequency is observed at times greater than one microsecond.

This additional modulation effect is attributed to the hyperfine interaction between
the unpaired electron spins and the nuclear spins of the radicals [3]. Possible origins for
a manifestation of nuclear transition frequencies in transient EPR time profiles will be
discussed.
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Fig. 1: Time traces of
the transient EPR signals
in X- and K-band. The
magnetic field positions of
the transients are indicat-
ed by arrows in the tran-
sient EPR spectra shown as
insets. The frequencies of
the initial fast oscillations,
marked by arrows in the
time profiles, can be esti-
mated as 19 and 38 MHz in
X- and K-band, respective-

ly.

[1] G. Kothe, S. Weber, R. Bittl, E. Ohmes, M. C. Thurnauer and J. R. Norris, Chem.
Phys. Letters 186 (1991) 474.

[2] G. Kothe, S. Weber, E. Ohmes, M. C. Thurnauer and J. R. Norris, J. Am. Chem. Soc.

(1994), in press.

[3] R. Bittl, A. van der Est, A. Kamlowski, W. Lubitz and D. Stehlik, Chem. Phys.

Letters (1994), in press.
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PHOTOCHEMICALLY INDUCED DYNAMIC NUCLEAR
POLARIZATION IN THE
PHOTOSYNTHETIC REACTION CENTER

Martin G. Zysmilich and Ann E. McDermott
Department of Chemistry, Columbia University
New York, New York 10027

Solid-state 1SN-NMR spectra of bacterial reaction centers taken during
continuous illumination showed strongly emissive polarized signals (about -300
thermal) only if the forward electron transfer from the primary acceptor is
blocked either by pre-reduction or removal of the quinone acceptor. We do
not observe polarization if the quinones are present and oxidized. Such signals
could be mechanistically related to the previously reported polarized ESR
signals (CIDEP) in that they could result from a transient non-equilibrium
mixing of the triplet and singlet states of the initially formed charge transfer
pair PYT". Based on the chemical shift data available, a group of signals
could be assigned to the nitrogen nuclei in the tetrapyrrole rings of the special
pair while others, that appear at very unusual chemical shifts and show a
complicated dependence on the sample preparation (Q-reduced or depleted)
and on the spinning speed, could arise from surrounding amino acids with -
singular electrostatic environment or hydrogen bonds that become polarized by
a spin diffusion mechanism. It is likely that other less characterized
photosystems in which polarized ESR signals were observed could show
similar nuclear polarization, and experiments on these systems are under
consideration.
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Anisotropic magnetic interactions influence the triplet yield in photosynthetic reaction
centers: RotaMARY, a new measuring technique.

A.J. Hoff and B. van Dijjk
Department of Biophysics, Huygens Laboratory, Leiden University, P.O. Box 9504, 2300 RA,

Leiden, The Netherlands.

In Spin Chemistry, anisotropic magnetic interactions are usually neglected, as most reactions
are studied in solution. In photosynthetic preparations, however, the influence of these
interactions can be significant, even at physiological temperatures, because the reactants are
embedded in a large protein complex and the anisotropies do not average out by motion. We
have earlier shown that the anisotropy of the optically detected magnetic field effect on the
triplet yield in photosynthetic reaction centers is strongly temperature dependent. This
dependence was attributed to a gradual change in predominance of two competing
mechanisms: 1. the Radiacl Pair Mechanism (RPM) in which the magnetic field acts on the
probability of recombination to the singlet of triplet state of the primary electron donor, and
which is operative at higher temperatures, and 2. the Magnetic field-Induced Mixing of
Sublevels (MIMS), operative at lower temperatures for which spin-lattice relaxation is
unimportant, which acts by mixing the populating probabilities and decay rates of the
individual triplet sublevels. Both mechanisms have their own, and quite different, anisotropies.
At the magnetic fields considered (up to 80 mT), they consist in the RPM mainly of the
dipolar interaction between the two photoinduced radical iong, with some contribution of
anisotropic hyperfine components, whereas for MIMS they are due to the fine interaction
between the two unpaired electrons of the molecular triplet state generated by recombination.
Interpretation of the anisotropic magnetic field curves yields the orientation of the optical
transition moment with respect to the main dipolar axis of the radical pair (RPM), or with
respect to the dipolar tensor of the primary donor triplet state (MIMS). These two,
independent, results give information on the detailed configuration of the primary reactants,
responsible for the uniquely efficient conversion of solar energy in photosynthetic
preparations.

Here, we present a new, highly sensitive and accurate technique for measuring the anisotropic
magnetic field effect, labelled RotaMARY. We use a symmetric arrangement of six Helmholtz
coils for generating a rotating magnetic field across the sample. The field can be selected to
rotate in three mutually perpendicular planes. Using polarized light, and lock-in detection at
the (double) frequency of rotation, we obtain directly the (spatially-averaged) anisotropy of
the magnetic field effect. Measuring this effect as function of the probing wavelength yields
the anisotropic Triplet — Singlet (T — S) absorbance difference spectrum, whose analysis
yields the above-mentioned orientation of all optical transition moments contributing to the
spectrum. The high sensitivity of the new RotaMARY technique has allowed us to detect
small differences in the low temperature T — S spectrum of photosynthetic reaction centers
as function of the strength of the applied magnetic field, which differences are interpreted to
result from photoselection combined with intermediate-field mixing of the triplet
wavefunctions.
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RECOMBINATION DYNAMICS DETECTED IN DELAYED EMISSION AND
ABSORPTION - A KEY TO THE INHOMOGENEITY OF RADICAL
PAIR ENERGIES IN PHOTOSYNTHETIC REACTION CENTERS
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QUANTUM BEATS AS PROBES OF THE
PRIMARY EVENTS IN PHOTOSYNTHESIS

STEFAN WEBER*, ERNST OHMES*, ALEXANDER ANGERHOFER™™
MICHAEL R. WASIELEWSKI™, MARION C. THURNAUER™, JAMES R. NORRIS™™,
and GERD KOTHE*

* Institut fiir Physikalische Chemie, Universitat Stuttgart
Pfaffenwaldring 55, D-70550 Stuttgart, Germany
** 3. Physikalisches Institut, Universitat Stuttgart
Pfaffenwaldring 57, D-70550 Stuttgart, Germany
*** Chemistry Division, Argonne National Laboratory, Argonne, IL 60439, USA

Spin-correlated radical pairs are generated as short-lived intermediates in the primary en-
ergy conversion steps of natural and artificial photosynthesis. If the initial configuration
of the radical pair is not an eigenstate of the corresponding spin Hamiltonian, the radical
pair starts out in a coherent superposition of spin states, which can manifest itself as
quantum beats in an EPR experiment with adequate time resolution [1]. In this contribu-
tion we report high time resolution CW-EPR studies of light-induced secondary radical
pairs in photosynthetic reaction centers and biomimetic models.

Quantum beat oscillations are observed for fully deuterated native and iron-removed bac-
terial reaction centers [2]. A detailed analysis of these coherences will provide a better
understanding of the role of high spin Fe?* for the spin dynamics in bacterial photosyn-
thesis.

Fast zero quantum precessions can also be observed in fully deuterated plant photosys-
tem I at early times after laser excitation [3]. The pronounced variation of the precession
frequencies across the powder spectrum (see Fig. 1) has been used to evaluate the geom-
etry of the radical pair in the charge separated state [4]. No single crystals are required
for this reliable structural technique.

At lower temperatures slow persisting oscillations with frequencies ranging from 0.2 to
4.1 MHz appear. Basically, these oscillations represent nuclear quantum beats, associated
with the non-adiabatic change of the spin Hamiltonian at the instant of the laser pulse [5].
Analysis of these coherences may provide information on the electronic structure of the
primary donor in plant photosystem I.

Zero quantum coherence between two of the four electron spin eigenstates of the radical
pair is also observed for a photosynthetic model system [6]. The corresponding beat
frequencies vary significantly with the static magnetic field and extend up to 70 MHz.
Apparently, the model system is the first example where quantum beats have been observed
for a correlated radical pair with protonated constituents.
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Figure 1: Contour plot representation of the two-dimensional transient EPR experiment of the
light-induced secondary radical pair in plant photosystem I. Left: Experimental contour plot
from fully deuterated cyanobacterium Synechococcus lividus. Right: Calculated contour plot
using the evaluated geometry.
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LIGHT-INDUCED NUCLEAR COHERENCES
IN PHOTOSYNTHESIC REACTION CENTERS
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Spin-correlated radical pairs are generated as short-lived intermediates in the primary
energy conversion steps of natural and artificial photosynthesis. In this contribution we
report observation of nuclear coherences in reaction centers of plant photosystem I using
a high time resolution CW-EPR technique.

Suspensions of fully deuterated cyanobacteria Synechococcus lividus were irradiated with
15-ns-pulses from a dye laser and the transient magnetization of the secondary radical
pair P;5,A]” was monitored for various static and microwave magnetic fields. Due to zero
quantum coherence between two electron spin eigenstates [1] fast quantum beat oscillations
are observed at early times (¢ < 130 ns) after laser excitation [2,3]. At lower temperatures
additional slow persisting oscillations appear which can not all be assigned to Torrey
precessions with a frequency of vty = (1/2)(7; + G,)3B1/k (see Fig. 1) [4].

Previously, these oscillations have not been observed due the short life time of P75 A7
at room temperature. Apparently, cooling down the sample to 7' = 70 K increases the
life time of P;{,A;” and thus enables detection of an additional coherence phenomenon,
recently observed for bacterial reaction centers [5,6]. Model calculations show that these
slow oscillations represent nuclear coherences associated with the non-adiabatic change of
the spin Hamiltonian at the instant of the laser pulse [4]. Since the initial nuclear spin
configurations are not eigenstates of the radical pair spin Hamiltonian, the light-pulse
induces a coherent time evolution of the nuclear spin system. This nuclear coherence is
then transferred to observable electron coherence by means of the continuous microwave
magnetic field. The frequencies of the oscillations are equal to differences between nuclear
spin levels and thus correspond to ENDOR frequencies. Detection of nuclear gquantum
beats ist intimately related to other coherence phenomena in EPR such as coherent Raman
beats and ESEEM. Note however, that in the present case nuclear coherence is generated
by a short laser pulse and does not require preparation by pulsed microwaves.

Analysis of the oscillation frequencies as a function of B; may provide detailed information
on the electronic structure of Py, which is essential for a better understanding of the
primary events in plant photosynthesis.
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Figu ° . Left: Time evolution of the transient magnetization of the light-induced radical
pairs P;50A;" in plant photosystem I of Synechococcus lividus. Right: Fourier transform of the
experimental EPR time profiles. The arrows indicate the frequencies of the Torrey precessions.
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SPIN COHERENCE PHENOMENA IN RADICAL ION PAIRS
RECOMBINATION IN WEAK MAGNETIC FIELDS
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Institute of Chemical Kinetics and Combustion, 630090,
Novosibirsk

JfDepartment of Physics, Novosibirsk State University
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Spin coherence phenomena in weak magnetic fields were studied using
magnetosensitive radiofluorescence in nonpolar solutions. For a variety
of radical ion pairs, containing non-equivalent nuclei an increase of the
fluorescence intensity was found in zero field.

For a set of equivalent nuclei this effect was predicted theoretically as a
result of the different singlet-triplet transition channels interference([l, 2, 3|
and has been observed experimentally for CsFs anion [2]. Although the
zero field features have been observed for more complex systems [4], the
interference phenomena were thought to disappear with the increase of the
number of non-equivalent nuclei [2|. In this report it is experimentally
demonstrated that the inferference phenomenon is quiie pronounced and
should be observed in the recombination fluorescence for radical ion pairs
having numerous non-equivalent magnetic nuclei in one of the pair part-
ners and negligible local hyperfine fields in another. Using semi-classical
approach a simple criterion for the effect observation was theoretically ob-
tained: Q7% > 1 [5].

For the particular case of the set of equivalent nuclei the theory predicts
additional local extrema in low fields (first extremum for equivalent protons
at 3Ax; for even N > 4) [2, 3]. Since the expected amplitude of that fea-
tures is ten times smaller than that of the main zero-field extremum these
signals haven’t been observed yet. Application of the modulation tech-
nique with lock-in detection [4] and multiple signal accumulation allowed
to detect these additional maxima for the first time.
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The phenomena of the spin coherence in radical ion pair allow to detect
and identify short-lived radicals and study the reactions they are involved
in. By detecting of additional maxima in characteristic fields of several Ax¢
the disturbance of the spin coherence in radical ion pair by the resonant
charge transfer reaction of anion radical of hexafluorobenzene and cation
radical of cis-decalin was shown.

Acknowledgement. This work was performed under auspices of In-
ternational Science Foundation, Grant RCEQ00 and Russian Fund of Fun-
damental Research, Grant 93-03-5035.
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ELECTRON SPIN ECHO MODULATION AND
MULTIPLE-QUANTUM COHERENCE
IN A SPIN-CORRELATED RADICAL PAIR SYSTEM

Chemistry Division, Argonne National Laboratory
Argonne, Ilinois 60439, U.S.A.

For a photo-induced spin-correlated radical pair system, either with a singlet or a triplet
precursor due to spin-chemistry effects, unusual spin polarization in EPR spectra has been widely
observed as a result of initial non-Boltzmann spin population distribution. The degree of singlet-
-triplet mixing is determined by magnetic parameters such as g-factor, nuclear hyperfine coupling,
electron exchange and dipolar couplings. It can also be influenced by kinetic parameters such
as the decay rate for the singlet and triplet states, the phase memory time and the electron-
transfer rate. In our recent work on electron spin echo (ESE) spectroscopy of a photo-induced
spin-correlated radical pair system, we have examined the effects of electronic exchange and
electron-electron dipolar interactions on electron spin echo envelope modulation and free
induction decay. We have shown that by using a Hahn echo pulse sequence (90°, - 7 - 180°)
with a strong microwave field, the normal "in-phase” echo along the y-axis vanishes. Instead,
an echo appears along the x-axis, which we call the "out-of-phase” echo. This abnormal
phenomenon is shown to be a peculiar result of the zero-quantum coherence due to singlet-triplet
mixing in the spin-correlated radical pair system. The out-of-phase spin echo becomes less
prominent if the power of the microwave pulse decreases. In addition, we have demonstrated
that the electronic exchange and dipolar interactions can induce oscillation on the out-of-phase
echo envelope. Using computer simulation, we have shown how to use the envelope modulation
of the abnormal echo to determine small exchange and dipolar couplings. These couplings are
not readily obtainable from the conventional unresolved, polarized continuous wave EPR spectra
which are often broadened by hyperfine inhomogeneity.  Thus, the envelop-modulation
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frequencies of the abnormal spin echo can provide useful structural information about a spin-
correlated radical pair system such as occurs in natural and artificial photosynthesis. The pulse-
angle dependence of the echo amplitude on the microwave pulse is also studied. The analysis
reveals two sources for the formation of the abnormal "out-of-phase” echo as a consequence of

the photo-induced initial non-Boltzmann population and zero-quantum coherence.

The zero-quantum beat technique in spin nutation phenomena has been recently shown to
be a useful tool in structure determination of a spin pair system. In addition to the above out-of-
phase ESE modulation technique, here we propose a method to generate and detect multiple-
quantum signals by usihg a phase-cycled pulse sequence (90°, - 7 - 90°) to examine a photo-
induced radical pair system. By a special arrangement of the phase cycling for ¢ of the first
microwave pulse, one can excite and specifically detect the zero-, single- and double-quantum
coherence. These zero- and double-quantum signals are normally forbidden transitions with Am
# lbut can be measured indirectly using coherence transfer as used in the zero-quantum beat
technique. This phase-cycled multiple-quantum technique can be useful in obtaining structural
and dynamic parameters of the radical pair system in photo-induced electron transfer reactions.

This work was supported by the U.S. Department of Energy, Office of Basic Energy Sciences,
Division of Chemical Sciences, under Contract W-31-109-Eng-38.
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CIDERP studies have been limited mostly to the X-band microwave frequency except a
few studies(1,2), but it is desirable to extend measurements to other frequencies. We have
been making CIDEP measurements at I.(1.5GHz) and S(3GHz) bands in the hope of
obtaining further insight into the CIDEP phenomena. The main objectives of our work are the
following. First, we study frequency (magnetic field) dependence of the CIDEP to examine
the validities of the predictions of various CIDEP theories and to obtain information about the
relaxation processes of the reaction precursors and radical pairs. Second, we investigate the
polarization due to ST_M in detail to obtain further information about the interaction between
radicals in pairs.

Frequency dependence of the CIDEP signals was studied in the following systems:
1)pyrazine/2-propanol, 2) maleic anhydride /2-propanol, 3) tetraphenylporphyrin(TPP),
benzoquinone/butanol, 4) xanthone and di-t-butylphenol/SDS micelles. In 1), 2) and 4) ketyl
radicals are produced by hydrogen abstraction reactions, while in 3) benzoquinone anion is

produced by an electron transfer

reaction. The CIDEP spectra of these 4) X-Band

radicals remarkably change depending on
the microwave frequency. Fig.1 shows
the case of pyrazine/2-propanol.The
changes of the spectra on going from the
X-band to the L-band are mainly due to
the changes of the relative contributions of Abs. b) S-Band
TM with respect to STOM. In the pyrazine

and maleic anhydride systems the

contribution of TM decreases on going

from the X- to the L-band. On the other 1 k

5 : Em. c)Ll-Band
hand, an opposite trend was observed in WMMM
the TPP case. Acccording to the theories .

by Atkins-Evans(3) and Pedersen-Freed

2.0mT
—_—

(4), the initial polarization by TM(Pry) 1s Fig.1 Frequency dependence of the CIDEP
given by the the following equation. spectrum of pyrazine/2-propanol
kr T 4 4 1 \
P oc DT 21 | oy K i
™ (1+kTTl) 15°° (40.)02+(k'r+13c'l)2 (1)02+(k'r+'fc'1)2} }

(1)
K =H—(kxx +Kyy) - ku]/ ¢ W Y

Here wy is the microwave frequency, D and T are the zero field splitting and the spin-lattice

relaxation time of the precursor triplet state, respectively. kT and t¢ are the reaction rate
constant and the rotational correlation time of the triplet state, respectively. K gives the
anisotropy of the intersystem crossing rate from the excited singlet state to the triplet state.

When krT| » 1 and either 1) wg « (kT + tc'!) or 2) wg » (kT + t¢c'!), equation 1 becomes
simple. In the case of 1) Py, is proportional to wg, and in the case of 2) Py, Is
inversely proportional to wg. In the pyrazine/2-propanol system case 1) seems to be

29



applicable, but the TPP case is more close to 2). These results will be discussed in relation to

T, Tc, and kT of the triplet states.

In the L-band spectrum of the 2-propanolyl radical the second order hyperfine splitting is
large and the relative contribution of ST.M with respect to STOM is increased. We have
studied the spectrum over a wide range of temperature.The spectrum shows remarkable
temperature dependence. Fig. 2 shows the spectra obtained at two different temperatures with
their simulation. In the central portion of the spectrum only the polarization due to ST_-M gives
rise to the peaks.There peaks are analyzed in terms of the sum of the contributions due to the
hyperfine dependent (ST-M-d) and hyperfine independent(ST-M-i) mechanisms. Since the
relative intensities of the hyperfine peaks of the ST_-M-d spectrum and those of the ST-M-i are
different, we can estimate the relative contributions of the two mechanisms. At higher
temperatures ST-M-d dominates over ST_M-i, but the relative contribution of ST-M-i
increases with decreasing the temperature. At -90K the ST_M-i contribution becomes about
90% of the total ST_M polarization. It is usually considered that ST.M is effective in the level

crossing region where the exchange interaction is large (2J ~ yB). The observation that ST.M-
d is dominant at higher temperatures seems to indicate that ST_M is also effective in the region
where the separation between the radicals in the pair is relatively large and the exchange
interaction is small.

a) -- b)
2mT 30 C 2mT 30 C
.
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Fig. 2 L-band CIDEP spectra of aceton/2-propanol at different temperature. a) Observed
spectra, b) Simulated spectra. Top: total spectra, Bottom: enlarged central parts of the

spectra.
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Sub-Doppler High-Resolution Spectroscopy of the V System of
CS, and the Zeeman Effect

Atsushi Doi, Yoshikazu Tarohra, and Hajime Katé

Department of Chemistry, Faculty of Science, Kobe University, Nada-ku, Kobe 657, Japan

The electronic absorption spectrum of CS, in the region 3300-2900 A is named as the V
system by Kleman.! The vibrational and rotational structure was first analyzed in detail by
Jungen et al.,? and the V system was assigned as the transition to the bent ! B, state which
correlates with the 'A,[(m,)37,]state of a linear molecule.® The bands of the V system were
named 1V,2V,-- -, and were listed in Table 3 of Ref. 2. The effects of magnetic field on the
fluorescence intensity and the decay time were first observed by Matsuzaki and Nagakura®
‘and extensive studies were reported.>~® Ochi et al.® observed the fluorescence excitation
spectra and the Zeeman quantum beats for the V system of CS; cooled in a supersonic jet.
Cramb et al.!® observed picosecond laser-induced quantum beats and rotationally resolved
spectra of the 10V and 15V band systems, and identified some of the perturbing levels.
By using a single-frequency laser of linewidth less than 0.0001 cm™? crossed to a molecular
beam of CS,, the rotationally resolved excitation spectra and the Zeeman spectra with sub-
Doppler resolution for the 6V, 10V, 13V, and 15V band systems.!'? Many more lines were
identified with higher resolution, and the magnetic moment of the upper levels were obtained
from the magnitude of the Zeeman splittings.

CS, is linear in the ground state X'ZF[(my)%].> The Zeeman splitting of the X' X7 state is
small and can be neglected. Hence the Zeeman splitting of a spectral line can be attributed
to the ones of the excited level. We measured the Zeeman spectra of the V system at various
magnetic field from 0 to 5 kG, and we found that
(1) Levels of the rotational quantum number J were split into 2J + 1 components. The

magnetic moments of the rotational levels are quantized along the molecular top axis.
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(2) The magnitudes of the Zeeman splittings are multiform even in a series of lines in a
band. The levels in the excited states are perturbed by nearby levels through the rovibronic
interaction and the spin-orbit interaction.

(3) Anomalous energy shifts and intensities, which depend strongly on M; (the magnetic
quantum number; projection of J along the space-fixed Z axis) were observed.

(4) Some lines are disappeared and some lines appeared when the magnitude of the magnetic
field was increased. Some lines are appeared by the interaction with AJ = +1 selection rule.

The observed Zeeman splittings are theoretically analysed, and the origins of the perturba-

tions are studied for several lines.
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Calculation and Analisys of the Time Dependences of Magnetic Field
Effects in Photo- and Radiation-Induced Reactions Involving
Spin-Correlated Radical Pairs.

N.N.Lukzen and R.Z.Sagdeev
International Tomography Centre,
630090 Novosibirsk, Russia

Time resolved methods such as laser flash photolysis, time-resolved ESR (TR
ESR), flash CIDNP, time-resolved stimulated nuclear polarization have received
wide acceptance in studying magnetic field and spin effects in reactions involving
spin-correlated radical pairs. Here the problem arises of theoretical interpreta-
tion of time-resolved data. For all time-resolved kinetics this problem reduces to
the solution of the time-dependent stochastic Liouville equation (SLE) for a spin
density matrix containing spin variables of nuclei and electrons. The equation
usually incorporates the diffusion motion of reagents, exchange and dipole-dipole
interactions, electron spin relaxation; the spin-selective recombination of radicals
during encounter. In the literature there is a comparetively small number of
examples of solving the time dependent or nonstationary SLE. Usually the sta-
tionary SLE is considered whose solution yields time integral values - total yield
of recombination product, CIDNP value, etc. Here we propose the procedure
of solving nonstationary SLE on the basis of determing the Fourer or Laplace
with imaginary parameter transform of density matrix. The Fourer image of
density matrix can be obtained by solving of the stationary Liouville equation.
The reconstruction of time-dependent density matrix is then realised by using
conventional Fourer algorithm. By this approach few problems are considered
here.

The first problem is the estimation of the factors that influence the damping
quantum beats of recombination luminescence[l]. The phenomena of quantum
beats of recombination luminescence of radical-ions formed under radiolysis of
liquid solutions observed by Yu.Molin and co-workers is one of the remarkable
manifestations of spin system coherence. However the question about the am-
plitude of these beats is yet unclear. The amplitude of experimentally observed
beats is significantly lower than predicted theoretically. This phenomenon has
been explained by the presence of a great number of non-geminate pairs, however
all the factors influence on the amplitide of beats should be also considered. It
has been shown [2],[3] that the exchange interaction not influence on the am-
plitude of quantum beats for usual conditions of experiment. Here we discusses
the influence of dipole-dipole interaction of the radical spins on the amplitude of
quantum beats. The calculation of time-dependent density matrix, singlet state
population, is realised by the method described above. The character of kinet-
ics, form and amplitude of beats are investigated for various initial distribution
of radical distances. The variation of quantum beats amplitude with viscosity
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of solution due to dipole-dipole interaction has been investigated. We also have
discussed the another factor which can influence on the beats amplitude - the
presence in the radicals of the pair '*C nuclei. The hyperfine interaction between
electron spin and '3C nuclear one change the frequency of S — Tj transition in
radical pair and lead this radical pair out of coherence. Although the natural
abundance of ¥C nuclei is rather small, the great number of carbon atoms of
recombining radicals increase the probability that RP contain at least one *C
nucleus. This probability significantly have increases in the case of degenerate
electron exchange reaction involving one of the radical of the pair. We have in-
vestigated the beats amplitude on the value of *C' hfi constant and the value of
exchange rate konstant.

The second problem we have considered here is the calculation and analysis
of time-resolved CIDNP kinetics in geminate recombination of biradicals. The
quantitative description of CIDNP kinetics is carried out by the same numerical
method as for the quantum beats. The dependence of CIDNP kinetics on the
rate constans of elementary processes in biradical and on exchange interaction
parameters is analyzed. The time oscillations in biradical CIDNP kinetics have
been predicted, the conditions of their optimum observation have been analysed.

The third problem under consideration is the calculation of time- resolved
SNP in micelles. The intensity and time-dependence of TR SNP are investigated
for various parameters of exchange interaction, value of the konstant of singlet
state recombination rate and miceller’s size. ‘
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THEORETICAL APPROACHES IN THE MODERN TREATMENT
OF MAGNETIC FIELD AND SPIN EFFECTS.
Alexander B.Doktorov
Institute of Chemical Kinetics and Combustion,
Slberian Branch of the Russian Academy of Sciences,
Novosibirsk, 630090, Russia.

Analysis of the merlits and demerits of the general
theoretical approaches to magnetic fleld and spin effects
consideration 1n 1iquid solutlions has ©been glven. The
approaches have been systematlzed In the following manner.
1.Simple models. They imply some simplifications of the spin-
-Hamiltonian of the radical pair (RP) or some simplifications
of radical mobllity description. They give a clear
understanding of the effects formation.Using these models such
effects as the magnetic flelds Influence on the reaction yield
and nuclear (CIDNP) or electron (CIDEP) polarizations have been
primarily Interpreted. However, the models are hardly accurate
and cannot be applied to rather complex systems. Sometimes, as
has been demonstrated, they cannot explain some qualitative
effects.

2. Liouville equation method (LEM). It 1s the most general and,
actually, the most accurate (in the framework of the existing
level of the theory of reactions in liquld solutions) approach.
The calculations of the desired effects, can, as a rule, be
performed numerically. However, one needs some preliminary
simplifications of the spin system under study to perform the
calculations. These conslderably diminish the main advantage of
the method. The essential demerit 1s also the necessity to
perform the total calculation for all acceptable values of
spin-magnetic parameters as well as for every manner of
molecular mobility.
3. Approximate methods. In the variety of such methods only iwo
most powerful and general ones have been analyzed. Both of them
are based on the separation of the reaction and spin-molecular
"~ dynamics and further spin and molecular dynamics. The
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separatlion 1s possible due to the sharp spatial dependenciles of
the radical reactlvity and exchange interaction.

1.Method of summation of re-encounter contribution (MSRC).

A modern version of the method allowing for the duration
of contacts has been analyzed and some advantages compared to
LEM have been emphasized. Some principal demerits due to
uncertalnty In the definition of the term contact and, in
particular, due to uncertainty of the physical characteristics
0f re-encounter statlistics have been Indicated as well as the
Impossibility to take account of the actual spatilal
dependencles of the exchange Interaction between radicals. Thus
the methods have been shown to be appropriate for CIDEP effects
calculations.

2. _Kinematic approximation (KA). This recent method named, in
general, as the Green function one, is under development in the
Institute of Chemical Kinetics and Combustion SB RAS
(Novosibirsk, Russla). The method has the same advantages as
MSRC but 1is free from 1ts principal demerits. The connection
between the characteristics of re-encounter statistics and the
corresponding Green function, describing radical mobility, has
been established. On account of this connection a simple KA has
been shown to be equivalent to MSRC although without the above
uncertalnty. Thus, the KA method allows us to formulate the
problem of extracting the Important physical Information about
radical mobllity and thus to Include magnetic field and spin
effect measurements into the group of experimental magnetic
methods used for the same purpose. The experimental methods of
obtaining the above Iinformation, based on magnetic field
switching, have been advanced. From the point of view of of the
information avallable, the method 1s equivalent to the usual
time-resolved one. However ,the resolution can essentially be
increased. It is Important that the approximations taking into
account the actual spatial dependence of the exchange
interaction have been developed on the basis of the Green
function method.
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MAGNETIC FIELD EFFECTS ON SINGLET-TRIPLET INTERACTION IN
ISOLATED MOLECULES WITH THE INTERMEDIATE LEVEL STRUCTURE

Nobuhiro Ohta

Department of Chemical Engineering, Faculty of Engineering, Hokkaido University,
Sapporo 060, Japan

External magnetic field effects on level structure and relaxation dynamics in the
electronically excited states of isolated polyatomic molecules are discussed, based on
the field dependence of intensity (quantum yield), decay profile (lifetime) and
polarization of fluorescence following excitation into the individual rovibronic levels
of the excited singlet states under collision free conditions. Special attention has
been focused to molecules which exhibit the intermediate case behavior characterized
by a biexponential decay of fluorescence, e.g., pyrazine, pyrimidine or s-triazine.
In these molecules with the intermediate level structure composed of singlet-triplet
mixed states, fluorescence is effectively affected by external magnetic fields ( H)
though the fluorescence is considered to be emitted from the diamagnetic singlet
state. The slow component of fluorescence is quenched by H in every case and
saturates at high fields, whereas the fast component is nearly independent of H, as
far as the decay at zero field is characterized by a biexponential decay. When the
fluorescence is composed of only the slow component at zero field, on the other
hand, a field-induced change in dynamics from the small molecule behavior to the
intermediate case is observed. The lifetime of the slow component was also found
to be affected by H, e.g., the lifetime of s-triazine vapor becomes longer with H .
The lifetime of the fast component was also demonstrated to be affected by H under
some circumstances. Further, fluorescence depolarization by H and the Zeeman
quantum beats as well as hyperfine quantum beats were observed. Interestingly, the
magnetic field effects markedly depend not only on the vibrational level but also on
the rotational level excited.

In the early stage of our experiments in the absence of H, it was made clear that
the quantum yield and decay of fluorescence of these intermediate case molecules
remarkably depend on the rotational level excited, i.e., the quantum yield of only
the slow component of fluorescence decreases with increasing the rotational quantum
number of total angular momentum (J), whereas the fast component is nearly
independent of the rotational level, Further, it was shown that the lifetime of the
slow fluorescence of s-triazine or pyrimidine increases with increasing J. The
rotational effects on fluorescence quantum yield and lifetime are interpreted in
terms of strong interaction between a zero-order singlet state carrying the absorption
intensity (IS>) and a number of isoenergetic zero-order triplet states ({IT>}), i.e., the
number of IT> effectively coupled to IS> (N,4) increases not only with increasing the
excess vibrational energy but also with increasing J of the excited level as a result of
K scrambling in the triplet states following intersystem crossing (ISC). With these
backgrounds, external magnetic field effects on fluorescence have been analyzed,
i and the magnetic field effects have been interpreted in terms of the spin decoupling
mechanism in the triplet manifold. In the results, external magnetic fields play a
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role to increase N, and the singlet character of the excited state is more diluted by
the triplet states in the presence of H. Through these experiments, a number of
interesting problems concerning the magnetic field effects on level structure and
dynamics have been elucidated, as will be briefly mentioned below. The conclusions
reached by our experiments seem to be very common on molecules which exhibit
the strong singlet-triplet interaction.

(1) Effects of Molecular Vibration

The efficiency of the magnetic field effects on fluorescence becomes higher with
increasing excess vibrational energy in every molecule under study, indicating that
the spin sublevel mixing among singlet-triplet mixed states becomes more efficient
with increasing vibrational level density of the triplet state effectively coupled to the
singlet state.

(2) Effects of Molecular Rotation

The efficiency of the magnetic quenching of fluorescence becomes higher with
increasing J of the excited level in all the molecules whose fluorescence quantum
yield at zero field decreases with increasing J, indicating that the sublevel mixing
among different mixed states becomes more efficient with increasing J as a result of
rotational state dependence of N, at zero field. The rotational effects on magnetic
field effects can be interpreted by considering the spin decoupling by H and the K
scrambling in the triplet manifold following ISC. In fact, the rotational state
dependence of the fluorescence quantum yield at zero field well corresponds to that
of the magnetic field effect.
(3) Effects of Internal Rotation

By comparing the magnetic field effects on fluorescence of pyrimidine with its
methyl substitutes, a role of internal rotation of methyl group in magnetic field
effects on level structure and dynamics has been elucidated.

(4) Deuterium Effects

Deuterium effects on magnetic field effects on fluorescence have been examined
in pyrazine, pyrimidine and acetaldehyde vapors. Deuterium substitution enhances
the magnetic effects, as a result of increase of N .

(5) Relation to Intramolecular Vibrational Redistribution (IVR)

In contrast with a sharp fluorescence emitted from the initially prepared level, a
broad fluorescence emitted from other singlet levels reached by IVR is nearly
independent of H, even when both emissions shows an intermediate case behavior.
This difference is reasonably interpreted in terms of the spin decoupling mechanism
in IVR.

(6) Magnetic Depolarization of Fluorescence: Intermediate Case Behavior

Magnetic depolarization of fluorescence of pyrimidine exhibits the intermediate
case behavior as well as the fluorescence decay. Only the slow component of
fluorescence is efficiently depolarized.

(7) Relation to Photodissociation via Triplet States

Magnetic field effects on fluorescence as well as the fluorescence properties at
zero field in acetaldehyde vapor drastically change across the threshold of
photodissociation which occurs via higher triplet states.
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SPIN CHEMISTRY OF RUIDCOMPLEX PHOTO-OXIDATION IN ULTRA-HIGH
MAGNETIC FIELDS

D. BiirBner, H.-J. Wolff and U.E. Steiner
Fakultit fiir Chemie, Universitit Konstanz, D-78434 Konstanz, Germany

One of the important achievements of spin chemistry as a tool of kinetic research is the
possibility to evaluate absolute rate constants from the magnetic field dependence of stationary
quantities as reaction yields or quantum yields. Kinetically, yields are completely determined by
relative values of rate constants. However, if the Larmor precession of electron spins in a
magnetic field enters into the kinetics, as is typical for spin chemical situations, this provides an
absolute time basis and allows to scale the values of the rate constants of other processes
involved in the mechanism. The majority of spin chemical investigations has dealt with effects
exhibiting characteristic fields typically in the 10 mT region corresponding to rate processes in
the order of nanosceconds. Here we report on photoinduced electron transfer reactions with
Rull-tris bipyridine type complexes exhibiting characteristic fields in the region of several Tesla
indicative of spin chemistry going on in the ps-time domain. [1-4].
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Scheme I represents the processes occuring after transfer of an electron from the photoexcited
3MLCT state of the Rull-complex to methylviologen (MV*+) as an electron acceptor. A
radical pair type intermediate 3(Ru(bpy)33++..MV++). originates with triplet spin correlation.
It can dissociate into free MV*e radical and Rulll-complex a process occuring with an
efficiency of nce, the "yield" quantity measured as a function of the magnetic field. Cage
escape (CE) competes with backward electron transfer (BET) regenerating the reactants in
their singlet ground states. Thus, because all spins are paired in the product of BET, a spin
conversion from triplet to singlet has to take place before it can take place. It is the magnetic
field dependence of the triplet to singlet conversion process which renders the observed CE
yield ne magnetic field dependent.

A peculiarity of the present reaction systems which contrasts them to usual radical pair spin
chemistry is the strong spin-orbit coupling at Rulll where one is dealing with a low-spin d>
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electron configuration. The effect of spin-orbit coupling is accounted for in two ways. Firstly,
as a stationary mixing of spin-orbit wavefunctions, which is dealt with by the formalism of the
effective spin within the lowest Kramers doublet of the Rulll complex, and secondly , as far as
stochastic effects are concerned, by the relaxation process of the effective spin. It is

characterized by a time constant Ty, entering into the rate constant kg as ktg = (47g L.
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In Figure 1 the field dependence of ne is shown up to fields of 17.5 T for a series of Ru-
complexes. The analysis of the data yields the absolute values of kqe, kpet and kg .Results on
this set of parameters will be presented and discussed in relation to ligand and solvent
dependence and will be compared to information available from other sources.
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MAGNETIC ISOTOPE EFFECTS ON THE DECAY KINETICS
OF MICELLIZED AND CHAIN-LINKED KETYL-PHENOXYL RADICAL PAIRS
IN VERY SMALL MAGNETIC FIELDS

Peter P. Levin and Vladimir Ya. Shafirovich

Institute of Chemical Physics, Russian Academy of Sciences,
Ul. Kosygina 4, 117977 GCP1, Moscow V-334, Russia

The recombination kinetics of geminate triplet-derived ketyl-phenoxyl radical pairs (RP) in
micellar solutions as well as corresponding polymethylen-linked RPs have been extensively investigated
by using the laser flash technique particularly due to the unusual high sensitivity to a small magnetic
field [1-3]. A specific feature of those aromatic radicals having only protons as the magnetic nuclei is
the relatively small hyperfine interaction (hfi), which does not exceed 10 G and can be made as small as
< 3 G by perdeuteriation of the reactants. Application of a very small magnetic field even such as < 1
G results in the noticeable or even in the pronounced retardation of the recombination of perdeuteriated
RPs under the conditions of the electron spin exchange interaction being smaller than hfi but not
negligible (Fig.). 2 : _ >

The recombination rate and magnetic JFeoinamned Rty f
isotope effect (MIE) for ketyl-phenoxyl RP produced  :::
by quenching of triplet benzophenone by 4-
phenylphenol in aqueous micellar solutions of
different sized alkyl sulfate micelles (sodium heptyl
sulfate (C7) through sodium pentadecyl sulfate
(C15) in zero magnetic field increase as the micellar
size is decreased and reach the maximum value in
Cg. The recombination rate in C7 becomes smaller |
than that in Cg. Application of small magnetic field LRERE S
comparable to the magnitude of hfi results in the "QP“ HE
retardation of RP recombination in micelles of all sizes, while the MIE is enhanced SIgmﬁcantly only in
C5 - Cy0- The pronounced effect is observed at 1 G (Fig.) for perdeuteriated RP in C ).

The recombination of chain-linked (-0-(CHj);,)-0- spacer, n = 3, 6 and 10) ketyl-phenoxyl RP
is slower than that of similar nonlinked RP in micelles, which is supposed to be due to the effects of
dephasing of hfi-induced spin evolution by fast forced reencounters [4]. The high values of MIE up to 3
were measured for n = 6 in zero magnetic field. The RP with n = 10 is sensitive to the small magnetic
field 1G (recombination rate decreases and MIE increases), while these effects are not pronounced.

The experimental results are discussed in terms of simple kinetic scheme of first-order
processes as well as in comparison with calculations within the framework of the microreactor or
biradical model [4] with solution of the Liouville equation for the time dependent density matrix of the
RP spin system.
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CALCULATION OF MAGNETIC FIELD
EFFECTS IN MICELLES

J. Boiden Pedersen, Fysisk Institut, Odense Universitet
DK-5230 Odense M, Denmark

Diffusion and magnetic field effects (MFE) of radicals in a micelle are very different
from those of freely diffusing, non—interacting particles in an infinite volume. The bound-
ary of the micelle, located at a distance R, acts as a potential barrier for the particles and
gives rise to a reflection of particles at the boundary. This confinement effect has a dra-
matic effect on the time behavior of the diffusion process and therefore on the magnetic
field effects of the recombination processes. The mobility is usually (about 10 times) lower
in the micelle than outside and a slower diffusion automatically increases the magnitude
of the MFE.

Magnetic field effects of radical pair (RP) recombination in micelles have been in-
vestigated numerically and analytically [1,2,3]. The confinement effect of the micelle is
modeled by a finite potential well and the lower mobility of the radicals in the micelle is
modeled by a spatially dependent diffusion coefficient. The results show that the recombi-
nation yield and the contribution from ST _-transitions to all kinds of MFE is significantly
increased due to the confinement effect of the micelle. The spin exchange relaxation is also
increased causing the STy-contribution to CIDEP to be significantly reduced. Due to the
long lifetime of the radical pair in the micelle spin lattice relaxation becomes important.

The diffusion process of a geminate radical pair in a micelle can be visualized as con-
sisting of two stages. The initial or geminate stage is the usual geminate recombination
process which can be viewed as a series of reencounters with varying length of the trajecto-
ries. The only difference from that of free diffusion is that the reencounter trajectories are
not allowed to cross the boundary of the micelle. Roughly speaking this means that only
trajectories shorter than 2R are included in the initial stage. Alternatively the time dura-
tion of the trajectories are shorter than R2/D,,. If the confinement effect of the micelle is
strong then most of the particles that reach the boundary will be reflected back into the
micelle and after some time a quasi-equilibrium distribution of particles will be created
in the micelle which decays slowly due to recombination of the particles and escape from
the micelle. This is the physical picture of the supercage model [1] which is based on the
assumption that the processes occur on different time scales and thus can be separated
into two stages: (1) a fast initial geminate stage in which the radicals are thermalized
. within the micelle and (2) a slower decay of a quasi-equilibrium state by escape from the
micelle and bulk recombination of the radicals.

An exact calculation of MFE can be performed by the Stochastic Liouville Equa-
tion (SLE). The recently developed numerical method [4] based on the backward SLE is
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particularly useful. It is highly accurate, flexible, and requires very few computational
resources. It calculates the wanted observables for all initial distances and for all initial
spin configurations in a single calculation. In order to use an optimal and equidistant
step size it uses a transformed spatial variable, e.g. z = 1/r. Furthermore inclusion of an
arbitrary potential V' (z) and a spatially dependent diffusion coefficient D(z) is extremely
easy as they enter in a single function which appears in the diagonal elements of the
discretization matrix only. The numerical results obtained by this method are so accu-
rate that they can be considered exact. Typically the relative error is less than 1% for
20 discretization point and less than 0.01% for 100 discretization points. The numerical
method is a powerful tool for investigating dependences of MFE and it also serves as a
reference to which approximate results may be compared.

The supercage model is the most successful approximate model. For high fields simple
yet accurate analytical expressions for the recombination probability and for CIDNP
and CIDEP can be derived [1]. For arbitrary fields the supercage model implies that any
observable quantity can be calculated as a sum of contributions from the two independent
stages. The geminate stage involves a simple free diffusion calculation where spin lattice
relaxation relaxation may be neglected. The second stage is also called the exponential
stage since this stage is governed by exponential kinetics. Shushin [5] has shown that for
systems having exponential kinetics (so-called cages) the spatial dependences of the SLE
can be averaged out leaving a simple exponential or rate type SLE. This reduced SLE is
much easier to solve than the full SLE and for many cases of practical interest it can be
reduced even further [2]. Furthermore spin lattice relaxation can be included [3]. This
model can be used to calculate MFE for realistic multinuclei systems with relaxation [6].
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The investigation of short-lived radical
V(' intermediates by time-resolved SNP and DNP.
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International Tomography Center
630090, Novosibirsk, Russian Federation

Stimulated Nuclear Polarization (SNP) and Dynamic Nuclear
Polarization (DNP) are used for the investigation of short-lived intermediates -
radicals, biradicals and radical pairs - in homogeneous and micellar solutions in
photochemical reactions. These techniques are based on the saturation of ESR
transitions in short-lived intermediates, which induce the formation of nuclear
polarization of diamagnetic reaction products.

The time-resolved (TR) versions of these methods can be applied to
studying the kinetic behavior of radicals and radical pairs. The TRSNP and
TRDNP techniques can be realized experimentally in different ways:
1.application of an mw-pulse at a variable delay after the laser pulse.
2.application of an mw-pulse before the laser pulse and switching it off after a
variable delay.
3.turning off the resonance condition for SNP or DNP line by means of fast
alteration of the constant magnetic field by a value greater than half width of
corresponding SNP or DNP line at a variable delay after the laser pulse.

The peculiarities of SNP and DNP kinetics and the information
about RP spin dynamics that can be obtained in time-resolved experiments are
considered. Possible experimental procedures and problems are discussed. The
applications of TRSNP and TRDNP to the investigation of the kinetics of radicals
and micellized RP are exemplified for a number of photochemical reactions.

Another method for investigation of RP dynamics in a wide range of
magnetic fields has been proposed by Doctorov et all. and is based on the
investigation of CIDNP by application of abrupt changes of constant magnetic
field. Experimental results of the studyes of this effect at low magnetic fields in
photochemical reactions of radicals, ion-radicals and biradicals are reported.

The authors thank the Soros International Science Foundation (project R5000) for the
financial support of this research.
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NUCLEAR SPIN POLARIZATION AND SINGLET/TRIPLET MIXING DURING
THE HYDROGENATION OF SYMMETRIC SUBSTRATES WITH
PARAHYDROGEN.

Joachim BARGON, Jens BARKEMEYER, and Mathias HAAKE

Institute of Physical Chemistry, University of Bonn, Wegelerstrasse 12, D-53115 Bonn, Germany.

Nuclear spin polarization has been predicted and observed by Bowers and Weitekamp' to
result from the break of symmetry during the hydrogenation of asymmetrically substituted
acetylenes with para-H,. We have found that isotopes in natural abundance cause asymmetry
even in seemingly symmetric substrates, and yield rather strong nuclear spin polarization of
both the protons and these heteronuclei in the corresponding products. Accordingly, *C in
natural abundance causes nuclear polarization during the hydrogenation of acetylene and
ethylene as well as of their symmetrically substituted derivatives.

Similarly, other heteronuclei, which occur as different isotopes in natural abundance, give
rise to the same phenomenon, if they break the magnetic symmetry or equivalence of the two
former parahydrogen protons. Accordingly, since the magnetic isotopes of these heteronuclei
become strongly polarized in consequence thereof, this approach provides for a very sensitive
in situ detection of the resonances of such less-receptive nuclei as N, *Si, etc. in the
reaction intermediates. :

The polarization patterns very sensitively depend on the degree of nuclear singlet/triplet
mixing in the intermediates’. This phenomenon yields information even about those reactive
intermediates, ( - thereby revealing details of the reaction mechanisms of homogeneous
catalysis, - ) which cannot be detected directly themselves even by this most sensitive NMR
technique.

In summary, the PASADENA effect' is not restricted to the hydrogenation products of
asymmetric substrates, but occurs also during the conversion of symmetric precursors. In situ
NMR spectra® so obtained not only display a significant signal enhancement of the protons,
but - perhaps more importantly, - of suitable heteroatoms as well, thereby boosting the
sensitivity for NMR detection of these isotopes in natural abundance. Due to the remarkable
signal enhancement, no decoupling of the heteronuclei from the protons is necessary;
therefore, such in situ spectra reveal information about the coupling constants between the
protons and the rare isotopes.
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aﬂﬁIﬁj&ﬂ) OF MOLECULAR TRIPLETS FROM COVALENTLY
LINKED RADICAL IONS

Albert Weller

Max—-Planck-Institut fir biophysikalische Chemie,
Am Fassberg, D-37077 Goéttingen, Germany

Compounds of the type A-L-D where the flexible link, L,
covalently connects the electron acceptor molecule, A=pyrene,
with the donor molecule, D=dimethylaniline, have been used to
investigate the influence of external magnetic fields on the
spin dynamics in the primarily produced radical ion pair, ZA'
—L-2D+, from which the molecular triplet state, 3X.—L—lD, is
formed. This has Dbeen done by using transient absorption
measurements in the subnanosecond regime.

The magnetic field effect observed can be interpreted
quantitatively by assuming that the spin realignment in the
radical ion pair leading from the initially produced overall
singlet state to the molecular triplet state 1is governed by:
(i) the hyperfine interaction, AEp £y between the unpaired
electron spin and the nuclear spins in each radical (being
independent of their separation), (ii) the exXxchange
interaction, J(r), of the radical spins in the pair (which
decreases exponentially with increasing distance between them),
and (iii) the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>