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ADIABATIC PASSAGE THROUGH OR AROUND

AN AVOIDED CROSSING
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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
micelIes, 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 11 supramolecular
structure ll and IIhyperkinetic dynamics ll will be explored. Examples ofthe
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 11 molecular ll radical pair or the unoccupied micelle. The
occurrence of large magnetic effects will be shown to be a consequence of
11 resonances 11 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 weIl known that in viscous liquids and micelIes 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 i tself 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 mostphysically reasonable model of CE both in viscous and micellar
solutions is based on the Smoluchowsky approach assuming diffusive motion of
ra icals wi th the coefficient D inside the short range interradical mean

c

fo ce potential well u(r) with the coefficient D outside [1]. The spin
f

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

Small cages: R ｾ d, D ｾ D. In this case for typical parameters of
c f

RPs b R21IHII/D < 1 and the magnetic field dependent RP recombination
c

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

ioo

1 I e:t An(t) = --- de: e N(e:)n
2rri 0

and (l)

- i 00

In eq. (l) n is the initial RP density matrix, H
o c

commutator of the RP spin hamiltonian within the cage H
c

is the free radical spin hamil tonian and J is the
c

[H , ... ] is the
c

= H + J , where H
o c 0

effective exchange

interaction, W = W +W +W +W and k(e:) = 1ce:+iH +W )/D. W, W, Wand W
serd Or f se 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 100

I -1 I e:t -1 AM( t) = dt Tr[Mn( t)] = (2rri) de: e e: Tr[MN (e:)n
o

] , (2)

o - i 00

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

a) For rather deep wells and strong spin dependent interactions: IIH 11 >
A c

WdR!lkll, one can neglect the term WdRk thus reducing the model to the

3



exponential one

n = -(iH +W +W +W +W )n. (3)
cserd ｾ ｾ

b) For shallow wells and weak interactions: IIHJ < WdR11k11 MFEs are

completely determined by the term WRk which results from the contribution
d

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

2. Large cages: R » d, D < D. In this case which corresponds to
c f

micelle cages the MFE generation kinetics consists of two stages: a first
stage of spatial separation and equilibration of radicals wi thin the cage
and a second stage of exponential quasiequilibrium evolution. Ihe kinetics
is significantly different in two limits: (a) l:: = R211HII/D < 1, and (b) l:: >

c

1, which will be called the cage and the supercage limits, respectively.
(a) In the cage limit, l:: < 1, the kinetics is described by eqs (1)-(3)

and the effect of the first stage on the spin evolution is negligible.
(b) In the supercage limit, l:: > 1, the RP spin coherence within a

micelle is strongly reduced due to superposition of contributions of RPs
diffusing wi thin the well. Ihis rapid dephasing accompanies the spatial
separation in the weH. Spin evolution during this first stage results in
the ini tial condi tion for the second stage and is determined by the free
diffusion model [3]. For example, in the SI -approximation, CIDEP P and the

o 0

escaping probability 2 are given by [3]
o

recombination,andrelaxationexchange

2 = 1 - (1/2 )L q / [1+(L - L /2) q ], (4 )
o sR es R

is the spin-Iattice relaxation rate, 2Q =

spinofradiitheare

P = L q /[l+(L -L /2)q ] and
o pI es R

where - q +iq = v(W +2iQ)/D, W-
R Ire r

is the difference between the 2eeman frequencies of two radicals, L
e

w -w
a b

and L
s

the CIDE?isK =(W /2)P
e s 0

the recombination rate.-

respectively [3].
Ihe 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 SI -approximation the equations

o
for the populations of the states 1 1> = I+>al->b and 12> = I->al+>b read [1]

p = -(W +W )P + K 2 and Z = -(W +W )2, (5)
e d e F d

where P = n -n and 2 = n +n In eq. (5)
11 22 11 22

generation rate and W=(W /2)(2-2 ) is
F s 0

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 l:: > 1. One of the most interesting examples of such a case is the
antiphase structure (AS) of CIDEP spectra in micelles. For the majori ty
realistic RPs the CIDEP generation process in micelies is described by the
supercage approach (l:: > 1). At the same time AS is described by the cage
approach (l:: < 1) because the characteristic time of AS generation is
determined by the relaxation rates W-1 and W-1 for which one always gets l:: =

e r

ｒｾ /D < 1 [1].
e,r c

1. A.I.Shushin, Chem.Phys.Lett. 181(1991)214, J.Chem.Phys. in press.
2. A.I.Shushin, Chem.Phys.Lett. 110(1989)409, J.Chem.Phys. 91(1992)1954.
3. A.I.Shushin, Chem.Phys. 144(1990)201, 223.

4



1JlaJl1UJ lGMlö

'No ｾ｜ｾ ｾ iXLA.(

｜ｊｾ ｾＱＩ Ｈｨｴｸ［ｾ ｾ ＱＨｔＭＫｾＩ＿
Ｒｃｓｾ -=' S T rz

CmEP .. RJlDICJlL-ftIPLEr COLLISIORS

ｾｾ ｾ ｾＧ￟ P+ ｾｦｯ Ｍｾ Ｎ･Ｌｷｩｓｓｬｾ

\ +l'Z. ｾＯ 4 tr4) .- U1'\l'C: ｾ｣Ｏ｜ｩ \I'C.. .

ｾ
'2.. (T+R) ｾ

kｾｃ --7 9uoJ1-Jr Ｍ､Ｎｯｵｾｬ･ｴｲ

vY\iXi1.
H. Paul

Physical Chemistry Institute, University Zuerich, Switzerland

:Yo.:o (S)«(OI1'(cJ..s-l ｾ ｊ Ｎ Ｎ Ｎ ｩ Ｑ ｾ ｾ ctD.sear ｯＮＮＮｰｲＨｏｾｾ

ｾｾｾ ｾｌｾＱＧ

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 weIl as their dependence on the
relative diffusion of radical and triplet species. EspeciaIly 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

(l) C. Blättler. F. Jent. H. Paul. Chem. Phys. Letters 166 (1990) 375;
C. Blättler, H. Pau!, Res. Chem. Intermed. 16 (1991) 201.

(2) A. Kawai. 1. Okutsu, K. Obi. J. Phys. Chem. Q5 (1991) 9130;
A. Kawai. K. Obi, J. Phys. Chem. 96 (1992) 52.

(3) A. 1. Shushin, Z. Phys. Chem. 182 (1993) 9;
G.-H- Goudsmit. H. Paul. A. 1. Shushin, J. Phys. Chem. Q1 (1993) 13243. and
references cited therein.
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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 exarnine 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. UniInolecular reactions such as H2 elimination giving rise to
olefm 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 weIl as the examination of reaction products allow us to develop an
overall scheme of high energy chemistry. Radical ions playa significant role in such a high­
energy rJgime.

*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 Biradicalso 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 10ng chains (C22 to C26),
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 C26 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
geom.etrical isomerism on a long range electronic coupling, the result of which is shown below for
the solvent benzene at room temperature:

o
ｾ

J trans = -84 ± 8 MHz

ｾ
Jeis = -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, confmning
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 C26 biradical shows an "altemating 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 dynarnics and these observed effects.
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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 infonnation 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,
P+(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.), ü.) 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 w.)
P+(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 D.S. Department of Energy, Office of Basic Energy
Sciences, Division of Chemical Sciences under contract W-31-109-Eng-38.
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SPIN DYNAMICS AND ODMR HOLEBURNING IN TRIPLET STATES
OF PHOTOSYNTHETIC REACTION CENTERS

Alexander Angerhofer, 3. Physikalisches Institut, Universität 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 a (BChl a) 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
Rhodobacler sphueroides R26. The second moments are cleddy 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 ease of Rhodobacter sphaeroides the triplet is delocalized on the time
seale 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 ease of deuterated RCs of Rhodobaeter 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,

Proe. Natl. Aead. Sei. USA 86, 4335 (1989).
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ELECTRON SPIN POLARIZATION IN BACTERIAL PHOTOSTh"THETIC
REACTION ｃ ｅ ｾ ｬ ｒ ｅ ｓ Ｚ THEORY A..ND RESULTS

P. J. HORE

Physical Chemistry Laboratory, Oxford Universiry, U. K.

The EPR spectra of spin-eorrelated 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+Q-, 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 electran spin polarization, and the strang 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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RECOl\1BINATION DYNAMICS IN MODIFIED REACTION CENTERS

M. E. Michel-Beyerle

lnst. 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

Moc.Wa.U ;ur. (b",f<..-I= '11.1- ;ohkf'{. ｾ jl.;,JJ4diJ ｾ f fepjr «ce. 1& r.L../;,..k"

oUc,! 1 Q!xc,,/-J. sW.t; ｾ I +-j ｍＴｊ［ＮＮｌ､ＬｾＮ ｝･ｬ･｣ｨｩＺＭＮＭＭｗｬ［ｾｯｦｾＱ ｾｴｫｬｩＧｾｾＧ a-fE.
Sd.J. <>4 le-e;J, ｾＮＱｴ､ E ｾ ｾ ｃｏｶｗ･ｊＳｬｾ ｾ ｾ｜ｉｾ ｾｦＺ［ｊ･ＮＮＮ

13



FOLLOWlNG LIGHT-INDUCED CHARGE SEPARATION IN PHOTOSYNTHETIC
REACTION CENTERS WITH TRANSIENT EPR SPECfROSCOPY

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

From an EPR point ofview 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
dynamies) from a highly correlated (singlet) spin state and during the Iifetime ofthis glrrelated
glupled radicalion llair (CCRP) P+Q- spin dynamies proceeds under the convenient condition
of stationary magnetic interactions with their fuH tensorial character maintained. Structure as
weil 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 ofexperimental data. While other presentations at this meeting focus on spin dyna­
mies and coherence effects, this contribution concentrates on spectral information from spin
polarization patterns and on kineties obtained from transient EPR-spectroscopy at various fre­
quencies.

The Ic.· . "} X-ray ground state structure of bacterial reaction centers bRC, e. g. from Rb.

sphaet <- ｾｳＬ permits detailed model tests for the analysis oftransient EPR-spectra ofthe P+QÄ
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 wili 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 g2 as known from
single crystal EPR-studies [3].

(ii) The orientation of the g(QÄ) tensor is obtained very accurately in the P+QÄ 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 sampies is achieved.

Analogous results have been obtained for PS I-particles of cyanobacteria for which a 6Ä-res­
olution X-ray structure is available [5]. The orientation of the quinone acceptor Al (Vit. K1)

in the P700AI state is distinetly 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 P700 and the whole terminal acceptor chain: Al' F;, Fi and Fi, as will be summar­
ized.
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Fig. 1: Transient EPR-spectra in direct detection with E(ernissive) and A(absorptive) spin pol­
arization for protonated ZnbRC (left) and deuterated dZnbRC (right) at three different rnicro­
wave frequencies: about 95, 24 and 9 GHz frorn top to bottorn. 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. Füchsle et al., Biochim. Biophys. Acta 1142 (1993) 23-35
[2] A. van der Est et al., Chern. Phys. Lett. 212 (1993) 561-568
[3] R. Klette et al., J. Phys. Chern. 97 (1993) 2015-2022
[4] R. Bittl et al., Chern Phys. Leu. 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 Universität 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 weIl 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 iriteraction 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
ｯｲ･ｳ｣･ｮ｣ｾ 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 ｾ ｡ ｳ been observed for the state PföoAl' in fully deuterated PS I [1]
and Pt6SQÄo in fully deuterated bacterial RC [2, 3] (P: primary donor; Ab 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 verifica.tion of the 0 bserved modulation of the
transient EPR signal as coherent singlet-triplet oscillations. In different EPR frequency
bands thus different external magnetic fields the ßg-induced singlet-triplet oseillations
have different oscillation periods. The eorresponding change in the period of the observed
modulation of the EPR intensity is indeed observed [3] for ｐｾｳｑￄＧ in X- and K-band (9
and 24 GHz, respeetively).

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 eoherent
singlet-triplet transitions. The dominant signal modulations in Fig. 1 are transient nuta­
tions. This ean 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 deteetion
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
rnagnetic 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,
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PHOTOCHEMICALLY INDUCED DYNAMIC NUCLEAR
POLARIZATION IN THE

PHOTOSYNTHETIC REACTION CENTER

Martin G. Zysmilich and Ann E. McDennott
Department of Chemistry, Columbia University

New York, New York 10027

Solid-state 15N_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 fonned charge transfer
pair p+ r". 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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Abstract m International Symposium on Magnetie Field and Spin Effeets In Chernistry,
Chieago, USA, 25-30 september 1994.

Anisotropie magnetie interactions influenee the triplet yield in photosynthetie reaetion
centers: RotaMARY, a new measuring teehnique.

A.I. Hoff and B. van Dijk
Departrnent ofBiophysies, Huygens Laboratory, Leiden University, P.O. Box 9504,2300 RA,
Leiden, The Netherlands.

In Spin Chernistry, anisotropie magnetie interactions are usually negleeted, as most reaetions
are studied in solution. In photosynthetie preparations, however, the influenee of these
interactions ean be signifieant, even at physiologieal temperatures, beeause 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 magnetie field effect on the
trip1et yield in photosynthetic reaction centers is strongly temperature dependent. This
dependence was attributed to a gradual change in predorninanee of two eompeting
meehanisms: 1. the Radiac1 Pair Mechanism (RPM) in which the magnetie 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-Indueed Mixing of
Sublevels (MIMS), operative at lower temperatures for which spin-lattiee relaxation is
unimportant, whieh acts by rnixing the populating probabilities and decay rates of the
individual triplet sublevels. Both mechanisms have their own, and quite different, anisotropies.
At the magnetie fields considered (up to 80 mT), they consist in the RPM mainly of the
dipolar interaction between the two photoinduced radieal io!\§; with some eontribution of
anisotropie hyperfme components, whereas for MIMS they are due to the [me interaction
between the two unpaired electrons of the moleeular triplet state generated by recombination.
Interpretation of the anisotropie magnetie field eurves 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 eonversion of solar energy in photosynthetic
preparations.
Here, we present a new, highly sensitive and accurate teehnique for measuring the anisotropie
magnetic field effeet, labelled RotaMARY. We use a symmetrie arrangement of six Helmholtz
coils for generating a rotating magnetie field across the sarnple. The field ean be seleeted to
rotate in three mutually perpendicular planes. Using polarized light, and lock-in detection at
the (double) frequeney of rotation, we obtain directly the (spatially-averaged) anisotropy of
the magnetic field effect. Measuring this effect as funetion of the probing wavelength yields
the anisotropie Triplet - Singlet (T - S) absorbance difference spectrum, whose analysis
yields the above-mentioned orientation of all optieal transition moments contributing to the
spectrum. The high sensitivity of the new RotaMARY technique has allowed us to detect
small differenees 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 photoseleetion combined with intermediate-field rnixing of the triplet
wavefunctions.
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RECOl\1BINATION DYNAMICS DETECTED IN DELAYED EMISSION AND
ABSORPTION - A KEY TO THE INHOMOGENEITY OF RADICAL

PAIR ENERGIES IN PHOTOSYNTHETIC REACTION CENTERS

'Alex Ogrodnik
Inst. Physik. und Theoret. Chemie, Technische University of Muenchen

Lichtenbergstr. 4, D-85748 Garching, Germany
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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 für Physikalische Chemie, Universität Stuttgart

Pfaffenwaldring 55, D-70550 Stuttgart, Germany

** 3. Physikalisches Institut, Universität Stuttgart

Pfaffenwaldring 57, D-70550 Stuttgart, Germany

*** Chemistry Division, Argonne National Laboratory, Argonne, IL 60439, USA

ｓｰｩｮＭ｣ｯｲｲ･ｬ｡ｴｾ､ 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 FeH for the spin dynamics in baeterial 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 eleetronic structure of the

primary donor in plant photosystem 1.

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: ContoUI plot representation of the two-dimensional transient EPR experiment of the
light-induced secondary radical pair in plant photosystem I. Left: Experimental contoUI plot
from fully deuterated cyanobacterium Synechococcus litJidus. Right: Calculated contoUI plot
using the evaluated geometry.
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LIGHT-INDUCED NUCLEAR COHERENCES
IN PHOTOSYNTHESIC REACTION CENTERS

STEFAN WEBER*, ERNST OHMES*, MARION C. THURNAUER**, JAMES R. NORRIS**,

and GERD KOTHE"K

* Institut für Physikalische Chemie, Universität Stuttgart

Pfaffenwaldring 55, 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

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:,toAi- 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 (t < 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 lITN ｾ (1/2)(91 +92)ßBt/h (see Fig. 1) [4].

Previously, these oscillations have not been observed due the short life time of P:,toAi­

at room temperature. Apparently, cooling down the sampie to T = 70 K increases the

life time of P:,toAi- and thus enables detection of an additional coherence phenomenon,

recently observed for baeterial reaetion 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. Deteetion of nuclear quantum

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 funetion of B 1 may provide detailed information

on the electronic structure of P:,to, 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 P7boAi- 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

RECOMBJNATION IN WEAK MAGNETIC FJELDS

D.V.Stasst , N.N.Lukzent, B.M.Tadjikov and Yu.N.Molin
Institute 0/ Chemical Kinetics and CombtJStion, 630090,

Novosibirsk

tDepartment 0/ Physics, Novosibirsk State University

t International Tomography Center, Novosibirsk

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 nudei 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 C6F6 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 nudei (2]. In this report it is experimentally
demonstrated that the interference phenomenon is quite pronounced and
should be observed in the recombination fiuorescence for radical ion pairs
having numeroUB 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 theoreticallyob­
tained: ür* ｾ 1 [5].

For the particular case of the set of equivalent nuclei the theory predicts
additionallocal extremain low fields (first extremum for equivalent protons
at 3AkJ for even N > 4) [2, 3J. 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 Ak!

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 RCEOOO 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-eORRELATED RADICAL PAIR SYSTEM

Chemistry Division, Argonne National Laboratory

Argonne, lllinois 60439, U.S.A.

For a photo-induced spin-rorrelated radical pair system, either with a singlet or a triplet

precursor due to spin-ehemistry effects, unusual spin polarization in EPR spectra has been widely

observed as a result of initial non-Bpltzmann 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-rorrelated radical pair system, we have examined the effects of electronic exchange and

･ ｬ ･ ｣ ｴ ｲ ｯ ｮ ｾ ｬ ･ ｣ ｴ ｲ ｯ ｮ dipolar interactions on electron spin echo envelope modulation and free

induction decay. We have shown that by using a Hahn echo pulse sequence (900x - T - 1800J

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. Trus abnormal

phenomenon is shown to be a peculiar result of the zer<Kluantum coherence due to singlet-triplet

mixing in the spin-rorrelated 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 Ｂ ｯ ｵ ｴ ｾ ｦ Ｍ ｰ ｨ ｡ ｳ ･ Ｂ echo as a consequence of

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

The zero-quantum beat technique in spin nutation phenomena has been recently shown 10

be a useful tool in structure determination of a spin pair system. In addition 10 the above out-of­

phase ESE modulation technique, here we propose a method 10 generate and detect multiple­

quantum signals by using a phase-eycled pulse sequence (9()041 - T - 9()0J 10 examine a photo­

induced radical pair system. By a special arrangement of the phase cycling for rI> 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 ｾ ｭ

;c Ibut can be measured .indirectly using coherence transfer as used in the zero-quantum beat

technique. This phase-eycled multiple-quantum technique can be useful in obtaining structura1

and dynamic parameters of the radica1 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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CIDEP studies have been limited mostly to the X-band microwave frequency except a
few studies(l,2), but it is desirable to extend measurements 10 other frequencies. We have
been making CIDEP measurements at L(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 toexamine
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 10 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:
l)pyrazine/2-propanol, 2) maleic anhydride /2-propanol, 3) tetraphenylporphyrin(TPP),
benzoquinonelbutanol,4) xanthone and di-t-butylphenollSDS micelIes. 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
radicals remarkably change depending on
the microwave frequency. Fig.l 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
TM with respect 10 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
hand, an opposite trend was observed in
the TPP case. Acccording to the theories
by Atkins-Evans(3) and Pedersen-Freed
(4), the initial polarization by TM(PTM) is
given by the the following equation.

P <X ( kTT1 Ｉｉｾ DK( 4 + 1 )I
1M l+kTT 1 15 0 4wo2+(kT+l:C·1r wo2+(kT+l:C.1?

K ={ i (ku + kyy) - kzz }/ (kxx + kyy + kzz)
(1)

Here WO is the microwave frequency, D and TI are the zero field splitting and the spin-lattice

relaxation time of the precursor triplel sLale. respectively. kT and -rc are the reacLion rale
constant and the rotational correlation time of lhe lriplel state, respectively. K gives lhe
anisotropy of the intersystem crossing rale from the excited singlet state to the triplet state.

When kTT, » 1 and either 1) wo « (kT + "tC-I) or2) wo» (kT +-rc- 1), equation 1 becomes

simple. In the case of 1) PTM is proportional to WO' and in the case of 2) PTM is

inversely proportional to wo. In the pyrazine/2-propanol system case 1) seems to be
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applicable, but the TPP case is more elose to 2). These results will be discussed in relation to

Tl' Le, and kT of the triplet states.
In the L-band spectrurn of the 2-propanolyl radical the second order hyperfine splitting is

large and the relative contribution of ST_M with respect to STaM is increased. We have
studied the spectrurn over a wide range of tempemture.The spectrurn shows remarkable
temperature dependence. Fig. 2 shows the spectra obtained at two different temperatures with
their simulation. In the central portion of the spectrurn oniy the polarization due to ST_M gives
rise to the peaks.There peaks are analyzed in terms of the surn of the contributions due to the
hyperfine dependent (ST_M-d) and hyperfme independent(ST_M-i) mechanisms. Since the
relative intensities of the hyperfine peaks of the ST_M-d spectrurn and those of the ST_M-i are
different, we can estimate the relative contributions of the two rnechanisms. 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 becornes 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 (21 - 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 smalI.
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Fig. 2 L-band CIDEP spectra of aceton/2-propanol at different ternperature. a) Observed
spectra, b) Simulated spectra Top: lotal speclra, Bouorn: enlarged central parts of the
spectra.
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Sub-Doppler High-Resolution Spectroscopy of the V System of

CS2 and the Zeeman Effect

Atsushi Doi, Yoshikazu Tarohra, and Hajime Kato

Department 0/ Chemistry, Faculty 0/ Science, Kobe University, Nada-ku, Kobe 657, Japan

The electronic absorption spectrum of CS2 in the region 3300-2900 Ä. is named as the V

system by Kleman. l The vibrational and rotational structure was first analyzed in detail by

Jungen et al.,2 and the V system was assigned as the transition to the bent I B2 state which

correlates with the l.0.u[(7l"g}37l"u]state o(a linear molecule.3 The bands of the V system were

named 1V, 2V, .. " and were listed in Table 3 of Re! 2. The effects of magnetic field on the

fluorescence intensity and the decay time were first observed by Matsuzaki and Nagakura4

and extensive studies were reported. s- s Ochi et al.9 observed the fluorescence excitation

spectra and the Zeeman quantum beats for the V system of CS2 cooled in a supersonic jet.

Cramb et al. lO 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- l crossed to a molecular

beam of CS2, the rotationally resolved excitation spectra and the Zeeman spectra with sub­

Doppler resolution for the 6V, 10V, 13V, and 15V band systems,u,12 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.

CS2 is linear in the ground ｳ ｴ ｡ ｴ ｾ Xl L;t[(1rg )4].3 The Zeeman splitting of the Xl L;t state is

small and can be neglected. Hence the Zeeman splitting of a spectralline 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 1 were split into 21 + 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 aseries 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 ｾ ｴ ｲ ｯ ｮ ｧ ｬ ｹ on MJ (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 !::i.J = ±1 selection rule.

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

tions are studied for severallines.
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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.

ｾ Ｎ ｎ Ｎ ｌ ｵ ｫ ｺ ･ ｮ 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-resohred 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. vVe also have
discussed the another factor which can influence on the beats amplitude - the
presence in the radicals of the pair 13C nuclei. The hyperfine interaction between
electron spin and 13C nuclear one change the frequency of S - Ta transition in
radical pair and lead this radical pair out of coherence. Although the natural
abundance of 13C nuclei is rather smalI, the great number of carbon atoms of
recombining radicals increase the probability that RP contain at least one 13C

nucleus. This probability significantly have increases in the case of degenerate
eleetron exchange reaetion involving one of the radical of the pair. We have in­
vestigated the beats amplitude on the value of 13C 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 kineticsin 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 !ND SPIN EFFECTS.

Alexander B.Doktorov
Institute of Chemical Kinetics and Combustion,

Siberian Branch of the Russian Academy of Sciences,
Novosibirsk, 630090, Russia.

Analysis of the merits and demerits of the general
theoretical approaches to magnetic field and spin effects
consideration in liquid solutions has been given. The
approaches have been systematized in the following manner.
1.S1mple models. They 1mply some s1mplifications of the spin­
-Hamiltonian of the radical pair (RP) or some s1mp11fications
of radical mobility description. They give a clear
understanding of the effects formation.Using these models such
effects as the magnetic fields influence on the reaction yield
and nuclear (CIDNP) or electron (CIDEP) polarizations have been
pr1marily interpreted. However, the models are hardly accurate
and cannot be applied to rather complex systems. Somet1mes, as
has been demonstrated, they cannot explain some qualitative
effects.
2. L1ouv1lle equat10n method (Lm.t). It is the most general and,
actually, the most accurate (in the framework of the existing
level of the theory of react10ns in liquid solutions) approach.
The calculat10ns of the des1red effects, can, as a rule, be
performed numer1cally. However, one needs some prel1minary
s1mplif1cat1ons of the sp1n system under study to perform the
calculat1ons. These cons1derably d1min1sh the main advantage bf
the methode The essent1al demer1t 1s also the necess1ty to
perform the total calculat10n for all acceptable values of
spin-magnetic parameters as weIl as for every manner of
molecular mob111ty.
3. Approx1ma.te methods. In the var1ety of such methods only two
most powerful and generaiones have been analyzed. Both of them
are based on the separat10n of the reaction and spin-molecular
dynam1cs and further spin and molecular dynam1cs. The
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separat10n 1s poss1ble due to the sharp spat1al dependenc1es of
the rad1cal react1v1ty and exchange interact1on.

1 .Method of summat10n of re-encounter contr1but1on (MSRC).

A modern vers10n of the method allowing for the durat10n
of contacts has been analyzed and some advantages compared to
1»& have been emphas1zed. Some princ1pal demer1ts due to
uncertainty in the defin1t10n of the term contact and, in
part1cular, due to uncertainty of the pbysical character1st1cs
of re-encounter stat1st1cs have been ind1cated as weIl as the
1mposs1b111ty to take account of the actual spat1al
dependenc1es of the exchange interact10n between rad1cals. Thus
the methods have been shown to be appropr1ate for CIDEP effects
calculat1ons.
2. Kinemat1c approximat1on (KA). Th1s recent method named, in

general, as the Green funct10n one, 1s under development in the
Inst1tute of Chem1cal Kinet1cs and Combust1on SB RAS
(Novos1b1rsk, Russ1a). The method has the same advantages 'as

MSRC but 1s free from 1ts princ1pal demer1ts. The connect1on
between the cbaracter1st1cs of re-encounter stat1st1cs and the
correspondtng Green funct1on, descr1btng rad1cal mob111ty, has
been establ1shed. On account of th1s connect1on a simple KA has
been shown to be equ1valent to MSRC although w1thout the above
uncertainty. Thus, the KA method allows us to fonnulate the
problem of extracttng the important pbys1cal informat1on about
rad1cal mob111ty and thus to include magnet1c f1eld and spin
effect measurements into the group of experimental magnet1c
methods used for the same purpose. The experimental methods of
obtaining the above informat1on, based on magnet1c f1eld
sw1tching, have been advanced. From the point of v1ew of of the
informat1on ava1lable, the method 18 equ1valent to the usual
time-resolved one. However ,the resolut1on can essent1ally be
increased. It 1s important that the approximat1ons taktng into
account the actual spat1al dependence of the exchange
interact10n have been developed on the bas1s of the Green
tunct10n methode
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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 Hin 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 Hand the Zeeman
quantum beats as weIl 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 rotationallevel excited, Le., the quantum yield of only
the slow component of fluorescence decreases with increasing the rotational quantum
number of total angular momentum (l), whereas the fast component is nearly
independent of the rotationallevel, 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> (Neff) 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,

, 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 playa
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role to increase Nelf , 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
dynamies have been elucidated, as will be briefly mentioned below. The conclusions
reached by our experiments seem to be very common on moleeules 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 moleeule under study, indicating that
the spin sublevel mixing among singlet-triplet mixed states becomes more efficient
with increasing vibrationallevel 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 aB the moleeules 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 elf at zero field. The rotational effects on magnetic
field effects can be interpreted by considering the spin decoupling by Hand the K
scrambling in the triplet manifold foBowing ISC. In fact, the rotational state
dependence of the fluorescence quantum yield at zero field weB corresponds to that
of the magnetic field effecL
(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 dynamies 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 elf'

(5) Relation to Intramolecular Vibrational Redistribution (lVR)
In contrast with a sharp fluorescence emitted from the initiaBy 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 weB 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 RU(II)COMPLEX PHOTO-OXIDATION IN ULTRA-HIGH

MAGNETIC FIELDS

D.-Bürßner, H.-J. Wolff and U.E. Steiner
Fakultät für Chemie, Universit.,1t 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
RuILtris 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].

Ｑ ｒ ｵ ｓ Ｒ Ｋ Ｋ ｍ ｖ Ｋ Ｋ ｾ Ｑ Ｈ ｒ ｵ ｾ ｾ Ｎ MVt)
o k
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SCHEMEl

Scheme I represents the processes occuring after transfer of an electrön from the photoexcited
3MLCf state of the RuILcomplex to methylviologen (MV++) as an electron acceptor. A
radical pair type intermediate 3(Ru(bpy))3+·..MV+.). originates with triplet spin correlation.
It can dissociate into free MV+· radical and RuIILcomplex a process occuring with an

efficiency of TJce, the "yield" quantity measured as a function of the magnetic fjeld. 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
fjeld dependence of the triplet to singlet conversion process which renders the observed CE

yield llce 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 RuIII where one is dealing with a low-spin d5
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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 Rum complex, and secondly , as far as
stochastic effects are concemed, by the relaxation process of the effective spin. It is

characterized by a time constant "ts ' entering into the rate constant kTS as kTS = (4"ts t 1.
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complexes with
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In Figure 1 the field dependence of llce is shown up to fieleIs of 17.5 T for aseries of Ru­
complexes. The analysis of the data yieleIs the absolute values of kce' "bet and kTS .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 sourees.
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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
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Institute of Chemical Physics, Russian Academy of Sciences,
VI. Kosygina 4, 117977 GCP1, Moscow V-334, Russia
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The recombination kinetics of geminate triplet-derived ketyl-phenoxyl radical pairs (RP) in
micellar solutions as weIl 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 ofthose aromatic radicals having only protons as the magnetic nuclei is
the relatively smaIl hyperfine interaction (hfi), which does not exceed lOG and can be made as small as
ｾ 3 G by perdeuteriation ofthe reactants. Application of a very smaIl magnetic field even such as ｾ 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.).

The recombination rate and magnetic
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 miceIles (sodium heptyl "'
sulfate (C7) through sodium pentadecyl sulfate
(C 15) in zero magnetic field increase as the micellar :.L

size is decreased and reach the maximum value in

CS' The recombination rate in C7 becomes smaIler
than that in CS' Application of smaIl magnetic field
comparable to the magnitude of hfi results in the
retardation of RP recombination in miceIles of aIl sizes, while the MIE is enhanced significantly only in
C 15 - C 10. The'pronounced effect is observed at 1 G (Fig.) for perdeuteriated RP in C 12·

The recombination of chain-linked (-Q-(CH2>rt)-0- spacer, n = 3, 6 and 10) ketyl-phenoxyl RP

is slower than that of similar nonlinked RP in micelIes, which is supposed to be due to the effects of
dephasing ofhfi-induced spin evolution by fast forced reencounters [4]. The high values ofMIE up to 3
were measured for n = 6 in zero magnetic field. The RP with n = 10 is sensitive to the small magnetic
field IG (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 weIl as in cornparison with calculations within the frarnework of the microreactor or

biradical model [4] with solution ofthe Liouville equation for the time dependent density matrix ofthe

RP spin system.
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CALCULATION OF MAGNETIC FIELD

EFFECTSINMICELLES

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

Diffusion and magnetie field effeets (MFE) of rad.icals in a mieelle are very different
from those of freely diffusing, non-interacting particles in an infinite volume. The bound­
ary of the mieelle, loeated at a distanee R, acts as a potential barrier for the particles and
gives rise to arefleetion of particles at the boundary. This eonfinement effeet has a dra­
matie effect on the time behavior of the diffusion proeess and therefore on the magnetic
field effects of the recombination processes. The mobility is usually (about 10 times) lower
in the mieelle than outside and a slower diffusion automatically inereases the magnitude
of the MFE.

Magnetic field effects of radieal pair (RP) recombination in micelles have been in­
vestigated numerieally and analytieally [1,2,3]. The eonfinement effect of the micelle is
modeled by a finite potential well and the lower mobility of the radieals in the micelle is
modeled by a spatially dependent diffusion coefficient. The results show that the recombi­
nation yield and the eontribution from ST_-transitions to all kinds of MFE is significantly
increased due to the confinement effect of the mieelle. The spin exchange relaxation is also
inereased eausing the STo-eontribution to CIDEP to be signifieantly reduced. Due to the
long lifetime of the radical pair in the micelle spin lattice relaxation becomes important.

The diffusion proeess 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 reeombination
process which ean be viewed as aseries 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/ Dm. If the eonfinement effeet 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 eseape from
the micelle. This is the physical picture of the supercage model [1] which is based on the
assumption that the processes oeeur 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
mieelle and bulk recombination of the radieals.

An exact calculation of MFE can be performed by the Stoehastic Liouville Equa­
tion (SLE). The reeently developed numerieal method [4] based on the backward SLE is
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particularly useful. It is higWy 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 = 1fr. Furthermore indusion 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 [3J. This
model can be used to calculate MFE for realistic multinuclei systems with relaxation [6].

1. A.I.Shushin, J.B.Pedersen and L.I.Lolle, Chern. Phys. in press, 1994.

2. J.B.Pedersen, A.I.Shushin and J.S.J0rgensen, Chern. Phys. submitted, 1994.

3. J.B.Pedersen, J.S.J0rgensen and A.I.Shushin, Chern. Phys. Lett. submitted, 1994.

4. J.B.Pedersen and L.I.Lolle, Appl. Magn. Reson. 5, 89, 1993.

5. A.I.Shushin Chern. Phys. Lett. 181,274, 1992.

6. J.S.J0rgensen, J.B.Pedersen and A.I.Shushin, rnanuscript under prepamtion, 1994.

｢ｾｾｾ SiE - ｾｾ 3fv'> ｉｦｯｾ t dA 1\1;1,-..( ＬｾＮ
ｾＦＢＧＱｎ｣ -it\fN!ijta& tlff[ll)<' f& r(JJ,.Q ｴ ｬ ｩ ｧ ｩ ｾ ｓ ｲ ｾ ｾ ｲ ｛ ｾ Ｎ 9S( RT ＨｊＬＭｾＩ

? el»l1 Qeu\uJlJ ｪｕ｜ｾ t ｾ ＨｯｷｬｾＮ

43



r4un"", fow ,;,10 NMJ( t6be..
SNf =:-tY(( ｲｾ ｾ (4Js

The investigation of short-lived radicalJ intermediates by time-resolved SNP and DNP.

SJuvML ｧｾ {aNVl-,h-C1n c rf2J

r6loreiVt.- (}),J)tJ! '--f0ciJJ-df E.G.Bagryanskaya, R.ZSagdeev

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:
l.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.tuming 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
conesponding 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 repOlted.

The authors thank the Soros International Science Foundation (project RSOOO) für the
fmancial support of this research.
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NUCLEAR SPIN POLARIZATION AND SINGLETffRIPLET MIXING DURING
THE HYDROGENATION OF SYMMETRIC.SUBSTRATES WITH

PARAHYDROGEN.

Joachim BARGON, Jens BARKEMEYER, and Mathias HAAKE

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

Nuclear spin polarization has been predicted and observed by Bowers and Weitekampl to
result from the break of symmetry during the hydrogenation of asymmetrieally substituted
acetylenes with para-H2• We have found that isotopes in natural abundance cause asymmetry
even in seemingly symmetrie substrates, and yield rather strong nuclear spin polarization of
both the protons and these heteronuclei in the corresponding products. Accordingly, Be in
natural abundance causes nuclear polarization during the hydrogenation of acetylene and
ethylene as weil 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 magnetie symmetry or equivalence of the two
former parahydrogen protons. Aeeordingly, sinee the magnetie isotopes of these heteronuclei
become strongly polarized in eonsequenee thereof, this approach provides for a very sensitive
in situ detection of the resonances of such less-reeeptive nuclei as 15N, 29Si, ete. in the
reaetion intermediates.

The polarization patterns very sensitively depend on the degree of nuclear singletltriplet
mixing in the intermediates2

• This phenomenon yields information even about those reactive
intermediates, ( - thereby revealing details of the reaetion meehanisms of homogeneous
catalysis, - ) whieh cannot be deteeted direetly themselves even by this most sensitive NMR.
teehnique.

In summary, the PASADENA effeet1 is not restrieted to the hydrogenation produets of
asymmetrie substrates. but oceurs also during the conversion of symmetrie precursors. In situ

NMR. speetra3 so obtained not only display a signifieant signal enhaneement of the protons.
but - perhaps more importantly. - of suitable heteroatoms as weIl, thereby boosting the
sensitivity for NMR. deteetion of these isotopes in natural abundanee. Due to the remarkable
signal enhaneement. no deeoupling of the heteronuclei from the protons is necessary;
therefore. such in situ speetra reveal information about the eoupling constants between the
protons and the rare isotopes.

REFERENCES

1. Bowers. C. R.; Weitekamp. D. P. Phys. Rev. Len. 1986. 57, 2645-2648.
2. a) Bargon. 1.; J. Kandels, J.; Kating. P. J. Chern. Phys. 1993, 98. 6150-6153.

b) Kating. P.; Wandelt. A.; Selke, R.; Bargon. 1. J. Phys. Chern. 1993. 97, 13313­
13317.

3. Woelk. K.; Bargon. J. Rev. Sei. Instrum. 1992.63. 3307-3310
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MAGNETIC-FIELD-DEPENDENT FORMATION

OF MOLECULAR TRIPLETS FROM COVALENTLY

LINKED RADICAL IONS

Albert Weller

Max-Planck-Institut für biophysikalische Chemie,

Am Fassberg, D-37077 Göttingen, 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, 2A-..
-L- 2D+, from which the molecular triplet state, 3A- L_1 D, is

formed. This has been 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 ini tially produced overall

singlet state to the molecular triplet state 1s governed by:

(i) the hyperfine interaction , llEhfi , between the unpaired

electron spin and the nuclear spins in each radical (being

independent of their separation) , (ii) the exchange

interac tion, J (r), of the radical spins in the pair (which

decreases exponentially with increasing distance between them),

and (iii) the Zeeman splitting of the T+ 1 , To ' T_ 1 energy

levels of the radical pair tr1plet state.

The differences in behaviour with respect to molecular

triplet formation of the linked compounds with long links (end­

to-end distance of the fully extended link, r max ｾ 16 .x),

medium long links (9 ｾ < r max < 16 ｾ Ｉ Ｌ and short links (rmax ｾ

9 ｾＩ are discussed. In the latter case molecular triplet

formation occurs by a field-independent process, based on

intersystem crossing through spin-orbit coupling.
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SPIN-POLARIZED RADICAL ION PAIRS IN

BIOMIMETIC MODELS FOR PHOTOSYNTHESIS

Michael R. Wasielewski, Gary P. Wiederrecht,
Walter A. Svec, and Mark P. Niemczyk

Chemistry Division, Argonne National Laboratory
Argonne, IL 60439-4831 USA

Photoinduced charge separation reactions form the basis for energy storage
processes in natural photosynthesis. Recent research in our laboratory has focused
on developing chlorin-based supramolecular arrays that produce long-Iived charge
separation by Iimiting the electronic coupling between the separated charges. A
typical array is depicted below. These molecular donor-acceptor arrays can be used
to examine iss.ues regarding the relationship between electronic coupling and
molecular structure, especially with regard to electron or hole transfer through
macrocyclic spacer molecules such as the porphyrin ZP depicted below.

zc

Over the past two years we have developed a unique series of
supramolecular arrays that for the first time c10sely mimic the electronic coupling that
up until now was observed only for long-Iived radical pairs that are produced within
photosynthetic proteins in low temperature glasses. Dur goals in preparing ZCZPNI,
illustrated above, were 1) make the optical absorption of the chromophores cover the
majority of the solar spectrum, 2) use ultrafast singlet state photochemistry to
maximize the stored energy in the ion pair product, 3) produce a moleculararray in
which the energetics of electron transfer in media possessing restricted solvent
motion, such as polymers and low temperature glasses, are optimized, 4) insure that
the electronic coupling between the radical ions within the product state is sufficiently
weak to result in long lifetimes that can be exploited to perform other chemistry. All of
these goals are achieved within ZCZPNI.
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Photoexcitation of ZC-ZP-NI initiates a single-step charge separation reaction:
1*ZC-ZP-NI-> ZC+-ZP-NI-, with 't = 320 ps and 93+% quantum yield in glassy solids
at cryogenic temperatures. There is no evidence for formation of intermediates
involving the porphyrin on time scales > 200 fs. The radical ions of the charge
separated pair are about 18 A apart, which results in a long-Iived radical pair with 't =
10 ms. Moreover, the radical pair retains a memory of the singlet spin state in which
it was born by exhibiting spin-polarization as indicated by EPR.

At long distances the electron-electron exchange interaction, 2J, between
radicals within acharge separated ion pair is sufficiently weak that differences in
local magnetic fields surrounding each radical result in S-TO mixing of the radical pair
spin sublevels. This mixing produces a non-Boltzmann population of the spin
sublevels of the radical pair, which results in the appearance of spin-polarized EPR
spectra. Spin polarization within ZC+-ZP-NI- results from weak spin-spin coupling.
Within ZC+-ZP-Nr the anisotropie dipolar spin-spin interaction, 0, is about -0.5 mT,
while the exchange interaction 2J ｾ O. Since both the distance and orientation of the
two radicals within each pair are known, the spin-polarized EPR spectra can be
modeled using reasonable values for the exchange and dipolar interactions, in
addition to the anisotropie g-tensors of the radicals. The critical balance of energetics
and electronic interactions necessary to produce spin-polarization in the solid state
demonstrates that the charge separation and storage process is highly optimized in
this moleeule. Deviations from this idealized behavior can be used to study the effect
of molecular ·structure on the electronic coupling between ZC+ and NI-. For example,
removal of the Zn atom from the porphyrin results in significant changes in the
interaction between the two ions that comprise the radical ion pair product.
Moleeules of this type are being studied in a variety of solvent and polymer media to
develop a better understanding of the influence of the medium on charge separation
and stabilization processes.
(This work was supported by the Division of Chemical Sciences, Office of Basic
Energy Sciences of the U. S Department of Energy under contract W-31-1 09-Eng­
38.)
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ENVIRONMENTAL EFFEcrS IN

INTRAMOLECULAR ELECI'RON TRANSFER REACfIONS

Haim Levanon

Department of Physical Chemistry and

The Farkas Center for Ught-Induced Processes

The Hebrew University of Jerusalem, Jerusalem 91904, Israel

Abstract
Intramolecular electron transfer (ET) in several photosynthetic model systems, oriented in
liquid crystals (LCs), was investigated by continuous wave time-resolved electron
paramagnetic resonance (CW-TREPR) spectroseopy. The following mol.ecules were
investigated: 1) cis and trans isomers of a covalently linked zincporphyrin-cyclohexylene­
quinone (c-PcQ and t-PcQ, respectively); 2) zincporphyrin linked via an amide spacer to a
lumiflavin (PaF); 3) the para and meta isomers of zincporphyrin-phenyl-benz<>quinone (p­
PpQ and m-PpQ, respectively); and 4) zincporphyrin-guanine linked to a quinone-cytosine
via hydrogen bonds (1, Fig. 1) and represents a non-covalently linked photosynthetic model
system. The anisotropie liquid crystalline environment slows down the ET kinetics and
makes the ET products detectable over a wide range of temperatures, i.e., 210 ｾ T ｾ 330
K, an effect whieh is related to the solvent reorganization energy. Under such experimental
conditions the ET rates are reduced quite dramatically into the solvent controlled adiabatic
regime. The spectral line shape differences reflect the variation oi the molecular
architecture, namely the relative orientation of the donor-aeceptor and the character of the
spacer. These differenees in molecular structures are manifested by the TREPR spectra
through the magnitude of the spin-spin coupling (J) and the dipolar interaction (D), thus
leading to different electron spin polarization meehanisms. The specific effect of the
anisotropie LC in reducing the ET rates, originates from the existence of a potential barrier,
Le., the nematie potential (proposed by Meier and Saupe, in 1966) which is a function of
the solvent's anisotropy. This potential slows down the rotational eorrelation time of the
solvent dipoles as compared to isotropie liquids.

References:
Meier, G. and Saupe, A Molecular Crystals 1966,1, 515.
Hasharoni, K; Levanon, H.; von Gersdorff, J.; Kurreck, H.; Möbius, K 1. ehern. Phys. 1993,
98,2916.
Hasharoni, K; Levanon, H.; Gätsehmann, J.; Sehubert, H.; Kurreck, H.; Möbius, K 1. Phys.
Chem. (submitted).
Hasharoni, K and Levanon, H.1. Am. Chem. Soc. (submitted).
Berman, A; Izraeli, E. S.; Levanon, H.; Wang, B.; Sessler, J. L. (in preparation).
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FIg. 1: TREPR spectra for 1 dissolved in two LCs: E-7 (AX > 0) and ZlI-1167 (AX < 0) at a typical nematie
and isotropie temperatures. Top, the triplet spectra of rZnG" ••• QC) taken 300 ns after the laser pulse;
center: CRP spectra of (ZnG"+ •.• Qe') taken 900 ns after the laser pulse. Bottom: Molecular structure
of 1: R = ｓｩｍｾｕｉＮ The coordinate-axis is meant to describe the orientation of the chromophore dipolar
axis, relative to the LC director, 1., and the magnetic field, B.
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EFFECTS OF HIGH MAGNETIC FIELDS ON THE LIFETIME
OF CHAIN-LINKED BIRADICALS

Yoshifumi TANIMOTO, Yoshihisa FUJIWARA, Masahiro MUKAI,
Ryoiehi NAKAGAKI,* and Masaharu OKAZAKI**
Faeulty of Seienee, Hiroshima University,

Higashi-Hiroshima 724, Japan
* Faeulty of Pharmaeeutieal Seienees, Kanazawa University

Kanazawa 920, Japan
** National Industrial Researeh Institute of Nagoya,

Kita-Ku, Nagoya 462, Japan
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Studies on magnetie field effeets in ehemieal reaetions
have been the subjeet of eonsiderable attention .. A magnetie
field ean affeet many ehemieal reaetions by perturbing the
magnetie interaetion in spin states of reaetive intermediates.

In order to examine the effeets of high magnetie fields
on ｳ ｨ ｯ ｲ ｴ ｾ ｬ ｩ ｶ ･ ､ intermediates, we have made a high-magnetie-
field laser photolysis apparatus. A pulsed magnetie field
«20T, 2ms) was generated by supplying an intense pulsed
eurrent from a set of eapaeitors (50kJ, 5kV) to a home
made solenoid eoil [1].

Figure 1 shows the magnetie
field dependenee (MFD) on the
lifetime of four ehain-linked
triplet biradieals generated
from the intramoleeular hydrogen ｾ Ｒ

abstraetion reaetion of ehain ;
::;1moleeules in organie solvents [2].

With inereasing a magnetie field,
the lifetime of all biradieals

b)

inerease steeply and then reaeh
their maxima at about 2T. With
further inereasing a magnetie
field the lifetime of ÄQH-12-X, CI 3

XOH-12-X and BPH-12-X deerease ｾ 2

gradually, whereas that of
BPH-12-BPH is almost eonstant.

The lifetime increase in the
low magnetic field region is
attributable to the spin-lattiee
relaxation among singlet and
triplet sublevels whieh is
indueed by the anisotropie
eleetron-nuelear hyperfine
interaetion. On the other hand,
the lifetime deerease of three
biradieals observed in the
higher magnetie field region is
attributable to the relaxation
indueed by the anisotropie

Fig. 1. MFD of the lifetime
of· biradieals.

Ｐ ﾷ Ｑ Ｍ Ｍ Ｍ Ｍ ｾ Ｍ Ｍ Ｍ ｾ Ｍ Ｍ Ｍ ｾ
o 5 10 15

magnelle lIeld , T
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eleetron g-value.
From the analysis of the MFD of biradieal lifetime it is

shown that the eorrelation time for the anisotropie g-value is
about 3 ps, whereas that for the anisotropie hyperfine interae­
tion is about 5 ps. Importanee of the anisotropie motion of
biradieals as the origin of two different eorrelation time is
suggested.

References

[1] Y. Fujiwara et al., Chem. Phys. Lett., 213, 89 (1993).
[2] M. Mukai et al., J. Phys. Chem., 97, 12660 (1993).
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r I QUANTITATIVE STUDIES ON RADICAL AND RADICAL ION PAIR

REACTIONS BY TINIE RESOLVED CIDNP

1\ Ｍｾ - MCOc.Jf(Q. - hv -17- d-fA. Hanns Fischer

fo ｾ ｳｏ｜｜ｉｾ

Using 308 nm laser pulse excitation and 200 MHz FT-NMR with 100 ns time resolution the

reactions follwing a-cleavage of a variety of symmetric ketones RCOR have been followed in
time (R = (CH3)3C, '" CH2, '" C(CH3)2, '" 2CH, HOC(CH3)2). The magnitude of the nuclear
polarizations of the geminate products agree well with predictions of the high field radical
pair theory and exclusive triplet cleavage and singlet reactivity. For '" C(CH3h and "'2CH the

primary acyl moiety RCO undergoes a nanosecond decarbonylation. Its interference with the
spin evolution leads to CIDNP memory effects from which the rate constants of
decarbonylation are obtained. The time evolution of the CIDNP effects is analyzed
quarititatively to yield rate constants for radical terminations and radical nuclear relaxation
times. Recent work on R = HOC(CH3h revealed an influence of electron-nuclear cross­
relaxation on the time evolution ofnet effects.

In contrast to the systems invo.lving neutral radicals the time evolutions of CIDNP in radical
ion reactions induced by photochemical electron transfer in acetonitrile solvent are heavily
influenced by degenerate electron transfer, e.g. A:- + A ｾ A + A:-. We will treat systems
involving naphthalene and substituted naphthalene donors and the electron acceptors
dicyanoethene, benzonitrile and C60. In the nitrile cases geminate reverse electron transfers to
both ground state singlet and excited triplet states compete. The analysis of geminate CIDNP
effects shows that contributions from the triplet pathway can be hidden in the long-lived
triplet products. Hence, the CIDNP phases may indicate a dominance. of singlet reaction
though the triplet reaction is more efficient. C60 has a short electron spin relaxation time.
Therefore, triplet ion pairs involving this species undergo an efficient reverse electron transfer
to singlet products and give very little free ions. Further, radical ion pair CIDNP is used to
demonstrate a submicrosecond cleavage of pyrimidine dimer anions which are important in
the action of the repair enzyme DNA photolyase.

References:
J. K. Vollenweider, H. Fischer, Chern. Phys. 124 (1988) 333.
R. Hany, H. Fischer, Chem. Phys. 172 (1993) 131.
M. Salzmann, Yu. P. Tsentalovich, H. Fischer, J. Chem. Soc. Perkin Trans. II, in press,
see also separate contribution.
E. Schaffner, M. Kweton, P. Vesel, H. Fischer, Appl. Magn. Reson. 5 (1993) 127.
E. Schaffner, H. Fischer, J. Phys. Chern. 97 (1993) 13149, and in press.
R. R. Rustandi, H. Fischer, J Am. Chern. Soc. 115 (1993) 2537.
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PHOTOINDUCED DOUBLET-QUARTET SPIN POLARIZATION
IN THE DNA REPAIR ENZYME, DNA PHOTOLYASE

Gerald T. Babcock
DepartmentofCherrlistry
Michigan State University
East Lansing, MI 48824

Photolyase repairs UV-induced cyclobutane-pyrirnidine dimers in DNA by photoinduced
electron transfer. The enzyme isolated from Escherichia cali contains 5,10­
methenyltetrahydrofolate, which functions as the light-harvesting chromophore, and fully
reduced flavin adenine dinucleotide (FAD), which functions as the redox catalyst. During
enzyme preparation, the flavin is oxidized to FADHO, which is catalytically inert. illUmination of
the enzyme with 300- to 600nm light converts the flavin to the fully reduced form in areaction
that involves photooxidation of an amino acid in the apoenzyme. The results of earlier optical
studies had indicated that the redox-active amino acid in this photoactivation process was
tryptophan. We have now used time-resolved electron paramagnetic resonance (EPR)
spectroscopy to investigate the photoactivation reaction. Excitation of the flavin-radical­
containing inactive enzyme produces a spin-polarized radical that we identify by 2H and 15N
labeling as originating from a tryptophan residue, confmning the inferences from the optical
work. These results and Trp -7 Phe replacement by site-directed mutagenesis reveal that flavin
radical photoreduction is achieved by electron abstraction from Trp-306 by the excited-state
FADHo. Analysis of the hyperfine couplings and spin density distribution deduced from the
isotopic-labeling results shows that the product of the light-driven redox cherrlistry is the Trp-306

.cation radical. The results strongly suggest that the active form of photolyase contains FADH­
and not FADH2.
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PULSED ESR STUDIES ON THE LIGHT-INDUCED METASTABILITY OF
HYDROGENATED AMORPHOUS SILICON

J.Isoya1,2, S. Yamasaki2,3, A. Matsuda3 and K. Tanaka2,3

1University of Library and Information Science, 1-2 Kasuga, Tsukuba-City, Ibaraki, 305
Japan

2Joint Research Center for Atom Technology, National Institute for Advanced
Interdisciplinary Research, 1-1-4 Higashi, Tsukuba-City, Ibaraki, 305 Japan

3Electrotechnical Laboratory, 1-1-4 Umezono, Tsukuba-City, Ibaraki, 305 Japan

1. INTRODUcrrON
Unlike unhydrogenated amorphous silicon (a-Si), which is not photoconductive and

cannot be doped, hydrogenated amorphous silicon (a-Si:H) exhibits photoconductivity
and doping and has become a material of technological importance for applications such
as solar cells and thin-film transistors.The incorporation of the covalently bonded hydro­
gen can drastically reduce the concentration of dangling-bond defects which give an ESR
signal of g=2.0055. At present, ｴ ｾ ｩ ｣ ｡ ｬ concentration of the dangling-bond defects in de­
vice-quality a-Si:H films (5x102 Si cm-3) is _1015 cm-3.

The applicability of a-Si:H based solar cells is severely limited by the presence of the
light-induced metastability (Staebler-Wronski effect). Prolonged light illumination in­
creases, by more than one order of magnitude, the concentration of the dangling-bond de­
fects which are the dominant recombination centers for excess carriers. The originallow
defect concentration is restored by thermal annealing (l50°C for 1 h). Elucidation of a
microscopic creation mechanism of the photocreated defects is one of the main subjects
in a-Si:H both of basic scientific interest and of technological importance.

ESR has been utilized as a reliable tool for determining the concentration of dangling­
bond defects in undoped a-Si:H. However, in a conventional ESR of the continuous-wave
(cw) mode, detailed structural information of the dangling-bond defects in a-Si:H is un­
obtainable, since the spectrum is inhomogeneously broadened (ßB -0.7 mT at 9.5 GHz)
mainly by distribution of the g-value due to both random orientatigg and site-to-site vari­
ation of structure. Difference in the local surroundings berween the native dangling bonds
which remain after annealing and the metastable dangling bonds which are created by
prolonged light illumination is hardly detected by using the cw-ESR. We have been ap­
plying various techniques of pulsed ESR to overcome the limitation of the cw- ESR. We
will demonstrate, here, that the pulsed ESR techniques are powerful in obtaining micro­
scopic structural information of the dangling-bond defects in a-Si:H.
2. EXPERIMENTAL

Powdered sampies of s-Si:H and a-Si:D were obtained from thin films which were de­
posited by the r.f. glow-discharge technique from undiluted SiH4 and Sill4 respectively
on aluminum foil substrate. Both the concentration of the native dangling-bond defects
and that of hydrogen depend on the substrate temperature (Ts)'

The pulsed ESR measurements were carried out using a home-built spectrometer
equipped with a 1 kW TWTA and a pulse programmer which controlled the interpulse

11 delay(s) from a minimum of 50 ns to a maximum of 1 s with a minimum step of 5 ns. The
-,/ . repetition delay can be varied from a minimum of 200 ｾ ｳ to a maximum of 100 s. Pulsed
ｾ '4
t'{ fl ESR spectra were recorded, mostly, at 56 K by using an Oxford Instruments ESR-900.
I#. ,1- •. ｾ ｟
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3. RESULTS AND DISCUSSION
(1) ESEEMCElecrron Spin Echo Envelope Modulation)

Typically, 10 at. % bonded hydrogen is contained in a-Si:H film of device quality. In
several models proposed in literature, hydrogen is directly involved in the metastable de­
feet formation. To clarify the creation mechanism of both native and metastable dan­
gling-bonds, the experimental determination of the microscopic spatial relationship be­
tween hydrogen and dangling bond would be crucial.

The ESEEM method, which can extract weak hyperfme interaction completely hidden
undemeath inhomogeneous broadening, has proven to be useful in determining the num­
ber and distance of magnetic nuclei within 2-6A from the unpaired elecrron even for a
disordered system. Since the cw-ESR linewidth at 9.5 GHz is not affected by deuteration
(H: 1=1/2, gn=5.58569, D: 1=1, gn=O.857438) for both native and metastable dangling
bonds, hydrogen atoms are unlikely to be located at immediate neighborhood (r < 3 A), at
least, of the majority of dangling bonds. We have used the ESEEM method to detennine
both the bonding nature and the spacial distribution of deuterium nearby dangling bond in
a-Si:D. In two-pulse ESEEM, a nuclear-quadrupole splitting is observed in the deuteri­
um sum frequency peak 2vn(D) in the frequency-domain spectra obtained by Fourier-
rransform of the time-domain spectra. The nuclear quadrupole interaction of deuterium in
the vicinity of an unpaired electron, for both native and metastable dangling bonds, is
similar to that of bulk: Sill (e2qQ/h = 87 kHz) measured by NMR.

The local arrangement of deuterium atoms in the vicinity of dangling-bonds has been
detennined by simulation of time-domain spectra of three-pulse ESEEM. In the device­
quality a-Si:D film (T =250°C), the distance to the closest deuterium atoms by the point­
dipole approximation fs 4.2 A (4.8A in the case of two closest deuterium atoms) for both
native and metastable dangling bonds.

It is found that the local deuterium concentration in the vicinity of the unpaired electron
in metastable dangling bond is slightly higher than that in native dangling bond.

Among the sampies grown from various Ts (room temperature - 450°C), the local con­
centration of deuterium in the vicinity of unpaired elecrron varies with the deuterium
concenrration (28 - 5 at.%) in a-Si:D films, however, the deuterium atoms are always ex­
cluded from the immediate neighborhood of the dangling bond. It has been found that
the dangling-bonds do not accompany deuterium atom(s) at a unique, close distance:
(2) Phase relaxation
In the sampies of T =room temperature (a-Si:H sampie: the concentration of the native

dangling bonds = 8 xlo17 cm-3, [H]=33 at.%), the two-pulse echo decay by using nonnal
flipping angles is dominated by the instantaneous specrral diffusion. However, the two­
pulse echo decay using a small ｦｬｩｾｩｮｧ angles is described by

E(2't)=EOexp(-m't ).
Since the decay rate (m) is significantly different between a-Si:H and a-Si:D, and since
the nuclear spin lattice relaxation time is considered to be long, the phase relaxation is
caused by the local field fluctuations arising from nuclear spin flip-flops.
(3) Echo-detected ESR
During light illumination of undoped a-Si:H at low temperatures «150 K), two light-in­

duced ESR ｾ ｓ ｒ Ｉ signals with g-values of 2.004 and 2.013 are observed. The weak sig­
nals of the 9Si (1=1/2, 4.7% abundant) hyperfine lines of the LESR signals were ob­
served by using echo-detected ESR.
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PULSED-EPR STUDY OF SPIN DYNAMICS AND ELECTRON
TRANSFER QUENCHING OF C60 TRIPLETS

Carlos A. Steren and Hans van Willigen
Chemistry Department, University of l\'lassachusetts

Boston, MA 02125, USA

K.-P. Dinse
Institute for Physical Chemistry, Technical University Darmstadt

0-6100 Darmstadt, Germany

A study of the photoexcited triplet state of C60 eC60) in liquid solution was made using
pulsed-EPR techniques. Tbe spin-Iattice relaxation time, phase-memory time, and line width
were measured as function of temperature. The results were used to get an insight into the
spin dynarnics of3C60 . Of particular interest was the contribution of the electron spin-spin
interaction modulated by rotational motion to the relaxation rates. The analysis shows that
the value ofthe zero-field splitting parameter D, which determines the magnitude ofthis
contribution, is about an order ofmagnitude less than that found at low temperature in rigid
matrices. The reduction is attributed to rapid interconversion between triplet states. This
process is also responsible for a pronounced, temperature-independent, relaxation
contribution

The fact that 3C60 in fluid solution gives an EPR signal that can be readily detected is of
interest because it o:ffers the oPPOrtunity to investigate excited state quenching reactions by
monitoring the time evolution ofthe triplet signal. In the case of electron transfer quenching
reactions that give doublet radical products, the photochemistry can be studied with time­
resolved EPR techniques via spectra given by triplet precursor and doublet radical products.
Earlier (1) FT-EPR was used in the study ofthe reductive electron transfer quenching of
3C60 by hydroquinone and tri-p-tolylamine. In this contribution we will present results of an
investigation ofquenching by electron acceptors.

Financial support was provided by the Division of Chemical Sciences, Office of Basic
Energy Sciences, US Department ofEnergy and by a NATO Collaborative Research Grant.

(1) C.A Steren, P.R. Levstein, H. van Willigen, H. Linschitz, L. Biczok, ehern. Phys.
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PHOTO-INDUCED ELECTRON AND HYDROGEN TRANSFER AS STUDIED BY ONE

AND TWO-DIMENSIONAL EPR

K.-P. Dinse

Phys. Chem. m, TH Darmstadt, Petersenstr. 20, D-64287 Darmstadt, Germany

In the last five years, Fourier-transform EPR (FT-EPR) has seen a tremendous increase
in applications, particular for the study of kinetic processes on the microsecond time scale (I).
Most studies, however, utilised one-dimensional (ID) methods, dwelling on the unique
combination of time and frequency resolution obtainable with this stroboscopic technique.
Extension from ID to two-dimensional (2D) spectroscopy has been proven in the NMR
domain as a useful method to extract information from otherwise overcrowded spectra. In
particular, the possibility to observe cross peaks in the 2D plane enables one to follow
exchange processes on a time scale, which is basically set by the spin-Iattice relaxation time TI.
Qnly a few 2D-EPR experiments have been reported in the literature (2-5), dealing with
Heisenberg exchange (HE), chemical exchange (CE), nuc1ear spin relaxation and intra­
molecular site exchange. Olle to the nature of the chosen examples, all 2D spectra were
characterised by identical, reasonably resolved ID spectra on the VI and v2 axes, thus
faciiitating the identification of cross peaks. It was the purpose of this contribution to
demonstrate the general applicability of 2D-EPR for the elucidation of chemical reactions,
converting one radical into a different paramagnetic species with a different EPR spectrum. As
an example we studied a proton abstraction reaction, converting the neutral hydroxy-anthroxyl
radical (AQH) into the anthrasemiquinone anion radical (AQ-·).

In contrast to proceeding investigations in which stable radicals in thermal equilibrium
have been studied, this work was performed on transient radicals strongly polarised due to the
optical excitation process. As was described elsewhere (9), after photo-excitation and inter
system crossing, metastable, spin-polarised 3AQ in its triplet state is formed, able to abstract a
hydrogen atom from DTBP in a two-step reaction, predominantly generating neutral AQH'
radicals. In a subsequent, much slower reaction, the neutral AQH radicals are converted into
AQ-' radical anions. On a time scale of ms, the AQ-' radicals in their Boltzmann-equilibriated
state are found to be the stable species.

We followed this inter conversion, which was postulated from an analysis of a sequence
of ID spectra with varying time delay to the laser pulse, by the 2D-EXSCY experiment. The
first two pulses of the 2D-sequence are used to label the resonance frequency of a specific hfs
line in the parent radicals by storing its magnetisation along the z-direction (Bollz), the third
pulse being used for read-out after a mixing time Tm. If the individual Larmor frequency is
changed during Tm either by electron andJor nuc1ear spin relaxation, or by a change of hfs
constants, the former frequency is altered, resulting in non-diagonal peaks in the 2D spectrum.
We therefore expect that cross peaks should be observed connecting lines of the parent AQH'
radical with transitions in the product AQ-', ifproton abstraction is noticeable during Tm.

The 2D spectrum taken with a mixing time Tm=I2 IlS shows several cross peaks in
addition to the spectrum diagonal. As expected' the spectrum diagonal represents the ID
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spectrum taken at a delay of 800 ns, predominantly originating from AQH". Every diagonal
peak can be associated either with its corresponding hfs line in the AQH" speetrurn along the
VI axes, or with an AQ-' peak along v2, confirming sufficient spectral resolution in a display
with O. 1 MHz per point. The positions of the cross peaks match exactly with the hfs lines of
AQ-' and AQH radicals. This is a dear manifestation of the anticipated radical inter
converSlOn.

The study demonstrated that 2D-EPR EXSCY can be used for the investigation of
reaetions of transient radicals. In the photo-induced reaction of the system AQIDTBP in 2­
propanol, the observed cross peaks give dear evidence for a proton abstraction reaction.
Originating from the uni-directional chemical reaction, a totally unsymmetrical cross peak
pattern is obtained in the 2D contour plot. Assuming knowledge of magnitude, sign and
assignment of coupling constants either for the product or the parent radical, the
corresponding information in the other radical can be deduced from an analysis of the
experimental cross peak positions. The good agreement of observed and calculated cross peak
intensities is proof for the basic underlying assurnption of nudear spin conservatian during the
proton abstraction process. By a variation of the mixing time, the inter conversion rate
constant k can be determined, which was found in good agreement with the value, extracted
fram an elaborate analysis of ID time resolved FT-EPR spectra (9). The predieted time
dependence of the cross peak intensity shows that the observation window for radical inter­
conversion is set by Tl. Apart from this restrietion, the 2D experiment can be applied to any
chemipal reaetion, yielding additional information, which cannot be obtained frorn ID
measurements (10).
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For a review see: H. van Willigen, P. R. Levstein, and M. H. Ebersoie, Chern. Rev. 93,
173 (1993)
1. Gorcester and 1. H. Freed, J. Chern. Phys. 88,4678 (1988)
A. Angerhofer, R. J. Massoth, and M. K Bowrnan, Isr. 1. Chem. 28,227 (1988)
1. Gorcester, S. Ranavare, and 1. H. Freed, J. Chem. Phys. 90, 5764 (1990)
1. M. Fauth, S. Kababya, and D. Goldfarb, 1. Magn. Reson. 92,203 (1990)
1. Jeener, B. H. Meier, and R. Ernst, 1. Chern. Phys. 71,4556 (1979)
G. Kroll, M. Plüschau, K-P. Dinse, and H. van Willigen, 1. Chern. Phys. 93, 8709
(1990)
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SYSTEMATIC ｾ ｬ ｅ ｒ ｐ ｒ ｅ ｔ ａ ｔ ｉ ｏ ｎ FOR MAGNETIC FIELD QUENCHING

OF FLUORESCENCE FROM GASEOUS EXCITED MOLEClJLES

BY DIRECT ..'\.l'ID INDIRECT MECHAJ.'ITSM

Haruo ABE

Institute for Physical and Chemical Research (RIKEN), Wako, Saitama 351-01, Japan

Since Matsuzaki and N agakura[1] discovered the magnetic fluorescence
quenching of CS2 vapor in 1974, it has been found that external magnetic fields below
2 T can affect the nonradiative decay of nonmagnetic singlet excited states of many
molecules. We have begun a systematic survey of magnetic field effects on the
fluorescence properties of small molecules. Because small molecules have simple level
structure, we can expect to obtain a clear link. between experimental results and
theory. In this talk, we present our recent results of experiments and wish to
demonstrate that a systematic understanding is possible for almost all "phenomena" of
the magnetic fluorescence quenching observed.

1920019190
ｾｾ ｖｅｎｕｾＸｅｒ / CIll-1

The theory proposed by Stannard[2], and Matsuzaki and Nagakura[3] can used
to describe the magnetic field quenching of fluorescence from singlet states. They
have proven that the direct mechanism (DM) and indirect mechanism (IM) can
explain many aspects of the magnetic field effects on the rate of radiationless
transitions in gaseous molecules. The Zeeman operator is represented by

Hz = y ( L + 25 )' H,
where L and S are the electron orbital and spin angular momentum, respectively. The
DM uses the first term of the Zeeman operator to describe the field-induced coupling
of the initially prepared level and the isoenergetic manifold of dark levels within the
coherent width of the excitation beam. Since the off-diagonal matrix element of L can
connect the prepared level only to an adjacent manifold of the levels with same spin
multiplicity Ｈ ｾ ｓ ］ 0), the DM is only
effective for internal conversion. The rate Fig. 1
of nonradiative transition as described by
DM is given by

k DM(H) = a.H2
nr

and
a. = (21t/31i )l <E' I L I E >2 <v, I v >2 p

where < E' I L I E > is the matrix element of
electronic orbital angular momentum
between interacting states, < VI I v > is the
Frank·Condon vibrational overlap, and p
is the density of the dark levels in the
manifold. Thus, the field dependence of
the quenching ratio due to the DM is
quadratic in H without any saturation. The selection rule for the interacting state is
given by < EI I L I E > #- 0, which is readily tested by group theory. The DM is a very
rare case, only three moleeules being found to show the magnetic fluorescence
quenching in the singlet states due to the DM. One example from our recent
measurement[4] is shown in Fig. 1 for fluorescence excitation spectra of thiophosgene
(SCCl2) A·X 2 ｾ 4 ｾ band under H = °-12 kG. Three peaks are the nearly R-heads of
rotational contours of three combination of Cl atom isotopes. Magnetic field
dependences of quenching ratios ( IIO)IIIH) - 1 ) for many vibronic bands are shown in
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The indirect mechanism (IM) for the
magnetic quenching of singlet fluorescence arises
mainly from the field-induced spin decoupling in
the triplet states which interact with the
prepared singlet state via spin-orbit
interaction[2,3]. A magnetic field forces the
electron spin to decouple from the molecular
frame to the laboratory frame. In other words,
the field induces complete mixing of three spin
sublevels in the triplet state by the off-diagonal
matrix elements of Spart of Hz among the
sublevels. This spin decoupling loosens the
selection rule for the spin-orbit coupling from
.1J=O at H=O to .1J=O, + 1 in the presence of a sufficiently high field. producing new
channels for excitation energy transfer. As the result, the magnetic quenching of
fluorescence occurs. The magnetic fluorescence quenching due to the IM is clearly
characterized by its saturation behavior at a relatively low field where the spin
decoupling has been completed. Many examples of the IM have been found. Fig. 3
shows fluorescence excitation spectra of the V ｾ K ｾ band of C H 2 A-X transition
under various magnetic fields[5]. V represents the trans-bending vibrational mode and
K is the angular momentum component along the a axis. The intensity alternation in
the rotational structure arises from nuclear spin statistics of two equivalent protons.
The fluorescence intensity is rapidly decreased by relatively low fields (H< 2 kG) and
is nearly constant at higher fields, being characteristic of the IM.

Fig. 2. Magnetic fluorescence quenching is not
saturated in the high fields up to 12 kG. The
DM can be ascribed to the high-field part of the
quenching ratio. where it is proportional to the
square of field strength

The efficiency of magnetic
florescence quenching is
sensitive to the coupling
strength and the density of
dark manifold. As the result,
it changes from level to level,
as shown in Fig. 2. In the
presentation. we also wish to
show that the application of a
magnetic field can provide
detailed information about the
mechanism leading to
nonradiative decay[6,7].

I am grateful to Prof.
Hisaharu Hayashi for his
contribution to this work.
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BERRY'S PHASE AND ROTATIONALLY INDUCED RELAXATION
IN SPIN-l/2 SYSTEMS

Yuri A. Serebrennikov and Ulrich E. Steiner
Fakultät für Chemie, Universität Konstanz,

D-78434 Konstanz, Germany

The crucial role of spin evolution which can control the overall course and rate of
the certain chemical process constitutes an essential aspect of spin chemistry. Due to
the coupling between the spin and spatial variables spin motion inherently depends on
the molecular dynamics of the reaction intermediates. One of the general magnetic for­
ces that operates in radical pairs is spin-orbit coupling (SOC), which causes the ad­
mixture of "fast" electron orbital degrees of freedom to the pure electronic spin wa­
vefunction. In spin-l/2 systems the states that are coupled together by SOC to form the
lowest effective spin doublet have energy separations that are typical of electronic ex­
citation and therefore high frequencies will characterize the time dependent response
of the system to any motionally induced perturbation acting towards a change in the
mixing coefficients of the zero order wavefunctions. As a result, the components of the
effective spin doublet are adiabaticaLLy isolated from the higher eigenstates of the
molecular Hamiltonian, i.e. effective spin adiabatically follows the rotation of the
molecule.

Very recently it has been shown [1,2] that as lang as the molecular rotation repre­
sents an adiabatic perturbation to the electronic system (as is usually the case for ther­
mal rotation) the spin-rotational relaxation in spin-l/2 species arises as a result of
stochastic modulation of the molecular orientation, irrespective of the values of an­
gular velocity at which the molecule passes the random trajectory in the angular space.

Consequently, this process, traditionally attributed to the gas phase or non-viseous
Iiquids, should be considered as an important one for most S=l/2 molecules even with
only partially unfrozen rotational degrees of freedom, e.g. in hydrogen-bonded Iiquids,
polymer solutions, and in the solid phase. Application of this general theory to the
problem of spin relaxation in liquid solutions of highly symmetrie paramagnetic COffi­

plexes and fulleren-radicals is now in progress.

The general problem of the evolution of a quantum system under a slowly varying
Hamiltonian has' received considerable attention in recent years. This interest was sti­
mulated by Berry's remarkable discovery of a geometric phase in the adiabatic cyclic
evolution of a nondegenerate energy state (see, e.g. ref.[3]). It was immediately reaIi­
zed that Berry's phase may be interpreted as being generated by a corresponding gauge
potential. In particular, it has been shown that if a set of N quantum states of the para­
meter-dependent Hamiltonian remains degenerate as the Hamiltonian varies adiabati­
cally, a non-Abelian gauge potential emerges, and the relevant gauge group is U(N).
Note that gauge potentials, which figure prominently in modem theories of funda-
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mental interaetions, here appear in ordinary quantum meehanieal problems, whose in­
itial formulation has no apparent relationship to gauge fields. There have now been se­
veral experimental observations of the adiabatie and non-adiabatie geometrie phases
and amplitudes, and it has beeome clear that they are related to a wide range of physi­
eal phenomena, both in quantum and in classiaeal systems.

Here we shall show how the geometrie phase arises in the deseription of eleetron
and/or nuclear spin-rotation interaetion and relaxation in adiabatically rotating spin-l/2
systems. These very reeent results clearly demonstrate the geometrie nature of the
phenomena:

i) spin-rotation interaction depends purelyon the geometry of the pathway along
which the system evolves, it appears as a manifestation of a U(2) non-Abelian
gauge potential [1,4];

ii) spin-rotational relaxation originates from fluetuations of a U(2) gauge potential
[2,5].
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RECENT DEVELOPMENTS IN PASADENA

Paul1. Carson, Leonard 1. Mueller, and Daniel P. Weitekamp
Arthur Amos Noyes Laboratory ofChernieal Physies

Califomia Institute ofTeehnology, Pasadena, Califomia 91125

The moleeular addition of dihydrogen into a site in whieh the two protons beeome
magnetieally inequivalent ereates a speeies with nonequilibrium nuclear spin population
differenees between states eonnected by allowed nuclear magnetie resonanee (NMR)
transitions. When the dihydrogen is prepared in its singlet nuclear spin state
(parahydrogen), proton NMR signals enhaneed by up to 1()4 relative to ordinary methods
are possible at room-temperature. This PASADENA effeet (parahydrogen and synthesis
allow dramatically enhaneed nuclear alignment) is now in use by several groups for the
study of transition metal eomplexes and hydrogenation produets in solution. More recently
we used it to obtain the solid-state proton speetrum of the sites of reversible chemisorption
ofHzon powdered zine oxide.

As is typical for surfaces of eatalytie significance, the ZnO sites of interest are
heterogeneous and dilute. Speetroscopie analysis would be far more informative were
sing' Co 'vstal studies possible. In order to achieve this goal we are eurrently working to
impk ...cnt the converse effeet proposed by Bowers and Weitekamp, that in which the NMR
of the target species is detected by measuring the reaction yield of the two spin-symmetry
species in the desorbed Hz. In addition to higher sensitivity, this method has the advantage
over PASADENA of not requiring a coupling between the magnetically inequivalent
protons. In particular, we will discuss the prospects of vacuum-ultraviolet laser-indueed
fluoreseence for enabling ultra-high sensitivity single-crystal surfaee NMR.

In many situations of interest hydrogen adsorption and desorption as Hz are
separated by aperiod when the protons from a given dihydrogen molecule of interest are
chernieally scrambled with other protons. This dissipates the spin ordering produced by
parahydrogen binding. If, in addition, the coupling of the proton pairs prior to desorption is
negligibly small or short-lived, conversionof paramagnetie order into symmetrization order
for detection is forbidden within the high-temperature approximation. We propose a
method in which high Zeeman polarization is used to eneode surface NMR which is then
detected by the yield of spin-symmetry species desorbed. This new approach promises to
greatly generalize the applieability of spin-symmetry deteeted NMR by not requiring
proton-proton coupling on the surface and by being robust to scrambling.
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Spin Relaxation Caused by J - Modulation in Spin
Polarized Biradicals. Theory and Improvement of

the SCRP Simulation Routine.

Nikolai I. Avdievich and Malcolm D. E. Forbes

Venable and Kenan Laboratories
Department of Chemistry, CB #3290

University of North Carolina
Chapel Hili, NC 27599

The improvement of the simulation routine for calculation of time-resolved EPR
spectra of spin-polarized biradicals is reported. The theory used to explain the
altemating line widths found in steady-state EPR spectra of nitroxide biradicals 1

is applied to describe time-resolved EPR biradical spectra. The effect of
altemating line width is believed to be due to modulation of the exchange
interaction J caused by rapid conformational jumping. All calculations have been
done in terms of the Redfield aproach and are valid for cases of fast modulation
(correlation time "Ce « A-l ,J-l, where A is hyperfme interaction constant). In
the high field approximation, J-modulation relaxation affects the transverse
relaxation time T2, and allows us to explain the altemating line width effect in a
long chain length symmetric bis-alkyl biradical at high temperatures.2
Furthermore, analysis of the effect on longitudinal relaxation time Tl, which has
been done only qualitatively in previous work by Maeda, et al.,3 is presented. The
simulated spectra which show this effect give a possible explanation of different
decay times of RPM and SCRP polarizations in micellized radical pairs.4

Estimated values for Tl and T2 have been calculated.
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Investigation of time-resolved DNP in radical-ion reactions
accompanied by degenerate electron exchange.

Bagryanskaya E.G., Gorelik V.R., Lukzen N.N., Perov V.V.*, Sagdeev R.Z.

International Tomographie Center;
.. Instftute of Chemieal Kinetie and Combustion.

630090 Novosibirsk, Russia

Introduction. Theoretical and experimental studies of DNP kinetics in
photochemical radical-ion reactions under degenerate electron exchange at low
magnetic fields have been performed. The steady-state DNP effect has been
investigated in detail in a number radical-ion reactions [1]. It has been shown [2],
that the main characteristic feature of DNP in radical-ion reactions is the cross­
relaxation induced by the degenerate electron exchange and mixing wave functions
at a low magnetic field.

Experimental. The solution under study was exposed to laser radiation (308
nm) at a constant magnetic field and pulse mw-field (100-300 MHz). The irradiated
sampie was transferred to the probe of NMR spectrometer (MSL-300 Bruker) for the
detection of NMR spectra of diamagnetic reaction products. The DNP dependence
on time delay between laser and mw pulses was investigated. The mw pulses were
produced by means of abrupt excitation of resonance oscillations by an abrupt pulse.
tn this case the oscillation frequency is determined by the own frequency of the
resonant contour or resonator, the mw-pulse front is equal to the half-cycle of mw­
oscillations at a certain frequency, and the pulse duration depends on the Q-factor of
the resonator. The maximum amplitude of mw-field was 3 Oe.

Results. The theoretical description is based on the solution of Bloch
equations taking into account the formation of relaxation times due to degenerate
electron exchange and assuming that DNP appears due to a flow of the electron
polarization formed in geminate and diffusion radical pairs. DNP kinetics have been
studied for different fumaronitrile concentrations (from 5e-3 M to 4e-2 M). It has
been shown that the DNP kinetics depend mainly on electron exchange rate and
radical-ion Iifetime.

CIDNP low-field dependencies have been studied for the same reaction at
different rates of electron exchange. It has been observed that the polarization of the
in-cage product maleonitrile changes insignificantly, while the fumaronitrile
polarization alters radically due to the transfer of polarization from electron one.

Experimentally, the kinetics of CIDNP formation at low fields in these reactions
were studied by means of abrupt change of external magnetic field . The amplitude
of field step was up to 15 Oe, the increasing front being 1 ns.
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INVESTIGATION OF MICELLIZED RADICAL PAIRS BY TIiVIE RESOLVED SNP AND
EXTERJ.'lAL MAGNETIC FIELD S\VITCH CIDNP

A.P.Parnachev*, E.G.Bagryanskaya, V.F.Tarasov**, N.N. Lukzen, N.I.Avdievich,
R.Z.Sagdeev

International Tomography Center, Novosibirsk, Rlissia.
** Institute ofChemical Physics, Moscow, Russia.
*Novosibirsk State University,Novosibirsk,RlIssia.

We demonstrate that Time Resolved Stimulated Nuclear Polarization (TR SNP) [1] and
External Magnetic Field Switch CIDNP [2] methods can be succesfully applied to investigating fast
chemical reactionso New scheems of TR SNP experiment are proposed and corresponding
calculation models are treated.

The TR SNP experiments have been proposed and carried out in two following modes:
1. The radical-pair generating laser pulse is followed by the microwave field probing pulse with a
variable time delay 't.

2. The radical pairs are generated in the presence ofthe microwave field pulse ofvariable duration.

ｾ ........1

2

ｾ t
The investigations ofCIDNP at low magnetic fields (time sequence 1.) are realized in External
Magnetic Field Switch experiments. The constant duration (800 ns) ofthe switched magnetic field of
fixed amplitude (12 G) is used, the edge of the switched magnetic field pulse being equal to 1 nso

N11R spectra of products are registered in all experiments.
For the aim oftheoretical investigation it was supposed that the processes in RPs located in

micelle solutions can be described in terms of the stochastic Liouville equation (SLE) as applied to
the model of microreactor [3] (one of the radicals is fixed in the center of a round micelle while the
other is allowed to diffuse inside the micelle). HF1 (in a secular approximation) and distance­
dependent electron exchange interaction are taken into account in the model together with the
paramagnetic relaxation due to the anisotropy ofHF1 and dipole - dipole interaction; the latter is
perfonned in tenns of Steiner's approach. A corresponding equation for the Laplas transform is
solved.The reconstruction is realized using the conveniental Fourie algorythm.

1t has been shown that the recombination rate constant and escape rate constant affect
mainly the shape of kinetic curve.The influence of exchange interaction °is much less.

The kinetics of RP fonnation and decay during the laser flash photolysis of 2,4,6 -trimethyl
benzoyl diphenyl phosphide and methyl deoxybenzoin (MDB) in alkyl sulfate micelIes .of ､ ｩ ｦ ｦ ･ ｲ ｾ ｮ ｴ
sizes were investigatedOby TR 13C and 31P SNP ° The photolysis of ､ ･ ｯ ｾ ｢ ･ ｮ ｺ ｯ ｴ ｮ Ｌ ｾ ･ ｮ ｺ ｯ ｴ ｮ Ｌ
benzophenone and tert-butyl phenole were investigated at high and low magnetlc fields (15-,0 MHz
and 350 MHz) by TR SNP and External Magnetic Field Switch CIDNP.
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Time delay dependence of CIDNP NMR IH speetra obtained in the photolysis of cx.-methyl
deoxybenzoin in SDS micellar solution are shown in Fig. 1 .Here 't is the time delay between the
laser pulse and the external magnetic field pulse.

Fig 2 demonstrates the dependence of )JC SNP on time delay 't,detected by the absorption
line of SNP spectrum of a-methyl deoxibenzoin, and corresponding calculations. (0)-SDS micelIes;
(0)- sodium octyl sulfate micelIes.
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REACTIONS OF THE HYDROGEN ATOM IN AQUEOUS

SOLUTION FROM FREE INDUCTION DECAY ATTENUATION*

David M. Bartels

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439

Pulse radiolysis of aqueous solutions within an EPR apparatus is an extremely easy way to
create and detect H and/or D atoms in the liquid phase. The spectra are always observed with
strong enhancements from F-pair CIDEP due to the very fast recombination reactions. The
CIDEP effect is enormously interesting in and of itself, but for simple reaction rate studies it
creates a major problem due to the very complicated kinetics of the magnetization. For H reac­
tions with diamagnetic molecules, the complication of CIDEP can be avoided altogether by
studying the decay of phase coherence generated with a microwave pulse. This Free Induction
Decay Attenuation experiment has now been applied in a variety of H atom reaction rate mea­
surements, to test solvent and ｩ ｳ ｯ ｴ ｯ ｰ ｾ effects on both addition and abstraction reactions; to
investigate the diffusion rate of H and D atoms, and to investigate reactions with aqueous iodine
compounds.

The modified Bloch equations appropriate for a chemically reacting free radical system are of
the general form :

Mz = (Mz)o + (Mz)s + (Mz)HE + (Mz)crnEp

Mx,y = (Mx,y)O + (Mx,y)s + (Mx,y)HE

where (M)o includes relaxation and microwave driving terms appropriate to the isolated free
radicals, (M)s represents pseudo-first-order radical scavenging, and (Nl)HE and (NJ)CIDEP
represent the effect of radical-radical encounters which give rise to Heisenberg spin exchange
and CIDEP. By observation 0 f the transverse magnetization (My(t)), we have a signal which is
free of the complications of CIDEP, which decays to zero even in the absence of scavenger, and
which follows simple pseudo-first order scavenging kinetics so long as the radical concentration
is low enough for Heisenberg spin exchange to be negligible, or effectively constant.

An example of the experiment is shown in figures I and 2. A free induction decay from the H
atom low field line is recorded immediately following generation of the atoms with a 5ns
radiolysis pulse and excitation with a 30ns microwave pulse. As can be seen in figure 1, the
damping time constant of the FID is dramatically shortened by partial saturation of the solution
with oxygen. In figure 2, the FID damping rate is plotted vs. the fraction of air in the saturating
gas to demonst ate the pseudo-first order scavenging. The non-zero intercept is substantially
due to spin exchange, but the overall free radical concentration changes only slightly on the 5
microsecond timescale of the experiment. The possible effect of this second order spin
exchange on the result is routinely checked by doubling the radiation dose and corresponding
free radical concentrations.

*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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Figure 1. Free induction decays of the H atom low field line, stimulated by 30ns
microwave pulse immediately after radiolysis of water with a 5ns electron pulse.

H dephasmg at 24.5°C
kH+o:z =1.97±.02e10 M-1sec-1

3.5

3.0

......... 2.5-'u
ｾ 2.0
:::1.-

M 1.5
E-4.......
- 1.0

0.5

0.0

0 10 20
[Air]

30
(%)

40 50

Figure 2. Pseudo-frrst order scavenging plot of H atom dephasing rate vs. %Air in saturating
gas at 24.5°C.
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STUDY OF ELECTRON TRANSFER REACTIONS IN PHOTOREDUCTION
OF QUINONES BY FOURIER TRANSFORM ESR AND CIDEP EFFECTS

D. Beckert, T. Kausche, J. Säuberlich,

Max-Planck-Society, Group "Time resolved spectroscopy" at the
University Leipzig, Permoserstr. 15, D-04303 Leipzig

By time resolved cw and Fourier Transform ESR spectroscopy the
photoreduction of anthraquinone-di-sulfonate with different electron andlor
hydrogen donors in aqueous solution was studied. The primary radical pair is
generated by an electron transfer from the donor to the quinone triplet. The free
radicals escaping from the geminate pair are spin polarized (designed by *) by the
triplet mechanism and the radical pair mechanism, respectively.

hv ISC * +RH
AQSO ----> AQSl ----> AQTl ------> {AQ-·*..RH+·*} ----> AQ-·* + RH+·*

By analysis of the time resolved ESR spectra detected by broad band cw ESR and
Fourier Transform pulsed ESR the spin polarization, spin relaxation and electron
transfer rate constant of the 1,5- and 2,6- anthraquinone-di-sulfonate by
triethylamine and different piperidine derivaties could be studied. From the
dependence of the triplet polarization on the electron donor concentration
(different amines) it could be deduced that the electron transfer rate to 2,6­
anthraquinone-di-sulfonate is an order of magnitude larger then in 1,5-an­
thraquinone-di-sulfonate.
Because of the steric hinderance the radical recombination of the semiquinone
anion radical and the aminyl radical is suppressed. Therefore, spin relaxation and
spin exchange can be happen in reencounter processes only. With a system of
modified Bloch equations the unusual time behaviour ofthe different N-hfs lines
could be described and the parameter of the spin relaxation and the rate constants
for the spin exchange process could be determined by a simulation of the
experimental time profiles.
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DISTANT CREATION AND GEMINATE
RECOMBINATION OF ION-RADICALS

A.I. BURSHTEIN
Department of Chemical Physics, Weizmann Institute of Science

76100, Rehovot, ISRAEL

The forward eleetron transfer followed light excitation of donor (D) proceeds according
to the kinetic scheme

(1)

where A is acceptor of eleetron. This bimolecular reaction is widely studied as an efficient
mechanism of energy quenching in solution [1, 2]. At moderate acceptor concentration C
it is weIl described by encounter theory. The fate of ion-radicals arising in the course of
photoionization is usuaIly the subject of separate study [3]. The back electron transfer is
carried out according to the kinetic scheme :

(2)

In the majority of works the recombination rate and the quantum yield of separation are
calculated within a primitive exponential model which implies the counter-ions are created
and recombine just in contact. More appropriate is the so called 'contact approximation',
which also assumes the recombination occurs at contact distance b, but leaves open the
question where ions start from [4]. In present theory the arbitrary choice of initial charge
separation is eliminated. The forward and back eleetron transfer reactions are considered
together assuming the former creates the initial conditions for the latter" [5]. The forward
and back electron transfer are specified by their position dependent rates

and (3)

The initial distribution of ion-radicals may be studied separately assuming the recombi­
nation is frozen. It coincides with the shape of Wr (r) only in a limit of kinetic-controlled
ionization, but has a pronounced maximum around effective radius Rq when reaetion is
diffusion-controlled. In a static limit when encounter diffusion is switched out the distri­
bution is monotonous again but the most expanded. The fact that ion-radicals are created
far from each other can greatly infiuence the spin evolution because the exchange splitting
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of singlet and triplet states of ion
pair is switched out at such long
distances.
The distributions shown on the
figure serve as initial condi­
tions for subsequent recombina-
tion when it is much slower 0.004
than ionization. Otherwise the
back and forward electron trans-
fer must be considered together 0.003
and the theory leads to a com-
plex kinetics which consists from
two stages: initial radical accu- 0.002
mulation (ascending branch) fol-
lowed by their recombination (de- 0.001
scending branch). Nei ther the
kinetics (which is not exponen-
tial) nor the quantum yield of 0.000
separation are satisfactorily de­
scribed by conventional exponen-

.tial model. Even contact approx­
imation may be used only with a
proper choice of initial separation
that is not known in advance.

Fig. Normalized initial distribution of charges resulting from kinetic (K), diffusional (D)
and static (S) ionization (from [6]).
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PERTURBATION TREATMENTS OF OSCILLATING MAGNETIC FIELDS
IN THE RADICAL PAIR MECHANISM IN THE

SCHRÖDINGER AND LIOUVILLE EQUATION FORMALISMS

J. M. Canfield1,4, R. 1. Belford2, P. G. Debrunner1 , and K. Schulten1,2,3

1Department of Physics, 2Department of Chemistry, and 3Beckman Institute
University of lllinois at Urbana-Champaign, Urbana 1L 61801

4 To whom correspondence should be addressed
email: canfield@rlb6000.scs.uiuc.edu

In this poster we describe two new perturbation treatments of oscillating magnetic fields
in the radical pair mechanism: one based on the Schrödinger Equation [1], the other based
on the Liouville Equation [2]. Both can be used to calculate singlet-to-triplet yields when
the strength of the oscillating magnetic field is weak compared to the other terms in the
spin Hamiltonian. This range occurs both in the natural magnetic environment (where
qscillating fields tend to be smaller than 0.03 G and steady fields tend to be near 0.5 G)
and in many man-made environments. Thus, these perturbation treatments should be
applicable both in studies of magnetic sensory mechanisms in animals and in studies of
health effects of electromagnetic fields. The two perturbation methods also allow much
faster calculation of singlet-to-triplet yields than do numerical integration methods and
are more generally applicable than the rotating frame treatment, allowing treatment of
anisotropie spin Hamiltonians and treatment of multiple oscillating fields at any orientation
with respect to the steady field. Finally, the two perturbation methods complement each
other; that is, the Liouville Equation method yields a more efficient and reliable computer
algorithm while the Schrödinger Equation method yields more insight into how effects of
steady and oscillating magnetic fields occur and can more easily be used to generate analytic
expressions for field and frequency dependences of singlet-to-triplet yields. Together these
two new methods can be quite useful for studying biological effects of oscillating magnetic
fields.
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RECENT DEVELOPMENTS IN PASADENA

Paul1. Carson, Leonard 1. Mueller, and Damel P. Weitekamp
Arthur Amos Noyes Laboratory of Chemieal Physies

California Institute of Teehnology, Pasadena, California 91125

The moleeular addition of dihydrogen into a site in whieh the two protons beeome
magnetieally inequivalent ereates a speeies with nonequilibrium nuclear spin population
differenees between states eonneeted by allowed nuclear magnetie resonance (NN1R)

transitions. When the dihydrogen is prepared in its singlet nuclear spin state
(parahydrogen), proton NMR signals enhaneed by up to 1()4 relative to ordinary methods
are possible at room-temperature. This PASADENA effeet (parahydrogen and synthesis
allow dramatieally enhaneed nuclear alignment) is now in use by several groups for the
study of transition meta! eomplexes and hydrogenation produets in solution. More reeently
we used it to obtain the solid-state proton speetrum of the sites of reversible ehemisorption
of H2 on powdered zine oxide.

As is typieal for surfaees of eatalytie signifieanee, the ZnO sites of interest are
heterogeneous and dilute. Speetroscopic analysis would be far more informative were

single crystal studies possible. In order to achieve this goal we are currently working to
implement the converse effect proposed by Bowers and Weitekamp, that in which the NMR
of the target species is detected by measuring the reaction yield of the two spin-symmetry
species in the desorbed H2 . In addition to higher sensitivity, this method has the advantage
over PASADENA of not requiring a coupling between the magnetically inequivalent
protons. In particular, we will discuss the prospects of vacuum-ultraviolet laser-induced
fluorescence for enabling ultra-high sensitivity single-crystal surface NMR'

In many situations of interest hydrogen adsorption and desorption as H2 are
separated by aperiod when the protons trom a given dihydrogen molecule of interest are

chemically scrambled with other protons. This dissipates the spin ordering produced by
parahydrogen binding. If, in addition, the coupling of the proton pairs prior to desorption is

negligibly small or short-lived, conversion of paramagnetic order into symmetrization order
for detection is forbidden within the high-temperature approximation. We propose a
method in which high Zeeman polarization is used to encode surface N11R, which is then
detected by the yield of spin-symmetry species desorbed. This new approach prornises to
greatly generalize the applicability of spin-symmetry detected NMR by not requiring
proton-proton coupling on the surface and by being robust to scrambling.
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CIDEP Investigations of SRN1 Chemistry

in Poly(arylene ether ketone) Synthesis

Katerina E. Dukes, Valerie V. Sheares, Maleolm D. E. Forbes, and Joseph M. DeSimone

Venable and Kenan Laboratories
Departrnent of Chemistty, CE #3290

University of North Carolina
Chapei Hill, NC 27599

Time-resolved EPR experiments relevant to the synthesis of aromatic poly(ether ketone)s
were conducted. Chemically Induced Dynamic Electron Spin Polarization (CIDEP) spectra
from radicals produced during the photoreduction of benzophenone-dlO in various solvents
showed that radical foonation occurs in the case of the ｡ｭｩ､･ｾｯｮｴ｡ｩｮｩｮｧ solvents. The six
solvents under investigation were: 1,3-dimethyl-3,4,5,6-tetrahydro-2(lH)-pyrimidinone,
I-methyl-2-pyrrolidinone, 1,1,3,3-tetramethylurea. N,N' -dirnethylacetamide, dimethyl
sulfoxide, and toluene. The CIDEP spectra were simulated, thus allowing unequivocal
characterization of the most stable free radical formed from each solvent (Figure I). A
Stern-Volmer analysis using laser flash photolysis is described to extract rate information
for the hydrogen atom abstraction from the amide solvents. A model system consisting of
the tert-butyl phenoxyl/solvated electron radical pair showed CIDEP spectra with an
intensity dependence that correlated with synthetic results regarding limited molecular
weights. The data support theories of radical involvement in termination steps which limit
molecular weight for poly(arylene ether ketone)s formed in step-growth polymerization
systems such as those shown below (Figure 2).
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CONCENTRATION CALIBRATION OF TRESR: TRE AMPLITUDE OF

THE ESR LINE OF 3C60 IN LIQUIDS

Richard W. Fessenden and A.V.Veselov, Radiation Laboratory and Department of

Chemistry and Biochemistry, University ofNotre Dame, Notre Dame, IN 46556.

Calibration of the sensitivity of a direct-detection time-resolved ESR spectrometer

(TRESR) has been accomplished and verified by comparisons of simultaneous

measurements of concentration by ESR and by optically absorption. The ESR

measurement involves the ESR line height and width and comparison with a stable radical

such as TErvfPO or Fremy's salto The method was verified by a measurement on eaq­

produced photolytically from the p-cresol anion. The ESR line of eaq- so produced is

polarized by CIDEP. The electron was then allowed to react with fumarate to form the

(tri) anion radical and the concentration measured. Excellent agreement of the

concentrations was obtained. The concentration measurement has been applied to several

problems. Analysis of the amplitude of the ESR line of eaq- itself allowed the polarization

to be determined to be about +4 Boltzmann. The second application involves the question

of the species responsible for the narrow ESR line from photoexcited C60 in fluid solution.

A number of recent papers address the question of the origin of this line. It seems that the

line is clearly from the triplet, 3C60, but the narrow width of this line is quite unique for a

triplet in solution. It is important to show that this line behaves as anormal ESR line and

represents the full concentration of the species and that, for example, the two triplet

transitions contribute to its intensity. To this end and to further support the assignment to

3C6O, simultaneous tirne-resolved ESR and optical absorption measurements have been

made on C60 in benzene. The optical experiment measured the concentration of 3C6O

based on the known extinction coefficient while the ESR amplitude was compared with

that of a stable radical, TErvfPO. Excellent agreement between these two measurements

was found showing that the ESR line does behave as a nonnal ESR line with the

appropriate statistical factor for a triplet state included in the calculation. Other

applications of the concentration measurement also exist, such as determination of second­

order rate constants for Heisenberg spin exchange in laser photolysis experiments.
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J\tIAGNETIC FIELD DEPENDENCE OF PHOTO- AND DARK
CONDUCTIVITY OF ORGANIC POLYJ\tIERS

E.L. Frankevieh

The Institute for Energy Problems of Chemical Physics,
Russian Academy of Sciences, Moscow 334, Russin

Magnetic field effect (MFE) is known to be connected with the
dependence of reaction rates for two interacting paramagnetic particles
on the total spin of the pair. Due to the angular momentum conservation
law for isolated systems the rate is highest for formation of reaction
products with total spin equal to that of colliding particles. Electrons and
holes, triplet excitons, paramagnetic sites and defects may be involved in
magnetic field sensitive reactions in solids. Studying the MFE and its
dependencies on magnetic field strength, electrical field strength, and
temperature permits to learn about intimate details of the mechanism
responsible for the formation and behaviour of charge carriers and
excited species. For molecular photoconductors the most important
rr: .. Q :etosensitive reactions are those involving above mentioned species
wi. ,:1 reveal themselves in the density of free charge carriers or their
moollity, electron hole recombination (including geminate one) rate,
trapped charge carrier - triplet exciton interaction, charge carrier ­
paramagnetic site (e.g. soliton) interaction, excitonic processes.

For polymers with conjugated bonds such as polyacetylene,
polydiacetylene, or poly(arylene vinylene) the MFE was used to study the
stage of geminate recombination which controls the yield of free charge
carriers at photoexcitation of a sampie. Temperature dependence of the
MFE has allowed to get new evidences about delocalized nature of charge
carriers and risen questions about applicability of the ansager model, as
the length of electron delocalization proved to be comparable with the
classic ansager radius. Moreover, e-h geminate pairs in quasi-one­
dimensional systems like crystalline polymers was found to have the size
which is very large (up to 1600 A in polydiacetylene). That excludes the
usage of ansager model for description of initial charge separation.
Coherent motion of spin exists in such big pairs as is praved by MFE.

External electrical field of low strength (about 103 V/ern) permits to
increase essentially the yield of free carriers from the pairs. Projection of
the electrical field on the direction of a polymer chain works separating
geminate pairs in non crystalline polymers.

The delayed part of the fluorescence of poly(phenylene vinylene)
excited within the singlet-singlet absorption band is shown to be
magnetosensitive. It originates fram recombination of charge carriers
produced by the same light at causes fluorescence. MFE in that case
permits to reveal intermediate states in the electroluminescence which is
widely studied now.
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Another type of the MFE takes place in conducting polymers with
high concentration (more than 1017 spin per cm3 ) of paramagnetic sites,
Iike solitons in polyacetylene. Then the very motion of charge carriers
becomes magnetic field sensitive as the hopping of carriers involves
steps of polaron - soliton interaction. The last two species produce a
pair with correlated spins. A polaron reacts with soliton producing
spinless charged soliton in the singlet state of the pair. Scattering of the
polaron occurs for triplet state of the pair. Effectively the hopping rate is
proved to be magnetic field sensitive. The RYOMR spectrum detected by
the change of dark conductivity of slightly doped polyacetylene was
obtained. It belongs to short Iived polaron - soliton pairs
The paper is devoted mainly to discussion of results obtained in the
author's lab. Co-authors of the original papers are greatly acknowledged.
These are LA. Sokolik, M.M. Triebei, 0.1. Kadirov, A.A. Limarev, S.
Blumstengel, and A.A. Chaban. We gratefully acknowledge financial
support by Russian Foundation for Fundamental Research, Grant #93-03­
05846
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nVO-TRIPLET EXCITON PAIR \VITH I\IAG!'\ETIC DIPOLE-DIPOLE
INTER.\CTION: EVIDENCES OBTAINED BY I\1FE IN RUBRENE SINGLE

CRYSTALS

V.V. Tarasov, A.I. Shushin, M.M. Triebei, A.A. Chaban,
and E.L. Frankevieh

The Institute for Energy Problems of Chemical Physics, Russian Academy of
Sciences, Moscow 334, Russia

Processes of fission of singlet excitons in rubrene single crystals were studied here.
The processes are known to control the quantum yield of the prompt fluorescence of
tetracene, rubrene and other molecular crystals, and they are the main source of triplet
excitons. Magnetic Field Effect (MFE) on the rate of the fission and fusion processes
is known to be connected with the influence of the magnetic field on the distribution of
the singlet component of the wave function of a pair of free (non interacting) triplet
excitons between nine spin states of the pair. The distribution changes when the field
strength Bo increases: singlet is admixed to three states at Bo = 0; then four states (at
Bo ;::;: D) aquire singlet character; and at last at Bo » D, E, the singlet gets admixed to
one or two states. That causes related changes in the rate of fission, and in the intensity
L of the fluorescence.

In rubrene crystals however the behaviour of the fluorescence in the magnetic
field was proved not to correspond to that scheme. In experiment the feature consisted
in very sharp decrease of the intensity of the fluorescence at low magnetic field (up to
1% per 1 G). The quenching of the fluorescence had a maximum at about Bo = 200 G
(L\LIL = - 20 %). At higher field strengths MFE remained negative, but the
fluorescence intensity increased with growth of Bo' It crossed initial (Bo = 0) value at,
Bo = 2000 G and kept growing up to about Bo = 5000 G. The dependencies of the
fluorescence and MFE on temperature, intensity of excitation, orientation of the
crystal in the magnetic field, etc. all showed the fission and fusion (at higher intensity)
are responsible for the MFE.

In order to rationalise the results we oied different interactions within the pair of
triplets and arrived to the conclusion that the best model corresponds to taking into
account the magnetic dipole-dipole interaction along z-axis between triplet excitons
localised on neighbour sites in the crystal with planes of moleeules parallel to each
other. We included dipole-dipole interaction in the Hamiltonian of the two-triplet pair
and solved Liouville equation to find out the behaviour of the fission-fusion rate
constants in MFE.

The results have shown next features which cOlTespond to those found
experimentally. These are two singlet containing spin state of the pair at Bo = 0
(instead of three ones without d-d interaction). At higher fields, at Bol. z, the number
of singlet containing states goes over the next series: 2 ｾ 3 ｾ 4 ｾ 3 ｾ 2 ｾ 1.
Dipole-dipole interaction at Bo = 0 makes the fission rate constant lower and thus
increases the intensity of the fluorescence. External magnetic field of the strength
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comparable with that of d-d- interaction suppresses its effect which looks like
quenching of the fluqrescence by weak magnetic field. Figure shows the change in the
singlet character distribution between spin states of the two-triplet pair as a function of
the distance between triplet sites as a result of d-d interaction.

Thus we believe that evidences were found here about the existence of
magnetically bound two-triplet excitonic species in the molecular crystal. These have
the lifetime high enough for spin evolution to proceed (about 10-9 to 10-8 s) and
manifest themselves in the MFE.
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Figure shows dependencies of amounts (in percents) of singlet character in
singlet-containing spin states of two-triplet pair on the distance between triplet
excitons treated as points. 1t is seen that the number of singlet-containing states
decreases from three to two as the dipole-dipole interaction increases.

We gratefully acknowledge financial support by Russian Foundation for
Fundamental Research, Grant #93-03-05846
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A LASER FLASH PHOTOLYSIS STUDY OF THE EFFECT
OF IDGH MAGNETIC FIELDS ｏ ｾ THE PHOTOREACfION

OF ｂ ｅ ｎ ｚ ｏ ｐ ｈ ｌ ｾ ｏ ｎ ｅ AND ITS DERIVATIVES
IN BRLD5 MICELLAR SOLUTION

Yoshihisa Fujiwara, Masahiro Mukai, Kichiju Imachi, Osamu Takahira,* Ken-ichi ｈ ｩ ｭ ｾ Ｊ
Ryoichi Nakagaki,* Masaham Okazaki,U and Yoshifumi Tanimoto
Departmenr of Chemistry, Faculty of Seienee, Hiroshima University, Higashi-Hiroshima 72-1.
Japan
* Faculty of Phanl1aceutieal Seienee, Kana=awa Universio", Kana=mra 920. Japan
** l'v'ationa1Industrial Research Institute of Nagoya. Kita. Nagoya -162, Japan

Most of magnetie field effeets (MFEs) on photoehemistry so far reported have been carried
out at the relatively low magnetie field up to ca. 2 T, and it has been found that the low
magnetie field is enough to affeet the reaetivity of radieal intermediates. At a low magnetie
field (typically < 0.5 T) theories of MFEs for the radical pair have been alreaetY established
to be c1assified into the isotropie electron-nuclear hyperfine interaction (HF) and level-crossing
meehanisms. At magnetie fields more than 0.5 T, on the other hand, anisotropie parts in both
HF and eleetronie Zeeman (0 g) interactions which operate on the spin-lattiee relaxation
should come to be rather important. Recently, in order to research such anisotropie
interaetions, we have eonstructed a new apparatus for laser flash photolysis system under high,
pulsed magnetic field (- 14 T, 2 ms). We have investigated the effect of the high magnetic
fields (- 14 T) on relaxation of a benzophenone (BP) ketyl - SDS radical pair in a SDS
micelle to estimate the anisotropie HF interaction by using the pulse magnet - laser flash
photolysis apparatus. [1] In addition, we have suggested the anisotropie rotational motion is
essential to explicate the magnetie field dependence of lifetimes of several biradical intermedi­
ates formed by intramolecular reaetion between bi-chromophores linked by a methylene chain.
[2]

In this paper, we will present the more notieeable MFE which seems to be responsible for
not only the anisotropie HF but also the anisotropie bg interactions in the photo-indueed
hydrogen abstraction reaction system of BP and 4-oetyloxy-BP (BP-8) in a polyoxyethylene
micelle (Brij35). Figure 1 shows the magnetie field dependence of lifetimes of a triplet
radieal pair eomposed of a BP ketyl (BPH) and a Brij35 alkyl radieals generated by
intermoleeular hydrogen abstraction. It is noteworthy that as inereasing the magnetic field,
the lifetime increases steeply up to 2 T region and then decreases smoothly to reach ca. 60
% of the maximal lifetime (BP : 5.6 ｾ ｳ Ｌ BP-8 : 9.2 ｾ ｳ Ｉ at 14 T in eaeh BPIBrij35 reaetion
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Figure 1b Magnetic field dependence ef lifetimes ef the radical pair BPH-8 'Brij3:'.
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system. The inerease below 2 T is interpreted by the isotropie and anisotropie HF
interaetions between the initially-populated triplet sublevels and the subsequent singlet level
of the radieal pair, whereas the deerease above 2 T seems to be mainly explained by the
anisotropie 0 g interaction whieh aeeeierates the spin-Iattiee relaxation. On the other hand,
in contrast with these reaction systems, the other ease (BPH-12-BPH/benzene) whieh laeks
sueh decrease on the lifetime is shown in Figure 2. Sinee in this ease the same radieal
speeies (BPH) is produced as a result of intramoleeular hydrogen abstraction in benzene, the
magnetie field dependenee obtained in this compound is just suitable to evaluate the
anisotropie eharaeter of the BP ketyl radieal whieh is a counter radieal in each BPIBrij35
reaction system. The biradieallifetime increases up to ea 2 T as weIl as the BPIBrij35 eases
but shows a constant value above 2 T region. This result directly indicates that the drastic
deerease on the lifetime measured at> 2 Tin the BPIBrij35 cases is not aecountable for a BP
ketyl radieal (BPH) but for a Brij35 alkyl radieal. The analyses of the magnetie field
dependence shown in Figure 1 imply the neeessity of a short eorrelation time.
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Figure 2 Magnetic field dependence of lifetimes of the biradical BPH-12-BPHlbenzene.
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CIDNP Investigations of the Paterno-Büchi Reaction

M. Goez, G. Eckert and 1. Frisch

Institut für Physikalische und Theoretische Chemie, TU Braunschweig, Hans-Sommer-Str. 10,

D-38106 Braunschweig, PRG

Photoinduced [2+2] cycloaddition of carbonyl compounds with alkenes to give oxetanes ­

the Paterno-Büchi reaction - is of considerable synthetic importance. Early investigations of

this reaction led to the conclusion that bond formation proceeds stepwise, via a triplet biradical.

This was later confumed by detection ofthis intermediate by picosecond absorption spectroscopy

as weil as by scavenging experiments. Charge transfer interactions prior to biradical formation

have been invoked to explain observations such as a dependence of the reaction rate on the

ionization-potential ofthe alkene or exceptions from the "most stable biradical"-rule. However,

the extent of these interactions (intermediacy of an exciplex or actual charge separation to

give radical ion pairs) is still subject to research. In those few cases where radical ions were

detected by spectroscopic techniques in Paterno-Büchi reactions, widely differing interpretations

of their mechanistic role were put forward, ranging from the view that no charge transfer takes

place prior to biradical formation and radical ions are mere byproducts of the reaction to the

assumption that they are direct precursors to the oxetanes.

A convenient means to study reactions occurring via radical ion pairs and distinguish them

from reactions involving exciplexes and short-chain biradicals only is provided by measurements

of chemically induced dynamic nuclear polarization (CIDNP). In addition to this, CIDNP is

an attractive technique for the investigation of complex reaction mechanisms, because it yields

information about precursors, intermediates and products at the same time.

For the Paterno-Büchi reaction of quinones with cis- or trans-anethole in acetonitrile, the

results of pseudo steady-state and ｴ ｩ ｭ ･ ｾ ｲ ･ ｳ ｯ ｬ ｶ ･ ､ CIDNP experiments showed that the polariza­

tions of the photoproducts originate from a pathway that leads from correlated radical ion pairs

of triplet multiplicity to triplet biradicals. By combining CIDNP detection wi'th photoinduced

electron transfer sensitization it was established that the pathway that gives rise to nuc1ear

spin polarizations is also the main route to the productsj a significant contribution of other

mechanisms to product formation, e.g., a direct r"eaction of exciplexes to biradicals, is thus

ruled out for the systems investigated. With benzoquinone, anthraquinone, and with naphtho­

quinone at room temperature, the predominant product is the thermodynamically most stable

oxetane stereoisomer possessing trans configuration of the anethole moiety regardless of the

configuration of the starting olefin. In the case of naphthoquinone, at low temperature good

yields of additional stereoisomers are obtained in which the configuration of the educt anethole

is preserved. CJ'c1oaddition is accompanied by considerable one-way cis-trans isomerization of

the olefin. This product distribution and its temperature dependence is explained by confor­

mational changes of the triplet biradicals. The biradicals are formed in conformations that
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are determined by Coulornbic interactions between their precursors or in the transition state.

Subsequent relaxation to an energetically more favorable conformation by therm.a11y activated

rotations around single bonds competes with intersystem crossing. The initial conformations

finally lead to the low-temperature photoproducts, and the relaxed conformation to the high­

temperature oxetane as weil as - by scission of the singlet biradical- to trans-anethole, Le. to

one-way isomerization. The CIDNP measurements gave an activation energy for bond rotation

of 11.5 kJ Imol and lifetimes of the initial triplet biradicals of 95 and 125 ps, which is very short

but consistent with the faUure of experiments to trap the biradicals with oxygen. For the singlet

biradical in the relaxed conformation, the ratio of ring closure to scission was found to be 1.6

at 233 K and l.0 at 330 K.

A totally different mechanism of the Paterno-Büchi cycloaddition was found in the photore­

actions of quinones with norbornadiene or quadricyc1ane, which besides oxetanes give oxolanes

and rearranged hydrocarbon. For similar systems, it has long been known that nuclear spin

polarizations of the substrate and of its valence isomer originate from two different radical ion

pairs; this is also found in our case. However, the polarization patterns that we observed for

the oxetanes and oxolanes are not consistent with CIDNP generation in either of these charged

intermediates. Moreover, they are mixror images of each other, hence the source of these po­

larizations is obviously a third radical pair which is a common precursor to both products. In

solvents of low polarity the polarizations of the starting material and the rea.rranged educt dis­

appear (as they must, because of the influence of the Coulombic attraction between the radical

ions on the pair dynamics), but the CIDNP signals ofthe products persist. In contrast, lowering

the temperature strongly decreases the cycloadduct polarizations, while the educt polarizations

remain unchanged. We explain all these findings by CIDNP generation in pairs of neutral radi­

caIs that are the result of thermally activated in-cage proton transfer from the radical cation of

the hydrocarbon to the radical anion of the sensitizer. As in the quinone-anethole systems, the

oxetane is the product of a triplet exit channel of the radical pair. However, no biradical can

be involved in this case, and the formation of the four-membered ring must occur by secondary

reactions of an intermediate open-chain compound.

These examples show that the mechanism of the Paterno-Büchi reaction obviously possesses

more facets than previously thought, and they demonstrate that CIDNP experiments yield

valuable information about the mechanisms of chemical reactions that is often unobtainable by

other methods.
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Large Magnetic Field Effects in B12 Enzymatic and Photochemical
Reactions

Charles B. Grissom, Department of Chemistry, University of Utah,
Salt Lake City, UT 84112 USA

The vitamin B12 cofactor exhibits magnetic field dependent
recombination of the {R" "Cbl} radical pair. Picosecond laser
flash photolysis studies of adenosylcob(III)alamin Ｈ ａ ､ ｯ ｃ ｢ ｬ ｾ ｾ ｾ Ｉ show
a 4-fold increase in the rate of viscosity-independent geminate
recombination of the {5'-CH 2 " ｃ｢ｬｾｾｽ radical pair at 800 gauss Ｈ ｾ

Am. Chem. Soc. 1993, 115, 12152) . In contrast,
methylcob( III) alamin (MetCbprI) does not undergo geminate
recombination on the picosecond/nanosecond timescale. However,
both AdoCbl ｲ ｉ ｾ and MetCbl ｲ ｉ ｾ undergo viscosity-dependent secondary
cage recombination on the microsecond/millisecond timescale.
Secondary cage recombination is magnetic field dependent only in
viscous solvents.

Enzymes that require the B12 cofactor (as a radical initiator)
exhibit magnetic field dependent kinetic parameters. In the case
of the B12 enzyme, ethanolamine ammonia lyase, V",ax/K... decreases by
25% at 1000 G with unlabeled ethanolamine (substrate) and 60% at
1200 G with deuterated ethanolamine. The kinetic parameter Vux is
insensitive to magnetic field. This is. the first report of a
magnetic field effect on an enzyme with well-defined radical pair
intermediates (Science 1994, 263, 958). These studies have been
extended to measurements of {5' -CH2 " CblrI} formation and
recombination ON THE ENZYME using rapid-scanning stopped-flow
spectrophötometry. No deuterium isotope effect on ｃ ｢ ｬ ｾ ｾ formation
is observed, but the magnetic field dependence of ､ ｛ ｃ ｢ ｐ ｾ ｝ Ｏ ､ ｴ is
identical to the magnetic field dependence of ､ ｛ ｃ ｢ ｬ ｾ ｾ ｝ Ｏ ､ ｴ observed
in steady-state photolysis experiments.

These results unambiguously identify {5'-CH2 • CblII
}

recombination as the magnetic field dependent step in the B12 enzyme
ethanolamine ammonia lyase.
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13C-NMR UNLABELLED, "U1VPLUGGED":
PARAHYDROGEN INDUCED DIRECT 13C-NMR DETECTION IN A

SINGLE SHOT AT NATURAL ABUNDANCE

Mathias Haake, Jens Barkemeyer, and Joachim Bargon *

Institute ofPhysical Chemistry, University ofBonn, Wegeierstrasse 12, D-53115 Bonn,
Germany

Abstract:
Homogeneously catalyzed hydrogenation reactions lead to strong nuclear spin polarization

effects in IH NMR spectra, ifparahydrogen (p-Hz) is used instead of natural hydrogen (n-Hz).
The signal arnplification, the PASADENA effect1, results from the breakdown of the p-Hz
symmetry during the hydrogenation, for which purpose the Hz must be transferred pairwise to
maintain the spin correlation. This effect with its signal enhancement is used for in situ NMR
methods to investigate organometallic-catalyzed hydrogenations as weil as short-lived reaction
intermediates and has been termed parahydrogen induced polarization (pIllP)z. It has been
used for a variety of mechanistic and kinetic investigations, also in conjunction with INEPT

Co :.xperiments3, and most recently for the observation of photoinduced hydrogenations4.

Now we report the observation of a novel and effident polarization phenomenon in 13C
NMR spectra using unlabelled substrate. Hence, the 13C NMR. spectrum of the hydrogenation
of acetylenedicarboxylic acid dimethyl ester to form p-Hz labelIed maleie acid has been
detected in 1 scan requiring only lOs of spectrometer time. This has been achieved by applying
a single 45x-(13C)-pulse, immediately after 25s ofhydrogenation time. The experiment has also
been verified using different substrates like norbomadiene and phenylacetylene-d1.

The signal enhancement of some experimental spectra cannot be explained under the
assumption of dipolar interactions of the different types of nuclei only. Consequently, the
corresponding populations of the nuclear spin states in the product differ significantly from
those resulting from an INEPT experiment. We give a complete description of the
corresponding overpopulation of spin states as the result of a singlet admixture by combining
the effect of nuclear spin state mixing with dipolar interaction. In order to illustrate the
significance and the consequence of this magnetization transfer, we demonstrate the divergent
results depending on the experimental techniques employed and some necessary conditions for
these experiments to be successful.
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(2) Eisenschmid, T. C; Kirss, R. u.; Deutsch, P. P.; Hommeltoft, S. 1.; Eisenberg, R.;
Bargon, 1.; Lawler, R. G.; Balch, A. L. J Am. Chem. Soc. 1987,109,8089-8091.
(3) Duckett, S. B.; Newell, C. L.; Eisenberg, R. J Am. Chem. Soc. 1993, 115,1156-1157.
(4) Thomas, A.; Haake, M.; Greve1s, F. W.; Bargon, 1. Angew. ehern. Inf. Ed.
Engl. 1994, 33, No. 7,755-757.
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MAGNETIC FIELD AND MAGNETIC ISOTOPE EFFECTS IN
REACTIONS OF HEAVY ATOM-CENTERED RADICALS

Hisaharu HAYASHI, Masanobu WAKASA, and Yoshio SAKAGUCHI
Molecular Photochemistry Laboratory,

The institute of Physical and Chemical Research (RIKEN),
Wako, Saitama 351-01, Japan
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Large magnetic field and magnetic isotope effects (MFEs and
MIEs) have hitherto been observed in many reactions of light
atom-centered radicals such as C- and O-centered ones. On the
other hand, MFEs and MIEs have been believed to decrease
drastically with increasing atomic number of the nuclei where
unpaired electrons are mainly localized in a radical pair. This
is due to the magnetic-insensitive spin-orbit interaction of
heavy atoms. Thus, we have started to find MFEs and MIFs in
reactions of heavy atom-centered radicals, such as Si-, P-, S-,
and Ge-radicals.

At ｾ ｩ ］ ｳ ｴ Ｌ we have measured the time profiles of the transient
｡ ｢ ｳ ｯ ｾ ｾ ｾ ･ (A(t» of such hetero-radicals in a magnetic field

range of 0 - 10 T and found several MFEs on the lifetimes Ｈ ｾ Ｉ of

radical pars and the yields (Y) of escaped radicals at room
temperature although the MFEs of heavy atom-centered radicals
are much smaller than those of C- and O-radicals. Typical
reactions which show MFEs of heavy atom-centered radicals are
listed as folIows:
Si-radicals:

Ｓ ｰ ｨ Ｔ ｟ ｮ ｍ ･ ｮ ｓ ｩ Ｊ ｾ Ｓ Ｈ ｐ ｨ Ｓ ｟ ｮ ｍ ･ ｮ ｓ ｩ ﾷ ·Ph),(n=O,l).

3A* + ｓｩＶｍ･ＶｾＳＨａＭﾷ ·Si6Me6+)' (A=cyanobenzenes).

P-radical:

Ｓ ａ ｲ ｃ ｏ ｐ ｏ ｐ ｨ Ｒ Ｊ ｾ Ｓ Ｈ ａ ｲ ｃ ﾷ ｏ ·POPh2 ),(Ar=2,4,6-trimethylphenyl). (P-I)

S-radicals:

Ｓ ｰ ｨ ｃ ｏ ｃ ｈ Ｒ ｓ Ｐ Ｒ ｐ ｨ Ｊ ｾ Ｓ Ｈ ｐ ｨ ｃ ｏ ｃ ﾷ ｈ Ｒ

3 * 3(p-NH2PhS)2 ｾ (p-NH 2PhS·

3xco* + ｐＭｎｈＲｐｨｓｈｾＳＨｘｃﾷｏｈ

3ph2CO* + ｐｨｓｈｾＳＨｐｨＲｃﾷｏｈ

Ge-radicals:

3xCO* + ｅｴＳｇ･ｈｾＳＨｘｃﾷｏｈ + Et3Ge·)

Ｓ ｰ ｨ Ｔ ｟ ｮ ｍ ･ ｮ ｇ ･ Ｊ ｾ Ｓ Ｈ ｐ ｨ Ｓ ｟ ｮ ｍ ･ ｮ ｇ ･ ﾷ ·Ph),(n=0,1,2).
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Fig.1. Typical A(t) curves observed for radical pairs involving
(a) heavy atom-centered radicals and (b) only C-radicals.
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We have found that the T and Y values increase with increasing

magnetic field (B) in these reactions, but that they start to
decrease above BI of Fig. l(a) in some reactions. For example,

the T(B)/T(O) and Y(B)/Y(O) values of reaction (8-3) are 1.06 and

1.-09 at B=O. OST, but they start to decrease above O. OST,
becoming to be 0.93 and 0.94 at 1.3ST and 0.81 and 0.78 at

10T.[1] It is noteworthy that the T and Y values at high fields

(B 2 of Fig. 1) become smaller than those at B=OT. Thus, the

magnetically induced increases in T and Y at low fields (B<B1 )

can be explained by the HFC and relaxation mechanisms, but the

decreases at high fields by the ｾ ｧ mechanism. Here, the g-values

of these heavy atom-centered radicals are much larger than those
of C-radicals. We have observed similar inversions of MFEs in
reactions of C-radicals.[2] In this case, the inversions can be

explained by only the relaxation mechanism because the ｾ ｧ vales

become almost zero for radical pairs involving only C-radicals.
using reactions which show fairly large MFEs, we tried to

enrich magnetic isotopes of heavy atoms with the MIF and have
recently succeeded in enriching Ge-73 with reaction (Ge-2,
n=l) . [3] We can see that this is due to the MIF because the
enrichment was the most efficient at O. 02T. Ge-73 is the
heaviest isotope to have so far been enriched with the MIF from
sampIes of natural abundance.
References: [1] M. Wakasa et al., Chem. Phys. Lett., 215 (1993)
631. [2] Y. Nakamura et al., Chem. Phys. Lett., 217 (1994) 387.
[3] M. Wakasa et al., J. Phys. Chem., 97 (1993) 13444.
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INFLUENCE OF LARGE MAGNETIC FIELDS
ON PHOTOCHEMICAL HYDROGEN ABSTRACTION REACTIONS

OF FLUORINATED CARBONYL COMPOUNDS IN MICELLAR SOLUTIONS
Masatoshi IGARASHI. Yoshio SAKAGUCHI, and Hisaharu HAYASHI

Molecular Photochemistry Laboratory, The Institute 0/ Physical and Chemical
Research (RlKEN), lVako, Saitama, 351-01 Japan

Magnetic field effects (MFEs) on dynamic behavior of radical pairs and
biradical have received considerable attention, but almost all of such studies have
been carried out in magnetic fields below I.5f generated by conventional
electromagnets. In the present study, :MFEs on the photochemical hydrogen
abstraction reactions of fluorinated carbonyl compounds in micellar solutions were
investigated by a nanosecond laser flash photolysis technique and compared with
non-substituted compounds urider large magnetic fields (s lOT) generated by a
superconducting magnet.

The profiles of the transient absorption (A(t)) were measured upon the
excitation of the forth harmonic (266nm) of a Nd:YAG laser. In the present system,
ketyl radicals are formed by hydrogen abstractions of carbonyl compounds from
micellar molecules. The A(t) curves for the reactions of acetophenone (AP) and
2',3',4',5',6'-pentafluoroacetophenone (PFAP) in Brij 35 micellar solutions under
several magnetic fields (B) are shown Fig.I. For the reaction of AP, the decay rate of
the ketyl radical decreased steeply with increasing B from OT, attaining a constant
value above 0.3 - 0.5f. On the other hand, the decay rate for PFAP decreased
steeply with increasing B from ur, attaining a minimum value at 2T. The decay rate,
however, increased gradually from 2T to 10T[1].

::J r! 1I
cu ｛ｾ ｾ｛ｩ｜
.... LI A ｾ L ;\
ｾ I i i C! L Ａｾ§ [j 2T, 10T § i :\\
-2 I OT -e r :［ＮＧＮｾ 2T

ｾ ｾ ｾ ｜ｾｾｾ ｾＱｧｾ: ...:- ,...,..·...,::-.,.;.--44.--......i ｾｲＮＮ［ＮＮｾ ｾｾＭＭｲｊＢ Ｎｾ .... ｾＢＧＺ［Ｎ ........ ｾl: '. Ｂ ｾ Ｌ Ｎ Ｌ Ｎ ......·........_·.......,;.,.:..,........·.............,;.-:·l.
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Fig.l A(t) curves observed at 320nm for reactions of (A) AP and (B) PFAP.

Fig.2 shows :MFEs of the A(t) curves for the reactions of benzophenone (BP)
and decafluorobenzophenone (DFBP) in Brij 35 micellar solutions. The inversion of
MFEs was not observed only for a fluorinated compound (DFBP) but also for a non­
substituted compound (BP). The magnitude of the inversion for DFBP, however, is
much larger than that for BP.

These inversions of :MFEs can be explained in terms of the relaxation
mechanism. [2] According to the relaxation mechanism, the radical pair decay (R(t))
can be represented as folIows:

R(t) = Ra exp(-ka t), (B=OT)
R(t) = Rr exp(-kr t) + Rs exp(-ks t). ＨｂｾｏＮＰＴｔＩ

The rate constants, ka, kr, and ks, are given as folIows:
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Fig.2 AU) curves (A) observed at 520nm far reactions of BP and (B) at 320nm for DFBP.
1 1

ko = 4' kp + kE, k[ = 2" kp + ks, ks = kR + kR' + kE·

Here, kp and kE are the rate constants of reactions in a singlet radical pair and escape
of radicals from a radical pair, respectively, and should be independent of B. kR is
the relaxation rate constants between the T ±1 and Ta sublevels of a triplet radical pair,
and kR' is that between its T ±I sublevel and singlet state of a radical pair. kR and kR'
should be influenced by B. Above the mentioned, the rate constants are obtained as
shown in Table 1. Table shows the following results.
(1) The magnitude of the inversions (I = ks(1OT) / ks(2T)) are in the following orders:

I for DFBP > I for PFAP > I for BP > I for AP.
(2) The magnitude of the ratios of the rate constants (R = kE / (kR+kR,(2T))) are in the
following orders:

R for DFBP < R for PFAP < R for BP < R for AP.
We can see from these results that the smaller R is, the larger I becomes. In the case
of AP, ks is mainly determined by kE and the effect of kR + kR' is small. Therefore, the
MFEs was observed to be saturated at low magnetic fields and the gradual increases
in kR+kR' under large magnetic fields disappear in the experimental eITors. In the
case of DFBP, ks is mainly determined by kR + kR" Therefore, the large inversion of
1v1FE can be observed under large magnetic fields. Since the solubility of fluorinated
compounds into water is smaller than that of the corresponding non-substituted ones,
kE of ketyl radicals derived from DFBP and PFAP are smaller than those from BP and
AP. Accordingly, the inversions of MFEs for DFBP and PFAP are larger than those
ofBP and AP.

Table 1

ketvl radicals
rat; constants i x 105 s-l

ko
ks(2T)
ks(10T)
kE
kR + kR{2T)
kR + kR'(lOn

I = ks(lOT) / ks(2T)
R = kE! (kR+kR{2T»

AP

11
4.5
4.6
3.7
0.82
0.88
1.0
4.5

PFAP

6.4
2.3
2.7
0.95
1.4
1.8
1.2
0.67

BP

12
3.2
3.5
2.0
1.2
1.5
1.1
1.7

DFBP

4.4
1.8
'? ­_.;:,

0.36
1.4
2.1
1.4
0.26

Reference
[1] YSakamura, ;"'LIgarashi, Y.Sakaguchi. H.Hayashi. Chem.Phys.Lett., 217(1994)387.
[2] H.Hayashi, SSagak.Llra, Bul1.Chem.Soc.Jpn., 57(1984)322.
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MAGNETIC FIELD EFFECT ON THE DELAYED FLUORESCENCE
FROM THE RADICAL·ION PAIR SYSTEM

Yohei Iwasaki and Hisao Murai

Department of Chemistry, Faculty of Science, Osaka University,

Toyonaka, Osaka 560, Japan

Fig.1. Magnetic Field Effect on the
Delayed Ruorescence (TMPD/2-propanol)

at room temperature.
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TMPD (N,N,N',N'-tetrarnethyl-p-phenylenediamine) is known to be easily
photoionized in alcoholic media. This ionization process is by way of the radical-ion pair
of the cation radical of TMPD and the solvated electron formed transiently by photo­
excitation. This system emits the delayed Ouorescence which is due to the back electron

transfer within the geminate radical-ion pair. In the present report, the study on the
external magnetic field effect upon the intensity of the delayed Ouorescence is presented.

The solution ofTMPD in 2-propanol (-5X 10-4 M) was deoxygenated by bubbling
with pure nitrogen gas prior to the measurement. The solution in a Oat-quartz Oow cell
installed in an X-band ESR cavity (TEOll) was excited by an excimer laser (XeCl: A =
308 nm) pulse under the external magnetic field (0-1.0 T). The delayed Ouorescence

was introduced to a photomultiplier by an optical fiber. The data acquisition was done by
a digital oscilloscope and a micro-computer system.

The intensi ty of the delayed
ouorescence ( 't' = 6 X 10-

7
sec) decreased "#.

"about 10 % with increasing the external 0

magnetic field strength from zero to 1.0 T 0

as shown in figure 1. This result may be ｾ

explained by the different efficiency of e -2

the intersystem crossing of the radical-ion ;:::, - 4
pair under the different magnetic field 0-
probably due to the level crossing --; - 6
phenomenon. In this system the radical- 'iXl _8.......
ion pair formed immediately after light ........

irradiation may be confined by the strong
Coulomb interaction. The addition of
water in this system changed the pattern
of the intensity \'s. the field strength.
The discussion including the data of the
time-resolved ESRl), the opticallv

2 ｾ

detected ESR) and photocurrent

measurement of this particular system is
presented.

1) H. Murai and K.Ku\\·ata. , Chem. Phys. Lett. , 164, 567 (1989)
2) M. G .Bakker and A .D. Trifunac, J. Phys. Clzem. , 9 S, 550 (1991)
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SOC INDUCED ELECTRON SPIN POLARIZATION OBSERVED IN
PHOTOREDUCTION OF QUINONES WITH XANTHENE DYES

Akio Katsuki, Kimio Akiyama, Yusaku Ikegami, Shozo Tero-Kubota
Institute for Chemical Reaction Science, Tohoku University, Katahira 2-1-1,
Aoba-ku, Sendai, 980 Japan

CIDEP spectra observed in transient free radicals give valuable information on

the reaction mechanism. It has been weIl established that two mechanisms,

triplet mechanism (TM) and radical pair mechanism (RPM) contribute to the

electron spin polarization. On the other hand, the electron spin polarization

should be generated by spin-orbit coupling (SOC) interaction in triplet exciplex or

contact radical pair (CRP), because the interaction causes sublevel selective

reactions from the triplet intermediate to a singlet state product.

In the present paper, we present the evidence ofthe SOC induced electron spin

polarization in the photoinduced electron transfer reactions between xanthene

dyes and p-quinones. Remarkable heavy atom effects on the radical yield and

enhancement factor of the CIDEP signals were observed.

The various xanthene dyes were carefully purified by recrystallization. The

sampie solution was deoxygenated by argon gas bubbling and flowed into a

quartz ceIl within EPR cavity. Measurements were performed on the 1-propanol

solution with concentrations : 1 x 10-4 mol dm -3 for xanthene dyes and 1 x 10-3

mol dm-3 for quinones. The time-resolved continuous wave (CW) EPR was

observed by direct detection without field modulation. FT-EPR measurements

were carried out using an X-band pulsed EPR spectrometer (Bruker ESP 380E)

equipped with the dielectric resonator (Q,.., 100). Electron spin echo (ESE)

detection technique was used to eliminate the dead-time problem in the FID

measurements. A dye laser pumped by excimer laser (XeCl, 308 nm) and a

Nd:YAG laser were used as the light source.

Using time-resolved CW-EPR method, all-enhanced (A)-CIDEP spectra were

observed in the photosensitized reduction of 2,5-dichlorobenzoquinone,

benzoquinone, and duroquinone (DQ) with eosin Y. The unusual A-CIDEP is not

ascribed to TM, since the emissive TM is observed at the fast initial step of

buildup ofthe signals by FT-EPR measurements.

In order to examine heavy atom effects on the electron spin polarization, we

measured the CIDEP spectra for DQ- generated by the use of several sensitizers.

All A-CIDEP spectra were also observed in the photoreaction using di-
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in absorption, which is usual for S-TO mechanism in this high magnetic field (ca.
6 T). Phosphonyl radicals are known to react readily with halogen-containing
compounds. When the latter are added (e.g. BrCC13, CC14, CDC13), the products
corresponding to the halogen atom abstraction by the phosphonyl radical are
formed with strong absorptive polarization, confirming the absorptive
polarization of the escaping radicals due to the spin-sorting S-TO m-echanism in
the primary RP. Phosphonyl radicals are also known to react efficiently with
double bonds, and are often used as very efficient initiators of
photopolymerization. When the photolysis of (1) is carried out in benzene, all the
NMR lines observed show emissive polarization (fig. 1). We believe this ·to be the

1
,.-- r

ABDP (1)

ｆｩｧＮＱｾｬｰ - {I H} CrDNP spectrum of ABDP in benzene

I i • i I' i i i i i i i I i i I I i i i I i i i i i ｾ i I i i i I i i i I i I i

(4)

i I i i i I i I i i
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PPM
result of the attack of the phosphonyl radical on benzene which is known to yield
cyclohexadienyl radical, which is confirmed by the product analysis. The latter,
however, is not itself responsible for the unusual polarization pattern, since a
similar all-emission spectrum is observed when the photolysis is carried out in
CD3CN + 0.2 M 1-hexene. On the other hand, IH CrDNP results seem to show no
anomalies of polarization patterns.

The observed unusual polarization pattern appears to be quite general.
The 31p CrDNP in the photolysis of TMDPO shows strong absorptive
polarization for the starting material and a weaker for the rearrangement
product (8) (scheme 2). The formation of the latter is unambiguousand can
serve as an indication of the back recombination of the geminate RP in the
scheme 1. The absence of any strong emissive polarizations of cage-escape
products is likely due to a slow rate of their formation and/or relatively fast
nuclear relaxation in the phosphonyl tadical. This is further supported by the
addition of halogen-containing compounds, in which case the strong
emissive polarization of the corresponding halogenated products is observed.
Once again, however, when the photolysis is carried out in the presence of 1­
hexene, or styrene, the all-absorptive spectrum is observed, which is not
consistent with the spin-sorting nature of the S-To mechanism of CrDNP. It is
not clear at present if the observed polarization patterns can be explained in
terms of the S-TO mixing in the secondary RPs, and the effects associated with
the large hyperfine coupling with phosphorus can not be ruled out.
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EXPERIMENTAL STUDY OF THE VISCOSITY DEPENDENCE OF THE APPLIED
EXl'ERlfAL MAGNETIC FIELD EFFECT ON THE RATE CONST.ANT OF THE
REACTION OF TRIPLET-TRIPLET ANNIHILATION OF PYRENE IN LIQUID

N.L.LAVRIK
Inst Hute of ｇ ｨ ･ ｭ ｴ ･ ｡ ｾ Ktnet tes (J)'1"d Combust ton SB RAS

630090 Novostbtrsk, Russta
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DP

excimer; I DP are the excimer. The effect of applied B has
e

manifested itself as the decrease of the I
DP

magnitude

.. negative MPE). Later. the magnetic !1eId e!!ects have been

reproduced [2,3] and explained in the framework of the concepts

developed in the paper of Atkins and Evans [4]. According to

these concepts, in Iiquids with low viscosities the DP

intensity must decrease with applied B which has been observed

experimentally.

and :1ncreasing viscosity,

decrease :1n I
DP

but to i ts

sampIe temperature

leads not to the
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in solvent

MPE can also be

viscosi ty in which

substantially be

increaseby the

the positive

the medium

locate. can

drop in temperature is tollowed

v1scosity. it i5 thought that

observed at room temperature it

the moleeules under study

increased.

B

tield

w1th

same

increasing

turns into
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a
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(with

ettecttield

increases

Thus. the specitic goal ot this paper is the experimental

observation ot positive MPE in excimer DP in solvents with high

viscosity at roorn ternperature.

The preliminary experiments on the observation

Held ettects in the DF intensity ot pyrene CPy)

binary methanol-glycerin solutions was made. As

these experiments the tollowing has been established:

1) when v1scosities are less than 150 cP. the

ettect is negative and its field dependence

those published in refs. [1-3];

2) when the solution viscosity

glycerin concentration). the magnetic

posit1"- In this case its absolute value
c;.

streng.. increases a tew times;

3) d1!terent was the form of the tield dependencies for the

solutions with high and low viscosities. i. e. tor the solutions

with low visoosities the tield dependence was a mono tonously

decreasing tunction. and tor those with high viscosities. the

dependence was a sharply increasing function (up to the

strength of = 0.005 T) and then the passage to the plateau. The

resul ts proposed are now the only ones end no interpretation is

avallable.
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FIELD OH THE

AT A =441.6 nm.

THE IHFLUEHCE OF APPLIED EXTERHAL MAGNETIC

IHTEHSITY OF N0
2

FLUORESCENCE UHOER EXCITATION

N.L.lavrtk
177.ßt Hute 0/ GhemicaI Ktnet ics and Combust ton,

Novostbtrsk, Russta.
SB

Chronologically, the N0
2

molecule is the second example

of the influence of applied external magnetic field (8) on the

luminescence of molecules in the gas phase [1-3]. The first

molecule for which a magnetoinduced quenching of fluorescence

has been observed is the J
2

molecule [4].

Almost twenty years have passed since the observation of

MFE in luminescence. However, all experimental information is

contained only in the papers of Levi [1-3] and Makarov [5].

Unfortunately, these papers fail to give a clear experimental

picture on the influence of B on N0
2

fluorescence. Thus, in

paper [2] the conclusion has been drawn on the

"magnetononsensitivity" of the continuous spectrum of N0
2

luminescence and "magnetosensi ti vi ty" of only the discrete

spectrum part . (A characteristic feature of N0
2

fluorescence

spectrum is the existence of a wide structureless band the

background of which displays the discrete bands [6]).

Another moment that is necessary for understanding the

origin of MFE in N0
2

fluorescence is the knowledge of the

dependence of MFE magnitude on pressure P. There are no

consistent and systematic data on the studies of MFE within a

wide pressure range. Thus, in [2,3] for aseries of excitation

wavelengths the MFE magnitudes have been measured only for 2-3

pressures that differ by a few orders of magnitude and fail to

give the entire concept on the pressure-dependence of MFE.

Note that in all experiments on the pressure-dependence

of MFE [2,3,5], the continuous and discrete parts of the

spectrum were not distinguished and. MFE was observed without

"structural" division.

It is concluded then that at present there are no clear

and reliable experimental data on the properties of MFE in

N0
2

fluorescence for both the discrete and continuous parts of

the spect rum.
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The aim of the present paper is rather limited. i.e. the

experimental observation of the field dependencies of MFE for

the different pressures in N0
2

fluorescence separately for the

continuous and discrete parts of its spectrum. MFE was studied

in the N0
2

fluorescence excited by the light of a He-Cd laser

(A=441.6 nm).

The influence of applied 8 on both the discrete and

continuous parts of N0
2

fluorescence spectrum was established.

The field dependencies of these spectrum parts actually

differ: the dependence for the resolved spectrum part displays

the minima at 0.122 and 0.5 T that are unobservable in the

field dependence for the intensity of the continuous spectrum

part. The pressure dependencies of magnetic field effects for

the discrete and continuous spectrum parts are similar in the

pressure range 8x 10-4 torr al though the absolute values of

magnetic field effect for the continuous spectrum part are

somewhat smaller than those for the discrete one. A rough

quali tative hypothesis on the independence of the absorption

by the 281 and 282 levels and, accordingly, the independence

of magneto-induced binding of these states is proposed to

account for the di fference in the "magnetosensi tive"

properties of the continuous and discrete spectrum parts of

N0
2

fluorescence.
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A 1 H-CIDIP STUDY OF TBE PHOTOIIDUClID BLECTROI TRAISFHR
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Xanfred LEHNIG* and Heino KLAUKIEN

Fachbereich Chemie, Universität Dortmund

Otto-Hahn-Straße 6, D-44221 Dortmund

During UV-irradiation of t-stilbene (t-S) with triethyl­

amine (NEt3) in acetonitrile-d3, emission is observed in the

CH2 andin the vinylic CH protons

disproportionation product of the.
Et z N-CH-CH3 . It follows from the proton hyperfine coupling

constants in the radicals that the nuclear polarisation is

built up in singlet radical pairs ｴ Ｍ ｓ ｾ tNEt3 which are

formed by a diffusion-controlled electron transfer from NE3

to exci ted t-s molecules (1).

------S • • S
t--S ｾ t-S* + Et311 ｾ t-S-:- t ｂｅｴｾ ｾ Ph-CH::z-CH-Ph Et::z]i-:-CH-CH3

J,
Ph-CH::z-CH::z-Ph + ＨｃｈＳＭｾＩＺＺｺＱｬＭｾ］ｃｈＺＺｺ

E E

+ -(H.f.c. in Et::zll·: a(H,CH::z) = +1.9 mT, la(H,CH3)1 < 0.1 mTj
•in Et::zll-CH-CH3: a(H,CH::z) = -1.4 mT, mT, a(H,CH3) = +1.9 mT)

The radical ion pair has a lifetime of about 30 ns.

[ll F.D.Lewls and T.-I.Ho, J.Am.Chem.Soc. ｾ (1977) 7991.
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STUDY ON THE MECHANISM OF PHOTOINDUCED HYDROGEN
ABSTRACTION REACTION OF 2,6-DICHLORO-p-BENZOQUINONE BY

CIDEP

Qing-Xiang Meng and Hisaharu Hayashi
Molecular Pholochemistry LaboraLOry, Institute 0/Physical and Chemical Research(Rl KEN),

Wako, 351-01 Japan.

In rcccntly, a attention on thc rcaction mechanism of photoinduced hydrogen abstraetion
rcaction of thc system includc thc 2,6-dichroro-p-benzoquinone has been developed[l,21. A
rcaction mcchanism bring a intermediate radical isomerization process was proposed by means
of CIONP-dcteetcd ESR spectrum used the separation of SNP and DNP component:s
contributcd from radical pair and free radical respectively(3,41. However,in the consideration,
Chcmically induccd dynamic electron polarization(CIDEP) spectrum of escaped free radical

docs not obtained at short delay time (below 0.5 1lS) after laser irradiation. In this work, we try
to dctect CIOEP spectrum at short time after laser irradiation and investigate the time profile of
CIDEP intensity, and reconsider this reaction mechanism.

All spectrum were recorded on a JEOL RE-3X X-band ESR spectrometer. The steady-state
ESR experiments were carried out by using a 5CXJW UV lamp for continuous light souce. The
transient time-resolved ESR signals were taken into a boxcar integrator(SR250) at arbitrary time
after the laser pulse for the observation of CIOEP spectra. An Nd:YAG laser supported by
Spectra Physics Co. were employed for the irradiation pulse source at 30 Hz with 266nm
wavelength. The sampie solution was continuously transferred through a flow system inta a

<PO.2 rn/rn plate quartz cell within the ESR cavity and was deoxygenated by nitrogen gas.

Results and Discussion
The photoinduced hydrogen abstraetion reaction mechanism of quinones has been studied

detailed(51. In the system of 2,6-dichloro-p-benzoquinone, the reaction can induce two type
intermediate species through two different reaction processes as shown in follows: 3,5-dichloro­
p-benzoserniquinone radical(radical 1) and 2,6-dichloro-p-benzosemiquinone radical(radical
2) created through reaction path 1 and path 2, and defined corresponding radical pair 1 and
radical pair 2 as scheme, respectively. This two type radicals have different hyperfine coupling
constant because there are existence of different interaction between aromatic proton and
unpaired electron in oxygen in generated semiquinone radical; ｾ

Fi a 1 \ ESR SPCC""'"

ｾ｣｡Ｑ pair 2 ｾ､ｩ｣｡ｬ 2 1

0

, ｾｾｾｾｾｬＫ｜ｴＬｾＬＴ ｴｨｊ｜ｾｾｴｗｾｾｰ

｛ ｈｾｈｈ ｒ｝ｾｈＴＱＬＭＬＬＺｈｈ
ｏｾ ＧＭ CI .& CI .& CI Ö ｉｾＬｃｾｉ 0.'50 ....dial : ＮＯｾ

H(Je; + RH / • : HJ..9..lH 0.80 •.r,-----

CI O .. Ｚ Ｍ Ｏ ｰ ｡ ｲ ｨ ｾ ｛ ｈ ｾ ｈ R] ｾ ｈ ｾ ｈ bi,.JO .
Reactan[ CI ｾ CI ｾｃＱ 9. _ J

ｲ｡､ｩｾ n2ir 1 ｾ､ｩｊ 1 ｾ＾［ >.3... ....die.l 1 Alil. ａｲｾｲｴｹｈｲｊｈｲ simul.1tion

r- ｃ ｾ ｉ 0.'50 fI'" ff,: r
CJot 1.1G

Fig.l shows a X-band steady-state ESR spectrum obtained during 20 mM 2,6-dichloro-p­
benzoquinone(DCBQ) photolysis in CHC13 solvent and a simulated spectrum shown in under.
Obtained hyperfine coupling constants(HFCq of aromatic proton and chlorine from experiment
results shown in side. The results indicate that ehe contribution of experimental observition of
ESR spectrum is only from radical 2(see figure 1) because radical 1 ha\'e large splining by large
HFCC of aromaric proton than it of radical 2. Here, :HFCC of radical 1(see figure 1) reference
the magnetic parameters of p-hydroxy-2,3,5,6-tetrachloro-phenoxyl radical and p-hydroxy­
phenoxyl radical as shown in literaturd61.
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Thc CIDEP spectra observed in the system of 20 mM
DCBQ in CHCI3 solvent after laser irradiation shov,:n in
Fig.2. The spectrum shows a broad emissive(E) polarization
in ccntral field and also weak emissionin(E in low field)/
absorption(A in high field) polarization peaks exist in out
sidcs. The signals was assigned to the 2,6-dichloro-p­
bcnzosemiquinone radical (radical 2) in center and 3,5­
dichloro-p-benzosemiquinone radical (radicali) appeared
in out sides as indicated by arrows. The HFCC of aromatic
proton was obtained about 5.4 G as shown in figure and this
value of HFCC is very dose to it reported in literaturd6l.

In order to further clearly understand the time
dependence of polarization, Fig.3 shows a relationship
between delay time and signal intensity of CIDEP. Solid
lines shows the simulation results by single decay
exponential function. Radical 1 is exist at delay time from 0

J.l.s to 0.8 J.l.S and the'signal intensity decrease with
increasing the delay time. In other hand, intensity of CIDEP
from radical 2 decreasing with increase the delay time till to

about 2.5 J.l.s. The results predient a new viewpoint on the
reaction mechanism as existance of two radical species at
short time simultaneously after reaction. A CIDEP spectrum Time depcndence cf polarizalion inlensilY

observed in SDS micelle solution will discuss in this work Fig,2
, also, A strong emissive polarization from radical 1 was

detected'at from 0.5 J.l.S to 2.0 J.l.S after laser exitation and the
obtained spectrum also explained by two components
contributed from radical 1 and radical 2.

In the present works, the time-resolved ESR spectrum of
intennediate radical during the hydrogen abstraction reaction ｾ

of the s)'stem cf 2,6-dichloro-p-benzoquinone \vas obtained. ｾ

From delay time dependence of polarization, the radical has a :;­
large hyperfine coupling constant(radical 1) finished after ]

0.8 J.l.S, and other radical has a small hyperfine coupling

constant(radical 2) survived till to 2.5 J.l.S. The structure of
intennediate radical was assignned from steady-state ESR
spectrum and time dependence of CIDEP, then a reaction
mechanism of hydrogen abstraction in the system of 2,6­
dichloro-p-benzoquinone was proposed.
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MAGNETIC FIELD EFFECT ON LASER INDUCED POLYMERIC FILM
FORMATION FROM GASEOUS METHYL ACRYLATE

Hiroshi Morita
Department 0/ Image Science, Fuculty 0/Engineering, Chiba University,

Yayoi-cho, Inage-ku, Chiba, Chiba 263, Japan

Upon the exposure to N2 laser light, gaseous methyl aerylate at apressure of 10-65 Torr
produeed asolid polymeric material as a thin film on the surfaee of an optieal quartz window
selectively in the area directly exposed to the incident laser light. From the fact that the IR
spectrum of the deposited film has bands eharacteristie of poly(methyl aerylate), it is suggested
that methyl acrylate is polymerized under laser light irradiation without decomposing into
fragments. The product yield of the deposited material measured by weighing increased with
increasing sampie pressure of MA, and also depended on the laser intensity. The laser
intensity dependence (1.5 - 3.0 mJ/pulse) of the yield was measured for MA vapor at apressure
of 40 Torr under the irradiation for 8 h. The yield is roughly proportional to the second power
of the laser intensity. From UV absorption spectrum and eleetron-energy-Ioss speetrum of MA
vapor, it was reported that the lowest excited singlet state, SI (In-1t*) and the seeond excited
singlet state, S2(1 1t-1t*) appear at 244 nm (5.08 eV) and 188 nm (6.6 eV), respeetively, and the
optically forbidden lowest triplet state, Tl (3 1t-1t*) lies at 322 nm (3.85 eV). Moreover, a

semiempirieal calculation of aerylie acid suggested that IO'-1t* state lies at =::6.9 eV.
Considering the fact that the ionization potential of MA is 10.5 eV and exceeds two photon

<- energy of 337.1 nm laser light (7.4 eV), MA is exeited to I 1t-1t* and/or IO'-1t* state(s) by two
photon absorption as a major exeitation process, and dissociates into fragments.

CH2=CH-CaaCH3 -7 -C2H3 + -COOCH3 -7 -C2H3 + C02 + -CH3 (1)
Both CH3 and C2H3 radicals (hereafter, denoted by I) ean initiate radieal polymerization of MA
in the vapor phase. Diffusion of photo-generated initiating radicals to the surfaee of the quartz
window is followed by more rapid polymer growth than in the vapor phase. Onee the polymer
is formed on the quartz window, the formation of adsorbed layer of MA on the polymer surface
further increases the rate in polymer growth. Thus, the film formation oceurs selectively on the
quartz window.

Dependence of the yield on laser irradiation time was measured for MA vapor at apressure
of 40 Torr. Under the irradiation for 30 min at an energy of 2.2 mJ/pulse, we could observe
the formation of deposited film on the window. After an induction period of ca. 1 h, the yield
increased linearly with irradiation time up to 8 h. Considering the fact that the laser light was
effectively scattered by the polymer film deposited on the quartz window, this result suggests
that propagation in film formation proeeeds via surfaee photochemistry of the polymer film.
Namely, by multiphoton absorption of UV laser light, poly(methyl acrylate) dissociates the
pendent group, R (i.e., COaCH3 group) as was suggested from the photolysis of PMMA..

I-(CH2-CHR)n+m+l-I' -7 I-(CH2-CHR)n-CH2-CH-(CH2-CHR)m-I' + -R (2)
This polymer radical can again initiate radieal polymerization of MA monomer to result in the
formation of a long side polymer chain as in the case of graft eopolymerization. Propagation of
long side polymer chains occurs at many photogenerated active sites in the area of the polymer
film directly exposed to the laser light, and forms granules on the polymer surface as was
observed in SEM micrographs.

Magnetic field effect on the yield of the polymer film was measured with MA at apressure of
40 Torr under the irradiation with N2 laser light for 3 h. By the applieation of a magnetie field
of 0.3 T, the yield increased 30-50%, suggesting that either the polymer radicals were formed
more efficiently, or the rate in the growth of side polymer chain increased by the application of a
magnetic field.

107



POSTER2B

THEOR\" OF ｾ ｦ ｃ ｌ ｔ ｉ ｑ ｌ ｲ ｾ Ｎ ｜ ｣ Ｎ Ｑ ｖ ｦ ｌ ｾ ｓ ｾ Ｍ ｰ

V. A. Morozov

International Tomography Center
630090, Novosibirsk, RUSSJA

Application of intense resonance rf-fields gives rise to additional signals in
spectra of stimulated nuclear polarization (SNP) due to the absorption of some rf­
quanta by recombining radicals. The dynamical theory of these multiquantum
phenomena and the peculiarities of their spectral manifestation is proposed on
the basis of quasienergy formalism applied earlier [1]. The dependence of the
multiquantum spectra on the polarization of rf-field and hyperfine structure
parameters of radical pair (RP) partners is investigated. The appearance of
multiquantum resonances for the circular polarization of rf-field with the rotation
direction opposite to the direction of the Larmour precession of electron spins is
predicted (reverse resonances).

I " '\/el vector model of multiquantum spin dynamics of RP for different rf-fjeld
polanzations is presented. The model iIIustrates analytical calculations.

It is shown that in the case of non equilibrium initial nuclear distribution a new
central component in multiquantum SNP spectra
parabenzoquinone in CD30D [2] the appearance of
signal at the rf-field amplitude exceeding 15 Oe is
our estimations.

can arise. For
a double quantum SNP
predicted according to

Apart from the multiquantum resonances, which, in terms of quasienergy
formalism, correspond to the anticrossing of quasienergy levels of RP partners,
some fine spectral effects caused by crossing of quasienergy levels of RP as a
whole [3] are considered. The' effect of quasienergy level crossing is
calculated for a double-quantum SNP spectrum. The proximity of the double­
quantum resonance (in the frequency scale) is shown to significantly enhance the
spectral manifestation of quasienergy level crossing.

The authors thank the Soros International Science Foundation (project RSOOO) for the
fmancial support of this research.
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PHOTOCURRENT STUDY ON THE SPIN ｄ ｙ ｾ ａ ｍ ｉ ｃ ｓ OF RADICAL­
ION PAIR: PHOTOIONIZATION SYSTEM OF TMPD

Hisao Murai, Tateki Ishida

Department of Chemistry, Faculty of Science, Osaka University,
Toyonaka, Osaka 560, Japan
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Fig. 1. MFE on the photocurrent intensity.
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In the system of radical-ion pairs, the Coulomb interaction of the geminate radical-ion pair
may confine its motion in the solvent cage, and it must provide the magnetic field effect (NIFE)
on the reaction and the ESR (microwave) controlled reaction. TMPD (N. N, N', N'-tetramethyl­
p-phenylenediamine) is known to be photoionized from the excited singlet state [1], and the
radical-ion pair is involved in the reaction. We studied this system by a time-resolved ESR
(observation of CIDEP) and concluded that the sign of the exchange interaction of this system
was positive [2]. Recently, we started two research projects, photocurrent (PC) detection [3]
and delayed fluorescence detection concerning this particular system. In the present report, the
preliminary results of MFE on the Pe and the trial of the Pe detection of the ESR of the radical-
ion pair are presented. -4

The solution of TMPD in 2-propanol (5 x 10 M) \\'as deoxygenated by bubbling with pure
nitrogen gas prior to a flow to a flat quartz cell with platinum electrodes installed in a TE011 X­
band ESR cavity. The transient photocurrent signal was stored and processed by a digital
oscilloscope controlled by a microcomputer. As for the PC detection of the ESR signal, an FET
microwave amplifier of 10 W nominal power was used. An excimer laser (XeCI: /...=308 nm)
was used as the light source. All the experiments were carried out at room temperature.

The rise of the transient photocurrent was abaut 700 ns under the moderate laser light
intensity conditions where mono-photonic excitation was confirrned. This rise time corresponds
to the lifetime of the transiently forrned radical-ion pair, and the cation radical and the solvated
electron escaped from the ion pair induce the electric current at the electrodes. The intensity of
the current increased by increasing the magnetic field from zero to 1.0 T as shown in figure 1.
Since the increase was significant especially below 50 mT, the hyperfine mechanism (HFM)
was thought to be operative to this MFE. The increase of the current by the magnetic field is
probably due to the separation of the triplet sublevels under the field, and consequently the
obstruction of the quenching of the radical-ion pair through the triplet manifolds occurs. The
ESR observation of the radical-ion pair s;) 1 2
by detecting the photocurrent was ｾ
tried, and slight decrease and increase 8 10
of the current were observed under -:
low and high microwave power 0 8
conditions, respectively. At this stage "-'
\ve still have some technical problems, __ 6
but we believe this method has a great 0 4 '
possibility to study the systems of
radical-ion pairs for the purpose of the
spin chemistry.
Ref. [1] Y. Hirata et al., J. Phys.
Chem., 87, 3190 (1983). [2] H. "-'
Murai,etal., Chem. Phys. Leu., 164,
567 (1989). [3] Y. Tanimoto, et al.,
Chem. Phys. Lelf., 116,341 (1985).
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INTERPRETATION OF EPR SPECTRA OBSERVED DURING THE
PRIMARY CHARGE SEPARATION EVENTS IN PHOTOSYNTHETIC

REACTION CENTERS USING THE SEQUENTIAL ELECTRON
TRANSFER POLARIZATION MODEL

A. Ostatin, A. Morris, S. Bondeson and M. C. Thurnauer

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439

We are using the Sequential Electron Transfer Polarization Model
(SETP) to interpret the spin polarized EPR signals that are observed during
the formation of charge-separated radical pair species in the reaction center
proteins of photosynthetic organisms. The SETP Model provides information
about the spin interactions in radical pairs that are generated following
photoexcitation of the photosynthetic reaction center. The major objective in
applying this model is to understand the structural arrangement, energetics,
and functional role of the cofactors present in the reaction centers of plants
and photosynthetic bacteria.

Several examples for which the SETP model provides information
include:

1) Photosystem I (PSI) reaction centers in which it is observed that the
secondary quinone acceptor, Al' is labile under ambient conditions. Using the
SETP Model we are able to show that the changes in the observed EPR
spectra are due to the replacement of the native quinone with an alternate
quinone which is introduced into the surrounding solvent matrix;

2.) Characterization ofelectron transfer from the reduced quinone, AI -,

to subsequent acceptors, for example the formation of P+F(x a b)-' in iron-
contitining photosynthetic bacteria. ' ,

3.) Prediction of the character of electron spin polarization expected in
other photosynthetic organisms, such as heliobacteria, purpie bacteria, and
site-directed mutants of purpie photosynthetic bacteria.

Work supported by V.S. Department of Energy, Office of Basic Energy Sciences, Division
of Chemical Science, under contract #W-31-109-ENG-38.
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THE GREEN FUNCTION METHOD IN THE CIDEP THEORY
OF COUPLED CORRELATED RADICAL PAIRS.

A.A.Frantsev, P.A.Purtov, A.B.Doktorov
Insti tute ()f Chemieal Kinetics 8.: Combustion, Siberian Branc11 of
::;he Eussian Academy of Sciences, Novosit1irsk, 630090, Hussia.
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coupled pairs are always situated in the exchange interaction
zone, depending on the mutual disposition of radical centers.
Second, the formation anö. recording of the effect occur qui te
simultaneously. Another substantial problem is the choice of an
adequate model for describing a relative motion of radical
centers in the pair.

Despite a certain progress /1-3/, the CIDEP theory of
CCRPs needs further development. A kinematic approach based on
the Green function formalism offers some advantages over other
approaches and can successfully be applied for studymg the
CIDEP effects. An important element of the theory is the
procedure of the decoupling of the corresponding average values
over the exchange interaction zones. ｾ ｨ ･ ｳ ･ average values
result from the averaging of the basic kinetic equation for the
densi ty matrix of radical pairs, expressed in terms of the
Green ｦｬｾ｣ｴｩｯｮｳ /4,5/.

We have considered the phenomenological model of CCRPs
that, on the one hand, contains the main peculiarities of CIDEP
spectrum formation, and, on the other hana, allows the problem
to be studied analytically. The model includes the following
assumptions: 1. The anisotropie parts of the Zeeman,
dipole-dipole interaction and hfi are efficiently averaged. 2.
The exchange interaction is a sum of two components, Ja and
J1 (q) ; Ja being independent of coordinates; J1 (q) strongly
depending on coordinates. 3. The lifetimes of RPs are shorter
than the characteristic times of relaxation Rrocesses.

For a random relative motion, the CIDEP spectrum is
expressed via the quadratures of the Green functions that set
the character of the relative motion of radical centers in the
configuration space. In this case, one of these functions
includes the coordinate-dependent component of the exchange
integral. As expected, with J1(q)=O, the CIDEP spectrum 1s
independent of the motion of radical centers and can be
described by a universal function. The position of the lines,
their width and relation between their intensities depend only
on the parameters of magnetic interactions and the liretlrnes of
pairs (fig. 1). The influence of the spatial dependence of
exchange interaction on the CIDEP spectrum has been studied in
the frame of the model of RPs diffusion motion in the limited
volume /5/. In this case, J1 (q) depends only on the distance
between the radical centers; J1 (q)-·exp (-q/<1). Mainly, this
influence reduces to a substantiaI ｣ ｨ ｾ ･ in t11e relations
between the :LYJ.tensities of sDectral lines(rig. 2)
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RADICAL PAIR DYNAMICS UNDER LARGE MAGNETIC FIELDS

Yoshio Sakaguchi
lvlolecular Photochemistry Laboratory, The Institute ofPhysical and Chemical

Research (RIKEN), Hirosawa 2-1, Wako, Saitama 351-01, Japan

The magnetic field effects (MFEs) on chemical reactions are extensively inves­
tigated in these decades. We have revealed that the MFE on reaction rates in
micellar solution are very large [1]. Moreover, we revealed that the change contin­
ues above 0.1T, where the MFE by the conventional hyperfine coupling mechanism
(HFCM) should saturate [2]. We have proposed the relaxation mechanism (RM) to
interpret the MFE in micellar solutions [3]. Until our results, the studies higher
than 0.1T were rare except for the detection of ｾ ｧ mechanism Ｈ ｾ ｧ ｍ Ｉ Ｎ Similarly, the
reports applying larger magnetic fields than 1T have been relatively scanty, espe­
cially in kinetic data. This may be due to the absence of the theoretical anticipa­
tion.

There is some ambiguity about MFEs in micellar solutions. In some reac­
tions, such as the hydrogen abstraction reactions of triplet benzophenone or
naphthoquinone from a micelle molecule [2,4], the saturation of MFE is not clear
even at 1.34T. On the contrary, some reactions, such as the reactions between
triplet xanthone and substituted phenols [5], show saturation below O.5T. This
ambiguity may be elucidated by the investigation under mueh higher fields. The
enhaneement of ｾ ｧ ｍ is also expeeted. Therefore, we eonstructed a nanoseeond
transient absorption measurement system including a supereondueting magnet,
the maximum field of which is lOT [6].

Wehave measured the MFEs of the photochemical hydrogen abstraction of
several carbonyl compounds up to lOT. The general reaction seheme is as folIows;

h --XC=O + ｒｈｾ 3XC=O* + RH-3(XCOH -R) - XCOH + R-
ISC ! Escape

MFE

-l(XCOH -R) - RXCOH, etc.
Recombination

The dynamic behavior and its MFE of the radical pair are dependent on the choice
of carbonyl compound (XC=O) and hydrogen donor (RH). If we use a hydrogen
donor including a heavy atom, such as thiophenols, we get a radical pair having a
large g differenee in the component radicals. In the reaction of xanthone and p­
aminothiophenol in a sodium dodecyl sulfate (SDS) micellar solution, we observed
the MFE due to ｾ ｧ ｍ under large magnetic fields as expected [7].

We are interested in the large field behavior of the MFEs due to RM. The
reaction ofpentafluoroacetophenone in Brij35 micelle was investigated [8]. In this
reaction, the recombination rate of the radical pair decreased with increasing the
magnetic field but it reached down to the minimum at around 2T. Then the recom­
bination rate inereased up to lOT. We interpreted this behavior in terms ofRM.
The origin of the relaxation of the electron spins of component radical of a pair is
ascribed to three terms. One is the radieal-radieal interaction and other two terms
are anisotropie interaction of the eomponent radieal and the external magnetic
field through the anisotropies of hyperfme coupling eonstants and g values. The
magnetic field dependence of the latter two components is opposite. The decrease
ofthe recombination rate in lower fields is attributed to the radical-radical interae-
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tion and the anisotropy of hyperfme coupling constants. The increase in higher
fields is ascribed to that of g values.

The combination of the micellar solution and fluorinated compounds ex­
panded the lifetirne of radical pairs, which enhanced the MFE due to RM. In this
reaction, we consider the con-
ｴ ｲ ｩ ｢ ｵ ｴ ｩ ｯ ｮ ｯ ｦ Ｎ ｾ ｧ ｍ ｩ ｳ ｮ ･ ｧ ｬ ｩ ｧ ｩ ｢ ｬ ･ Ｎ nj 0.75 ｾ I I I I ｾ
We found, however, the reac- :6 0.70 r•• ｾＺＧｾＧｈｈ -. ｈ ｾ Ｍ Ｚ Ｚ ｴ ..•..•.•.=­
ｾｩｯｮ of Ｑ Ｌ Ｔ Ｍ ＿ ｡ ｰ ｨ ｴ ｨ ｯ ｱ ｵ ｩ ｮ ｾ ｮ ･ nj 0 65 ｾＺ j
In SDS mIcellar solutlOn CI: . ;:-...:.. ｾ : :'..,

ｾ . . . . ｾ

ｾＷ［Ｚ･ｾ､ ｾ･ｉｾｾ［ｾｾｾｦ ｾｾｾｬＺ .ｾ O.60 , , ··············1···········..·········1·················"'1

｡ｮ｡ｬｙｾｩｳＮ The difference of ｾ 0.55 ｾ ﾷ ﾷ ﾷ ﾷ ﾷ ﾷ ﾷ ﾷ ﾷ ﾷ ﾷ ﾷ ﾷ ﾷ ﾷ ﾷ ﾷ ﾷ ﾷ ﾷ Ｚ ﾷ ﾷ ﾷ ﾷ ﾷ ﾷ ﾷ ﾷ ﾷ ﾷ ﾷ ｩ ＾ ｩ Ａ ｎ ﾷ ｾ ﾷ ﾷ ﾷ ﾷ ﾷ ｨ ﾷ ｴ ｨ ｾ ﾷ ﾷ ﾷ ﾷ Ｇ ｾ ｩ ｾ Ｇ ｾ ｾ Ｇ ｾ Ｂ Ｂ Ｂ Ｇ Ｂ

ｩ ｴ ｾ ｾ ｾ Ｚ ｾ Ｚ Ｚ ｾ ｾ ｾ ｾ Ｚ ｾ ｲ ｦ ｾ ［ ｾ ｾ ｾ ｾ Ｚ Ｚ ｾ ｾ Ｚ ｊ Ｚ ｾ Ｑ Ｑ ｾ ｾ ｾ ｾ ｾ ･ ｬ ｬ ］ Ｚ Ｚ
caping radical ofthis reaction ｾ 0.40 .L. l... L : .
is shown in the figure. This >- 0 35 : i i i
decrease of the yield in . 0 2 4 6 8 10
higher fields is ascribed to
ｾ ｧ ｍ by selective quenching experiments. Fieldrr

In order to confirm the high field behavior of RM, the analysis of the simple
cases which can reduce the number of parameters, is necessary. We investigated
the reaction ofbenzophenone in micellar solution, where the g values ofcomponent
radicals are almost identical from the analysis of its CIDEP spectra [6,9]. The
MFE of the recombination rate of this reaetion deereases with inereasing the mag­
netic field and attains the eonstant value at around 2T. It does not decrease in
higher fields. In hexadecyltrimethylammonium chloride micelle, the increase at
higher fields is not observed, either. On the other hand, the linked system of
benzophenone and benzhydrol showed the deerease and then increase with
increaing the magnetie field. The turnover field was about 2T. In this case, the
component radicals are identieal. This reaetion excludes the eontribution of .1gM
for the increase in higher fields beeause the isotropie .1g is zero. Therefore we can
eonclude that RM induces the turnover of MFE in higher fields when one of the
component radical has a larger eontribution of the anisotropy of g value than that
of hyperfme coupling constants.

[1] Y. Sakaguchi, S. Nagakura, and H. Hayashi, Chern. Phys. Lett., 72 (1980) 420.
[2] Y. Sakaguchi and H. Hayashi, Chern. Phys. Lett., 87 (1982) 539.
[3] H. Hayashi and S. Nagakura, Bull. Chern. Soc. Jpn., 57 (1984) 322.
[4] Y. Sakaguchi and H. Hayashi, J. Phys. Chern., 88 (1984) 1437.
[5] H. Murai, N. Ishiwata, K. Kuwata, Y. Sakaguchi, and H. Hayashi, Chern. Phys.
Lett., 203 (1993) 482.
[6] Y. Sakaguchi and H. Hayashi, Chern. Lett., (1993) 1183.
[7] ｾ ｦ Ｎ \Vakasa, Y. Nakamura, Y. Sakaguchi, and H. Hayashi, Chern. Phys. Lett.,
215 l1993) 631.
[8] Y. Nakamura, M. Igarashi, Y. Sakaguchi, and H. Hayashi, Chern. Phys. Lett.,
217 (1994) 387.
[9] Y. Sakaguchi, H. Hayashi, H. Murai, and Y. J. I'Haya, Chern. Phys. Lett., 110
(1984 i 275.
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Light-induced Intramolecular Electron Transfer in Cyclohexylene-bridged
Porphyrin-Quinones as Observed with Time-resolved EPR
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Light-induced intramolecular triplet electron transfer (ET) has been observed

in several cyclohexylene-bridged porphyrin-quinones (P-Q' s) in highly viscous

ethanol at temperatures between 130 and 180 K. At room temperature a fast

electron transfer from the excited porphyrin singlet state to the quinone is

observed on the picosecond time scale [1]. At low temperatures and high

solvent viscosities the singlet-triplet intersystem crossing (ISC) rate in the

porphyrin can compete with the singlet ET rate, leading to the formation of the

porphyrin trip let state. Charge separation occurs in this triplet, yielding the .

triplet radical pair (RP) (see fig.I). Both the primary porphyrin triplet, TP_Q,

and the triplet RP, T(P+_Q-), identified by their dipolar splittings and

polarization patterns, are detected by time-resolved EPR [2]. The spin

polarization depends slightly on the nature of the bridge (trans and cis confor­

mation of the cyclohexylene spacer)

and strongly on the substituents of the

quinone (see fig. 2). The substituents

determine the free reaction enthalpies

and, consequently, affect the charge

separation and recombination rates in

the respective singlet and trip let states.

The investigated quinone acceptors are

benzoquinone (BQ), ubiquinone (UQ)

and menaquinone (MQ). The kinetic

traces at the turning points of the pow­

der-type EPR spectra of the trip let RP

were analyzed using the Liouville

equation. From this analysis, parame- Fig.l: Energy and ET scheme far !rans-

ters such as the trip let ET rate, kET , and P-Q (structure of moleeule in fig. 2a)
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the exchange integral, 1, can be estimated. The decay curves of trans-P-BQ

could not be fitted with a single 1-value, indicating that a I-distribution has to
be considered, even for P-Q's with a relatively rigid bridge. Since the kinetics

of the system is only significantly affected by J-values which position the RP
singlet state energetically elose to one of the RP triplet states it was sufficient

to assume two discrete I-values without specifying the details of the I-distribu­

tion. For trans-P-Q at 150 K the best fits yield kET = 0.26 (2)· 106 S-1 . The

twoequallyweightedI-valuesarel} = + 14(2)G(IS> eloseto ITo»and

J2 = -1658 (1) G (IS> elose to IT_1»·
First attempts to explain the polarization pattern of the transient EPR spectra of

P-UQ (see fig. 2b) and P-MQ, which differ completely from the one of P-BQ,

inelude the singlet channel of the reaction scheme.

a trans-P-Q b rrans-P-UQ

1-1----1--
3250 3350G

Fig. 2: Spin-polarized transient EPR spectra

of the triplet RP's of (a) trans-P-Q and (b)

trans-P-UQ at different delay tirnes after

selective pulsed laser excitation of the

porphyrin.
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[1] von Gersdorff er oi., Ang. Chern. Intern. Ed. Eng!. 29 (1990) 670

[2] Lendzian, von Maltzan, Chern. Phys. Lett. 180 (1991) 191;

Lendzian er ai., Ang. Chern. Intern. Ed. Eng!. 30 (1991) 1461
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Very Long Range Exchange Interactions in
Flexible Biradicals and Radical Pairs

Gregory R. Schulz and Maleolm D. E. Forbes

Venable and Kenan Laboratories
Departrnent of Chemistry, CB#3290

University of North Carolina
Chapel Hill, Ne 27599

As part of a long-standing program airned at elucidating the mechanism of weak electronic
interactions, we have recently rneasured the solution EPR spectrum of aseries of flexible
polymethylene chain biradicals and amphiphilic radical pairs within rnicelles to deterrnine the
exchange interaction between the unpaired spins. We present EPR data from aseries of long
hydrocarbon biradicals (C22, C24, and C26) which are all strongly spin-correlated at roorn

o

hv

n = 22,24,26

o
2 Na+"O-S-O

Ö

hv ..
-CO

o
o

Na+-O-S-O
Ö

temperature in solution, but at lower temperatures they lose a significant amount of this coupling.
In the C26 case, the spin-spin coupling starts to disappear at temperatures below about -40°C. The
temperature dependence of these Ionger chains is interpreted using a Monte Carlo model for alkane
chain dynamies with excluded volume taken into consideration. Large changes in the spin-spin
coupling are seen for 10 degree jumps in temperature, indicating that through-solvent couplings are
dominating the spectra at higher temperatures. We have also examined amphiphilic alkyl sulfate
radical pairs in SDS rnicelles. Standard CIDEP spectra are observed at early delay times, while
later delay times show the presence of spin-spin coupling. It is believed that different relaxation
rates for each process are responsible for the time-dependent spectral changes.

o
Na+"O-S-O..

o
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CIDEP IN PHOTOIONIZATION AND
PHOTOREDUCTION OF TMPD*

1. A. Shkrob, K. R. Crornack, and A. D. Trifunac
Chernistry Division, Argonne National Laboratory, Argonne, IL 60439

Due to its low ionization potential, N,N,N',N'-tetrarnethyl-para-phenylenediamine (TMPD)
could be the most studied species in photo- and radiation chernistry. Particularly, it became
the test system for studies on multiphoton reactions. Recently, the ionization of TMPD was
studied with time-resolved magnetic resonance: continuous-wave EPR (Murai and Kuwata)
and FDMR (this group). Despite this extensive research, the mechanism ofphotoionization
is not fully understood. In many instances, there are conflicting opinions as to whether the
ionization is mono- or bi- photonic, occurs via a singlet or triplet state, proceeds directly or
through a charge-transfer intermediate. It appears that depending on the solvent polarity and
the photon energy several mechanisms act separately or together. Since different techniques
are unevenly sensitive to these ionization channels further cornplicates the matter. '

The popularity of TMPD is largely based on the belief that the ionization is the only
significant photoreaction of this arornatic amine. In the last three decades there has not been
a single verification of the correctness of this presumption. On the other hand, the photo­
chemistry of arornatic heterocycles, aniline, and other related species has been studied in
detail. Many of these nitrogen-containing solutes also have low ionization potentials but
nevertheless are readily reduced or cleaved on photolysis. These side reactions occur from
singlet aIid triplet states, involve protonated and deprotonated forms, and deserve as much
attention as the ionization itself.

Contrary to the previous results of Murai et al. we report an occurence of the fast
photoreduction in the excited triplet state of TMPD in aliphatic alcohols:

TMPD + hv --- ITMPD**

ITMPD** ---- ITMPD*

ITMPD** --- --- 3TMPD*

3TMPD* + hv ---- 3TMPD**

ITMPD* or ITMPD** --- TMPD+· + esolv-

3TMPD** --- TMPD+· + esolv- (TM polarized)

3TMPD** + LH ----- H·TMPD + L· (TM + STo RPM)

Though the monophotonic ionization (308nrn) prevails in polar media, there is also
the biphotonic ionization via the triplet route. The latter is the only channel which manifests
itself in the time-resolved spin-echo EPR spectra. The excited triplet either photoionizes or
vigorously reacts with H-donors yielding the cyclohexadienyl-like adduct radicals.

*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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NONADIABATIC IRANS I TONS IN LIQUID PHASE REACTIONS. TERM CROSSING AND
ELECTRON POLARIZATION IN CHEMICAL PROCESSES.

A.I.Shushin

Institute of Chemical Physics, Academy of Science, 117977, Moscow, Russia.

This work diels with theoretical analysis of the net
dynamic electron polarization (NCIDEP) in radical pair
and triplet radical (IR) quenching. NCIDEP results
transitions in the region of term crossing at short
recombination this mechanism is called ST -mechanism [1].

chemically induced
(RP) recombination
from nonadiabatic
distances. In RP

(l)

rand is
o

average square of the

Recently developed general theory of nonadiabatic transitions [2]
enables us to essentially extand previously obtained results and to consider
the limits weak exchange interaction, fast diffusion (nonviscous solutions)
and slow diffusion (very viscous solution) as weIl as the transitions induce(
by time dependent fluctuating coupling.

The usually considered case of relatively strong exchange interaction

IJ I > Da?, w, where J « 0) is the value of exchange interaction at a
o 0 0

contact distance d, D is the coefficient of relative diffusion of particles
(in RP and IR pairs), a -1 is the characteristic length of the exponential
dependence J (r) and w i s the Zeeman spl it t ing of terms. In thi s case the

o
NCIDEP induced by the fluctuating coupling is given by

P ｾ 2rr<V
2
>(L laD)g(L Ir )[w I(W

2
+W

2
)] , where g(x)=min(l,x).

e e i 0 .0

In eq. (1) L is approximately equal to the crossing distance
e

determined by the relation IJ (L ) I ｾ Da
2

, <V
2
> is the

o e

fluctuating coupling of terms in the crossing region, r is the distance at
i

which a pair of particles was created and w is the inverse correlation time
of V(t) flutuations.

In the weak exchange interaction limit IJol < Da
2

.

P ｾ -6«V2>lw2 )(J d
2
/Dar ) (w/w )[l+(w/w )]-2, (2)

o 0 i 0 0

i.e. the characteristic dependence on wand w is essentially different from
o

that predicted by eq. (1).
In the limit of fast diffusion,

exhange interactions

P ｾ 2rr(V2lar )Im[(l+kL )2/ (w+iw )2], (3)
i e 0

where k = [( w+ iw )ID ]1/2 . In the I imi t kL >> 1 the express ion (3) reduces
o e

(l) while in the opposite limit kL « 1 it reproduces the charactristic
e

behavior predicted by eq. (2). For weak exchange interactions we again obtain
the expression (2).

In the slow diffusion limit, (w
2

+w
2

)1/2/ (Da
2

) > 1,
o

P ｾ 2<V2 >(L lawD)g(L Ir. Ｉ ｾ Ｈ ｹ Ｉ ｹ Ｏ Ｈ ｬ Ｋ ｩ Ｉ Ｌ (4)
e e 1

2 2
where ｾ Ｈ ｹ Ｉ = arctan(u_)-arctan(u+) + (y/2)ln[(1+u_)/(1+u+)], y = w/w

o
and u±

= (w ±2J )/w. This expression reproduces the limiting expressions (l) and
o 0

(2) corresponding to different values of J and can be used as an
o
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interpolation formula for description of the behavior of P(J)
o

at

intermediate values of J .
o

The formulae obtained are useful for interpretation of experimental data
on CIDE? in very wide region of parameters of the spin hamil tonian and
viscosi ty [2].

1. F.J.Adrian, Rev.Chem.Int. 7(1986)173.
2. A.I.Shushin, J.Chem.Phys. 99(1993)8723.
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LOW TEMPERATURE INVERSION OF OD ESR SPECTRA DUE TO
DIFFERENT RATES OF ELECTRON TUNNELING FOR SINGLET
AND TRIPLET RADICAL·ION PAIRS.

A.B.Doktorov, O.B.Spirina* and Yu.N.Molin .

Institute of Chemical Kinetics and Combustion. Siberian Branch of the Russian Academy
of Sciences, Novosibirsk, 630090, Russia.

* Present address: Department of Chemistry, Michigan State University MI 48824, USA

ABSTRACT.

A theoretical model based on the assumption about different rates of electron tunneling
from different spin states is suggested to explain the experimentally observed low
temperature inversion of OD ESR spectra of radical-ion pairs which occurs near the glass
transition temperature of solvents [1]. Earlier [1] the adiabatic passage through the
anticrossing region of S-T _ spin levels of radical pairs (corresponding to the equality of the
exchange interaction to the Zeeman splitting) was considered as a possible mechanism of
the GD ESR signal inversion. The necessary condition for the realization of this mecbanism
was that tunneling recombination occurred after passing through the region of S-T_level
intersection. It seems likely that this condition may only be met at a rather smooth decay of
the exchange interaction [1].

The mechanism of the OD ESR spectrum inversion reported in the present work is
free from this restriction. However, particular discussion refers to the case of the tunneling
from rather large distances, when the effect ofthe exchange interaction on transitions
between spin states of a radical pair is negligible.

Mathematical background of the model is based on the conception of the effective
tunneling spheres of different radii for triplet and singlet pairs which have Ws and Wr
probabilities to react inside areaction zone, respectively. Two kinds of motion were
investigated: the first one was regular diffusion motion through the reaction zone and the
second one was drifting. According to the developed model, the OD ESR signal inversion
occurs only due to radical-ion recombination corresponding to the inverted Marcus region
when Ws>Wr. If Ws=Wr or Ws<Wr , the signal inversion is not to be observed. Tbe
model allows one to make some more predictions which can be verified experimentally.

I. Linear dependence of the signal intensity on w1-Jo or w2/D for diffusion or
drifting passage through the inversion zone respectively may be observed near the

inversion point (D is the diffusion coefficient, ro=yH is the amplitude of MW field in

frequency units with the gyromagnetic ratio y). Thus, the fonn of the dependence could
immediately provide the infonnation about the character of motion in the zone. Note that the

dependence on the MW field amplitude 0>1 is obviously easier to observe experimentally,
since a direct measurement of the diffusion coefficient D at high viscosities in the systems
under study is hardly feasible.

2. The model predicts ,that the inverted signal may be reinforced by accelerating of
the spin-Iattice relaxation of radicals (up to definite limits). Relaxation may be accelerated
by adding paramagnetic molecules (for instance, Ü2) to the solvent or by selecting radical­
ion pairs with shorter relaxation times.

3. We can expect, that on the lines corresponding to forbidden transitions, for

example to flip-flop satellites, the inversion is likely at larger values of D or 001, than those
one for the main lines.
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Tbe result of prelirninary experiments [2] discussed above can favor the last two
conclusions. However, more extensive experiments are required for precise conclusions.

1. B.M.Tadjikov, O.A.Anisimov and Yu.N.Molin, Cbem.Pbys.Lett. 208,32 (1993).

2. O.N.Antzutkin and A.V.Koptyug (private communication).

122



POSTER HB

UNUSUAL MAGNETOSENSITIVE EXCITON PROCESS IN RUBRENE
FILMS AND CRYSTALS

M.M Triebei, M.V. Bredikhin, G.E. Zoriniants, V.V. Tarasov, A.N. Chaban and
E.L. Frankevieh

The Institute for Energy Problems of Chemical Physics, Russian Academy of
Sciences, Moscow 334, Russia

C1assical works on investigation of magnetic field (MF) influence on the process of decay of
excited singlet state of molecule into two triplet excitons (fission) and reverse process of triplet
excitons annihilation (fusion) in molecular crystals are an element of spin chernistry foundation [1].

Magnetic field effect on fission is observed as a change of prompt fluorescence intensity.
Variation of rate constant of fusion of triplet excitons results in change of delayed fluorescence
intensity (see Fig. 5).
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In this work the influence of MF on
luminescence of rubrene films and crystals was
studied and unusual asymmetrical fission and fusion
were found. Thin film (-0.5 Jll11) was deposited by
evaporation in vacuum on a cold (160 K) polished
quartz surface and then heated to room temperature.
After temperature stabilisation at 300 K a slow film
crystallisation started to be completed in
approximately 10 days, characteristic diameter of
flat disk-shaped crystals being a few tens of Jll11. In
the course of amorphous film transform to a
polycrystalline sampie a change of luminescence
intensity dependence on MF was observed.
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Magnetic field effect (MFE), i.e. the
dependence of relative change of lurninescence
intensity .1LIL of the amorphous film on MF
induction B is presented in Fig. 1, curve I. Curve 2
is the same dependence for the polycrystalline
sampie. When the crystalline structure is formed
the average distance between molecules is supposed
to decrease thus leading to increase of dipole-dipole
interaetion between triplet excitons in a pair.

Theoretical analysis and computer
simulations showed that increase of dipole -1
interaetion in a pair oftriplet excitons may result in
MFE transformation like that shown in Fig. I [2].

Decrease of intensity of exciting light was
found to result in an increase of MFE on the
polycrystalline rubrene film and in no influence on
MFE on amorphous sampie. This is attributed to low concentration of triplet excitons in amorphous
film due to the large number of defects. In this case fusion is suppressed and only fission is observed.
In polycrystalline film at high light intensities concentration of triplet excitons is high and fission is
partially compensated by fusion.
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The family of MFE curves obtained at
f1L % different intensities of exciting light has a nodal point

16 L' which is situated not on the MFaxis (Fig. 2). 'Ibis
unusual effect can be explained by assurnption that in
the course of rubrene fihn crystallisation it becomes
possible to form pairs of triplet excitons sited on
different types of pairs of molecules with different
mutual orientation and intermolecular distances. The
tighter packed pair has significant dipole-dipole
interaction. Consequently, the MFE curve associated
with this pair intersects the B-axis in greater MF [2].
Thus two different types of fission with crossing of

0.15 0.25 B.T MFE curve with B-axis in two different magnetic
fields and two corresponding types of fusion possibly
occur in rubrene crystal (Fig. 3 and 5.). Provided all

these MFEs are relatively small the result of their simultaneous action is considered to be a
superposition of the four curves shown. Probably, fission via the pair with strong dipole-dipole
interaction (curve 2 in Fig. 3) proceeds with less activation energy. One may consider this channel as
the general way of singlet excitation decay and neglect the curve 1 in Fig. 3.
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At the same time fusion has no activation
energy and effectively gees via both channels.
Curves 3 and 4 give averaged curve 5. When
exciting light intensity is changed the curve 5
transfers to a family of curves having anode on
B axis (Fig. 4). Superposition of this family with
fission curve results in anode formation away
from B axis (Fig. 2).

Variation of temperature of
polycrystalline fihn results in changes of
contribution of both channels of fission which is
observed as a temperature dependence of all
MFEs studied. Mechanism of excitation energy
conversion in polycrystalline rubrene film is
presented in Fig. 5.
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The photo-Fries rearrangement has been found for many aromatic systems [I, 2].
The reaction state of species in this reaction has been supposed to be exited singlet [2-4].
Recently, however, two different reactive triplet states have been supposed for
phenylsulphamates [I].

This paper is concemed with a study of the photo-Fries rearrangement of 1­
naphthyl acetate (a.-NA) by steady-state and flash-photolysis techniques and by time­
resolved chemically induced dynamic nuclear polarization (flash-CIDNP) method. The
process ofphoto-Fries rearrangement can be described by the following scheme:

OCOCH3CO ｾ l(a-NAt-\a-NA)*

a.-NA \ /

.
.---- [c6 + COCHj

Ｏｾ o

ｾｏｃｈＳ

COCH3

The main products of the photo-Fries rearrangement of a.-NA (2-acetyl-I-naphtol,
4-acetyl-I-naphtol and I-naphtol) were synthesized and NIvIR and electron absorption
spectra of these compounds in different solvents were obtained. The influence of solvent,
oxygen concentration and intensity of light on the quantum yields of main products was
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analyzed. A significant amount ofthe triplet state ofthe initial compound (a-NA) has been
revealed, and its electronic spectrum has been obtained. It was shown that the triplet 1­
naphthyl acetate is low-reactive and the main pathway of its decay is a triplet-triplet
annihilation. The contributions of geminate and homogeneous processes to the CIDNP
effects were separated. The Stem-Volmer dependences of product quantum yield, triplet
state of a-NA quantum yield, and nuclear polarization amplitude on the concentration of
piperylene as a triplet quencher were obtained. As established from these measurements,
the product formation proceeds mainly from the singlet excited state, whereas the CIDNP
effects form preferentially in radical pairs originated from a triplet precursor.

Model calculations of CIDNP kinetics were performed in order to estimate the
kinetic parameters of the chemical reactions. Data of quantum chemical calculations for
all compounds and intermediates are presented.

REFERENCES
1. lM. Lally, W.l Spillane, lChem.Soc., Perkin Trans. 2 (1991) 803.
2. l-K. Vollenweider, H. Fischer, Chem.Phys. 124 (1988) 333.
3. W. Adam, lA. de Sanabia, H.Fischer, lOrg.Chem. 38 (1973) 2571.
4. R. Nakagaki, M. Hiramatsu, T. Watanabe, Y. Tanimoto, S. Nagacura, lPhys.Chem. 89
(1985) 3222.
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Recently the important role of two untraditional mechanisms of the nuclear
polarization formation, cross-relaxation (CRM) and cross-correlation (CCM), have been
revealed in reactions involving 2-hydroxy-2-propyl radicals - the photolysis of acetone in
2-propanol and the photolysis of 3-hydroxy-3-methyl-2-butanone [1-3]. Both mechanisms
are connected with the influence of electron polarization on the nuclear one. The CRM
corresponds to simultaneous flips of electron and nuclear spins during free diffusion of
radicals in solution, whereas the CCM forms the nuclear polarization during the
encounters of radicals with polarized electron spins in the bulk [2, 3].
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Fig. 1. Time dependence of net CIDNP effect. Initial radical concentrations are (triangles)

- 3.4·10-4 M; (rhombuses) - ＱＮＲﾷＱＰＭｾ M; (circles) - 5.6.10-5 M.

In this work [4], we applied the time-resolved CIDNP method to a quantitative
study of nuclear polarization formation in the reaction of 2,4-dihydroxy-2,4­
dimethylpentan-3-one photolysis. After light irradiation, a parent ketone molecule cleaves
to the initial pair of acyl and ketyl radicals; then the acyl radical undergoes fast
decarbonylation within a few nanoseconds to form the same 2-hydroxy-2-propyl radical.

127



During the encounters in solution, the radicals decay and transfer the net CIDNP formed
in the initial radical pair to diamagnetic products. Along with the usual RP mechanism,
another source of CIDNP fonnation has been revealed which yields a polarization of the
sign opposite to that of the polarization fonned by RPM. The influence of this alternative
source of CIDNP becomes more pronounced at low intensities of laser irradiation (Fig. 1)
and is attributed to the electron-nuclear cross-relaxation. Model calculations show good
agreement of experimental results and calculated curves and give the values of cross­
relaxation time Tx = (290±40) JlS and radical self-tennination rate constant in methanol
2kt = (2.2±0.3)-109 M-ls-l.

The decarbonylation rate constant ofthe 2-hydroxy-2-methylpropanoyl radical was
measured by laser flash photolysis and by CIDNP memory effect which was revealed in
this reaction. Both methods yielded similar results kco=(7±2)·1 07 s-1 for methanol solvent.
Ratios of disproportionation to combination of radical pairs were also obtained.
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ESE DETECTION OF POLARIZATION TRANSFER
TO NITROXYL RADICALS

P. P. Borbat and Yu. D. Tsvetkov

Institute of Chemical Kinetics and Combustion, SB RAS,
Novosibirsk, Russia

ESE method was applied to study the chemical polarization of electrons
of short lived radicals and triplet states forming under laser photolysis of
duroquinone (DQ) benzene solutions. Information about polarization of short
lived particles is transferred and captured by stable nitroxyl radicals (RNO)
added to the solution. The RNO polarization is recorded upon chemical
transformations of negative ion DQ and triplet state DQ. According to kinetic
analysis, the method can sometimes be used to obtain the data about the
polarization sign and coefficient, the times spin-Iattice relaxation, reaction rate
constants and spin exchange thus extending the potentialities of ESE in order
to study the processes with the characteristic times within a nanosecond range.
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Fr-EPR STUDY OF CIDEP OF 2-PROPANOLYL FORl\1ED IN
THE REACTION OF ACETONE WITH TRIETHYLAMINE

Keishi Ohara and Noboru Hirota
Department of Chemistry, Kyoto University

Kyoto 606, Japan

Carlos A. Steren and Hans van Willigen
Department of Chemistry, University of Massachusetts

Boston, MA 02125, USA

The results of an Fr-EPR study of CIDEP of 2-propanolyl radicals produced
by the photochemical reaction of acetone with triethylamine are reported. The
time-profiles of the signals are explained satisfactorily on the basis of a
hydrogen abstraction reaction involving the acetone singlet and/or triplet
excited states depending on the amine concentration, as previously proposed
(1), and CIDEP mechanisms involving singlet and/or triplet geminate-pairs and
triplet F-pairs together with spin-Iattice relaxation. The contribution of Triplet
Mechanism CIDEP in the reaction involving acetone triplets was found to be
small even in the case where the reaction runs to completion weIl within
l00ns. The F-pair Radical Pair Mechanism is found to make a significant spin
polarization contribution.

Support of this work was provided by a Scientific Grant-in-aid for the Priority
Area of "Molecular Magnetism" by the Ministry of Education, Science, and
Culture of Japan and by the Division of Chemical Sciences, Office of Basic
Energy Sciences, US Department of Energy.

(1) K. Tominaga, S. Yamauchi, and H. Hirota, J. Phys. ehern. 1988, 92,
5160.
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The ｾ ｉ ｡ ｧ ｮ ･ ｴ ｩ ｣ Field Dependent Recombination Dynamics of P+H- in
Photosynthetic Reaction Centers - Benefits and Pitfalls.

M. Volk, A. Ogrodnik, G. Aumeier and M.E. Michel-Beyerle
Institut rur Physikalische und Theoretische Chemie, TU München, 85747 Garching, Gennany

The radical pair P+H- in reaction centers (RCs) recombines on the ns-timescale to the singlet ground­
state of P with the rate ks or after hyperfine induced singlet-triplet-rnixing (STM) to Jp. with a faster
rate kT. An external magnetic field lifts the degeneracy of the singlet and triplet radical pair states, thus
hindering STM. As a consequence, the yield cI>T of Jp. is reduced (MAgnetic field dependence of the
Recombination Yield - MARY) and the recombination of P+H- is slowed down. In the RCs investigated
so far, the halfwidth MI of the MARY-spectrum is determined mostly by homogeneous broadening of
the radical pair levels and, therefore, is a good measure for the faster recombination rate kT. The rate ks
can be directly calculated from the magnetic field dependent radical pair lifetime "tRP and the magnetic
field modulation of <1>T [1]. The magnetic field dependence of the lifetime of Jp. indicates a thermally
activated decay via P+H-, giving access to the free energy difference between both states [2,3].

Pit/alls

In general, the direct access to the recombination rates as outlined above is correct. However, various
effects can lead to a distortion of tbe results, if not accounted for properly. It is necessary to take all
accessible experimental data into account and perform detailed simulations of the radical pair
recombination dynamies (using the stochastic Liouville Eq. with the correct Harniltonian [4]) to exelude
rnisinterpretations.

ｾ Inherent inhomogeneity ofP+R- recombination
STM is caused by the hyperfine interaction of the radical electron spins with the nuelear spins of P and
H. Due to the random orientation of the nuelear spins, the effective hyperfine fields and thereby the
STM frequencies are inhomogeneously distributed, yielding a respective distribution of the radical pair
lifetime "tRP, ranging from values approaching 2/(ks+kT) (fast STM) to llks (no STM). The resulting
deviation of P+H- recombination dynamics from a monoexponential behaviour indeed can be observed
in highly sensitive transient absorbance measurements.
For the determination of ks from the radical pair lifetime, the value of <"tRP> (averaged over all nuclear
spin orientations) is needed. It can be shown that for the bacterial RCs monoexponential fits ofthe time

dependence of radical pair recombination indeed yield time constants elose to ＼ＢｴｾＮ However, in
Photosystem 11 the difference between ks and kT is much larger and, consequently, the distribution of
"tRP is much broader. Here, slow components with very long lifetimes but small arnplitudes, and thus
difficult to detect experimentally, may contribute significantly to <"tRi>. This severely binders the
accurate determination of ks. Only from simulations of the shape of the MARY-spectra, approximate
values ofks could be obtained [5].

ｾ Energetic inhomogeneity ofP+R-
The energetic inhomogeneity of P+H- [6] (see below) causes a corresponding inhomogeneity of the
recombination rates. Observing recombination dynarnics on signals whose arnplitudes significantly
depend directly on the energetics or on the energy dependent recombination rates does not yield results
for the bulk average of RCs. For exarnple, delayed fluorescence, being sensitive predominantly to RCs
with a small energy gap between P+H- and 1p., will essentially reflect the characteristics of the radical
pairs with high energy. Similarly, the RYDMR signal, the amplitude of which significantly decreases
with increasing kT, will preferentially reflect RCs with smaller kT .
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ｾ Effects causing a further broadening of the MARY-spectrum
The faster recombination rate kT usually can be detennined from the homogeneous broadening of the

radical pair levels as observed by the \\;dth t:.H ofthe MARY-spectrum. However, care has to be taken
to exelude possible distortions ofthe MARY-spectrum, which may be significant:=obsen;ation broadening

t:.H is determined by the homogeneous level broadening of those individual radical pairs which have

recombined before the observation. When measuring MARY-spectra at short delay times, t:.H is
determined by the experimental delay time rather than by the recombination rates. Consequently, on
approaching shorter delay times the width starts to increase.

odistortion due to incomplete recombination
In different magnetic fields, the recombination products are fonned with different time constants

'tRP(H). At higher fields, the final triplet yield C1'T(H) is reached at later times than at lower fields.
Consequently, the shape of MARY-speetra measured before the final completion of J>+H- recom­

bination varies with the delay time. Simulations and measurements show t:.H at intennediate delay
times to be smaller than the value observed after recombination is finished at all magnetic fields.

o saturation broadening

For ks<0.002 kT, simulations show a significant increase of t.H with decreasing ks. This effect is

due to insignificant recombination via the singlet channel, leading to values of cI>T elose to unity
(saturation). Only at magnetic fields much larger than the lifetime broadening of the radical pair
levels, STM is sufficiently impeded to induce significant recombination via the inefficient singlet

channel and thereby induce a reduction of the triplet yield. Here, Mt cannot be used as a measure
for kT and only a complete simulation of all possible observables allows the determination of ks aIld
kT. In the RC of Photosystem II saturation broadening might yield an important contribution to the
width ofthe MARY-spectrum.

Benejits

ｾ The recombination rates ks and kT and the magnetic field dependent lifetime of 3p· have been
detennined in RCs of Rb. sphaeroides [2,3], C. aurantiacus [1], Photosystem II [5] and in various

modified Res Ｈ ｾ Invited lecture by M.E. Michel-Beyerle). From these results, the following parameters
could be deduced:

o free energy of P+H-
o lower limit for the free energy of J>+B-
o electronic coupling ofP and H
o reorganization energy for the charge recombination process

All these parameters are important for the discussion of the efficiency and mechanism of the fast
primary charge separation in the Re.

ｾ The observed small exchange interaction of P+H-, indicating a small electronic coupling between P
and H, only can be reconciled with superexchange charge separation, if confonnational relaxations lead
to a significant decrease of the electronic coupling between P and H after charge separation [7].

ｾ Energetic inhomogeneity oJP+H-. From the comparison of magnetic field dependent recombination
data obtained in absorption and fluorescence, RCs were shown to be inhomogeneous with respect to the

free energy of P+H- [6]. The distribution of the free energy of P+H- can be estimated to have a width 20'

ofO.IeV Ｈ ｾ ｉ ｮ ｶ ｩ ｴ ･ ､ lecture by A. Ogrodnik).

[1] Volk et al. Biochim. Biophys. Acta, submitted; [2] Ogrodnik et al. Biochim. Biophys. Acta 1988,
936,361; [3] Chidsey et al. Proc. Nat!. Acad. Sei. USA 1985,82,6850; [4] Haberkom et al. Biophys.

J. 1979, 26, 489; [5] Volk et al. FEBS Leff. 1993, 336, 357; [6] Ogrodnik et al. J. Phys. ehem. 1994,
98,3432; [7] Michel-Beyerle et al. ehem. Ph.vs. Leff. 1988,151,188.
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MAGNETIC FIELD EFFECTS ON THE REACTIONS OF THIYL RADICALS

Masanobu WAKASA, Yoshio SAKAGUCHI,
and Hisaharu HAYASHI

Molecular PhotochernistIy Laboratory,
The Institute of Physical and Chernical Research (RIKEN),

Wako, Saitama 351-01, JAPAN

Magnetic field effects (MFEs) on chemical reactions of radical pairs and biradicals
have been received considerable attention. Extensive studies on MFEs have hitherto been
made for the reactions of light-atom-centered radicals, in each of which an odd electron
mainly localized on a lighter atom than Ne. On the contrary, there have been only a limited
number of studies on the MFEs in the reactions of heavy-atom-centered radicals such as Si-,
P-, S-, and Ge-radicals. Because the spin-orbit interaction of such heavy atoms has widely
been believed to enhance the spin conversion of radical pairs and biradicals and to weaken
their MFEs. On the other hand, such heavy-atom-centered radicals have much larger g-values
than usual carbon-centered radicals. Therefore, the MFEs due to the ｾｧ mechanism are
expected to occur for the reactions of heavy-atom centered radicals.

Recently, we carried out laser flash photolysis studies on the reactions of radical pairs
involving Si-, P-, S-, and Ge-centered radicals and found certainly some MFEs on their
dynamic behavior. In the case of an S-centered radical, the triplet sensitization of p­
aminophenyl disulfide in a sodium dodecylsulfate (SDS) solution gave the formation of a
triplet radical pair involving two p-aminophenylthiyl radicals, and the disappearance process
of the S-centered radical showed an appreciable MFE [1]. In this case, however, each of the
generated radicals in the radical pair is the same S-radical. Therefore, the MFEs due to the ｾｧ

mechanism cannot be expected in the triplet sensitization of p-aminophenyl disulfide.
In the present paper, we report on the MFEs on the hydrogen abstraction of triplet

xanthone with p-aminothiophenol in an SDS mice11ar solution under magnetic fields of 0-10
T. The g-value of the generated p-aminophenylthiyl radical (g=2.0055) is much larger than
that of the xanthone ketyl radical (g=2.0031). As expected, we succeeded in observing an
MFE which can be ascribable to the ｾｧ mechanism [2].

Laser flash photolysis (355 nm) was perfonned at room temperature on a degassed
SDS (8.0 x 10-2 mol dm-3) mice11ar solution containing p-aminothiophenol (p-NH2PhSH,
1.0-5.0 x 10-3 mol dm-3) and xanthone (Xn, 1.0 x 10-3 mol dm-3). In the present system, the
following reaction has been believed to occur:

hv

3Xn* + p-NH2PhSH

Here. 3Xn*, XnHe, and p-NH2Phse represent the triplet excited state of xanthone, xanthone
ketyl and p-aminophenylthiyl radicals, respectively. The transient absorption bands were
observed at 480-490 nm (for XnHe) and 370-380 and 450-470 nm (for p-NH2Phse),
respectively.

Time profiles of the transient absorption (A(t)) were measured at 480 nm under
magnetic fields (B) of 0-10 T. Typical curves obtained at 480 nm are shown in Fig. 1. Here,
the A(t) curves were found to have fast and slow components. In comparison with the results
reported for similar micellar solutions in a previous paper, the fonner is safely attributable to
the radical pair decay and the lauer is to the yield of the escaped radicals.

We can see from this figure that the A(t) curves of the xanthone ketyl radical are
appreciably changed by magnetic fields. The observed A(t) curves were similarly analyzed by
non-linear least-squares method as in previous paper. The MFEs observed at 480 nm can be
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summarized as folIows: (1) The lifetime of the radical pair and the yield of the escaped XnH"
increase steeply with increasing B in a low field region (B $ 0.05 T). (2) In a high field
region (0.05 T < B $ 10 T), The life time and the yield decrease gradually with increasing B.
Similar MFEs on the A(t) curves were also obtained at 380 and 580 nrn.

The MFEs can be interpre ted qualitatively in consideration of the triplet-singlet (T-S)
spin-conversion of a radical pair due to the hyperfine coupling and ög mechanisms (HFCM
and ögM) together with the B-independent T-S conversion of the pair due to the spin-orbit
coupling (SOC). It is noteworthy that the T-S conversion due to the SOC of S-atorn would
becorne important for the present radical pair involving XnH· and p-NH2PhS·. If the rate
constants of T-S conversion due to the HFCM, ögM, and SOC are represented by kHFC, kög,
and ksOC. respectively, the T-S conversion rate of the spin-sublevels of the present triplet
radical pair in the absence and presence of a rnagnetic field can approxirnately be expressed
as follow: (1) At B = 0 T, the T-S conversion rate of the triplet radical pair can be given by
kSOC + kHFC· (2) At a low field (B $ 0.05 T), the To-S conversion rate of the To level can be
given by ksOC + kHFc. but the T±l-S conversion rate of the T±1 level by kSOC. (3) In the
high field region (0.05 T < B $ 10 T), the TO-S rate can be given by ksoC + kHFC + kög and
the T±l-S rate by ksoC.

The MFEs on the escaped radical yield observed in the present study can be explained
qualitatively frorn the B-dependence of the T-S conversion described above for the triplet
sub-levels, if the reaction rate frorn the singlet radical pair is faster than the T-S conversion
rates: (1) In the low field region (0 T < B $ 0.05 T), the average T-S conversion rate can be
decreased by a rnagnetic field in this region, because the T±l-S rate is decreased by the field.
Here, the decay of three triplet sub-levels cannot be well separated because their decay rates
are sirnilar to one another. (2) In the high field region (0.05 T < B $ lOT), the average T-S
conversion rate can be increased with increasing B frorn B = 0.05 T, because the To-S rate is
increased through kög with increasing B.

In the present study, we found anornalous MFEs on the dynarnic behavior of the
radical pair generated in an SDS rnicellar solution under rnagnetic fields up to lOT. It is
noteworthy that the ketyl and p-arninophenylthiyl radicals generated by hydrogen abstraction
of triplet xanthone with p-arninothiophenol gave new MFEs in their disappearance process.
The observed MFEs can be explained by a cornbination of the HFCM and ögM in the case of
a triplet radical pair. Further, the effects of a pararnagnetic ion will be also discussed [3].
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Fig. 1. A(t) curves observed at
480 nrn under magnetic fields of
oT, 0.05 T, and 10 T for the SDS
rnicellar solution of Xanthone and
p-NH2PhSH.
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Time-Resolved FDMR Studies of Radical Anions t

D. W. Werst

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439

The time-resolved fluorescence-detected magnetic resonance (FDMR) technique

allows the study of transient radical anions under conditions not commonly used in EPR

studies of organic anions, i. e., in nonpolar solvents and in the absence of counter ions.

One consequence of no polarization of the solvent by the anion can be formation of dimer

radical anions, at least among species with electronegative atoms. The equilibrium, A0- + A

ｾ A2°-, is affected by slight changes in the polarization energy and thus is a very sensitive

probe of solvation effects. FDMR detection of radical ions depends on excited state

formation upon recombination of geminate ion pairs. This places constraints on the

acceptor EA for a given donor and scintillator SI energy. The solvent dependence of the

electron attachment equilibrium, e- + A ｾ AO-, and the recombination fluorescence yield

will also be investigated.

tWork 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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A TIME-RESOLVED ELECTRON NUCLEAR DOUBLE RESONANCE (ENDOR)
SruDY OF THE PHOTOEXCITED TRIPLET STATE

S YAMAUCHI, S. OHKOSHI, Y. OHBA and M. IWAIZUMI
Institute tor Chemicaf Reaction Science, Tohoku University,

Katahira, Sendai 980, Japan
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Time-resolved EPR (fREPR) spectroscopy is very effective to study short-lived
paramagnetic species such as reaction intennediate radicals and the lowest excited triplet (T Ü
states. TREPR, however, provides only limitted infonnation about spin distribution and the
electronic structure in the Tl state. In order to get such infonnation, we need to analyze the
hyperfine structure. Möbius et al. reported the first time-resolved ENDOR (fRENDOR) system
using cw microwave and direct detection of EPR [1]. We also set up TRENDOR and applied to
study the Tl state[2]. The hyperfine coupling constants were obtained for quinoxaline in single
crystals of durene and p-dibromobenzene (DBB) and for tetraphenylporphine (H2TPP) [3] in
toluene glass. For quinoxaline triplet in the single crystal of durene, the ENDOR enhancement
was achieved to 45% with respect to the intensity of the TREPR signal, which is about ten times
greater than that of the steady state ODENDOR signal (4%). The signal could be observed up to
100 K. For triplet porphyrin in toluene glass, ENDOR signals were observed at different
magnetic fields indicating a possibility of an application of angle selected ENDOR. Tl
phthalazine has host and temperature dependences. These are interpreted in tenns of a vibronic
mixing between the 3nJt* and 31t1t* states. In order to get direct evidence of these phenomena, we
applied TRENDOR to study triplet phthalazine. The TREPR and TRENDOR spectra of
phthalazine at the orientation of Ba being nearly parallel to the out-of-plane axis (Ba // z) were
observ-,i 'n the single crystal ofp-dichlorobenzene (DCB) at 6 K (Fig.1). The observed peaks are
due h" protons of phthalazine at the 6-(7-),1-(4-) and 8-(5-) positions. Tl phthalazine in the
single ,..</stals of DCB and DBB are detennined to be nearly pure 31t1t* in nature at 6 - 65 K from
the observed proton hyperfine coupling constants. The experiment in tetrachlorobenzene (TCB),
where the temperature dependence is larger, is now going on.

The time profile of the TRENDOR signal was analyzed by using population kinetics with
the four-Ievel system. We used a MW power (PMJJ1, a rf power (Pr/) and spin-Iattke relaxation
(W =1/2T1) as parameters. The TRENDOR signal comes from the difference in the TREPR
intensities at Pr[;O: 0 and Pr[ =O. This model suggests that the ENDOR signal reaches the
maximum at some time after the photoexcitation and decays towards a reversed polarization
region. The MW and rf power and temperature dependences were examined for quinoxaline in
durene. The ENDOR intensity decreased and the time giving the maximum ENDOR intensity
shifted to the earlier time as Tl decreases (Fig. 2), which is consistent with the result.
[1] K. Möbius, J. Chern. Soc. Faraday Trans.l 83,3469 (1987).
[2] S. Ohkoshi, S. Yamauchi,Y. Ohba and M.Iwaizumi,

Chern. Phys. feuers, 224, 313 (1994).
[3] H.V. Willigen et al., Chem. Phys. feuers, 92, 339 (1982).

Fig.1
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THE PHOTOCHEMISTRY OF PROPANONE DERIVATIVES:
ELECTRON SPIN POLARISATION (CIDEP) IN RADICAL PRODUCTS

K.A. McLauchlan, J.D. Platt and M.T. Yeung
Physical Chemistry Laboratory, South Parks Road, Oxford OXI 3QZ, HK.

The study of two propanone derivatives - 1,3-dihydroxypropanone
(CHzOHCOCHzOH) and chloropropanone (CH3COCHzCl) - using three­
dimensional transient electron spin resonance spectroscopy is presemed.
Photolysis of the hydroxy derivative in solution shows signals from ·CHzOH
radicals and CHzOHCO· radicals with resolved hyperfine coupling and
comparatively sharp lines. The specrrum provides clear evidence for absorptive
initial polarisation fonned by direct bond-breaking in the excited state of the
parem molecule, not dissimilar to that in di-alkyl ketones, and consistem with
chemical reactions of nn· triplet states. The three-dimensional technique has
been fully exploited in this case to show the difference in relaxation times of
the two radicals (from the relative imensities of their spectral lines). With
limited spectral overlap and apparently simple photochemistry, this system was
chosen for a theoretical analysis at various times following its photolysis.
Relaxation times (Tl and Tz) can be measured quite precisely, which facilitates
accurate spectral simulation (using the modified Bloch equations) and hence
shed light on the polarisation mechanisms involved.

The radicals derived from photolysis of CH3COCHzCI in solution which are
observed are those in which the chlorine atom has been lost from the parent
molecule. The spectra at early times, in contrast with the hydroxypropanone,
exhibit excess emission. This suggests a fundamental difference in the initial
photophysics, possibly involving an excited triplet state of a different nature.
The origin of this emissive polarisation is through the Triplet Mechanism
(TM), which is also shown defmitively to occur in the photolysis of propanone
in ethyl ethanoate - the specrrum exhibits excess absorption in all the four
radicals observed, fonned by bond scission and by hydrogen abstraction.

Reference:
SN. Batchelor, C.w. M. Kay, K.A. McLauchlan, PD. Srnith and MT. Yeung, Mol. Phys.,

1994, 82, 325-342.
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The influence of scavenging on CIDNP field dependences in
biradicals during the photolysis of cycloundecanone

A. V. Yurkovskaya. Q.B.Morozova. *H. -M Vieth. R. Z. Sagdeev

International Tomography Center, 630090, Institutskaya 3a, Novosibirsk, Russia
*Institute of Experimental Physics, Free University of Berlin, Berlin,
Arnimallee-14, Germany

The absence of diffusive separation of radical centers in flexible biradicals provides
considerably long times of their geminate evolution. Singlet-triplet evolution of acyl-alkyl
biradicals formed during the photochemical Norrish type Ireaction of ｣ ｹ ｣ ｬ ｯ ｵ ｮ ､ ･ ｾ ｡ ｮ ｯ ｮ ･

leads to strong emission due to the S-T_ mechanism of chemically induced dynamic
nuclear polarization [1]. On the photolysis of this compound, CIDNP effects of
intermediate alkyl-acyl biradicals are formed according to the scheme :

ｾ
I I

T * T

ｏｾｾﾷｓＮｔLv

t I

CHZ-CHZ-CHZ::CHZ)6-CHZ-CHO :

CH3-CHZ-CHZ-(CHz)6-CH-CO -----------

111

Biradical life-time was reduced by addition of the effective scavenger
bromotrichloromethane. An important effect of the reaction with the scavenger on the
formation of geminate CIDNP is the removal of biradicals, disregarding their nuclear and
electron spin projections, from geminate recombination or disproportionation. The
presence of CBrCl3 molecules leads to the attachment of a Br atom to one of biradical
ends followed by reactions according to the reaction scheme

t. •
hv ｾ

C 11 H 20 0 Ｍｾ C 11 H 20 0 ＭＭｾ 0 = C - (CH 2 ) 9 - C H 2

•• • •
o =C - ( CH ) - C H + CBrCI -+ 0 =C ßr - ( CH ) - C H + C Cl

29 2 3 29 2 3

• •o = CBr - ( CH ) - C H + CBrCI -+ 0 =CBr - ( CH ) - CH Br + C Cl
29 2 3 29 2 3

• •
o = CBr - (CH 2 ) 9 - C H 2 + C CI 3 -+ 0 = Cßr - (eH 2 ) 8 - CH = CH 2 + CHCI 3

The field dependences of CIDNP exhibit the presence of not only the main emission
maxima corresponding to the S-T_- level crossing, but also absorption maxima for 0.­

CH2-protons of the initial ketone at low «100 Oe ) magnetic fields. The polarization of
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The analysis of the dependence of relative
CIDNP amplitude on scavenger
concentration is performed at low «1000

800 Oe) and high (7 104 Oe) magnetic fields. It
is demonstrated that biradical scavenging

rate constant can be determined using the CIDNP kinetic data obtained for high magnetic
fields [2]. The scavenging rate constant of CBrCl3 estimated by this method is (1.4±O.2)*
109·M-1s-1

CIDNP Fig.2 CIDNP amplitude as afunction
a.u. 0/ Tsc at ksc =1.4-109 M-ls-l

1.0 0 -/or a-CH2 protons 0/CliH200

* -/or li-CHj protons 0/
OCBr(CH2J9CHj .

• -/or ß-CH2 protons 0/CliH200
Solid line - calculation by the Laplace
trans/orm 0/CIDNP kinetics

the ß and y,O-protons of the initial ketone always corresponds to emission and has only
one maximum. For a-CH2 protons the addition of scavenger increases the absorption
maximum at low «100 Oe) magnetic fields, slightly shifts the emission maximum (trom
250 to 200 Oe), and changes the sign from emission to absorption in the high-field region
of the dependence. For ß-CH2 , as weIl as for y,8-CH2 protons, the polarization exhibits

emission for all studied magnetic fields
Fig.l. CIDNPfield dependences/or

a-CH2 protons 0/ CllH200 in CDC/j

* -in the absence 0/CBrC/j
0- in the presence 0/0.008 MeBrC/j

L1- in the presence 0/ 0.016 M CBrC/j.

\co' ns

Studying the CIDNP amplitude dependences on scavenger concentration made it
possible to obtain the biradicallife-time which reduces near the maximum of the field
dependence (190 ± 30 ns) as compared with the biradical Iifetime for high magnetic fields
obtained in [2]. The branching ratio for formation of the unsaturated aldehyde (TI) and
the initial ketone (I) was estimated and high reversibility of the photolysis of
cycloundecanone was quantitatively confirmed
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- Time-resolved SNP investigation of biradicals
during the photolysis of cycloalkanones
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The method of creating a non-equilibrium population of nuclear spin sublevels in
the products of radical reactions, which results from induced microwave ESR transitions
in radical pairs, was called stimulated nuclear polarization (SNP) and has been applied to a
number of radical reactions [1]. New results concemed with the mechanism and kinetics
ofspin polarization formation in biradicals formed during the photolysis of cycloalkanones
with varios cycle siZes are obtained by the time-resolved SNP technique at low magnetic
fields (roe=300 MHz).

Experimental
Investigation by the flash-SNP method was realized on the basis of experimental

set-up previously developed for rf-ONP experiments and described in detail elsewhere
[2]. Pulsed laser irradiation (A=308 nm) followed by pulsed RF-pumping of ESR
transitions of biradicals with B1 amplitude up to 20 Oe during a few seconds was applied
to a sampie being in a removable NMR. probe in a polarizing magnet. Fast probhead
transfer from the polarizing magnet to the one for NMR. detection at ro:r=300 MHz was
used. Two versions of the flash-SNP method were used. In the first case we employed a
relatively long RF-pulse (about 1 JlS) with variable time delay with respect to the laser
pulse. In the other case we applied a short RF-pulse (50 ns) of variable amplitude with
variable time delay. The time resolution achieved was 5 ns.

Results and Discussion
The investigation of SNP of cyclododecanone, cycloundecanone and cyclodecanone was
performed. The siglet-triplet evolution of acyl-alkyl biradicals formed during photolysis of
cycloalkanones in accordance with the following scheme:

T .. T ----=--- S

ｾ '.. Ｙｾ｣Ｈ＿ ", c(,?
t_1 " ----'1

1CHZ-CHZ-CHZ-(CH z) -CHZ'CHO ..

11 n+4

"=1.2.3

At low magnetic fields this evolution is driven by hyperfine interaction with protons and
strongly depends on the lengh of biradical polymethylene chain which detennines the
ratio of HFI constants to the value of exchange interaction between unpaired electrons.
Each SNP spectrum contained only one emissive maximum and coincided with the
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spectra previously observed in cw-SNP experiments [1]. The amplitude of SNP effects
decreases with increasing size of ketones.
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The SNP kinetics obtained
by using the short rf-pulse exhibited
maxima. The rise times of SNP
effects were longer than the
resolution time of the experimental
set-up. Figure 1 demonstrates the
SNP kinetics obtained for
cyclododecanone (n=3). .
We investigated the influence of
biradical scavenger
(bromotrichloromethane) on the
amplitude and kinetics of SNP
effects for all individual groups of

Fig.l SNP kinetics obtained/or y-CH2 protons magneticaIly equivalent protons of
0/cyclododecanone. the ketones under study. For aIl

groups, except for a-CH2 protons,
the addition of the scavenger decreases the aplitude and the decay time of SNP signals.
For a-CH2 protons the addition of the scavenger at concentrations below 0.01 M
increases the amplitude of SNP signals and at the higher concentrations decreases the SNP
amplitude as weIl. The rate constant of scavenging estimated from this experiments was
several times less than that obtained previoulsy in our high-field CIDNP experiments. That
indicated that the rate determinative channel for SNP decay is caused mostly by the
lifetimes of triplet molecules. The results obtained by addition of a selective triplet
quencher (piperylene) aIlowed us to discriminate the influence of lifetimes of the triplet
precursor molecule and biradical on the kinetics of SNP effects.

A strong isotope effect on the stimulated and chemically induced dynamic nuclear
polarizations was observed during the photolysis of a-deuterated cyclododecanone in
CDCI3. The strong signal (emission) ofunsaturated aldehyde (II), whose intensity was an
order of magnitude higher than that of the corresponding signal in the photolysis of fully
protonated cyclododecanone, appeared in the CIDNP spectra. Moreover, the strong

emission signal at the position corresponding to a-CH2 protons was also detected by
CIDNP and SNP. 2H and IH- NMR analyses performed for the irradiated sampie have

shown a significantly decreased degree of 2H substitution in a-position, with deuterium

atoms being mostly in ß-position of cyclododecanone and partly in the other positions of
ketone polymethylene chain which were unresolved in the 2H-NMR spectrum. These
results can be qualitatively explained by the assumption that in the intermediate biradical

the exchange takes place between polarized protons from in ß-position and their isotopes
a-position of alkyl end
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