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A PRE-EXISTING HYDROPHOBIC COLLAPSE IN THE UNFOLDED STATE OF
AN ULTRAFAST FOLDING PROTEIN

P.J. Hore', K. H. Mok'?, L. T. Kuhn', M. Goez’, 1. J. Day*, J. C. Lin’, and N. H.
Andersen’

'Department of Chemistry, University of Oxford.
2School of Biochemistry and Immunology, Trinity College, University of Dublin.
'Fachbereich Chemie, Martin-Luther-Universitit Halle-Wittenberg.
‘Medway Sciences, University of Greenwich, Chatham, Kent.
’Department of Chemistry, University of Washington, Seattle.

We report CIDNP experiments to probe the residual structure in the unfolded state of
TC5b (“Trp-cage”), a small, 20-residue, iteratively sequence-optimized, protein (M, =
2169) that possesses key structural hallmarks normally only found in larger proteins [1]. To
circumvent the difficulties of direct NMR observation of denatured states of proteins, we
have devised a technique for transferring information from the denatured state to the native
state by rapidly refolding the protein. Three methodologies are combined in this ‘pulse-
labelling’” experiment. (i) Photo-CIDNP [2,3]. (ii) Rapid homogeneous mixing of solutions
in the NMR sample tube to trigger the folding of a denatured protein on a timescale faster
than nuclear spin-lattice relaxation [4,5]. (iii) Transfer of nuclear magnetization via NOEs
from the hyperpolarized side chains to neighbouring atoms in the conformationally
heterogeneous denatured state [6]. Thus, inter-residue contacts in the denatured state can be
detected in the well-resolved NMR spectrum of the refolded native state.

We find that there is residual structure due to hydrophobic collapse in the unfolded
state of this small protein, with strong inter-residue contacts between side chains that are
relatively distant from one another in the native state [7]. Prior structuring, even with the
formation of non-native rather than native contacts, may be a feature associated with fast
folding events in proteins.

1] J. W. Neidigh, R. M. Fesinmeyer, N. H. Andersen, Nat. Struct. Biol. 9 (2002) 425-430.

2] R. Kaptein, K. Dijkstra, K. Nicolay, Nature 274 (1978) 293-294.

3] K. H. Mok, P.J. Hore, Methods 34 (2004) 75-87.

4] K. H. Mok, T. Nagashima, L. J. Day, J. A. Jones, C.J. V. Jones, C. M. Dobson, P. J. Hore, J. Am. Chem.
Soc. 125 (2003) 12484-12492.

[51 K. H. Mok, T. Nagashima, I. J. Day, P. J. Hore, C. M. Dobson, Proc. Natl. Acad. Sci. U.S.A. 102 (2005)
8899-8904.

[6] 1. Balbach et al., Proc. Natl. Acad. Sci. U.S.A. 94 (1997) 7182-7185.

] K. H. Mok, L. T. Kuhn, M. Goez, 1. J. Day, J. C. Lin, N. H. Andersen, P. J. Hore, Nature, DOI
http://dx.doi.org/10.1038/nature05728. To be published 3 May 2007.



SPIN TRAPS AND NITROXIDES IN SUPRAMOLECULES ORGANIZED AS
GUEST-HOST SYSTEMS AND THEIR APPLICATIONS TO BIOLOGICAL
SYSTEMS

Elena Bagryanskaya

International Tomography Center SB RAS,
Institutskaya 3A, 630090, Novosibirsk, Russia; elena@tomo.nsc.ru

Encapsulation of stable free radicals in molecular nanocontainers can enhance
stability of the former against enzymes and, hence, has a good potential for application in
MRI technique and oxidative stress studies. A special attention can be paid to water
insoluble nanocontainers, which, however, can form stable colloid systems in water.

This report concerns the application of X-band, W-band and high field EPR 360 GHz to
study dynamics of spin traps and stable nitroxide radicals inside different host systems: (i)
the van der Waals nanocapsules of p-hexanoyl calixarene, (ii) cucurbituril and (iii) methyl-
B-cyclodextrins. Application of EPR in the wide range of magnetic field and temperatures
allowed us to obtain magnetic resonance parameters of encapsulated radicals, as well as
information about their mobility in the cavities. In the first system (i) at ambient
temperatures the nitroxides can be considered as jumping between different positions in the
nanocapsule. The analysis of EPR spectra of “pure” and “diluted” complexes allowed us to
derive anisotropy parameters for g-factor and HFI constants, as well as to estimate the
contribution of dipole-dipole interaction. The EPR spectra at 373 K are very similar to
those in the solution, so the capsule can be considered as a solvent cage for the nitroxide.
EPR has been applied to study encapsulation of nitroxides of different structure into
cucurbiturils of different size. It is shown that encapsulation allows to increase it stability in
reduced media.

The influence of methyl-B-cyclodextrins on the lifetime of spin adduct of very
popular spin traps PBN and thyil radical of glutathinone (PBN/GS) has been studied using
X-band and W-band EPR and NMR. The attachment of spin traps to cyclodextrins (PBN-
CD) increases the lifetime of spin adducts and, thereby, overcome the requirement of high
cyclodextrin concentration. A reversibility of the thiyl radical addition to PBN-CD was
found. The spin adduct decays monoexponentially with a rate constant of 0.25 s”'. The
scavenging rate constant of thiyl radicals by PBN-CD has been measured (1.4-10" M™'s™).
Thus, the attachment of spin traps to CDs increases the stability of spin adduct but, on the
other hand, the scavenging rate constant decreases. X- and W- band EPR experiments at
different temperatures on a stable alkoxyamine nitroxide (TIPNO) radical (paramagnetic
analog of diamagnetic PBN) attached to cyclodextrin allowed us to reveal two different
conformations of the nitroxide radical when it is attached to cyclodextrin.

The financial support by grants of the RFBR 05-04-48632, the RFBR-DFG-06-03-04002
and the DFG (MO 132/19-2) is gratefully acknowledged.



SPIN TRANSITIONS AND EXCHANGE INTERACTIONS IN STRONGLY-
COUPLED SPIN TRIADS AS STUDIED BY EPR

Matvey Fedin*, Sergey Veber*, Igor Gromov**, Victor Ovcharenko* and Elena
Bagryanskaya*

* International Tomography Center, Institutskaya 3a, 630090, Novosibirsk, Russia
** Physical Chemistry Laboratory, ETH-Zurich, 8093 Zurich, Switzerland

Spin transitions and exchange interactions in a new family of copper-nitroxide
compounds exhibiting unusual magnetic behavior are studied using multifrequency EPR
spectroscopy (9, 35 and 94 GHz). The studied complexes of Cu®* hexafluoro-
acetylacetonate (Cu(hfac),) with two pyrazol-substituted nitronyl nitroxides (LR, R=alkyl)
undergo low-temperature structural rearrangements followed by significant changes in
electron exchange interaction (J) and effective magnetic moment. Large value of J~100 cm
"in spin triads nitroxide-copper(I)-nitroxide becomes comparable to the thermal energy kT
already at 7~100-200 K and leads to unusual and informative manifestations in the
temperature-dependent EPR spectra [1]. Two general characteristics have been observed
and interpreted: the appearance of new strong signals at low 7" with typical values g<2, and
the temperature dependence of the position and line shape of these signals at higher
temperatures. The first characteristic originates from static multiplet spin polarization in an
antiferromagnetically-coupled triad (J/<0), which is formed due to the simultaneous
increase of J and decrease of kT so that k7<<I|JI. The second one owes to the dynamic
exchange processes between lower S=1/2 state and two other multiplets (S=1/2 and 3/2),
which operate at higher temperatures k7>lJI and lead to a fast averaging of individual
spectra of each multiplet. Together, these two characteristics make the EPR highly
informative for the study of sign, absolute value and temperature evolution of the exchange
interaction. The complexes of the family Cu(hfac),L® display a wide diversity of magnetic
anomalies depending on the substituent R (=Me, Et, Pr, Bu) and organic solvent included
into a crystal structure. This results in different dependences J(T) and their manifestations
in EPR spectra. The dependences of the effective g-factor of spin triads g(7) measured at
W-band allowed us to obtain the function J(7) for several compounds and to estimate it for
the rest of the cases. In most of the situations the abrupt function J(7) is the driving force of
the transitions into the lower S=1/2 state leading to magnetic anomalies. In some more
complicated cases (e.g. R=Me) the exchange interaction changes step-wise leading to
consecutive decreases of the magnetic moment. In several other cases the gradual
dependence J(7T) is found (e.g. R=Pr). We use various examples of compounds Cu(hfac)zLR
to study and classify spin transitions and exchange interactions in this family, and to
develop general approaches for EPR applied to the strongly-coupled spin triads.

This work was supported by INTAS (YSF 06-1000014-5915), RFBR (05-03-32264-a),
grant of President of RF (MK-6673.2006.3) and Lavrentiev grant Ne79.

[1] Fedin M. et. al., J. Phys. Chem. A, 2006, 110, 2315-2317; Fedin M. et. al., J. Phys. Chem. A, 2007,
submitted.



THEORETICAL TREATMENT OF PHOTO-CIDNP IN PROTEINS
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Chemically Induced Dynamic Nuclear Polarization (CIDNP) is a useful technique for
probing spatial structure of protein macromolecules [1]. In proteins CIDNP is generated in
photo-reactions between an excited dye and certain amino acid residues that are accessible
to the dye on the protein surface. Thereby [1], CIDNP can be used to monitor accessibilities
of the residues to the probing dye molecule. This method provides very strong enhancement
of the NMR signals. Another advantage of CIDNP is due to the fact that only 4 amino acids
(tyrosine, histidine, tryptophan and methionine) are polarizable, consequently, the CIDNP
spectra of proteins contain a relatively small amount of lines as compared to the protein
NMR spectra.

In our recent paper [2] geminate CIDNP arising in course of sterically specific
photoreactions of proteins with excited dye molecules has been studied theoretically. The
protein has been modeled as a chemically inert sphere with one small reactive spot, with the
steric factor f modeling a single accessible CIDNP-active amino acid residue on its surface.
The factor f was directly related to the total side chain accessibility (TSA) of the residue to
the probing dye molecule. Non-trivial f dependencies were obtained for the rate constant of
dye quenching, the geminate CIDNP intensity, and the radical recombination rate constant.
However, a protein possessing only one CIDNP-active accessible amino acid residue is
more likely an exception than the rule. Hence, we extended our theoretical study of CIDNP,
both time-resolved and stationary, to proteins with several active amino acid residues on the
surface. It is rather obvious that, if the residues are situated far away from each other,
CIDNP formation for each of them can be considered independently. But if they are
situated close to each other then there will be competition for an excited dye between
different residues. The dependence of CIDNP amplitude for each residue on their
accessibility and mutual location was studied. The kinetic equations describing the time-
resolved CIDNP formation as well as the expressions for the magnitudes of the stationary
CIDNP were obtained taking into account accessibilities of residues, competition between
different residues for quenching of a dye molecule, nuclear relaxation time T} in radicals of
the amino acid residues.

This work was supported by Alexander von Humboldt Foundation, Russian Foundation for
Basic Research (Projects No. 05-03-32370, 07-03-00424 and No. 06-03-32742) and
Program of Division of Chemistry and Material Sciences RAS (Project No. 5.1.1).

[1] R. Kaptein, Biol. Magn. Reson., 1982, 4, 145.
[2]. K. L. Ivanov, A. V. Yurkovskaya, P. J. Hore, N. N. Lukzen, Mol. Phys. 2006, 104(10-11), 1687-170.




ELECTRON TRANSFER BETWEEN GUANOSINE RADICAL AND AMINO
ACIDS IN AQUEOUS SOLUTION: TR-CIDNP STUDY.
Alexandra Yurkovskaya,*® Olga Morozova," Alexey Kiryutin,'“"b Hans-Martin Vieth.”

“International Tomography Center, Institutskaya 3a, 630090 Novosibirsk, Russia
*Free University of Berlin, Arnimallee 14, D-14195, Germany,

The enzymatic DNA repair for protecting genetic information is rather a slow
process, while the electronic vacancies in DNA produced by oxidizing agents or by
ionizing radiation on the guanyl base may be refilled rather fast via electron transfer from
the surrounding protein pool (in particular, from histon proteins) thus preventing the radical
chemistry to evolve into pathological DNA damage. For such a “chemical way” of DNA
repair the aromatic amino acids tryptophan and tyrosine residues were found to be the most
efficient reducing agents for guanyl radicals formed in plasmid DNA under y-irradiation.
As model of chemical DNA repair, we studied the reductive electron transfer from tyrosine
and tryptophan to the radical of the purine base guanosine monophosphate (GMP) by time-
resolved chemically induced dynamic nuclear polarization (TR-CIDNP), which allowed us
to monitor the chemical and structural changes associated with particular groups of atoms
during radical reaction on a microsecond time-scale. The guanosyl radicals were
photochemically generated in the quenching reaction of the triplet excited dye 2,2’-
dipyridyl. Depending on the pH of aqueous solution the reduction of the four different
guanosyl radicals shown in the Scheme were observed. The identification of the radicals

was possible

because of the high )I )I )I .
sensitivity of | H, N)s H,0 N )

H,NTSN ‘ HoN \N N
CIDNP to
distinguish  them GH** .G G(-HY | G(-2H)*
through their |[pH o ? 3.9 ~125 14

ability or disability
of participating in the degenerate electron hopping reaction with the diamagnetic molecules
of guanosine monophosphate in the ground state. The CIDNP kinetics in this three-
component system containing the dye, GMP, and amino-acid (tyrosine or tryptophan) is
strongly dependent on the efficiency of the electron transfer reaction from amino acids to
the nucleotide radical. Quantitative analysis of the CIDNP kinetics obtained at different
concentrations of the amino acid, together with the comparison with the CIDNP kinetics of
the two-component systems (dipyridyl/amino acid and dipyridyl/GMP) allowed for the
determination of the rate constant k. of the reductive electron transfer reaction for nine pairs
of reactants, with different protonation state depending on the pH: GH"*/(TyrOH and
TrpH) at pH 1.3, G*/(TyrOH and TrpH) at pH 2.9, G(-H)'/(TyrOH and TrpH) at pH 7.5,
G(-H)*/(TyrO™ and TrpH) at pH 11.3, and G(-2H)"/(TyrO™ and TrpH) at pH 13.3. The rate
constant k. varies from (1.0£0.3)x10° M™'s™ (pH 1.3, 2.9) for tryptophan to less than 6x10°
M~'s™! (pH 13.3) for tyrosine.

This work was supported by EU Marie Curie program (IIF # 22008), RFBR (#06-03-
32993, #05-03-32370), Siberian Division of RAS ((#60), INTAS (#05-100008-8070),
Chemistry department of RAS, and EU Design Study Bio DNP.



PHOTO-CIDNP MAS NMR ON PHOTOSYNTHETIC REACTION CENTRES

Jorg Matysik

Leiden Institute of Chemistry, Einsteinweg 55, 2300 RA Leiden, The Netherlands

The first step of photosynthesis, the charge separation upon light-induced electron
transfer, is of unsurpassed efficiency having quantum yields close to unity. In all six
photosynthetic reaction centres (RCs) which have been tried, originating of various
branches of the evolutionary tree, photo-CIDNP has been observed, despite the window of
the conditions for the occurrence of this phenomenon is rather narrow [1,2]. Hence, we
suppose that the conditions allowing for the production of photo-CIDNP are conserved in
evolution. On the other hand, despite of lots of efforts until now no photo-CIDNP has been
reported from any artificial RC system, having also low quantum yield. Therefore, there
may be a link between the fundamental conditions, allowing for the production of photo-
CIDNP, and the efficiency of light induced electron transfer. In that case, understanding of
these fundamental conditions could have a large impact on the synthesis of artificial RC
systems.

After discovery of the photo-CIDNP effect in solid state by using "N MAS NMR [3],
the origin of the polarisation transfer to nuclei was discussed. Three mechanisms were
proposed [4-6], which are in good agreement with experimental studies on the RC of the
purple bacterium Rhodobacter sphaeroides WT [7] and its carotene-less mutant R26 [8]. In
these experiments, NMR enhancement factors of above 10000 have been observed, making
photo-CIDNP to a hot candidate to overcome the intrinsically low sensitivity and selectivity
in solid-state NMR. Currently, the method is used to study the photochemical machinery of
various RC systems at the atomic resolution [9-13]. To obtain detailed insight into the
mechanisms, the build-up of photo-CIDNP in RCs is studied with nanosecond-flash
experiments, allowing for observation of the evolution of electron spin density during the
birth of the radical pair [14].

[1] G. Jeschke and J. Matysik (2003) Chem. Phys. 294, 239-255.

[2] E. Daviso, G. Jeschke and J. Matysik (2007) In: Biophysical Techniques in Photosynthesis, Volume II
(T.J. Aartsma, J. Matysik, eds.) Springer, Dordrecht, Chap. 19.

3] M. Zysmilich, A. McDermott (1994) JACS 116, 8362-8363.

4] G. Jeschke (1997) J. Chem. Phys. 106, 10072-10086.

5] A. McDermott et al. (1998) Solid State Magn. Reson., 11, 21-47.

6] T. Polenova, A.E. McDermott (1999) J. Phys. Chem. B 103, 535-548.

7] S. Prakash et al. (2005) JACS 127, 14290-14298.

8] S. Prakash et al. (2006) JACS 128, 12794-12799.

9] J. Matysik et al. (2000) PNAS 97, 9865-9870.

10] E. Schulten et al. (2002) Biochemistry 41, 8708-8717.

11] Alia et al. (2004) JACS 126, 12819-12826.

12] A. Diller et al. (2005) Photosynth. Res. 84, 303-308.

13] E. Roy et al. (2007) Biochem. Biophys. Acta, in press.
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PHOTO-CIDNP IN TIME-RESOLVED NMR STUDIES OF PROTEIN AND RNA
FOLDING

Boris Fiirtig, Janina Buck, Julia Wirmer, Kai Schlepckow, Christian Schlorb, Harald
Schwalbe

Institute of Organic Chemistry and Chemical Biology, Center for Biomolecular Magnetic Resonance, Goethe-
University Frankfurt, Max-von-Laue-Str. 7, 60438 Frankfurt. Email: schwalbe @ nmr.uni-frankfurt.de

NMR-spectroscopy is capable of characterizing the unfolded states of proteins and
the kinetics of biomolecular folding events. Examples will be discussed for model proteins
a-lactalbumin and lysozyme and for RNA systems ranging from bistable systems to
riboswitch RNAs. Photo-CIDNP NMR can provide important information about the folded
and unfolded states of proteins and, in addition, of the kinetics of folding with high time
and atomic resolution, applications for proteins and RNAs will be discussed.



MAGNETIC FIELD EFFECT ON CHEMICAL COMPOSITIONS OF ORGANO-
METAL PARTICLES SYNTHESIZED IN THE GAS PHASE

Hiroshi Morital, Anzu Kasail, and Jan Subrt’

!Graduate School of Science and Technology, Chiba University, Yayoi-cho, Inage-ku, Chiba 263-8522,
Japan, *Institute of Inorganic Chemistry, Academy of Sciences of the Czech Republic, 25086 Rez near
Prague, Czech Republic

By using photochemical reactions of some gaseous molecules, aerosol particles have

been successfully synthesized and magnetic field has been found to affect some chemi- cal
reactions during nucleation process of aerosol particle formation [1-3]. The size of the
sedimentary particles thus prepared can be controlled experimentally, and actually it was
miniaturized to several tens of nm by either shortening the irradiation time of exciting light
or shortening the propagation time of particle growth. Furthermore, the particles can be
aligned into a linearly aggregated form by controlling the convection of entire gaseous
samples. Both the controllability of the particles size and the capability of forming linearly
aggregated particles make this method promising in developing new flexible wires.
In this study, photochemical method was applied to a gaseous mixture of Fe(CO)s and
Co(CO);NO in an attempt to synthesize some conducting and magnetic particles.
Morphology of the products depended on the partial pressure of Fe(CO)s when the partial
pressure of Co(CO)sNO was kept constant (~2 Torr). At 2.1 Torr of Fe(CO)s, short (2 min)
irradiation of UV light with a medium pressure mercury lamp (through a UV29 and
UVD33S filters) produced only sedimentary particles, whereas 5 min or longer light
irradiation produced crystalline deposits in addition to the sedimentary particles. When the
partial pressure of Fe(CO)s is low (~0.5 Torr), only the sedimentary particles were
produced regardless of UV irradiation time.

From a gaseous mixture of Fe(CO)s (1.8 Torr) and Co(CO);NO (2.8 Torr), crystal-
line deposits (main chemical component of which is Fe,(CO)o) and particles were produced
under a magnetic field. The shape of the crystalline deposits changed from ragged spherical
shape (under 0~3 T) to hexagonal shape (under 5 T). The crystalline deposits under a
magnetic field of 5 T aligned perpendicularly to the magnetic field. From XPS analysis,
paramagnetic Co species were detected.

From EDX-SEM analysis, atomic ratio between Fe and Co was determined. The ratio
in crystalline deposits synthesized without a magnetic field was 13.4, but the ratio reduced
to 8.6 under a magnetic filed of 5 T, showing that the photochemical reactions under a
magnetic field favors the participation of Co compound. FT-IR spectra of the deposits also
supported the magnetic field dependence of Co content. On the other hand, Co atoms were
involved more in the sedimentary particles. The atomic ratio between Fe and Co was 1.8
without a magnetic field, but it increased to 2.5 under a magnetic filed of 5 T. Chemical
reactions of Fe compounds are favored in the presence of a magnetic filed. The magnetic
field dependence of Fe/Co atomic ratio strongly suggests that Fe and Co atoms interacted
chemically during the particle formation process.

[1] H. Morita, H. Ohmuro, Mol Phys., 2002, 100, 1365-1370.
[2] H. Morita, F. Matsubayashi, A. Nozue, Mol. Phys., 2003, 101, 2569-2574.
[3] H. Morita, R. Nozawa, Z. Bastl, Mol. Phys., 2006, 104, 1711-1717.



EFFECTS OF HIGH MAGNETIC FIELD ON SURFACE PHENOMENA OF
WATER

Yoshifumi Tanimoto,' Akio Katsuki,2 Manabu Sueda,1 Makiko Nonomural,1 and Ryo
Kobayashi'

'Graduate School of Science, Hiroshima University, Higashi-Hiroshima 739-8526, Japan
2School of General Education, Shinshu University, Matsumoto390-8621, Japan

It is known that high magentic field will affect many chemical and physical
processses of diamagnetic materials [1]. In this paper, we studied the effects of high
vertical magnetic field (maximum field; 15
T, 1500 Tm) on the surface phenomena of

0.7 ‘ .
water [2]. W R
Figure 1 shows the plot of weight of a 2 ¢ | | | |
water pendant drop at a tip of a glass 2 g4 1 } }
capilary vs. BdB/dz, where B is the = ,;® | |
magnetic flux density and dB/dz is its z oo | @ i i i
gradient in vertical direction z. At 0 Tm, = g, o0, 00 o }
the weight is about 0.1 g. At -1500 Tm it 0 1 , o o
is about 6 times larger than the weight at -1500 -1000 -500 O 500 1000 1500
zero field, whereas at 1200 T%/m it is about B(g Blg 2) / T’m’!
50% of the weight at zero field. Fig. 1. Plot of water drop weight vs. BdB/dz.

The weight of a water pendant drop is
determined by eq. (1), where r is the outer radius of the capillary, y is the surface tension of
water, m is the weight of a water drop, g is the gravitational accelaretion, L is the magnetic
permiability of vacuum and ¥y, is the mass magnetic susceptibility of water.

2nry = m{g + (1/po) ymBdB/dz)} (1)
Under quasi-microgravity produced by a magnetic force
(-1500T%/m), apparent water surface tension is enhanced
significantly, as the effective gravitational force acting
on water is reduced by application of an upward
magnetic force.

Based on the above observation, preparation of a
pure-water thin film is attempted using the quasi-
microgravity. As shown in Fig. 2, a thin water film (¢ =
ca. 25 mm), which can not be prepared under earth
gravity, is successfuly prepared on a copper ring using
the quasi-microgravity. Fig. 2. A water thin film (¢p=ca. 25mm)

It is clearly shown that magnetic field is a useful ~ ©nacopperring prepared under quasi-
tool for mimicking microgravity on earth. microgravity.

[1] M. Yamaguchi,Y. Tanimoto (eds.), “Magneto-Science,” Kodansha/Springer, Tokyo (2006).
[2] A preliminary result has appeared: A. Katsuki, K. Kajii, M. Sudea, Y, Tanimoto, Chem. Lett., 36, 306
(2007).
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MAGNETIC MOVEMENT OF PARAMAGNETIC IONS IN LIQUID PHASE

M. Fujiwara and Y. Tanimoto

Graduate School of Science, Hiroshima University
1-3-1 Kagamiyama, Higashi-Hiroshima 739-8526, Japan

The magnetic force acting on metal ions is much weaker than the electric force on
them. For example, the magnetic force on paramagnetic ions (2,000 x 10™° cm’ mol™
susceptibility) in a 400 kOe? cm™ field is 1/10° of the electric force on divalent ions in a 1
V cm™ field. The thermal energy of solvent atmosphere is much greater than the magnetic
energy of metal ions. Therefore, metal ions have been believed to diffuse by the thermal
fluctuation, not to move by the magnetic force, in the liquid phase.

Recently, we have observed the movement of metal ions in a magnetic field.
Utilizing this phenomenon, we have succeeded in the separation of different metal ions.

In the present study, the mechanism is discussed for the motion of metal ions in a
magnetic field.

Experimentally, the movement and diffusion are observed for Cu** ions in solution.
Cu”" ion solution is spotted on silica gel particles, and it is exposed to a 400 kOe* cm™'
field. Cu®" ions are attracted toward the field center. The time evolution is recorded for the
moving and diffusing distances.

The analysis assumes that metal ions make a drift motion in which equilibrium is
reached between the magnetic force and atmosphere friction. The observation shows that
the magnetic drift velocity depends on the thermal fluctuant concentration.

The movement of metal ions is explained to take place, when metal ions behave
collectively in a large group composed of metal ions and water molecules, not individually
in a single metal ion, by a magnetic field. On an approximation that the group has a sphere
shape, the size of the group is estimated to be 4.6 pm diameter.

A second model for the movement of metal ions is that a fluid containing metal ions
and water molecules flows through the space between constraint boundaries. This
approximation, however, leads to an estimate of the moving velocity which is 10 times as
fast as the observation.

M. Fujiwara, D. Kodoi, W. Duan, Y. Tanimoto; J. Phys. Chem. B 105, 3343-3345 (2001).

K. Chie, M. Fujiwara, Y. Fujiwara, Y. Tanimoto; J. Phys. Chem. B 107, 14374-14377 (2003).

M. Fujiwara, K. Chie, J. Sawai, D. Shimizu, Y. Tanimoto; J. Phys. Chem. B 108, 3531-3534 (2004).
M. Fujiwara, K. Mitsuda, Y. Tanimoto; J. Phys. Chem. B 110, 13965—-13969 (2006).
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INTEGRATION OF SPIN CHEMISTRY, PHOTOCHEMISTRY AND
SUPRAMOLECULAR CHEMISTRY: ON THE ROAD OF
SUPERDUPERMOLECULAR CHEMISTRY

Nicholas J. Turro,” Juan Lopez-Gejo," Angel A. Marti,” Jingyue Ju ,* Alberto Moscatelli,”
Ronald G. Lawler, ® Marco Ruzzi,® Elena Sartori,* Igor V. Khudyakov,“1 Anatoly
Buchachenko,® M. Francesca Ottaviani'

“Chemistry Department, Columbia University, New York, NY, USA
bChemistry Department, Brown University, Providence, RI, USA
‘Department of Chemical Sciences, University of Padova, Padova, Italy
“Bomar Specialties, Winsted, CT, USA
“Moscow State University, Moscow, Russia
Institute of Chemical Sciences, University of Urbino, Urbino, Italy

Abstract: The lecture will describe research performed at Columbia involving the
following topics: (1) the nuclear spin chemistry' of molecular hydrogen inside a fullerene
(H,@Cg); (2) the use of vibrationally selective spin deactivation® of 102 to 302 to achieve
high stereoselectivity in an organic cycloaddition reaction of 102; (3) the use of time
resolved EPR? for the investigation of the competition between spin polarization transfer
and chemical reactivity during the collisions of spin polarized reactive radicals and
molecules; (4) the use of CW EPR to investigate the structure, dynamics and reactions of
reactive free radicals in porous solid zeolites; (5) the use of spin-forbidden resonance
energy transfer to enhance the selective detection of mRNA molecules in living neurons.’

The results of the research will be discussed in the context of the integration of spin
chemistry, organic photochemistry and supramolecular chemistry.

References:

[1] E. Sartori, M. Ruzzi, N. J. Turro, J. D. Decatur, D. C. Doetschman, R. G. Lawler, A. L. Buchachenko,
Y. Murata, and K. Komatsu, J. Am. Chem. Soc., 128, 14752-14753 (2006).

[2] J. Sivaguru, M. R. Solomon, H. Saito, T. Poon, S. Jockusch, W. Adam, Y. Inoue, and N. J. Turro,
Tetrahedron, 62, 6707-6717 (2006).

[3] E. Sartori, I. V. Khudyakov, X. G. Lei, and N. J. Turro, J. Am. Chem. Soc., In press.

[4] X. G. Lei, S. Jockusch, M. F. Ottaviani, and N. J. Turro, Photochem. & Photobiol. Sci., 2, 1095-1100
(2003).

[5] A.M. Marti, S. Jockusch, N. J. Turro, and J. Ju, Tetrahedron, 63, 3591-3600 (2007).
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THE EFFECT OF SPIN-ORBIT-COUPLING VARIATION ON THE SPIN
CHEMISTRY OF LINKED PHENAZINE/DIQUAT TRIPLET RADICAL PAIRS -
QUANTITATIVE ANALYSIS OF SPIN-RELAXATION MECHANISMS

Matthew T. Rawls®, C. Michael Elliott®, Ulrich E. Steiner”

“)Department of Chemistry, Colorado State University, Fort Collins, CO 80523
b) Fachbereich Chemie, Universitit Konstanz, Konstanz, Germany, D-78457

Nanosecond  time-resolved  absorption
studies in a magnetic field ranging from zero to
2.0 T have been performed on a series of
covalently linked donor(PXZ)-Ru(bipyridine)s-
acceptor (diquat) complexes (D-C**-A™"). In the
phenazine moiety PXZ, the heteroatom X = O, S,
Se is systematically varied to study spin-orbit
coupling effects. On the nanosecond time scale,
the first detectable photoinduced electron-transfer

XN product after exciting the chromophore C* is the
charge-separated (CS) state, D*-C**-A*, where an
X=0.S. Se electron of the PXZ moiety, D, has been

transferred to the diquat moiety, A**.[1]

The magnetic field dependent kinetic behaviour
of charge recombination (monoexponential at 0
T, progressing to biexponential for all three complexes with increasing field) can be
quantitatively modelled by the radical pair relaxation mechanism [2] assuming creation of
the CS state with pure triplet spin correlation (CS). In particular, the contributions of
anisotropic hyperfine interaction, g-tensor anisotropy, spin-rotational interaction, and
electron spin dipolar interaction to the longitudinal relaxation process T+ — (ToS) have
been assessed. Contributions of direct, spin-forbidden recombination of triplet RPs seem
negligible. Spin-rotational interaction has been explicitly confirmed as being responsible
for the saturating limit of the magnetic field effect in high fields for PSZ. Electron spin
dipolar interaction is the dominant relaxation mechanism for all cases in the field range
between 1 mT and 100 mT. Contributions of anisotropic hyperfine interactions to spin
relaxation are minor and seem to contribute mainly in the intermediate field region around
200 mT. A slight increase of the rate constant of spin relaxation observed at high fields in
the case of PSZ is most likely due to the g-tensor-anisotropy mechanism. The coherent
Zeeman mechanism of Tp-S mixing can be definitely excluded as an explanation of this
effect.

o+

Biradical complex D**—C*-A

[1] Klumpp, T.; Linsenmann, M.; Larson, S. L.; Limoges, B. R.; Buerssner, D.; Krissinel, E. B.; Elliott, C.
M.; Steiner, U. E. J. Am. Chem. Soc. 1999, 121, 1076.
[2] Hayashi, H.; Nagakura, S. Bull. Chem. Soc. Jap. 1984, 57, 322.
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CIDEP STUDY ON THE QUENCHING OF SINGLET OXYGEN MOLECULE BY
FREE RADICALS

Akio Kawai, Takahito Fuse, Hajime Terazono and Kazuhiko Shibuya

Department of Chemistry, Graduate School of Science and Engineering, Tokyo Institute of Technology, 2-12-
1-H89, Ohokayama, Meguro-ku, Tokyo 152-8550, JAPAN.

Singlet molecular oxygen, Oz(lAg), is one of reactive oxygen species and has attracted
much interest in photochemistry and in photobiology.  For detection of Oz(lAg) in
condensed phase, it is common that very weak near IR emission of Oz(lAg) is monitored by
semiconductor detectors. We found another detection method of Oz(lAg) in which we
monitor electron spin polarization of free radicals which encountered with Oz(lAg) in
sample solution by using a time-resolved ESR spectrometer [1]. An example of TR-ESR
spectrum for nitronylnitroxyl is shown in Fig.la and a CIDEP time evolution curve
monitored at central hyperfine line is shown in Fig.1b. Reflecting the decay of Oz(lAg),
with lifetime of about 20us, CIDEP time profile is well fitted by a simple single
exponential decay curve. Since the quenching of Oz(lAg) by free radical results in radical-

O,(3%,) pair, CIDEP created in radical—Oz(lAg) system has been well understood on the

basis of the radical-triplet pair mechanism (RTPM) with singlet excited state quenching
case [2].

Here, we introduce our study on the magnitude of CIDEP created in each encounter
event of radical—Oz(lAg) pairs for various kinds of stable free radicals such as nitroxyl,
nitronylnitroxyl, galvinoxyl, diphenylpicrylhydrazyl and so on. Since CIDEP is deeply
related to the spin dynamics of paramagnetic species encountering in solution, a study on
CIDEP gives us details of radical—Oz(lAg) intermolecular potential and spin state mixings
of the pairs, which should be imoportant to understand Oz(lAg) chemistry. According to
the TR-ESR spectroscopic results, we found that the magnitude of CIDEP significantly
depends on free radicals. Unusually large CIDEP for nitroxyl and nitronyl-nitroxyl were
observed, while quite weak CIDEP for diphenylpicrylhydrazyl and galvinoxyl were found
to be created. We analysed t CIDEP for these radicals on the basis of RTPM theory and
explain the details of radical—Oz(lAg) pairs.

Fig.1a 0 Fig.1b
a=
> CW-ESR 3
= ©
8 < 051
g Abs z
i W\,_/\.j\./\»u 2
[
0.0t v ik
100G TR-ESR
0 50 100
Time / us
References

[1] Mitsui, M. et al. Chem.Phys.Lett. 262, 125-130 (1996).
[2] Mitsui, M. et al. J.Phys.Chem.A, 108, 1120-1126 (2004).
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PHOTOCHEMICAL FORMATION OF A COMPLEXED RADICAL PAIR IN THE
SYSTEM OF METHYLENE BLUE INCLUDED IN SULFONATED
CALIXARENES
Akiko Tanakal, Haruhiko Yashiro' and Hisao Murai’

" Department of Chemistry, Graduate School of Science, Tohoku University
* Department of Chemistry, Faculty of Science, Shizuoka University, Shizuoka

Host molecules of inclusion compounds such as cyclodextrines and calixarenes are
attractive to many different fields because of their specific properties of formation of host-
guest complexes. For photochemists, these inclusion conditions are potential reaction
fields for special photocatalytic reactions.  Especially, the formation of transient
paramagnetic intermediate known as a radical pair in a nano-sized closed space is an
attractive subject from the photochemical and spin-chemical point of view. The
photochemical reactions of methylene blue included in water soluble sulfonated calixarenes
are studied using a time-resolved ESR (tr-ESR) method. The CIDEP spectra show the
formation of the complexed radical pair. The lifetime and the dependence of the spectral
shape on the size of the calixarene are studied.

Low concentration of methylene blue trihydrate (MB+) was used as a photosensitizer.
Three kinds of sulfonated calix[n]arenes (n = 4, 6, 8) (Calix[n]) were used where n denotes
the number of the phenol frame unit. 4-hydroxybenzenesulfonic acid (HBS) was used as a
model phenol compound for comparison. The wavelength of 678 nm from a dye-laser was
used to excite exclusively MB™ in the sample solution inside the ESR cavity. All the
experiments were carried out at room temperature (ca. 25 degree Celsius).

The system of MB*/HBS was first employed to investigate the primary step of the
photoreaction of MB™ and phenol derivatives. The tr- 600 700 ns
ESR spectra observed in this system at pH of 5.07 is HBS & M3
shown in Figure 1-a. The well dissolved CIDEP
spectrum with the triplet mechanism and the radical pair

mechanism grows up in 700 ns, and is assigned to the Calix(4] & MB
phenoxyl-type neutral radical of HBS (HBS') superposed ‘4, i) 100200 ns
on the broadened methylene blue radical. In the »*‘W a6 a8
photolysis of three MB*/Calix[n] systems in acidic i 100 - 200 ns

conditions, broadened emissive CIDEP spectra grow up 100 200 ns

in 200 ns as shown in Figure 1-b, ¢ and d. The fast \ O i
i i : : L e
signal rise of these systems comparing with that of the Crvly, Ny !
MB*/HBS system indicates that the reaction takes place r’“’k\v i
. . . . . \
in the inclusion environment like v
(3MB +* + Cahx[n]) e (MBH S Cahx[n]) 3.]%6 Aa.;s 3;0 312 3;4 .ijl() .5‘48 3;0

Magnetic field /mT

The line width and time dependence of these

systems differ each other. The line width of these

systems increases in larger calixarene complex, and is

explained by the transverse relaxation due to the dipole-

dipole interaction and its tumbling motion. In the present report, detailed dynamics of these
particular complex radical pairs will be discussed.

Fig. 1. Tr-ESR spectra observed In the
system of a) MB*/ HBS, b)MB*/Calix[4],
¢) MB*/Calix[6] and d) MB*/CalixI8].
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USING LIGHT-INDUCED ELECTRON SPIN POLARIZATION TO UNRAVEL
THE PHOTOCHEMISTRY OF SUBSTITUTED PORPHYRIN COMPLEXES

Art van der Est, Prashanth Poddutoori and Yuri Kandrashkin

Department of Chemistry, Brock University, 500 Glenridge Ave, St. Catharines, Ontario, Canada L2S 3A1

We will present spin polarized TREPR data for several porphyrin complexes in which
either a terpyridine ligand or a verdazyl radical has been attached at a variety of positions to
the porphyrin. When the systems with the attached verdazyl radical are excited they relax to
their lowest trip-quartet state with the development of a significant amount of orientation
dependent net polarization. Using a liquid crystalline solvent, we will show that orientation
dependence of the net polarization is in qualitative agreement a model in which spin orbit
coupling mediated intersystem crossing from the trip-doublet to the trip-quartet is the main
mechanism by which it is generated.

In a complex in which terpyridine is bound axially to phosphorous porphyrin, two
sequential spin polarized TREPR spectra are observed. The first is consistent with the
triplet state of a radical pair, while the later is assigned to the triplet state of the porphyrin
formed by charge recombination. Based on the spectroscopic and redox properties of the
terpyridine and porphyrin moieties, we propose that electron transfer from the terpyridine to
the excited phosphorus(V) porphyrin occurs. The lifetime of the radical pair is estimated to
be ~175 ns. At low temperature, the radical pair spectrum is no longer observed and the
spin polarization pattern of the porphyrin triplet is dramatically different. This behaviour is
explained by postulating that the electron transfer is inhibited at low temperature because
molecular motion is required to stabilize the radical pair. It is proposed that in the absence
of this stabilization, the porphyrin triplet state is populated via spin-orbit coupling mediated
intersystem crossing from the excited singlet state.

We have also investigated a series of related compounds in which the terpyridine is
tethered to the periphery of the porphyrin via a short flexible chain and various metals have
been bound to the porphryin and/or the terpyridine. The results show that the behaviour in
these compounds is similar to that described above except that the terpyridine can be made
to act as the electron acceptor rather than the donor by the appropriate choice of the metal.
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SPIN DYNAMICS OF PHOTOGENERATED FIXED DISTANCE TRIRADICALS
IN ELECTRON DONOR-ACCEPTOR MOLECULES.

Qixi Mi, Erin T. Chernick, David McCamant, Emily A. Weiss, Mark A. Ratner, and
Michael R. Wasielewski

Department of Chemistry and International Institute for Nanotechnology
Northwestern University, Evanston, Illinois, 60208-3113

Nitronyl nitroxide (NN°) and r-butylphenylnitroxide (BPNO") stable radicals were
attached directly to the Ph bridge of the D-C-B-A system as shown in Fig. 1. EPR
spectroscopy of Ph-NN" shows that its spin density is confined largely to the NN group,
while spin density leaks onto the Ph bridge from the BPNO radical. Both time-resolved
optical and TREPR spectroscopy shows that NN’

influences the spin dynamics of the photogenerated hv (415 nm)
triradical states **(MeOAn*- 6ANI-Ph(NN")-NI") . \ ]
resulting in slower CR within the triradical of 2 wf“ '
compared to the corresponding biradical of 1 lacking N O

NN'. The value of 2J between the photogenerated O W NG

radicals MeOAn™ and NI" is not altered by the  "c© Memw
CR

presence of NN°. Charge recombination within the

triradical results in the formation of >*(MeOAn-6ANI- %NfOTBDMS ><Nf0'
Ph(NN")->"NI) in which NN" is strongly spin polarized —+=

with enhanced absorption. This effect is due to LA

antiferromagnetic coupling between NN" and the local 1 2 3 4
triplet state * NI, which is populated following charge  to,=7sns 1otns  89ns 97ns (757
recombination. Fig. 1. D-C-B-A molecules with NN and

By design, when BPNO' is attached to the Ph  BpPNO' radicals attached to B.

bridge in 4, the spin density on the Ph bridge increases

to about 5%, which is at least five times larger than the amount of spin density that is
delocalized into Ph from an attached NN'. Once again, time-resolved optical and TREPR
spectroscopy show that BPNO' influences the spin dynamics of the photogenerated
triradical states >*(MeOAn*-6ANI-Ph(BPNO")-NI") resulting in slower CR within the
triradical compared to the corresponding biradical lacking BPNO'. In addition, the observed
value of 2J between the photogenerated radicals MeOAn™ and NI is not altered by the
presence of BPNO'. However, the increased spin density on the bridge results in a
remarkable increase in the rate of RP-ISC from the photogenerated singlet RP to the triplet
RP. Rapid formation of the triplet RP makes it possible to observe a biexponential decay of
the total RP population with components of T = 0.7 ns (75%) and T = 103 ns (25%).
Kinetic modeling shows that the faster decay rate is due to rapid establishment of an
equilibrium between the triplet RP and **NI resulting from CR, while the slower rate
monitors recombination of the singlet RP to ground state. This result shows that control of
spin density on the bridge molecule acts as a sensitive throttle for controlling the rates of
spin-selective CR. We have also developed a model that describes the spin dynamics within
these triradical systems in detail.
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NOVEL MAGNETIC FIELD EFFECTS AND TIME-RESOLVED EPR SPECTRA
OF BIRADICALS FROM PHOTOINDUCED INTRAMOLECULAR ELECTRON
TRANSFER REACTIONS IN DONOR-Cg LINKED COMPOUNDS

Hiroaki Yonemura,' Shinya Moribe,l’2 Sunao Yamada,1 Seigo Yamauchi,2 Saiful Islam,2
Yasunori Ohba,2 Yasuhiro Kobori,3 Yoshihisa Fujiwara,4 and Yoshifumi Tanimoto®

'Faculty of Engineering, Kyushu University, Fukuoka 819-0395, Japan

ZIMRAM, Tohoku University, Sendai 980-8500,

Japan

Faculty of Science, Shizuoka University, Shizuoka 422-8529 Japan
*Graduate School of Science, Hiroshima University, Higashi-Hiroshima 739-8526, Japan

We examined photoinduced electron-transfer reactions and magnetic field effects
(MFEs) on the photogenerated biradicals in phenothiazine(Ph)-Cey linked compounds,
Ph(n)Cgp (n=6,8,10,12), where photoinduced intramolecluar electron-transfer reactions
occur from Ph to the excited triplet state of Cgp in benzonitrile [1]. We also investigated a

system of porphyrin (ZnP)-Cg linked compounds (ZnP(n)Cgy
the novel MFEs in both the Ph(n)Cgy and ZnP(n)Cg systems.

In the study, we have examined the effects of
temperature, solvent, and a salt on the dynamics of the
biradical of Ph(n)Cgy(n=4-12,BP) and ZnP(n)Cgy(n=4,8) in
benzonitrile and THF at various magnetic fields (0-14 T)
and temperatures (283-343K) to verify the mechanism of the
novel MFEs.

The reverse MFE, that the lifetime of the biradical
increases first and then decreases with increasing magnetic
field, was clearly observed at low magnetic fields (0.1~0.2
T) in Ph(n)Cgp and ZnP(n)Cg. The MFEs were drastically
changed by temperature, solvent, a salt, and a linking spacer.

In order to clarify the mechanism of the novel MFEs,
we also examined X-band and W-band time-resolved EPR
in Ph(n)Cg and ZnP(n)Cg. Time-resolved EPR spectra in
Ph(n)Cg varied both with a frequency of EPR and a linking
spacer. The simulations of the time-resolved EPR spectra
indicate that the fast electron-exchange occurs in the
biradicals and is most likely an origin of the novel MFE:s.

References:
[1] Moribe S., Yonemura H. , Yamada S., C. R. Chimie, 2006, 9, 247-253.

(n=4,8)) [2] and have found

Ph(n)C¢(n=4,6,8,10,12)

-CHZCHZ_.Q:,
Ph(BP)Cy C}

Ph

—(CHamo< ) Ph
ZnP(n)Cg)(n=4,8)

Fig. 1. Molecular structures of Donor-
Ceo linked compounds

[2] Yonemura H., Harada S., Moribe S., Yamada S., Nakamura H., Fujiwara Y., Tanimoto Y., Mol. Phys.,

2006, 104, 1559-1572.
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SMALL MAGNETC FIELDS MAKE BIG DIFFERENCES IN POLARIZATION,
COHERENCE AND EMISSION AT LEVEL ANTI-CROSSING

Tien-Sung Lin,1 David Sloop,1 Tomoaki Yago,2 Michail Lukaschek,2 Gerd Kothe,2
Masatoshi Igarashi,3 and Yoshio Sakaguchi3

'Department of Chemistry, Washington University, St. Louis, MO 63130, USA
’Department of Physical Chemistry, University of Freiburg, Freiburg, Germany
ISurface Chemistry Laboratory, RIKEN, Wako, Saitama, 351-0198, Japan

We report the effects of magnetic fields on the polarization, coherence and fluorescene of
the photo-excited triplet state of organic molecules in the level anti-crossing (LAC) region.
Most of the experiments were performed on mixed organic crystals, specifically protonated
and deuterated pentacene in protonated p-terphenyl crystals, PHPT and PDPT. The
techniques employed in our studies are zero-field EPR measurements, ultrafast field
sweeping [1], optical pumping NMR-enhancement, and fluorescene experiments.

The photo-excited triplet state of the pentacene molecule possesses very high spin
polarization at birth. The population ratios of the triplet substates of PHPT are: Px = 0.76,
Py = 0.14, and Pz = 0.10 [2]. We observed the non-adiabatic passage through LAC (Bx =
14.1 mT) at an ultrafast magnetic field sweeping rate of 2 x 10° T/s. We further observed
the coherence effect in the LAC region where the triplet state is created non-adiabatically
by photo-excitation at B = 12.2 mT (below LAC), and 15.4 mT (above LAC) for B // x
orientation. We observed the polarization transfer from electron spins to the sourrounding
potons by optical pumping in the LAC region by monitoring the NMR signal which gave
an enhacement factor of ~5000. Nuclear oscillation behaviors will be reported.

The spin substates will be mixed in the presence of an external magnetic field at LAC if
there is an interaction between them via either hyperfine or other interactions. We expect
the mixing of spin substates at LAC will change the lifetimes of the spin substates and
affect the fluorescene intensity. This is based on the same principle of fluorescene detected
magnetic resonance (FDMR) applied to the PHPT system where the microwave was
applied to change the lifetimes of the triplet spin substates and the flourescene intensity [3].
The lifetimes of the triplet substates of PHPT at 1.2 K are: tx =50 ps, Ty =50 ps, and 1, =
830 us [4]. Thus, we performed experiments to monitor the fluorescene intensity of PHPT
by sweeping the external magnetic field through the LAC regions for the following two
orientations: 14.1 mT (B // x), and 49.8 mT (B // z).

[1] TC Yang, DJ Sloop, SI Weissman and TS Lin, Chem. Phys. Lett. 2000, 331, 489-496; Molecular Physics
2002, 100, 1333-1339.

[2] HL Yu, TS Lin, SI Weissman and DJ Sloop, J. Chem. Phys. 1984, 80, 102-107.

[3] J Kohler, JAJM Disselhorst, MCJM Donckers, EJJJ Groenen, J Schmidt and WE Moener, Nature 1993,
363, 242-246.

[4] ACJ Brouwer, J Kohler, EJJJ Groenen and J Schmidt, J. Chem. Phys. 1996, 105, 2212-2222.
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WEAK MAGNETIC FIELD EFFECTS ON GEMINATE AND FREELY
DIFFUSING RADICAL PAIRS

Adrian T. Salaoru, Timothy J. Foster, Claire B. Vink and Jonathan R. Woodward

University of Leicester, Department of Chemistry,
University Road, Leicester, LE1 7RH, United Kingdom

For radical pair (RP) reactions in homogeneous solution, there are two distinct timescales
on which reaction occurs; a geminate period in which radicals initially born together can
undergo rapid recombination, and a much longer period in which freely-diffusing radicals
that escape from the initial geminate pair can randomly encounter and the resulting radical
pairs (f-pairs) can undergo recombination or further separation.

We describe here experiments to examine the effect of magnetic fields on these two
separate processes through the use of two techniques; time-resolved infrared spectroscopy1
and time-resolved UV/Vis spectroscopy with the combination of rapidly switched (10ns)
and static magnetic fields®.

Time-resolved infrared experiments performed on a series of benzoyl radical containing
RPs show differing timescales for the observed field effects at weak (~ 2mT) and stronger
(~30mT) magnetic fields. These are discussed in terms of the contribution from f-pairs. A
significant dependence on the hydrogen bonding characteristics of the RP members is
observed.

In the viscous solution of cyclohexanol, RPs generated by the photoexcitation of
benzophenone recombine slowly on a time scale of tens of microseconds. However, the use
of short (50ns-200ns) magnetic field pulses applied using a pulse-shift method can show
directly that the geminate period in this solution is complete within 100ns of
photoexcitation. The reverse experiment in which the magnetic field is absent for the first
200ns of the reaction can be used to exclusively probe magnetic field effects on only f-pair
recombination.

[1] Vink, C. B.; Woodward, J. R., Effect of a weak magnetic field on the reaction between neutral free
radicals in isotropic solution. Journal of the American Chemical Society 2004, 126, (51), 16730-16731.

[2] Salaoru, T. A.; Woodward, J. R., A rapid rise time pulsed magnetic field circuit for pump-probe field
effect studies. Review of Scientific Instruments 2007, 78, 036104.
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SPIN LOCKING AND OTHER PHENOMENA IN WEAK FIELD
REACTION YIELD DETECTED MAGNETIC RESONANCE

C.J. Wedgel, S. Normanl, C.T. Rodgersz, K. Henbestl’z, P. Kukuraz, P.J. Hore? and C. R.
Timmel'

! Inorganic Chemistry Laboratory, University of Oxford, OX1 30R, UK
?Physical and Theoretical Chemistry Laboratory, University of Oxford, 0X1 30Z, UK

It has recently been shown that the recombination yield of radical pair reactions is typically
far more sensitive to the combined action of weak static (<4mT) and weak oscillating
(<0.5mT) magnetic fields than to the application of any one of these fields in isolation
[1,2]. Working on the well known exciplex systems of pyrene/dicyanobenzene and
chrysene/dicyanobenzene, we investigate the effect the strength of the applied
radiofrequency magnetic field has on the appearance of the obtained Reaction Yield
Detected Magnetic Resonance spectra. Both experimental data and spectra simulations are
presented providing us with the ability to discuss the applicability of the rotating frame
treatment in such RYDMR investigations.

Finally, we report on the effects the relative orientation of static and oscillating magnetic
fields has on the appearance of the spectra and illustrate these discussions on a number of
different exciplex systems.

[1] K. B. Henbest, P. Kukura, C. T. Rodgers, P. J. Hore, and C. R. Timmel, J. Am. Chem. Soc. 126, 8102
(2004)

[2] C. T. Rodgers, K. B. Henbest, P. Kukura, C. R. Timmel, and P. J. Hore, J. Phys. Chem. A 109, 5035
(2005)
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SOLVENT DEPENDENCE OF THE MAGNETIC FIELD EFFECT ON EXCIPLEX
LUMINESCENCE: A THEORETICAL AND EXPERIMENTAL STUDY.

Giinter Grampp®, Arnulf Rosspeintner”, Daniel Kattnig® and Nikita Lukzen"

“ Graz University of Technology, 8010 Graz, Austria
» International Tomography Center, Novosibirsk 630090, Russia

A total of nine different exciplex systems, comprising anthracene, 9-methyl-
anthracene and 9, 10-dimethyl-anthracene as acceptors and N, N-dimethyl-aniline, N, N-
diethyl-aniline and N, N-dimethyl-p-toluidine as donors, have been studied by MARY
spectroscopy (Magnetic field effect on Reaction Yield). To the best of the authors’
knowledge only one of these systems (antracene/dimethyl-aniline) has been previously
known to show a magnetic field effect on the exciplex fluorescence [2]. In an attempt to
elucidate the delicate interplay of diffusion, radical recombination and singlet triplet
conversion, the dependence of the absolute magnitude of the magnetic field effect (MFE)
on viscosity, energetics and dielectric constant has been probed systematically. Isoviscous
or isodielectric solvent mixtures were used for this purpose. In particular for the
isodielectric mixture, a constant Pekar factor, which governs radical recombination rates
due to electron transfer, was warranted. Besides classical MARY spectroscopy, single
photon counting and steady state fluorescence spectroscopy at zero and saturating magnetic
field were applied. Valuable supplementary kinetic data on the exciplex formation were
extracted from steady-state and time-resolved measurements. From the concentration
dependence of By, the field at which half of the saturation value of the MFE is reached;
the rate of degenerate electron transfer was determined [2].

The experimental findings are discussed theoretically, not taking recursion to the
popular low viscosity approximation [3, 4]. In particular, we apply unified theory (UT) [5]
of charge recombination taking explicitly into account the Coulomb attraction, the role of
the exciplex, and the coherent spin evolution due to the various hyperfine interactions. A
program based on the stochastic Liouville equation was devised that allows for the
simulation of realistic spin systems in the limit of contact recombination and a contact
exchange interaction. If the size of the spin system is reduced by introducing effective
hyperfine coupling constants, even this approximation can be alleviated.

[1] Bera, Nath, Misra, Chowdhury, J. Photochem. and Photobiol. A 95 (1996) 127

[2] Justinek, Grampp, Landgraf, Hore, Lukzen, J. Am. Chem. Soc. 126 (2004) 5635.

[3] Werner, Schulten, Schulten, J. Chem. Phys. 1977, 67, 646.

[4] Ivanov, Lukzen, Vieth, Grosse, Yurkovskaya, Sagdeev, Mol. Phys. 100 (2000) 1197.
[5] Burshtein, J. Chem. Phys. 117 (2002) 7640.
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PSEUDOROTATION OF A TRIPLET FULLERENE Cg MOLECULE IN O-
TERPHENYL GLASS STUDIED WITH PULSE EPR

M.N. Uvarov', L.V. Kulik?, S.A. Dzuba'*?

'Novosibirsk State University, 630090, 630090, Pirogova 2, Novosibirsk, Russia
2Institute of Chemical Kinetics and Combustion, 630090, Institutskaya 3, Novosibirsk, Russia

Spin-polarized echo-detected EPR spectra of the excited triplet fullerene “Cg
molecule in glassy o-terphenyl matrix were studied in a wide temperature range from 80 K
till 240 K. The observed remarkable temperature dependence of the spectra was interpreted
within the model of fast anisotropic pseudorotation of 3Cgo state in an anisotropic potential
created by the surrounding solvent molecules. Numerical simulations within the framework
of this model have shown rather good agreement with experiment, for the whole
temperature range studied. The temperature dependence of the potential was obtained. Its
decrease with temperature increase near glass transition temperature was explained by
softening of glassy matrix. However the increase of the pseudorotation rate was found to
occur at a temperature that is somewhat lower than the softening temperature obtained from
a separated EPR experiment on molecular motion of nitroxide spin label embedded in the
glass. The possible reasons for such a behavior are discussed.
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QUANTUM OSCILLATIONS IN PHOTO-EXCITED TRIPLET STATES IN AN
EXTERNAL MAGNETIC FIELD

Tomoaki Yago,1 Jorg-Ulrich Weidner,1 Gerhard Link,1 Michail Lukaschek,1 Tien-Sung
Lin,2 and Gerd Kothe'

'Department of Physical Chemistry, University of Freiburg, Albertstr. 21, D-79104 Freiburg, Germany
’Department of Chemistry, Washington University, One Brooking Drive, St. Louis IL 63130, USA

Quantum interference effects in photo-excited triplet states have attracted great
interest since they probe fundamental aspects of the intersystem crossing process [1]. In this
study we explore the formation of quantum oscillations in photo-excited triplet states in an
external magnetic field. Analysis reveals that pulsed light excitation initiates an oscillatory
electron spin magnetization in the direction of the external field. The oscillation amplitude
reaches a maximum when the electron Zeeman splitting matches the energy of a zero-field
transition of the triplet state. This suggests that these quantum oscillations can be detected
only at low magnetic fields. We report time-resolved low-field EPR experiments performed
to validate the predictions of the model.

Formation of the quantum oscillations can be rationalized in terms of the non-
adiabatic change of the spin Hamiltonian at the instant of the light pulse. It is well known
that the intersystem crossing selectively populates the zero-field spin states of the triplet
according to the selection rules of the spin-orbit coupling [2]. Since the zero-field states are
not eigenfunctions of the total spin Hamiltonian, the triplet starts out in a coherent
superposition of eigenstates [3,4] which manifests itself as quantum oscillations in the
longitudinal electron spin magnetization. Analysis reveals that a double-quantum electron
coherence is involved.

In the presence of hyperfine interactions, also single quantum nuclear coherences are
initiated. The analytical model shows that the amplitude of these quantum oscillations
critically depends on the strength of the applied magnetic field. Generally, a maximum of
the oscillation amplitude is expected if the nuclear Zeeman frequency matches the
hyperfine coupling of a particular nucleus. Pulsed X-band EPR experiments, designed to
probe these oscillations, are in agreement with the predictions of the model.

[1] Van der Waals J.H., Appl. Magn. Reson., 2001, 20, 545-561.

[2] Van der Waals J.H., de Groot M.S., in: Zahlan A.B. (Ed.), The Triplet State, Cambridge University Press,
Cambridge, 1967, p. 101-132.

[3] Salikhov K.M., Chem. Phys. Lett., 1993, 201, 261-264.

[4] Kothe G., Bechtold M., Link G., Ohmes E., Weidner J.-U. Chem. Phys. Lett., 1998, 183, 51-60.
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PHOTOEXCITED METALLOCORROLES.
A NEW ARENA OF PORPHYRINOIDS

Haim Levanon

Department of Physical Chemistry and The Farkas Center for Light-Induced Processes, The Hebrew
University of Jerusalem, Jerusalem 91904, Israel

Corroles are considered as a new class of tetrapyrrolic macrocycles. A unique
property of these systems is their capability to coordinate and stabilize central metal ions in
high oxidation states. This property enables their optical and redox parameters to be tuned
over a wide range of redox potentials and wavelengths, facilitating their functioning as
photosensitizers, efficient photoredox agents, and electron mediators. Generally, the
processes involving these functions proceed via transient paramagnetic states, which can be
studied by time-resolved EPR (TREPR) spectroscopy using magnetically oriented nematic
liquid crystal (LC) as a solvent.

We report here a detailed characterization of the photoexcited states of parent
trispentafluorophenyl free-base corrole and a series of its metalloderivatives containing
diamagnetic and paramagnetic ions in various oxidation states, with different axial ligands.
A conspicuous finding is that the magnetic and kinetic parameters of the free-base corrole
and its penta-coordinated complexes with diamagnetic metals such as Ga(Ill), Sn(IV),
Sb(III), and Sb(V) are very similar. In other words, they are not sensitive to the metal and
axial ligand. It is attributed to the weak electronic interaction between the metal ion and
corrole ring, due to the dome-structured complex geometry, where the metal ion is located
out of the molecular plane. On the other hand, hexa-coordinated AI(III) and Sb(V)
complexes possessing rigid planar structure, exhibit distinctive photoexcited state
parameters, reflecting a larger interaction between the d- and n- electron systems.

Incorporation of the diamagnetic transition metal, Rh(IIl) ion, into the penta- and
hexa-coordinated corroles results in significant changes in their TREPR spectra as
compared with those of all other investigated diamagnetic metallocorroles. Moreover, the
unusually broad, asymmetric spectra of all Rh(IIl) corroles are different from one another.
These findings are attributed to the combined effect of the strong interaction between the
heavy transition metal, Rh(Ill), and the m- system, further amplified by the complex
symmetry changes caused by the type and number of axial ligands. These effects
significantly modify the zero-field splitting parameters and the g-factor anisotropy of the
paramagnetic species observed in the TREPR experiment.

TREPR spectrum of the paramagnetic Cr(V) corrole found to be identical to its
integrated and inverted ground state EPR spectrum. This result stems from the sequence of
photophysical and photochemical reactions in the complex, involving the formation of the
trip-quartet/trip-doublet composite states and their selective quenching via a charge transfer
state.

Hopefully, the obtained data will be useful in establishing structure-function
relationships in the metallocorroles family.
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ADVANTAGES OF W-BAND EPR STUDIES ON THE EXCITED SPIN
MULTIPLET STATES IN SOLID SOLUTION

Seigo Yamauchi *, Katsuaki Takahashi *, Islam SM Saiful *, Yasunori Ohba®, Valery F.
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The excited electron spin multiplet states (doublet Dy, triplet T; and quartet Q;) were

examined and analysed by means of the W band EPR spectroscopy for the systems
comprised of molecular triplets of MTPPs (M = Zn and Mg, and TPP =
teteraphenylporphine) , triplet fullerene Cgp, and linked nitroxide radical in the solid
lowtemperature toluene glasses.
During the last several years, we had demonstrated the advantages of W-band EPR for the
studies of excited multiplet states in fluid solutions [1]. Owing to high spectral and time
resolution these advantages include perfect separation of the resonance EPR signals from
the Dy, Q;, and Dy spin states, observations and analyses of the highly fast (10 ns) spin
processese occuring in these systems [2] . Last year, we started the W-band experiments in
solid solutions in our laboratory and have found several advatages of the method in the
studies of the molecular spin multiplet excited states. The presentation is destined to
discuss these points.

One of the advantages is, of course, a high spectral resolution. Due to this advantage
a clearly different spectra were observed for the cases of ZnTPP, MgTPP and Cg triplets.
The former showed anisotropy in the g value and has been analyzed in terms of gy =
2.0020, gyy=2.0025, and g,, = 1.9968 at the W-band. However, for the case of MgTPP and
Ceo, very amall and medium-sized g anisotropies have been observed. In the triplet-radical
pair system, the spin state and g anisotropy were observed and analysed in terms of the
exchange and dipolar electron spin-spin interactions between two paramagnetic moieties
for ZnTPP-3NOPy and ZnTPP-4NOPy.

Another advantage comes from the observation of the spectra under a thermal
equilibrium (Boltzmann populations), which is hardly realized at the X-band. This gives
rise a possibility to measure the absolute intersystem crossing (ISC) ratio P,:Py:P,. Only the
relative ISC ratio Py-Py:Py-Py:P,-Py could be obtained as 0:0:1 for ZnTPP from a polaized
spectrum. Provided the thermalised signal is detected together with the polarized one the
absotute ISC ratio could be obtained as 0.1:0.1:1. Moreover, a sign of the zero-field
splitting parameter D can be established by means of detecting the EPR spectra in the
thermalized triplet spin states at very low temperatures, which is impossible to be
performed by X-band EPR spectroscopy.

We will show several examples for these advantages in time-reolved W-band EPR
spectroscopy.

[1]1 S. Yamauchi, Bull. Chem. Soc. Jpn., 77, 1255-1268 (2004).
[2] V. F. Tarasov. S. SM. Islam, Y. Iwasaki, Y. Ohba, A. Savitsky, K. Mobius, and S. Yamauchi, Appl.
Magn. Reson., 30, 619-636 (2006).
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UNUSUAL ELECTRONIC STRUCTURE OF DIMER RADICAL CATIONS OF
2,2,6,6-TETRAMETHYLPIPERIDINE AS STUDIED BY OPTICALLY DETECTED
ESR AND TIME-RESOLVED MAGNETIC FIELD EFFECT TECHNIQUES.

V.A. Bagryansky*, M.M. Vyushkova*, [.V. Beregovaya**, L.N. Shchegoleva**, V.I.
Borovkov*, P.A. Potashov*, and Yu.N. Molin*

*Institute of Chemical Kinetics and Combustion, Siberian Branch of the Russian Academy of Sciences,
630090 Novosibirsk, Russian Federation.
**N.N. Vorozhtsov Novosibirsk Institute of Organic Chemistry, Siberian Branch of the Russian Academy of
Sciences, 630090 Novosibirsk, Russian Federation.

The question about the liability of aliphatic amine radical cations (RC’s) in solutions
to react with the parent amine molecules to form dimeric RC’s is still under discussion. We
obtained using both the OD ESR method and the technique of time-resolved magnetic field
effect (TR MFE), the 2,2,6,6-tetramethylpireridine (TMP) RC’s in nonpolar solutions
undergo the dimerization to form the distonic dimers Ne...H,-N". In the dimer the unpaired
spin density is localized at only one of the nitrogen atoms whereas the positive charge and
the amine proton are shifted to the second nitrogen atom. The OD ESR signals from the
TMP solutions depend on the solvent viscosity. In viscous solution, the spectrum of the
monomeric RC is observed, the hfc values being in agreement with those found in
literature. A different signal is obtained when the solvent viscosity decreases. There is only
one hyperfine coupling with the single nitrogen nucleus. We assigned this signal to the
distonic dimer. The more spectacular manifestation of the dimerization process is observed
in the TR MFE experiments. The analysis of quantum beats shape allows determination of
the dimerization rate constant and provides the evidence of asymmetric spin density
distribution in the dimeric RC.

Preliminary semi-empirical PM3 calculations indicate two types of dimers: the dimer
consisting of the RC and the neutral TMP molecule (Egin~15 kcal/mol) and the distonic
dimer which is more energetically favourable (Egin~19 kcal/mol). The height of the proton
transfer barrier obtained by calculations is ~9 kcal/mol. The hfc values resulting from the
UB3LYP/6-31+G*//PM3 calculations for the monomeric RC (an=1.62, ag=-2.15 mT) and
for the distonic dimeric RC (an=1.62, ag=0) are in fair agreement with the experimental
results for viscous and non-viscous solutions, respectively.

The work was supported by RFBR (grant 05-03-32620) and the program of Leading
Scientific Schools (NS-5078.2006.3).
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IMPORTANCE OF MAGNETIC FIELD EFFECT IN UNDERSTANDING
DISSIMILAR BEHAVIOUR OF PHENAZINE DERIVATIVES TOWARDS
AMINES IN HOMOGENEOUS APROTIC/PROTIC AND HETEROGENEOUS
MEDIA

Debarati Dey, Adity Bose and Samita Basu

Chemical Sciences Division, Saha Institute of Nuclear Physics, 1/AF, Bidhannagar, Kolkata — 700 064, India.

We have studied photoinduced electron transfer (PET) reactions of phenazine (PZ)
[1] and one of its derivatives, dibenzo[a,c]phenazine (DBPZ) [2], which, unlike PZ, has an
extended planarity, with different amines, e.g. N,N-dimethylaniline (DMA), 4,4’-bis
(dimethylamino) diphenylmethane (DMDPM) and triethylamine (TEA). Application of an
external magnetic field (0.02-0.08 Tesla) helps in identification of radical ion pairs formed
through PET as transient intermediates and recognition of their parent spin states by
reducing hyperfine-induced intersystem crossing, hence increasing the population of that
particular spin state. We have observed that both the molecules form exciplex and radical
ions through PET from amines to PZ moieties depending on the polarity of homogeneous
aprotic medium. However, unlike PZ, DBPZ forms a charge-transfer complex in the triplet
state (’ECT) with the aforementioned amines. In addition, it produces radical ion pairs
much more with DMA and DMDPM rather than with TEA. Interestingly, a prominent
magnetic field effect is observed in both the cases of *ECT and RIPs in homogeneous
acetonitrile/water mixture. This rare observation in non-viscous medium could be explained
by considering the extended planar structure of DBPZ and inter-radical hydrogen bonding,
mediated by the intervening water molecules, which helps to sustain the geminate
characteristics and the spin correlation in the RIPS. Singlet state fluorescence studies also
reveal the existence of equilibrium between the free molecule and hydrogen-bonded
complex in protic medium, which is further supported by the theoretical modeling. On the
other hand, magnetic field effect studies of simple PZ with amines, in heterogeneous media,
e.g., micelles, reverse micelles and small unilamellar vesicles, help in understanding the
effect of spatial location of the donor and acceptor moieties on PET dynamics. However,
DBPZ tails to do so due to its bulky and hydrophobic structure, which does not allow its
confinement in a particular zone of organized assemblies.

[1] Dutta Choudhury S., Basu S., J. Phys. Chem. A, 2005, 109, 8113-8120.
[2] Dey D., Bose A., Chakraborty M., Basu S., J. Phys. Chem. A, 2007, 111, 878-884.
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PHOTOINDUCED CHARGE TRANSFER IN ORGANIC MONOLAYERS.

Sergei Smirnov, Alexey Krasnoslobodtsev, Ivan Vlassiouk.
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Surface assisted photoinduced transient displacement charge (SPTDC) technique was
used to study charge transfer in self-
assembled monolayers of 7-diethyl-
aminocoumarin  and  dinitrotoluene 1.0
covalently linked to metal oxide
surfaces."> The dipole signal was found
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accordance  with  increasing  collision
frequency dependent on gas pressure and its
mass. The results are explained by collision-
induced relaxation that impedes uninhibited
tilting of molecules onto the surface.

Collisions with paramagnetic oxygen
induce intersystem crossing to long-lived
triplet dipolar states with the rate close to the
half of that for the collision rate. The latter
effect is compared with previous results on
spin  scrambling intersystem  crossing
induced by radicals.>
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[1] Krasnoslobodtsev A., Smirnov S., J. Phys. Chem., 2006, 110, 17931 - 17940

[2] Krasnoslobodtsev A., Smirnov S., J. Phys. Chem., 2006, 110, 17941 — 17948

[3] Smirnov S., Vlassiouk I., Kutzki O., Wedel M., Montforts F.-P., J. Am.Chem.Soc., 2002, 124, 4212-4213
[4] Vlassiouk I., Smirnov S., Kutzki O., Wedel M.,. Montforts F.-P., J. Phys. Chem., 2002, 106, 8657-8666
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RANDOM WALKS METHOD TO MODEL THREE SPIN 2 SYSTEMS
CONFINED IN MICELLAR INTERIOR.

Valery F. Tarasov *, Vitaly R. Gorelik ’, Elena G. Bagryanskaya , Islam SM Saiful ¢, Seigo
Yamauchi ‘.

“ Semenov’s Institute of Chemical Physics, RAS, Kocygin St. 4, Moscow 119991, Russia
b International Tomographic Center, SB RAS, Institutskaya St, 3a Novosibirsk 630090, Russia
¢ Institute of Multidisciplinary Research for Advanced Materials, Tohoku University, Sendai 980-8577, Japan

TR ESR spectroscopy is proved to be one of the most informative experimental
methods of spin chemistry. At the same time, a lot of valuable information on the dynamic
characteristics of the systems investigated is still unavailable to researcher because of
inherent disadvantages of the method and poor theoretical consideration of the kinetic of
spin-selective processes.

The presentation is aimed to demonstrate by means of Random Walk method kinetic
characteristics of several spin selective processes within the electron spin systems
comprised of two spins 1/2 (spin-correlated radical pairs), two spin 1 and 1/2 (excited
molecular triplet and ground state nitrOxide radical), and three spins 1/2 confined in micelle
1nter1ors.

The generation and decay of the electron spin polarization in two and three spins Y2
systems and the spin catalysis phenomenon [1] will be considered in details.

Special attention will be drawn to the effects of restrains imposed by micelle phase on
a mutual diffusion of radicals. The interpretation and determination of the parameters

utilized by simplified models like the multi-sites exponential models and models operating
in terms of average Hamiltonian will be discussed as well.

[1] Step E.N., Buchachenko A.L., Turro N.J., J. Am. Chem. Soc., 1994, 116, 5462-5466.
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A (FINAL ?) INVESTIGATION INTO THE MECHANISM OF THE ANTIPHASE
STRUCTURE (APS) OF TRANSIENT ESR SPECTRA.

Anatole A. Neufeld and J. Boiden Pedersen.

Institut for Fysik og Kemi, Syddansk Universitet, DK-5230 Odense M, Denmark;
Abteilung Spektroskopie und photochemische Kinetik, Max-Planck-Institut fiir biophysikalische Chemie, Am
Fassberg, D-37077 Gottingen, Germany

The experimental observation of an anti-phase structure in ESR spectra of short lived
radical pairs in micelles [1] and biradicals [2] is by far the observation of magnetic field
effects that has initiated the largest number of mechanism for its explanation. Although the
initial models could qualitatively reproduce some of the features of the anti-phase it was
unlikely that they could quantitatively explain the observations. Rather late, it was shown
that none of these models were able to give rise to the effect [3], and thus the underlying
physical mechanism remained unknown. All the initial models required a spatial region
with a small exchange interaction. By performing accurate calculations with and without
such a region, it was shown that APS was independent of this region. Regrettably, the first
proposed mechanism [4] is still occasionally used to interpret experimentally observed APS
spectra, probably because of its elegantly simplicity. However, the parameters determined
by this method has no physical significance.

We have previously shown that APS can be understood in terms of the three
polarization contributions [5]. The longitudinal (z) component gives rise to CIDEP spectra,
i.e. Lorentzian lines with varying intensity from E to A. The transversal components (x and
y) give rise to APS, i.e. to a dispersive line shape, of opposite phases, where the main
contribution comes from the x-component, the direction of the mw field in the rotating
system. Both effects are created by the same physical mechanism, i.e. a two step coherent
reencounter mechanism. In order to further prove the correctness of this mechanism, we
have performed a series of calculations of the time development of the APS polarization.
This is a much stronger test of the mechanism and shows several interesting behaviours,
e.g. a two frequency dependence and that APS is created only at short times during the
lifetime af the radical pair in the micelle. We have benefited from the impressive
experimental works of Tarasov [6], who has adopted a different mechanism.

[1] Sakaguchi Y., Hayashi H., Murai H., 'Haya Y., Chem. Phys. Lett., 1984, 110, 275.
[2] Closs G., Forbes M., J. Am. Chem. Soc., 1987, 109, 6185.

[3] Neufeld A.A., Pedersen J.B., J. Chem. Phys., 1998, 109, 8743.

[4] Closs G., Forbes M., Norris J., J.Phys.Chem., 1987, 91, 3592.
[
[

5] Neufeld A.A., Pedersen J.B., J. Chem. Phys., 2000, 113, 1595-1604.
6] Tarasov V.F. et al., Chem. Phys., 1998, 226, 253.
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NMR QUANTUM INFORMATION PROCESSING WITH “PURE” STATES
DERIVED FROM PARA-H,.

M. Sabieh Anwarl’z, Damir Blazina3, Hilary A. Carteret4, Simon B. Duckett3,and Jonathan
A. Jones'.

1. Centre for Quantum Computation, Clarendon Laboratory, University of Oxford, Parks Road, Oxford OXI
3PU, UK
2. School of Science and Engineering, LUMS, Lahore, Pakistan
3. Department of Chemistry, University of York, Heslington, York YO10 5DD, UK
4. Department of Physics and Astronomy, University of Calgary, Canada T2N IN4

Quantum computing [1] offers the potential of using new quantum algorithms to
tackle problems that are intractable for classical processors, but its implementation requires
the development of quantum devices, which are as yet unavailable. The most complex
implementations of quantum algorithms to date have used techniques adapted from nuclear
magnetic resonance (NMR) spectroscopy [2,3], but current liquid state NMR approaches
cannot be extended to systems with many quantum bits, as it is not possible to prepare pure
initial states by directly cooling the spin system into its ground state. Furthermore, it has
been shown that current NMR experiments involve only separable states, and thus could in
principle be described by local hidden variable models. [2]

Here we demonstrate how para-hydrogen can be used to prepare a two-spin system in
an almost pure state which is suitable for implementing nuclear magnetic resonance
quantum computation [4]. A 12 ns laser pulse is used to initiate a chemical reaction
involving pure para-hydrogen (the nuclear spin singlet of H,). The product, formed on the
us time scale, contains a hydrogen-derived two-spin system with an effective spin-state
purity of 0.916. To achieve a comparable result by direct cooling would require an
unmanageable (in the liquid state) temperature of 6.4 mK or an impractical magnetic field
of 0.45 MT at room temperature. The resulting spin state has an entanglement of formation
of 0.822 and cannot be described by local hidden variable models.

The resulting spin systems can be used to implement two-qubit quantum algorithms,
and applications to Deutsch’s algorithm [5] and Grover’s quantum search [6] will be
described. Possible routes for extending para-hydrogen based methods to larger spin
systems will be briefly addressed.

1] Bennett C. H. and DiVincenzo D. P., Nature (2000) 404, 247.

2] Jones J. A., Prog. Nucl. Magn. Reson. Spectrosc. (2001) 38, 325.
3] Vandersypen L. M. K. et al., Nature (2001) 414, 883.

4] Anwar M. S. et al., Phys. Rev. Lett. (2004) 93, 040501.

5] Anwar M. S. et al., Phys. Rev. A (2004) 70, 032324.

6]

[
[
[
[
[
[6] Anwar M. S. et al., Chem. Phys. Lett. (2004) 400, 94.
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SPIN DYNAMICS IN THE COURSE OF THE QUANTUM TELEPORTATION
AND ITS MANIFESTATION IN ELECTRON PARAMAGNETIC RESONANCE
SPECTROSCOPY

K.M. Salikhov, Yu.E. Kandrashkin.

Kazan Physical-Technical Institute of the RAS, Sibirsky trakt 10/7, Kazan, 420029, Russia

Recently there was suggested the protocol of the quantum teleportation in electron
spin system [1,2]. That protocol is supposed to include spin-dependent elementary chemical
reactions as logic steps of the quantum teleportation. In this report we analyze numerically
the spin dynamics in the course of the quantum teleportation when the charge separated
state in photosynthetic reaction center is serving as the quantum channel of the
teleportation. For this system we have numerically simulated the electron spin echo signal
which is suggested to be used to read out the result of the quantum teleportation. This
analysis allows formulating suitable parameters for efficient teleporting in electron spin
systems.

[1] K.M. Salikhov. Entangled electron spin states at work in spin dependent molecular processes. Proc. SPIE
Vol.5833, pp. 52-61 (2005)

[2] Kev Salikhov, John H. Golbeck and Dietmar Stehlik. Quantum Teleportation across a Biological
Membrane by means of Correlated Spin Pair Dynamics in Photosynthetic Reaction Centers. Appl.
Magn. Reson. (2007)
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TIME-RESOLVED EPR STUDIES ON A CRYPTOCHROME REVEAL UNIQUE
MOBILITY IN A RADICAL-TRANSFER CASCADE.

Erik Schleicher', Till Biskup', Asako Okafuji', Kenichi Hitomi*’, Elizabeth D. Getzoff?,
Stefan Weber'.

!Freie Universitiit Berlin, Fachbereich Physik, Institut fiir Experimentalphysik,Arnimallee 14, 14195 Berlin,
Germany
’Department of Molecular Biology and the Skaggs Institute of Chemical Biology, The Scripps Research
Institute, 10550 North Torrey Pines Road, La Jolla, CA 92037, U.S.A.
IGraduate School of Engineering Science, Osaka University, 1-3 Machikaneyama-cho, Toyonaka, Osaka 560-
8531, Japan

Cryptochromes are a flavoprotein family sharing similar amino-acid sequence and
fold, while their physiological functions are diverse and far from being understood to date.
The cryptochrome DASH from Synechocystis sp. PCC6803 has been examined by time-
resolved electron-paramagnetic resonance and optical spectroscopy. Illumination of the
protein by blue laser light is followed by rapid formation of radical-pair states consisting of
a flavin radical and a tryptophan radical with lifetimes of several tens of microseconds. The
results suggest that the physiological functions governed by this protein are light induced.
Interestingly, the generation of radical pairs and their lifetime react sensitively on the
immobilization of the protein. Changes in the radical-pair spectra can be correlated with the
pronounced mobility of the protein region that harbors the terminal tryptophan electron
donor involved in photoreduction of the flavin cofactor. We discuss functional implications
concerning the photoactivity and protein flexibility for the protein and its homologs.
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MAGNETIC INTENSITY AFFECTS CRYPTOCHROME-DEPENDENT
RESPONSES IN ARABIDOPSIS THALIANA

Margaret Ahmad ", Jean-Pierre Bouly (1),Paul Galland (2),Th0rsten Ritz (3), Roswitha
Wiltschko, Wolfgang Wiltschko .

(1) Université Paris VI, PCMP, Casier 156, 4 Place Jussieu, Paris, 75005 France and Penn State University,
25 Yearsley Mill Road, Media, PA 19063 USA
(2) Fachbereich Biologie, Philipps-Universitdt Marburg, Karl-von-Frischstr. 8, D-35032 Marburg, Germany
(3) Department of Physics and Astronomy, University of California, Irvine, CA 92697, USA
(4) Fachbereich Biowissenschaften, J.W.Goethe-Universitdt, Siesmayerstr. 70, D-60054 Frankfurt a.M.,
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Cryptochromes are blue-light absorbing photoreceptors found in many organisms
where they have been involved in numerous growth, developmental, and circadian
responses. In Arabidopsis thaliana, two cryptochromes, CRY1 and CRY2, mediate several
blue-light dependent responses including hypocotyl growth inhibition. Our study shows
that an increase in the intensity of the ambient magnetic field from 33-44 uT to 500 pT
enhanced growth inhibition in Arabidopsis thaliana under blue light, when cryptochromes
are the mediating photoreceptor, but not under red light when the mediating receptors are
phytochromes, or in total darkness. Hypocotyl growth of Arabidopsis mutants lacking
cryptochromes was unaffected by the increase in magnetic intensity. Additional
cryptochrome-dependent responses, such as blue-light dependent anthocyanin accumulation
and blue-light dependent degradation of CRY2 protein, were also enhanced at the higher
magnetic intensity. These findings show that higher plants are sensitive to the magnetic
field in responses that are linked to cryptochrome-dependent signaling pathways. Because
cryptochromes form radical pairs after photoexcitation, our results can best be explained by
the radical-pair model. Recent evidence indicates that the magnetic compass of birds
involves a radical pair mechanism, and cryptochrome is a likely candidate for the avian
magnetoreception molecule. Our findings thus suggest intriguing parallels in
magnetoreception of animals and plants that appear to be based on common physical
properties of photoexcited cryptochromes.
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ANISOTROPIC MAGNETIC FIELD EFFECT OBSERVED IN THE MODEL
SYSTEM OF THE PHOTOCHEMICAL COMPASS.
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State University, Tempe, Arizona 85287, USA

Recently, the radical pair mechanism (RPM) has been suggested as one of the
mechanisms underlying animal navigation and hence provides a viable alternative to the
more established mechanisms relying on the existence of magnetite particles.[1] Since Ritz
et al. proposed the action of a radical pair mechanism in the retina of a bird’s eye [2-3]
attention on the magnetic field effect (MFE) on the radical pair dynamics in very weak
magnetic field has increased. Furthermore, the calculations by Cintolesi et al. showed that
the anisotropy of hyperfine interactions in a system of the flavoproteins is potentially able
to provide the necessary directional information required for a magnetic compass.[4]

Here we demonstrate clear experimental observations of the effect of near earth
magnetic field (~40 uT) on the radical pair dynamics and the anisotropic behavior of the
magnetic field effect. To optimize the observation of the MFE in low magnetic fields, we
have incorporated three factors: (1) A Long-lived charge separated state. (2) Triplet and
singlet recombination with comparable rate constants. (3) A rigid structure avoiding the
fluctuation of the spin interactions. Concerning these factors, we have chosen to use
carotenoid-porphyrin-fullerene molecular triads. The photo-irradiation of this molecule
produces a radical ion pair in singlet spin manifold through stepwise intramolecular photo-
induced electron transfer reactions.[6] In this system we could observe a clear low field
effect (LFE) detected via the transient absorption signal of the radical pair.

On cooling the sample (~93 K), the MARY (magnetic field on reaction yield) spectra
changed and broadened significantly and the B;,; value shifted from 1.5 mT at 119 K to 2.7
mT at 93 K. This indicates a freezing of the molecular motion in the radical pair and one
can expect to observe the effect of the anisotropic hyperfine interactions. For the
observation of the anisotropic MFE, we used the photo selection technique of the probe
beam for measurement of transient absorption signal. The observed anisotropic pattern was
validated by reference of this result to another direction and randomly polarized probe
beam.

References:

[1] Wiltschko, W.;Wiltschko, R.; J. Comp. Physiol. A 2005, 191, 675.

[2] Ritz, T.; Adem, Schulten, K. Biophys. J. 2000, 78, 707.

[3] Ritz, T.; Thalau, P.; Philips, J. B.; Wiltschko, W. Nature 2004, 429, 177.

[4] Cintolesi, F.; Ritz, T., Kay, C.W.M.; Timmel, C. R.; Hore, P.J. Chem. Phys. 2003, 294, 385.

[5] Brocklehurst, B.; J. Chem. Soc. Faraday Trans., 1976, 72, 1869.

[6] Kodis, G.; Liddel, P. A.; Moore, A. L.; Moore, T. A.; Gust, D. J. Phys. Org. Chem. 2004, 17, 724.
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DETERMINATION OF SPIN-SPIN INTERACTIONS BETWEEN NATIVE
PARAMAGNETS BY PULSED EPR

Christopher W. M. Kay

Department of Biology, University College London, Gower Street, London WCIE 6BT, UK

Rapid advances in technology and methodology over the last decade have opened the
way for EPR to take its place alongside X-ray crystallography, NMR and optical
spectroscopy as an essential tool for structural biology and nanotechnology. In this talk, I
will present some examples from our recent work in order to highlight the types of detailed
mechanistic and structural questions that can be tackled with the current generation of EPR
spectrometers, quantum chemical software and some luck. To give an illustration: redox-
active organic cofactors such as quinones and flavins are so prevalent in living organisms
because of their flexibility. They have three redox states, each of which has various
protonation states, so that both electrons and protons can be simultaneously or sequentially,
accepted, transported and released, depending how a particular enzyme tunes their
properties. Of the three oxidation states, one is paramagnetic which turns the cofactor into
an intrinsic spin-label at the active site which, just as an engineered nitroxide spin-label,
can provide information on several levels. Firstly, local polarity, accessibility, and mobility
of the radical can be probed. Secondly, binding of substrates and inhibitors in the active site
can be investigated. Thirdly, the conformations of individual proteins and complexes
thereof can be determined by measuring the interactions between unpaired spins located on
separate domains.

Selected References

e C.W. M. Kay, C. Elsdsser, R. Bittl, S. R. Farrell and C. Thorpe, Determination of the distance between
the two neutral flavin radicals in augmenter of liver regeneration by pulsed ELDOR. J. Am. Chem. Soc.
128 (2006) 76 — 77.

e C. W. M. Kay, H. El Mkami, R. Cammack, R. W. Evans Pulsed ELDOR Determination of the
Intramolecular Distance between the Metal Binding Sites in Dicupric Human Serum Transferrin and
Lactoferrin. J. Am. Chem. Soc. 129 (2007) in press.
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SPIN-CORRELATED RADICAL PAIRS IN PHOTOSYNTHETIC
ELECTRON TRANSFER: ON THE WAY TO MEASURE DISTANCES AND
ORIENTATIONS BY PULSED HIGH-FIELD EPR TECHNIQUES

Anton Savitsky
Free University Berlin, Dept. of Physics,, Arnimalle 14, D-14195 Berlin, Germany

Light-induced transient radical pairs in photosynthetic reactions centers of plants and
bacteria have been in the focus of numerous spectroscopic investigations over the past

decades. In particular, the charge-separated radical pairs P*Q~ of the primary electron

donor P and quinone acceptors Q have been characterized by a variety of time-resolved
EPR methods in bacterial RCs, as well as in plant photosystem I and photosystem II. After

pulsed laser excitation of the primary donor, P*Q~ appears in the spin-correlated coupled

radical-pair state (SCRP), which is characterized by a weak electron spin-spin coupling in a
fixed geometry of the radicals in the pair and an initial singlet state of the system. The EPR
responses of the SCRP display a number of interesting and useful spectroscopic features:
spin polarization, quantum beats, transient nutations, as well as echo-envelope modulation
and out-of-phase echo effects. From their analysis the magnetic interaction parameters and
the geometry of the system can be obtained. Three-dimensional geometrical information
about the radical pair is of particular importance. It allows to extract structural information
about the transient charge-separated states in photosynthetic RCs for which only rarely
detailed X-ray data are available. Moreover, it allows to recognize and characterize the
structural changes occurring in RCs upon charge-separation and charge-recombination
processes. Although the time-resolved EPR signals of the SCRP are very sensitive to the
relative orientation of the radicals in the pair, the number of parameters on which the SCRP
lineshape depends is large, and for unique solutions of the spectra simulations additional
independent information is needed. As a result it is often difficult to judge the accuracy of
the resulting pair geometry. Thus, additional dipolar EPR techniques have to be developed,
which allow to obtain the orientation information directly, and this with predictable
accuracy. These techniques comprise pulsed ELDOR (PELDOR) spectroscopy and RIDME
(Relaxation Induced Dipolar Modulation Enhancement) on the SCRP at high magnetic
fields.

In this report the experimental strategies of the PELDOR and RIDME on the SCPR in
RCs as well as the data analysis are described in detail. The analysis of EPR, RIDME and
PELDOR signals yields the full information about the relative orientation of the radical
partners in the pair, as well as the distance between them. The application of these
experimental techniques to bacterial and PSI photosynthetic reaction centers and the data
analysis will be presented.

This work was done in collaboration with A.A. Dubinskii (Moscow), M. Flores,
W. Lubitz (Miilheim), M. Antonkine and K. M&bius (Berlin).
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STRUCTURE AND ELECTRON-TRANSFER DYNAMICS OF TRANSIENT
INTERMEDIATES IN BACTERIAL PHOTOSYNTHESIS AS PROBED BY 95 AND
360 GHZ HIGH-FIELD EPR SPECTROSCOPY

Klaus Md&bius
Free University Berlin, Dept. of Physics, Arnimallee 14, 14195 Berlin, Germany

To understand the structure-dynamics-function relations of electron-transfer (ET)
proteins, the spatial and electronic structures of the initial, intermediate and final cofactor
states are of primary concern. Distance and relative orientation of specific redox cofactors
within protein binding sites and their conformational changes during reaction determine the
process efficiency. For disordered systems, mm and sub-mm high-field EPR and ESE-
detected EPR as well as the extensions PELDOR (pulsed electron-electron double
resonance) and ENDOR (electron-nuclear double resonance) offer powerful tools for
obtaining sufficient spectral and orientational selection of radicals and radical pairs in
random molecular distributions to provide the desired structural and electronic information
for radicals with largely varying electronic inter-spin distances (0.1 - 5 nm)

We report on recent applications of our home-built 95 GHz and 360 GHz EPR
instrument-ation on light-induced radical and radical-pair ET intermediates of bacterial
photosynthetic reaction centers (RCs) from wild-type and site-specific mutants of Rb.
sphaeroides [1, 2]. Functionally important protein sites and their cofactors Pges (primary
donor special pair) and Q4 (primary ubiquinone acceptor) are characterized concerning 3D-
structure and dynamics in the hydrogen-bond network of their binding sites. Such pieces of
information are beyond of what is known from X-ray crystallography, but are essential
ingredients for an understanding of the biological transfer process.

In photosynthetic bacteria the light-driven ET processes across the cytoplasmic
membrane are unidirectional in nature (A-branch ET). Apparently, subtle cofactor-protein
interactions and/or conformational changes of specific protein binding sites are
functionalized as molecular switches or electron gates. We compare positions and
orientations of the spin-correlated ion radicals in the pair Pgss °Qa ~° with those of the
precursor cofactors Pges and Qa known from X-ray crystallography. A small but significant
reorientation of the reduced Qa ubiquinone is revealed by high-field PELDOR and
interpreted as a consequence of the light-induced electron transfer. Such reorientations are
discussed in terms of their function for optimizing the electronic coupling of the redox
partners in photosynthetic charge- separation and charge-recombination processes.

As an outlook, we briefly report also on our novel developments of sub-mm high-
field spectroscopy: (i) time-resolved transient 360 GHz EPR for studying spin-polarized
radical pairs in site-specific double mutants of Rb. sphaeroides with B-branch ET; (ii) cw
360 GHz ENDOR to completely disentangle the lines of those nuclei whose ENDOR
spectra overlap at X-band.

This work was supported by the DFG (SFB 498, SPP 1051, MO 132/19-2)

[1] Savitsky, A., Dubinskii, A.A., Flores, M., Lubitz, W., Moébius, K., J. Phys. Chem. B, 2007, in print.
[2] Schnegg, A., Dubinskii, A. A., Fuchs, M. R., Grishin, Y. A., Kirilina, E. P., Lubitz, W., Plato, M.,
Savitsky, A., Mobius, K., Appl. Magn. Reson., 2007, 31, 59-99.
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TRIPLET-TRIPLET TRANSFER IN PHOTOSYNTHETIC ANTENNA SYSTEMS
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Triplet-triplet energy transfer from chlorophyll molecules to carotenoids is one of the
molecular mechanisms related to the photo-protective function of carotenoids in the light
harvesting complexes of the photosynthetic apparatus.

Optically detected magnetic resonance (ODMR) and Time resolved EPR (TR-EPR)
have been performed on two peripheral light harvesting complexes, namely LHCII of
higher plants and PCP of Dinoflagellate algae, with the aim of correlating the protein
structure to the individual role of pigments in the photo-protective process. Wild type
proteins and reconstituted complexes with a modified pigment complement have been
examined.

Time-resolved EPR measurements allow the observation of the initial spin
polarization of the carotenoid triplet state, that conserves the memory of the spin
polarization of the donor pigment. From the detailed structural information offered by X-
ray analysis for the two protein complexes, the orientation of all possible donor
(chlorophyll) and acceptor (carotenoid) pairs is known and the simulation of the resulting
spin polarised carotenoid triplet spectra is possible. The comparison with the experimental
spectra would then allow the identification of the specific pairs of pigments involved in
actual triplet-triplet transfer. On the other hand ODMR spectroscopy gives the possibility to
find the optical characteristics of the molecules carrying the triplet state and/or of those
interacting with them.

Based on the analysis of the spectra for the LHCII complex, a specific chlorophyll-
lutein pair has been recognized as the active one. The pair coincides with the one involving
red-absorbing chlorophyll-a, as indicated by ODMR spectroscopy. Substitution of the lutein
either by zeaxanthin or violaxanthin doesn’t change the capability of triplet quenching in
the specific site.

Also for the PCP complex, a specific chlorophyll-peridinin pair has been identified.
This pair coincides with the one having the shortest center to center distance between the
two pigments, although all peridinins are in van der Waals contact with the chlorophyll
ring.
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MAGNETIC FIELD MANIPULATION OF SPIN CHEMISTRY IN HUMAN EYE
CELLS.
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Human retinal pigment epithelial (RPE) cells constitute the back layer of the eye just
before the blood vessel layer. RPE cells grow and mature during fetal development and are
not able to divide after birth. Thus, RPE cells must last a lifetime, since once destroyed,
they are not replaced. Loss of RPE cells plays a major role in the pathogenesis of age
related macular degeneration (AMD), the leading cause of blindness above the age of 60 in
the developed world. Routinely, RPE cells are physiologically exposed to potentially
damaging light irradiation. Light absorbers in RPE cells are believed to be responsible for
redox stress that can destroy the RPE.

Melanin, a major pigment in the RPE cells, is a heterogeneous biological polymer
widespread in the biosphere and is composed of many different
monomers. Melanin is the only known biopolymer containing m/\v\( M /w*w
intrinsic stable free radicals. The semiquinone-like free radicals of /"

melanin are readily produced by green and blue light and are
easily detected by conventional electron paramagnetic resonance
(EPR) as well as continuous wave time resolved EPR (TREPR). e
Melanin is believed to serve primarily a photoprotective role by
absorbing radiation with subsequent conversion into harmless heat

and/or by scavenging dangerous free radicals and reactive oxygen DR
species.

Previously, using TREPR, we have explored light induced spin photochemistry in
synthetic melanin and in RPE cells."” Typical blue light induced TREPR data of RPE cells
is presented in the accompanying figure. Stimulated by these TREPR results, we have
developed a means to manipulate the photochemistry produced by blue light irradiation of
eye cells. Experimental results consistent with a reduction in photodamage of human RPE
cells in magnetic fields will be presented.

[1] Seagle, B. L. L., Rezai, K. A., Gasyna, E. M., Kobori, Y., Rezaei, K. A., Norris, J. R., JACS 2005, 127,
11220.

[2] Seagle, B. L. L., Rezai, K. A.; Kobori, Y., Gasyna, E. M., Rezaei, K. A., Norris, J. R., PNAS 2005 102,
8978-8983.

[3] Seagle, B. L. L., Gasyna, E. M., Mieler, W. A., Norris, J. R., PNAS 2006 103, 16644-16648.
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MOTION AND STRUCTURE OF AMINO ACID RADICALS PRODUCED BY
PHOTOINDUCED ELECTRON TRANSFER IN SERUM ALBUMINS
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Amino acid radicals in proteins are known to play key roles in catalytic reactions in
several enzymes. However, it is not known how 3D structure and motion of the protein
radicals contribute to the catalytic activity of the protein molecules. This is because side
chain structures and motion dynamics of the transient amino acid residue radicals have not
yet been examined in proteins at room temperature. Previously, we reported chemically
induced dynamic electron polarization (CIDEP) spectra of tryptophanyl radical generated
by proton-coupled, photoinduced electron transfer from 9,10-anthraquinone-2,6-disulfonate
(AQDS?) bound in a pocket region of human serum albumin, characterising a specific 1D
translational diffusion motion of the ligand radical (AQDS3'°) inside the pocket area [1]. In
this study, we extend the time-resolved ESR (TRESR) measumrments of the tryptophanyl
radicals generated by the photoinduced electron transfer reactions. Transient structure and
motion dynamics of the tryptophanyl radicals are obtained at room temperature in bovin
serum albumin and in human serum albumin as model
proteins of enzyme radicals.

Figure 1 shows TRESR spectra obtained by 355
nm laser irradiation of AQDSz'—human serum albumin
(HSA) in which fatty acid molecules are also
contained. The broad emissive doublet CIDEP
spectrum in a) is asigned to tryptophanyl radical
wheres the sharp emissive hyperfine line in Figure 1b) |
is assigned to AQDS*". The CIDEP spectra were \&H
reproduced by net emissive triplet mechanims (TM) R b)
plus radical pair mechanism (RPM), in which a
restricted one dimentional diffusion motion is
considered within the radical pairs inside the protein
pocket area. From the doublet peak signals in Figure
la, hyperfine coupling constants of the two protons at

N

o
SO5
ous OO

the side chain position were determined to be 1.8 mT 338.6 338.8 339.0 3%0.2 339.4
and < 0.3 mT. Using the spin density distribution and 334 33 338 340 342 344
the hyperfine coupling constants, the side chain Magnetic Field / mT

orientat'ion was determined i‘n th§ tryp‘top‘hanyl radical. Figue 1. a) TRESR spectrum of
Determined side chain orientaion indicates that the yniophanyl radical obtained at 4 ws after
amino acid radical structure is distorted due to the 355 nm laser irradication of AQDS>-
protein enviroment and that the radical motion is highly =~ human serum albumin system at room
restricted when the amino acid residue is located inside ~ ‘SmPerature: b) Expanded spectrum of a)

showing hyperfine structure of AQDS>"
the pocket area. radical.

[1] Kobori Y., Norris J. R., J. Am. Chem. Soc., 2006, 128, 4-5.
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AMINO ACID RADICALS: STRUCTURE, DYNAMICS AND REACTIVITY
STUDIED BY TIME-RESOLVED EPR SPECTROSCOPY

Malcolm D. E. Forbes

Caudill Laboratories, Department of Chemistry, CB #3290
University of North Carolina, Chapel Hill, NC 27599

This talk will summarize several years of research activity on the photo-oxidation of
amino acids and their derivatives. We use oxidation by electron transfer to photoexcited
triplet states and direct reactivity with reactive oxygen species such as hydroxyl radical to
create radical cations and neutral free radical sites on both the side chain and o-carbon of
many amino acids. Transient radical species are detected using time-resolved electron
paramagnetic resonance spectroscopy in CW mode.

From the spin physics of tyrosine photo-oxidation to the complete pH dependence of
methionine radical cation structure, several different aspects of radical production,
detection and chracterization will be presented and discussed. In our most recent published
work, peroxyl radicals formed from addition of oxygen to carbon radicals of N-acetyl
glycine, serine, and diglycine are directly observed at room temperature for the first time."
The parent carbon radicals are initially created through H-abstraction by hydroxyl radical
formed via 248 nm photolysis of H,O,. Chemically induced electron spin polarization
(CIDEP) is transferred from the amino acid radicals to the peroxyl radicals, leading to much
more intense signals than would normally be expected for such species. Isotopic labeling
confirms the identity of the peroxyl radicals formed from the N-acetyl glycine and
diglycine radicals. In the case of serine, the a-hydroxyl radical is observed along with its
oxygen adduct. No peroxyl radicals are observed with alanine under similar reaction
conditions. Peroxyl radical adducts from reaction of molecular oxygen with peptide radicals
are suspected as primary participants in protein degradation by radical mechanisms.

248 nm hv
H20, —_— 2 «OH
H(D) H(D)
HD) HD) oy R O,

R.,..X . 2% Ho + ‘N)'\COQ‘ — > R\N/~\CO'
N~ ~Co, H 2

H H 02

L ]
R = COMe, COCH,NH;*
H._,_OH

OH “OH ¢ o, *O,._ _OH

/E M0 N oy I
HNT COoy ° g "HzN™ "COs

[1] White, R. C.; Forbes, M. D. E. Org. Lett. 2006, 8, 6027.
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RPM-BASED GIANT MAGNETORESISTANCE EFFECT OF AMORPHOUS
MOLECULAR SOLID

Tadaaki Ikoma,'* Toshinari Ogiwara,1 Yutaka Takahashi,1 Kimio Akiyama1 and Shozo
Tero-Kubota'

!Institute of Multidisciplinary Research for Advanced Materials, Tohoku University, 2-1-1 Katahira, Aobaku,
980-9877 Sendai, Japan
’PRESTO, Japan Science and Technology Agency, 4-1-8 Honcho, Kawaguchi 332-0012, Japan

Spin effect on the electron transportation in molecular solid has been investigated for
a long time. Lately it has been a subject of study attracting the interest of many researchers
of spintronics which is a prospective technology for the future. Using time-resolved
electron spin resonance [1] and magnetic field effect [2] experiments, we have studied the
carrier generation mechanism of electron acceptor-doped poly(N-vinylcarbazole) (PVCz)
thin films. It has been concluded that the photocarrier is generated by stepwise hole hops on
a quasi-one dimensional lattice model in which the hole transfers among the nearest
carbazole (Cz) sites while holding the electron spin angular momentum. From the
comparison between the magnetic and electric field effects on the carrier generation yield,
we pointed out that the magnetic field can more effectively influence the dynamics of short
distance electron-hole (e-h) pairs than the electric field.[3] This property reminds us that the
magnetic field interacting with the spins of e-h pairs may effectively control the
photoconductivity in aromatic polymer films. Recently, for the first time, the magnetic field
enhanced conductivity, called negative magnetoresistance (MR), has been observed in
photoconduction via the triplet exciton while the photoconductivity via the singlet exciton
was eliminated by the external magnetic field.[4] Based on these facts indicating that the
photoinduced geminate e-h pair plays an important role for the carrier generation that
determines the carrier number, in this paper we studied the dopant dependence of MR in the
amorphous PVCz film and observed a giant effect under atmospheric condition.

[1] T. Ikoma, M. Nakai, K. Akiyama, S. Tero-Kubota and T. Ishii, Angew. Chem. Int. Ed., 2001, 40, 3234-
3235; T. Ikoma, K. Akiyama and S. Tero-Kubota, Phys. Rev. B, 2005, 71, 195206.

[2] F. Ito, T. Ikoma, K. Akiyama, Y. Kobori and S. Tero-Kubota, J. Am. Chem. Soc., 2003, 125, 4722-4723;
F. Ito, T. Ikoma, K. Akiyama, A. Watanabe, and S. Tero-Kubota, J. Phys. Chem. B, 2005, 109, 8707-
8717, ibid., 2006, 110, 5161-5612; T. Ogiwara, T. Ikoma, K. Akiyama and S. Tero-Kubota, Chem.
Phys. Lett., 2005, 411, 378-383.

[3] F. Ito, T. Ikoma, K. Akiyama and S. Tero-Kubota, J. Phys. Chem. B, 2005, 109, 7208-7213; F. Ito, T.
Ikoma and S. Tero-Kubota, Photochemistry, 2005, 36, 20-26.

[4] T. Ikoma, F. Ito, T. Ogiwara, K. Akiyama and S. Tero-Kubota, Chem. Lett., 2005, 34, 1424-1425.
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INTERACTION BETWEEN RADICAL IONS IN AN ORGANIC
ELECTROLUMINESCENT MATERIAL

Yoshio Sakaguchi', Hiroshi Okimi', and Tomoyuki Suzuki®

!Surface Chemistry Laboratory, RIKEN (The Institute of Physical and Chemical Research), Wako, Saitama
351-0198, Japan
*Tsukuba Research Laboratory, Sumitomo Chemical Co. Ltd., 6 Kitahara, Tsukuba, Ibaraki 300-3294, Japan

The fluorescence-type electroluminescent (EL) cell made of Alqs [tris (8-hydroxy-
quinoline) aluminum] or PPVs (polyphenylenevinylene derivatives) emits light by the
singlet radical ion pair (RIP) recombination.  Positive and negative radical ions are
generated at different electrodes and hence have no spin coherence between them. Their
emission intensity tends to increase in the presence of a magnetic field indicating that the
singlet recombination is slower than the triplet one. This enhancement becomes smaller
when the cell is driven at higher voltage. This can be attributed to the contribution of
accumulated triplet excited state that gives the delayed fluorescence due to the triplet-triplet
annihilation. The contribution of triplet state is confirmed by the magnetic field
dependences of triplet-triplet [1] and triplet-doublet (i.e. radical ion) [2] spin system rather
than double-doublet (RIP) one. They may not be enough to interpret the drive voltage
dependence on the magnetic field effect on emission.

We tried the pulse shift measurement to elucidate the dynamics of RIPs in the EL
cell. The effect of the resonant microwave should be proportional to the amount of RIP
exsiting at the moment of irradiation, in principle. This enables us to observe the time
dependence of the radical ion pairs by shifting the microwave pulse irradiation time. This
technique is applied to the decay of RIP just before and after the removal of driving current,
where no radical ions are generated afterward. In fact, the emission intensity decays
simply after the removal of driving voltage. The irradiation effect is observed at a fixed
time, i.e. the remaining RIPs without microwave irradiation is constant. In this condition,
the effect becomes larger just after the removal of driving voltage irrespective of the
decrease of RIPs and then decreases, which seems contradictory to the expectation. This
observation should be regarded as that the amout of RIPs “sensitive to the microwave
irradiatiion” is enhanced although the total amount of RIPs decreases. This suggests that
the exchange interaction between radical ions becomes smaller by the removal of driving
voltage, which enhances the amount of “microwave sensitive” RIPs. A careful observation
of the emission intensity reveals that its decay consists of two components and the tail part
is more sensitive to the microwave irradiation. The magnetic field dependence of the
emission intensity after the removal of driving voltage increases correspondingly.

[1] IwasakiY., Osasa T., Matsumura M., Sakaguchi Y., Suzuki Y., Phys. Rev., 2006, 74, 195209.
[2] Sakaguchi Y., Iwasaki Y., Okimi H., Fukuno K., Asahi M., Matsumura M., Mol. Phys., 2006, 104, 1719-
1725.
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NMR AND CIDNP STUDY OF THE MECHANISM OF H-TRANSFER IN
THERMOLYSIS OF ALKOXYAMINES.

M. Klimenko®, D. Zubenko®, M.Sylvain®, E. Bagryanskaya®

“International Tomography Center SB RAS, Novosibirsk, Russia
YUniversité de Provence case 542, Avenue Escadrille Normandie—Niemenl 3397
Marseille Cedex 20, France

Nitroxide-Mediated radical Polymerization (NMP) allows to prepare polymers with
polydispersities well below the theoretical limit of 1.5. Since years, many efforts were put
on the homolysis and re-combination reactions to improve NMP process. It was shown that
beside the reactions of homolysis and recombination and the homolysis of the initiating
species, the addition reaction of initiating tertiary alkyl ester-type radical onto alkene plays
also crucial role when it competes with the H-transfer reaction between the initiating alkyl
radical and the nitroxyl radical. To extend the NMP to

monomers such as alkyl methacrylate or H')N_ou >_
methacrylonitrile the mechanism of H-transfer reaction « . ya
should be studied and understood. SN == 3

The main aim of this work is to study the \ " \ S
contribution and mechanism of proton transfer taking n >%<
place during thermolysis of alkoxyamines, based of VAR >\‘_ " o 9‘
TEMPO, DPAIO, imidazoline and imidazolidine mocin  n

nitroxides. To solve this problem we have used NMR 24055

spectroscopy in combination with radical trap technique.
Kinetics of thermal dissociation of four alkoxyamines R-GH .CH A 102s
were measured for 0.02 M samples in Dg-benzene in the s
presence of different concentration of thiophenol as %r/gm
radical scavenger at different temperatures. The value A 3ts
of vibration factors and activation energies has been o9  o0s o7 o6 05 04
measured for four alkoxyamines.

Net CIDNP was observed on four NMR lines
correspondent to  CHj3 groups of initial alkoxyamine, alkene, alkane. The sign of
polarization is absorption on NMR line of alkoxyamine and emission for all other
products. CIDNP kinetics at different temperatures were measured and analysed. The
obtained results showed the presence of intermolecular H-transfer for three alkoxyamines
except of alkoxyamine based on DPAIO. It is shown that the thermal decomposition of
DPAIO-based alkoxyamine occurs in two different ways via (N)-C and N-O(C) bond
cleavage.

The financial support by grant of the RFBR 05-03-32370 is gratefully acknowledged.
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CIDEP IN MICELLIZED RADICAL PAIRS: EFFCTS OF STABLE NITROXIDE
RADICALS

Vitaly R. Gorelik*, Valery F. Tarasov**, Stanislav R. Shakirov*, Elena G. Bagryanskaya*.

* International Tomographic Center, SBRAS, Institutskaya St, 3a Novosibirsk 630090, Russia
** Semenov’s Institute of Chemical Physics, RAS, Kosygin St., 4, Moscow 119991, Russia

Effects of nitroxide radicals imbedded in a micelle phase on the spin dynamics of the
transient intermediates, i.e., molecular excited triplet states and radical pairs confined in
micellar media was studied by means of TR ESR and laser flash photolysis (LFP)
spectroscopes. Based on the examples of the photolysis of (2,4,6-trimethylbenzoin)
diphenylphosphine oxide, 2,2-dimethoxy-2phenylacytophenone, [*COloor-
dimethyldeoxybenzoin, 2-methyl-1,4-naphthoquinone, benzophenone, and benzyl it was
concluded that the main mechanism of the electron spin polarization (ESP) formation in the
micellized nitroxide radicals is the electron spin polarization transfer (ESPT) from the spin
polarized excited triplet states of the listed ketones onto the stable nitroxide radicals.

It was established that neither widths of the ESR spectral lines, nor the shapes of the
anti-phase split ESR signals from the spin-correlated radical pairs have been influenced by
nitroxide radicals. Moreover, the ESR time profiles of the observed ESR signals,
normalized to their intensities in maximums, remained intact despite of the presence of
nitroxide radicals. There is the only parameter which was affected noticeably by the
presence of nitroxide radicals. It is the intensity of the signals from the radicals resulted in
photochemical reactions. That means that ESPT is followed by quenching of the excited
molecular triplet states and that the nitroxide radicals were comparatively inefficient radical
scavengers for the particular experimental systems considered.

Independence of the spectral characteristics of the ESR signals from the radical pairs
observed on the presence of nitroxide radicals means inefficiency of the spin-spin exchange
and dipolar interactions between the radical partners of pairs and nitroxide radicals.
Consequently, the spin polarization transfer from the polarized radicals on nitroxide guests
is far less efficient than the ESPT and quenching, the latter being to be unknown if it is
purely physical or is following by chemical transformations. Noticeable consumption of
nitroxide radicals during photolysis says for the latter. Thus, the spin catalysis cannot be
certainly realized on the experimental systems investigated.

VFT is grateful to Russian Foundation of Fundamental Researches (Grant 05-03-32197) for the financial
support
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IDENTIFICATION BY TIME-RESOLVED EPR OF CHLOROPHYLL -
CAROTENOID PAIRS INVOLVED IN TRIPLET-TRIPLET TRANSFER IN
PERIDININ-CHLOROPHYLL ANTENNA PROTEINS

S. Ceola*, M. Di Valentin*, E. Salvadori*, G. Agostini**, D. Carbonera*

*Universita di Padova, Dipartimento di Scienze Chimiche, Padova, Italy
**CNR, Istituto di Chimica Biomolecolare, Padova, Italy

Structure-function relationship in enzymatic proteins is an important goal in
biophysical studies. Structure is heavily based on x-ray analysis at atomic resolution, while
function is often revealed by the complementary use of optical or magnetic spectroscopy.

Time-resolved EPR (TR-EPR) have been performed on the the peridinin-chlorophyll-
protein (PCP), the peripheral antenna from the Dinoflagellate algae of Amphidinium
carterae. This pigment-protein complex contains only one type of carotenoid (peridinin)
and chlorophyll-a. The stoichiometry of pigments is completely displaced in favour of the
carotenoid (4:1). Wild-type proteins, main-form and high-salt PCP complexes, together
with reconstituted complexes with a modified pigment complement have been examined.

Triplet-triplet energy transfer from chlorophyll molecules to carotenoids is one of the
molecular mechanisms related to the photo-protective function of carotenoids in the light
harvesting complexes of the photosynthetic apparatus. The aim of this investigation is to
correlate the protein structure to the individual role of pigments in the photo-protective
process.

TR-EPR allows the observation of the initial spin polarization of the carotenoid triplet
state, that conserves the memory of the spin polarization of the donor pigment. Thus
detailed structural information relative to the orientation of the donor (chlorophyll) and
acceptor (carotenoid) pigments can be derived from the analysis of the spin polarised
carotenoid triplet spectra. The geometrical parameters obtained from spectral simulations
and the crystallographic data available for the PCP antenna are compared in order to
identify the specific pigments involved in triplet-triplet transfer. Furthermore, a variation
of the spin polarization of the donor molecule, as produced by replacement of chlorophyll-a
with chlorophyll-d in reconstituted PCP, should be reflected in the polarization pattern of
the carotenoid triplet.

Based on the analysis of the EPR spectra of the main form PCP and high-salt PCP a
specific functionally active chlorophyll-peridinin pair has been identified. Although all
peridinins are in van der Waals contact with the chlorophyll ring, only one of the possible
pairs seems to satisfy the structural requirements for efficient triplet-triplet transfer. The
specific pair coincides with the one having the shortest center-to-center distance between
the two pigments. In the reconstituted PCP, a slight variation of the spin-polarization of the
chlorophyll-d donor compared to the chlorophyll-a polarization, is reflected in the
polarization pattern of the carotenoid triplet, but the chlorophyll-peridinin pair involved in
photoprotection is the same as in wild-type proteins.
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TIME RESOLVED EPR SPECTROSCOPY OF PHOTOEXCITED STATES
IN HIGH SPIN FULLERENE-NITROXIDE MOLECULES

C. Corvaja®, L. Franco®, M. Ruzzi®, I. Nuretdinov®, H. Moons®, E. Goovaerts®

“Department of Chemical Sciences, University of Padova, via Marzolo,1, 35131 Padova-Italy,
YArbuzov Institute of Organic and Physical Chemistry. Kazan Scientific Center of the Russian Academy of
Sciences, Arbuzov Street, 8, 420088 Kazan, Russian Federation
¢ Physics Department, University of Antwerp, Universiteitsplein 1, B-2610 Antwerp, Belgium,

The versatile chemistry of fullerene Cgp allows the use of the carbon cage as a
template for the production of molecular assemblies bearing multiple functional groups,
such as stable nitroxide radicals. Moreover, Ceo is characterised by a relatively long lived
triplet state, which is produced by a high yield inter system crossing (ISC) process from the
first excited singlet state. This property is preserved in the fullerene adducts. Pulsed laser
excitation of spin labelled Ceo derivatives generates triplet electron spins whose interaction
with the nitroxide spins give rise to transient high spin systems, revealed by Time Resolved
EPR. Spin polarisation effects due to selective population and decay of the spin levels are
observed as EPR lines in enhanced absorption and in emission.

In our work, a series of fullerene derivatives bearing from one up to six nitroxide
units has been synthesized, and the corresponding electron spin properties have been
investigated by EPR both in the ground state and in the photoexcited state, in low field (X-
band, 9.5 GHz) and in high field (W-band, 95 GHz).

In the ground state, the EPR spectra and their temperature variation depend on the

type of coupling between the radicals. Either strong or intermediate coupling can be
detected, and in favourable cases the nitroxide-nitroxide exchange interaction can be
evaluated.
The photoexcited state in most derivatives show a rather strong exchange coupling between
the fullerene triplet spin and the nitroxide spins. The total spin of the excited fullerene-
poliradicals can be assessed with the aid of the g-factor resolution attainable in high field
TREPR.

References:

e Franco L., Mazzoni M., Corvaja C., Gubskaya V.P, Berezhnaya L.Sh., Nuretdinov I.A., Chem.
Commun., 2005, 2128-2130.

e Franco L., Mazzoni M., Corvaja C., Gubskaya V.P., Berezhnaya L.Sh., Nuretdinov L.A., Mol. Phys.,
2006, 104, 1543-1550.

e Franco L., Mazzoni M., Corvaja C., Gubskaya V. P., Berezhnaya L. Sh., Nuretdinov 1. A, Appl. Magn.
Reson, 30, (2006) 577-590.
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TEMPERATURE AND CONCENTRATION DEPENDENT CIDEP IN
XANTHONE-2-PROPANOL SYSTEM

B. Bhattacharjee and Ranjan Das
Tata Institute of Fundamental Research, Homi Bhabha Road, Mumbai 400005, India

Observation of an absorptive electron spin polarization, such as in (CH3),C"OH
radical in acetone—2-propanol, always generates interest and debates. Absorptive spin
polarization of xanthone ketyl radical (XnH") is reported to be unusual [1]. Photoionization
of xanthone (Xn) in micelle has also been reported [2]. Our CIDEP experiments, reported
here, were performed using a 248 nm KrF excimer laser, that allowed us to do experiments
at very low concentrations. The TREPR spectra, shown below, were recorded at 0.6 pus after

Temperature dependence Concentration dependence
[Xn] =1 mM; 0.6 ps Temp. = -20°C; 0.6 ps
[Xn] =4 mM
22°C
1°C [Xn] =2 mM
-19° C
W oot
-35°C [Xn] = 0.2 mM
13 G
20 G —_—
e
N N N A N

the laser pulse. At room temperature and [Xn] = 1 mM, the signal due to XnH" was
absorptive, while the overall polarisation of (CH3),C'OH was predominantly due to the
RPM with a triplet precursor, in agreement with Ref. 1. With the lowering of temperature,
the dominance of emissive TM was seen, and also a new emissive line due to solvated
electrons. Keeping the temperature constant at —20° C as the Xn concentration was
increased, the overall polarisation again changed from predominantly emissive TM to
predominantly RPM, with an absorptive XnH®, and the disappearance of the electron signal.
Photoionization of xanthone, and subsequent capture of the solvated electron by another
xanthone molecule is believed to be reason for the change of the EPR signal of electron.
We explain the changes of the spin-polarisation with temperature and concentration to be
due to the enhancement of electron spin-lattice relaxation rates of the radicals due to
Heisenberg spin exchange or electron exchange at high temperatures and concentrations,
giving rise to an increased contribution of thermally equilibrated radicals in the observed
EPR spectra.

[1] Murai H., Kuwata K., J. Phys. Chem., 1991, 95, 6247-6248.
[2] Ishiwata N., Murai H., Kuwata K., J. Phys. Chem., 1993, 97, 7129-7131.
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NANOSECOND-FLASH PHOTO-CIDNP IN A BACTERIAL REACTION CENTRE

Eugenio Daviso,1 Anna Diller,1 Alial,1 Peter Galst,2 Gunnar J eschke,3 Jorg Matysikl

!Leiden Institute of Chemistry, Postbus 9502, 2300 RA Leiden, The Netherlands
?Leiden Institute of Physics, Postbus 9504, 2300 RA Leiden, The Netherlands
I Physikalische Chemie, Universitit Konstanz, 78457 Konstanz, Germany

Photochemically induced dynamic nuclear polarization (photo-CIDNP) can be
observed by MAS NMR in frozen photosynthetic reaction centres (RCs) [1]. In continuous
illumination experiments, nuclear polarization of a factor of more than 10000 above the
Boltzmann polarisation has been detected in the RC of the purple bacterium Rhodobacter
(Rb.) sphaeroides [2,3]. Such enormous nuclear polarisation allows new classes of magic-
angle spinning (MAS) NMR experiments. In the spin-chemical machinery producing the
solid-state photo-CIDNP effect, several mechanisms run in parallel [4]. Details of these
mechanisms may be obtained from laser-pulse photo-CIDNP studies. In Leiden, we have
constructed a setup coupling a ns-pulse Nd:YAG laser with a MAS NMR spectrometer.
This new technique allows studying the generation of primary nuclear polarization in great
detail. In addition, kinetic parameters can be obtained experimentally. Data obtained from a
single photocycle of specifically isotope labeled RCs of Rb. sphaeroides WT will be
presented. The spin-dynamics of the mechanisms producing photo-CIDNP will be
discussed.

[1] E. Daviso, G. Jeschke, J. Matysik (2007) In: Biophysical Techniques in Photosynthesis, Volume II (T.J.
Aartsma, J. Matysik, eds.) Springer, Dordrecht, Chap. 19.

[2] S. Prakash, Alia, P. Gast, H.J.M. de Groot, G. Jeschke, J. Matysik (2005) J. Am. Chem. Soc. 127, 14290-
14298.

[3] S. Prakash, Alia, P. Gast, H.J.M. de Groot, J. Matysik, G. Jeschke (2006) J. Am. Chem. Soc. 128, 12794-
12799.

[4] G. Jeschke and J. Matysik (2003) Chem. Phys. 294, 239-255.
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THE ROLE OF RADICAL RECOMBINATION IN LIPID PEROXIDATION

A.B. Doktorov

Institute of Chemical Kinetics and Combustion, SB RAS, Novosibirsk,630090,Russia
Physics-Chemical Department, Southern Denmark University, DK-5230, Odense M, Denmark

Processes of lipid (fatty acids LH ) peroxidation play an important role both in

biological and technological applications. They can lead to disruption of cellular
membranes, and, thus cause food containing fatty acids to go bad. In the simplest case lipid
peroxidation is a chain reaction consisting of a sequence of stages.
1. Chain reaction is initiated by the formation of alkyl radical L either as a result of a
complex chain of reactions giving hydroxyl radicals OH (instant initiation), or under the
action of constantly operating source (for example, UV irradiation). Alkyl radical enters
into the reaction with oxygen to produce peroxyl radical

L+0, - LO,
2. Peroxyl radical LO'2 reacts with a fatty acid to give alkyl radical again, and

hydroperoxide, thus giving rise to the chain propagator
LO,+LH — L+ LOOH

3.Radicals L and LO.2 can recombine; this is considered as termination
L+ L — product
L+LO, — product
LO, + LO, — product

The reaction of alkyl radical L with triplet oxygen and radical recombination
reactions are magnetosensitive. So the influence of these reactions on lipid peroxidation is
of interest from the standpoint of the influence of magnetic and microwave fields on
biologically significant reactions. The presentation analyzes the effect the above
magnetosensitive stages produce on lipid peroxidation. The reaction with the lowest
oxidazability is shown to be the most important. It is established that , whatever the chain
reaction initiation mechanism, radical recombination cannot terminate peroxidation at all, it
can just affect peroxidation rate.

Correctness of the method of quasistationary concentrations of radicals widely used
to simplify the kinetics description has been studied.

To detect unstability points able to abruptly accelerate or retard the reaction under
insignificant change in radical stages rate due to magnetic or electromagnetic fields, the

familiar lipid peroxidation schemes available in literature involving ferrous ions Fe’" have
been examined.
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THE ROLE OF EXCHANGE AND DIPOLAR INTERACTIONS IN
MAGNETOSENSITIVE RADICAL PAIR REACTIONS

Olga Efimova, P.J. Hore

Department of Chemistry, Universuty of Oxford, Physical and Theoretical Chemistry Laboratory

It has been known for some time that weak magnetic fields can influence the rates
and yields of radical pair reactions [1, 2]. Although the origin of the chemical effects of
strong magnetic fields is well established, there are many questions about so-called low
field effects (LFE). In particular, it is suggested that the mechanism by which birds detect
the Earth’s magnetic field as a navigational aid may rely on a magnetic field sensitive
radical pair reaction as the primary magnitoreceptor [3, 4].

We report a theoretical investigation of an animal magnetoreception model based on
photochemical radical pair processes influenced by anisotropic hyperfine couplings and
inter-electron dipolar and exchange interactions.

The aim of the calculations is to predict and analyze the angular dependence of the
singlet yield (anisotropy) in model radical pairs (1-4 nuclei), with exchange and dipolar
interactions between the two electron spins included in the model.

It was demonstrated that high singlet yield anisotropies can be observed for inter-
radical distances smaller than 3 nm, if certain conditions are met for the relative orientation
of the two radicals in a pair. By judicious choice of interaction magnitudes, it is possible to
make the dipolar interaction cancel out some of the effect of the exchange interaction, thus
retaining significant yield anisotropy and significant magnetic field effects even at very
close distances. This means that the search for magnetosensitive systems should include
radical pairs with much smaller inter-radical separations than previously thought.

1] AJ. Hoff, Q. Rev. Biophys., 1981, 14, 599.

2] U. Steiner, T. Ulrich, Chem. Rev., 1989, 89, 51.

3] T.Ritz, S. Adem, K. Schulten, Biophys. J., 2000, 78, 707.
4

[
[
[
[4] F. Cintolesi, T. Ritz, C.W.M. Kay, C.R. Timmel, P.J. Hore, Chemical Physics, 2003, 294, 385-399.
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THE MANIPULATION OF A CHEMICAL WAVE USING AN
INHOMOGENEOUS MAGNETIC FIELD

Rob Evans' and C. R. Timmell, M. Britton®”

IInorganic Chemistry Laboratory, South Parks Road, Oxford, OXI 30Z, UK
’MRRC, Department of Chemical Engineering, Cambridge University, Cambridge, CB2 3RA, UK

The magnetic field dependence of the travelling wave formed during the oxidation of
paramagnetic (ethylenediaminetetraacetato)cobalt(Il) (Co(II)EDTAZ') to diamagnetic
(ethylenediaminetetraacetato)cobalt(Ill) ((Co(IIHEDTA") by hydrogen peroxide [1] can be
studied using magnetic resonance imaging (MRI). The reaction solution was placed in a
vertical tube and the wave initiated using NaOH layered on the top of the solution. The
wave then propagates downwards with a flat wave before distorting with the formation of a
finger. Magnetic field gradients, 0B,/0x [2], 0B,/0y and 0B,/0z [3], can be applied to the
wave.

When magnetic field gradients along the y-axis, 0B,/0y = + 0.2 Tm, were applied, a
previously flat wave distorted and a finger formed in a specific location determined by the
magnetic field gradient applied to the reaction. The finger can be manipulated by the further
application of magnetic fields, 0B,/0x and 0B,/0y, manipulating the finger across and
around the tube. Both vertical and sets of horizontal images were used to follow the
manipulation of the finger.

(a) (b) (C)(d)

Figure 1: A set of vertical images showing the position of the chemical finger formed by the application of
magnetic fields, 6B,/0y = + 0.2 Tm™, on the wave. Images depicting the formation of the finger in 1.b have
been omitted. Figure 1.c is a series of xy slices acquired between figures 1.b and 1.d.

The conversion of paramagnetic Co(Il) to diamagnetic Co(IIl) across the reaction
wavefront leads to a sharp magnetic susceptibility gradient. The magnetic field effect seen
can be described by considering the interaction between the magnetic susceptibility
gradient and the magnetic force due to the inhomogeneous magnetic field applied to the
reaction.

References:

[1] I Nagypal, G Peintler, H Xiaioying and K Kustin, Inorg. Chem, 1994, 33, 2077 - 2078
[2] R Evans, C Timmel, P Hore and M Britton, Chem. Phys. Lett, 2004, 397, 67 - 72

[3] R Evans, C Timmel, P Hore and M Britton, J. Am. Chem. Soc, 2006, 128, 7309 — 7314

*current address: School of Chemistry, University of Birmingham, Birmingham, B15 2TT,
UK
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RP KINETICS IN HOMOGENEOUS AND MICELLAR SOLUTIONS STUDIED BY
RAPID MAGNETIC FIELD SWITCHING

Adrian T. Salaoru, Timothy J. Foster and Jonathan R. Woodward

University of Leicester, Department of Chemistry, University Road, Leicester, LE] 7RH, United Kingdom

Radical Pair kinetics have been very effectively studied in relatively strong magnetic
fields of (330 — 660 mT) using pulsed microwave techniques [1-3]. Analogous experiments
can be performed in weak and zero magnetic fields by the use of a rapidly-switched
magnetic field[4-6]. Here we discuss the application of a pump-probe switched magnetic
field measurement to examine the photoabstraction reaction of benzophenone in micellar
and homogeneous solutions.

Comparisons are presented of the absolute and relative size of the magnetic field
effect (MFE) and low field effect (LFE) in both solvent environments. For micellar
solutions, comparison is made between the kinetic parameters observed at zero and weak
magnetic fields with the existing data at stronger fields. For homogeneous solution,
contributions to the total magnetic field effect from geminate and freely-diffusing RPs are
examined.

1.25

— e —_———

1.030 -
L]
LR (a) 1.025 . (b)
1.20 1
L L]
5 . & 1020+ LI I
L]

'8 n [N L

1.15
2 = 1015 . .
s n 5 " -
E 1104 . L] % 1.010 o . .

L]
3 3 .
= L] [] ‘§ 1.005 u
2 1.05 2 L
€ n uag = i n
£ o, £ 1.000 - .
.' ug" "m L1
1.00 1 . 0.995
T T T

Pump-probe magnetic field effect curves for photoexcitation of benzophenone in (a) SDS micelles using a

T T
-2000 -1500 -1000

T
-500 0 500

MF pulse position w.r.t. laser pulse / ns

T T T 1
1000 1500 2000 2500

-150

T T T T
-100 -50 0 50 100

MF pulse position w.r.t. laser pulse / ns

1500ns pulse and (b) Cyclohexanol using a 100ns pulse.

1] Woodward, J. R.; Sakaguchi, Y., J. Phys. Chem. A 2001, 105, (20), 5054-5054.

2] Gorelik, V. R.; Maeda, K.; Yashiro, H.; Murai, H., J. Phys. Chem. A 2001, 105, (34), 8011-8017.
3] Sakaguchi, Y., Mol. Phys. 2002, 100, (8), 1129-1135.
4] Suzuki, T.; Miura, T.; Maeda, K.; Arai, T., J. Phys. Chem. A. 2005, 109, (44), 9911-9918.
5] Miura, T.; Maeda, K.; Arai, T., J. Phys. Chem. A 2006, 110, (12), 4151-4156.

6] Salaoru, T. A.; Woodward, J. R., Rev. Sci. Instrum. 2007, 78, 036104.
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MAGNETIC FIELD EFFECTS ON THE PHOTOCHEMICAL REACTIONS IN
IONIC LIQUIDS UNDER ULTRA-HIGH FIELDS OF UP TO 27 T.

Atom Hamasaki,'” Tadashi Takamasu,2 Yoshio Sakaguchi,3 Masanobu Wakasa,1

! Graduate School of Science & Engineering, Saitama University 255 Simo-okubo Sakura-ku Saitama 338-
8570 Japan
2 NIMS (National Institute for Materials Science), 3-13 Sakura Tsukuba 305-0003 Japan
? RIKEN (The Institute of Physical and Chemical Research), 2-1 Hirosawa, Wako 351-0106 Japan

[Introduction] Ionic liquids, which are considered as one of the most promising new
solvents in the green chemistry, have gained much attention, because of their unusual
chemical properties: non-volatile, non-corrosive, non-flammable, air and moisture-stable,
and designable. To the best of our knowledge, however, there is no report on the magnetic
field effects (MFEs) in ionic liquids. We recently studied the MFEs in ionic liquids by
means of a nanosecond laser flash photolysis technique. Large MFEs were observed for the
first time.

[Experimental] Benzophenone (20 mM) and thiophenol (120 mM) were dissolved in
ionic liquid. N,N,N-Trimethyl-N-propylammonium bis(trifluoromethanesulfonyl) imide
(TMPA TEFSI), N-Methyl-N-propylpyrrolidinium bis(trifluoromethanesulfonyl) imide (P13
TEFSI), and N-Methyl-N-propylpiperidinium bis(trifluoromethanesulfonyl) imide (PP13
TFSI) were used as solvents.

Using the third harmonic of Nd:YAG laser (355 nm), we measured the transient absorption
under magnetic fields (B) of up to 27 T provided by a pulsed magnet (Capacitor bank:
400uF x 25, Charged voltage at 27 T: 3000V).

[Result and Discussion] Time profiles of benzophenone ketyl radical generated by the
photo-induced hydrogen abstraction reaction of
benzophenone with thiophenol in ionic liquids,
A(t), were measured at 380 nm. The A(t) curves
observed in PP13 TFSI in the absence and - \
presence of magnetic fields are shown in Figure l
1. This figure shows appreciable MFE. The
relative yield of the escaped benzophenone
ketyl radical decreased about 30% at 20 T.
MFEs on the same reaction in homogeneous
solvents can be interpreted by the Ag
mechanism (AgM) [1]. However, the observed
MFEs cannot be explained by AgM. Details
mechanism of the present MFEs will be S
discussed improving on 27T. Time / us
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Figure 1. A(t) curves observed at 380 nm

[1] M.Wakasa et al. J Am.Chem.Soc. 1999, 121, 9191
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DETECTION OF XANTHONE/DABCO SPIN CORRELATED RADICAL PAIRS
IN ORGANISED MEDIA USING TRANSIENT ABSORPTION. TIME RESOLVED
LOW FIELD MARY STUDIES

E. G. Windham*, K. Maeda*, K. Henbest**, M. Goez***, P.J. Hore " and C. R. Timmel"

, *Inorganic Chemistry Laboratory, South Parks Road, Oxford, OXI 3QR
N **Physical and Theoretical Chemistry Laboratory, South Parks Road, Oxford, OXI 3QZ, UK.
““Fachbereich Chemie, Martin-Luther-Universitdit Halle, Kurt-Mothes-Str. 2, D-06120, Halle, Germany.

The radical recombination yield of a spin correlated radical pair can be sensitive to

the externally applied magnetic fields if the field influences the

singlet-triplet

interconversion process. The photoinduced radical pair *[Xan" DABCO"] in SDS micelles
shows a very large low field effect (see Figure 1). In the presence of high concentration of
DABCO a rapid electron transfer occurs[1] and the concentration of the radicals is
measured by monitoring the change in absorption of the Xanthone anion radical. The effect
of the applied magnetic fields show an inverted MFE at low magnetic fields (LFE).

Electron Transfer reactions

t=500ns
Time window 200ns
8

Magnetic Field Effect (Arb. units)
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Figure 1 MARY spectra of Xanthone and DABCO
system in different micelles. Insert shows an
expansion of the low field region.

The electron transfer was studied in
micelles of different chain length and
solvents of different polarity. In organised
heterogeneous (SDS) micellar solutions
MFE were found to be time dependent and
additional relaxation processes occur. In
homogenous solution MFE and B/, values
were found to be different to micelle
media for the same radicals and reflect the
different spin mixing process that
produces recombination processes. The
poster describes how the LFE is dependent
on different micelle lengths and differs in

homogenous solvents. Simulations and curve fitting of the data is also presented. We also
discuss the early time resolved evolution of the LFE compared to the normal field effect.

[1] Goez, M.; Hussein, B.; Hussein, M. Physical Chemistry Chemical Physics 2004, 6, 5490.
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TIME-RESOLVED ESR STUDY OF A LONG-LIVED RADICAL-ION PAIR
—PHOTOINDUCED ELECTRON TRANSFER REACTION OF XANTHONE AND
N,N-DIETHYLANILINE—

Asako Ishigakil, Yasuhiro Kobori? and Hisao Murai’

!Graduate School of Science and Technology Shizuoka University,
?Faculty of Science, Shizuoka University.

A transiently formed radical-ion pair (RIP) is known to be decomposed within a few
tens of nano seconds in homogeneous polar solution because of the weak Coulomb
interaction and fast diffusion. Recently the photoconductivity detected magnetic resonance
study (PCDMR) has shown the proof of a long-lived RIP formed in the photoinduced
electron-transfer reaction of xanthone (Xn) and N,N-diethylaniline (DEA) in 2-propanol
[1,2]. Furthermore, the time-resolved ESR (tr-ESR) study has shown that the RIP may
have a cluster-like structure with solvent molecules [3]. In the present study, observation of
the spin dipole-dipole interaction of this particular RIP by a tr-ESR method is reported in
highly viscous solution.

We used an X-band ESR spectrometer (Varian E-112) with a minor modification for
the time-resolved measurement. The concentrations of Xn and DEA in 2-propanol (and
mixed solvent of 2-propanol and cyclohexanol) were 3.0x102 M (mol dm™) and 2.0x10
M, respectively, in most experiments. The sample solution that was deoxygenated by
bubbling with nitrogen gas flowed through a flat quartz cell installed in the ESR cavity.
The sample was excited by the third harmonic light of a pulsed Nd:YAG laser (4=355 nm;
10 Hz) at room temperature. Xn could be excited exclusively by this wavelength under
present conditions. The dielectric constant and viscosity of the solution were measured by
the Hewlett Packard HP16452A and viscosity meter Toki Sangyo RE80 MODEL,
respectively.

We observed emissively deviated tr-ESR spectra due to the dipole-dipole interaction in
viscous solution of the mixture of 2-propanol and cyclohexanol (Fig.1). As the solution

became highly viscous, the spectra showed the clear 0%
triplet state of the RIP. This reveales that the RIP is MMWW
restrained in the mixture solvent and/or may make a Abs.

huge cluster with the solvent molecules. The simulation 40%
of the spectrum at the low magnetic field provided the
zero-field splitting parameter of D = -4.1 mT. The
distance of two electron spins estimated by a point
dipole approximation is 0.9 nm. This value is a little
larger than that reported previously in 2-propanol
solution [3]. In addition, this result suggests that the

configuration of Xn~ and DEA™ is not sandwich-like.
The disappearance of the spectrum at high magnetic
field may imply the existence of the randomness of the
orientation between two radical species.

Fig.1; tr-ESR spectra (500-600 ns) of
the RIP under different concentration
(%) of cyclohexanol

[1] Akihito Matsuyama and Hisao Murai, J.Phys. Chem. A, 2001, 103, 4137-4140.; ibid. 2001, 106, 2227-
2231.

[2] E.V.Gorelik, N.N.Lukzen, R.Z.Sagdeev and Hisao Murai, Phys. Chem. Chem. Phys., 2003, 5, 5438-5443.

[3] Asako Ishigaki and Hisao Murai, Chem. Phys. Lett., 2006, 426, 81-84.

58



P 14
THEORETICAL APPROACH TO COHERENT HYPER-POLARIZATION
TRANSFER IN COUPLED SPIN SYSTEMS AT VARIABLE MAGNETIC FIELD
K. L. Ivanov,*®> A. V. Yurkovskalyal,""b H.-M.Vieth®

@ Freie Universitit Berlin, Arnimallee 14, D-14195 Berlin, Germany
b ternational Tomography Center, Institutskaya 3a, Novosibirsk,630090, Russia

Exploiting hyper-polarization (HP) — non-equilibrium spin polarization — gives a way
of boosting the sensitivity of the NMR technique, which otherwise suffers from poor
Boltzmann population differences of the spin states at thermal equilibrium. A typical
problem in HP experiments is the transfer of polarization from certain polarization source
spins (which acquire HP directly) to certain target spins of choice. Enhanced NMR signals
of the latter can then be analyzed to provide structural and dynamic information on the
molecules under study. Understanding the mechanism of polarization transfer and
optimizing its efficiency is therefore crucial for exploiting HP in chemical and biological
applications.

Here we present a general theoretical approach to HP re-distribution in multi-spin
systems in the field-cycling NMR experiments. The formalism takes into account finite
periods of HP preparation and free evolution at the polarization field, as well as the
variation of the external magnetic field required to detect the NMR spectrum of polarized
molecules. The mechanism responsible for HP re-distribution at low fields is the strong
coupling between the spins, which implies that the difference in their Zeeman interactions
with the external magnetic field is smaller than or comparable to their scalar spin-spin
interaction.

Taking a three-spin system as an example we demonstrate here the following HP
transfer phenomena. First, at low magnetic fields (where the condition of strong coupling is
fulfilled) HP is efficiently transferred to the otherwise non-polarized spins. However,
strong coupling between the spins is a requisite but not a sufficient condition for re-
distribution of HP. The timing scheme of the experiment is another very important factor
for efficient HP transfer to the otherwise non-polarized spins. The transfer process is
coherent and its kinetics exhibits characteristic quantum beats, while the transfer efficiency
crucially depends on the times of HP preparation, evolution at polarization field and field
variation required for going from polarization to the detection field. Second, the HP
magnetic field dependence was found to exhibit characteristic features at the points of the
nuclear spin level anti-crossings that may appear as steps or peaks/dips in the field
dependencies. In general, in the vicinity of the level anti-crossing one may expect
significant changes in the HP transfer efficiency. Third, at low magnetic fields it is also
possible to transfer HP among spins, which have no direct spin-spin coupling but are
coupled via spacer spins: in this case polarization can be transferred even in the absence of
direct spin-spin coupling if all the spacer spins are strongly coupled to their neighbours.

Even though all the abovementioned effects have been demonstrated on an example
of three coupled spins, they are of a more general nature and the mechanism of HP transfer
due to strong coupling of spins described above also holds for multi-spin systems. The
theoretical method developed is very general and applicable to the description of field-
cycling NMR studies that exploit various HP phenomena, e.g., CIDNP, PHIP, ONP,

Overhauser-type DNP, etc.
This work was supported by the EU (Bio-DNP grant # 011721) and the Russian Foundation for Basic Research (grant # 07-03-00424-a),
K.L.I. acknowledges the support of the grant MK-215.2007.3 of the President of RF.
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MAGNETIC FIELD EFFECT AND RYACTION YIELD DETECTED MAGNETIC
RESONANCE ON ELECTROLUMINESCENCE FOR A POLY-P-
PHENYLENEVINYLENE DERIVATIVE

Yohei Iwasakil*, Yoshio Sakaguchiz, Tomoyuki Suzuki3, and Michio Matsumura'

'Research Center for Solar Energy Chemistry, Osaka University, 1-3 Machikaneyama, Toyonaka, Osaka 560-
8531, Japan
? Surface Chemistry Laboratory, RIKEN (The Institute of Physical and Chemical Research), Wako, Saitama
351-0198, Japan
3 Tsukuba Research Laboratory, Sumitomo Chemical Co. Ltd., 6 Kitahara, Tsukuba, Ibaraki 300-3294, Japan

Organic light-emitting devices(OLEDs) have been attracting a great deal of interest as
next-generation  flat-panel displays. OLEDs fabricated  of  poly-p-
phenylenevinylenes(PPVs) are known to show high electroluminescence(EL) efficiency
and is generated through excited singlet exciton." The higher yield of singlet exciton than
the statistical value of 0.25 has been explained as follows: (1) The charge
recombination(CR) process from a singlet radical-ion pair(RIP) is faster than that from a
triplet RIP and/or (2) the triplet-triplet annihilation(TTA) process raises the yield of singlet
exciton. However, the contributions of the CR and the TTA processes have not been
quantitatively discussed yet. We tried to evaluate their contributions for the OLED made of
a PPV copolymer from the analysis of the magnetic field effects(MFEs) and the reaction
yield detected magnetic resonance on EL.

The MFE on EL intensity depended on operational voltages. On the device operation
at low voltages, EL intensity increased with magnetic field and reached an 8.5% increase at
about 100 mT. When measured at high voltages, with increasing magnetic field, EL
intensity started to decrease after passing a maximum, then, leveled off. This saturation
value was slightly higher than that observed in the absence of magnetic field. These MFEs
are assigned to the the radical pair mechanism and triplet-triplet pair mechanism. From the
analysis of these MFEs based on a kinetic model™, we quantitatively determined the
fractions of singlet and triplet excitons generated through the CR process to be 0.17 and
0.83, respectively. With the increase of the concentration of triplet excitons, production of
singlet excitons via the TTA process is enhanced, and the total yield of the singlet excitons
exceeded 0.5 under normal device operational conditions. We conclude that this high yield
is responsible for the high emission efficiency observed in the PPV-OLEDs. In addition,
from the analysis of response time for a pulsed resonant microwave of EL intensity, we
estimate the CR rate constants from the singlet and triplet RIPs are 1.3x10° s™ and 1.8x10°
s, respectively.

[1]J. H. Burroughes et al., Nature 1990, 347, 539.
[2] Y. Sakaguchi et al., Mol. Phys., 2006, 104, 1719-1725.
[3]1 Y. Iwasaki et al., Phys. Rev. B, 2006, 74, 1952009.

*Present address: Hybrid Device Development Center, Core Technology Development Headquarters, Canon
Inc., 3-30-2 Shimomaruko, Ohta-ku, Tokyo 146-8501, Japan
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MAGNETIC FIELD EFFECTS IN ENZYME REACTION SYSTEMS: POTENTIAL
CONSEQUENCES FOR HUMAN HEALTH AND A NOVEL MECHANISTIC
PROBE

Alex R. Jones**, Nigel S. Scrutton* and Jonathan R. Woodward*

*Manchester Interdisciplinary Biocentre, University of Manchester, 131 Princess Street, Manchester, M1
7DN, UK.
*Department of Chemistry, University of Leicester, University Road, Leicester, LE1 7RH, UK.

For many years the health effects of environmental electromagnetic fields,
detrimental or otherwise, has been an area of contentious debate. The influence of relatively
modest magnetic fields on radical pair reactivity is one possible mechanism of interaction.
It is from this mechanism that radical-based enzyme reaction systems emerge as potential
carriers of field sensitivity in biological systems.

Purpose built apparatus has been constructed in-house for such enzyme magnetic
field effect (MFE) experiments. This work has involved significant reengineering of a
commercial stopped flow spectrophotometer, and the construction of custom-designed
Helmholtz coils and pulsed-power supply. Additional apparatus has been constructed for
MEE studies on enzyme steady state parameters and laser flash photolysis experiments.

Horseradish peroxidase (HRP) [1] and ethanolamine ammonia lyase (EAL) [2,3] are
two enzymes in which MFEs have been previously reported, and thus served as the starting
point for our investigations. New data and analyses will be presented from studies on both
enzymes which contrast strongly with the previous findings [4].

Medium chain acyl-CoA dehydrogenase (MCAD) is a human enzyme involved in
mitochondrial B-oxidation of fatty acids. It is located in a major catabolic pathway in the
cell, and mutations have been mapped to severe inherited metabolic diseases (e.g. glutaric
academia type II). The results of the preliminary MFE experiments will be presented for
this system.

[1] Taraban, M. B. et al., J. Am. Chem. Soc., 1997, 119, 5768-9.

[2] Harkins, T. T., Grissom, C. B., Science, 1994, 263, 958-60.

[3] Harkins, T. T., Grissom, C. B., J. Am. Chem. Soc., 1995, 117(1), 566-7.
[4] Jones A. R. et al., J. Am. Chem. Soc., 2006, 128, 8408-8409.
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SOLVENT DEPENDENCE OF THE MAGNETIC FIELD EFFECT ON EXCIPLEX
LUMINESCENCE: A THEORETICAL AND EXPERIMENTAL STUDY.

Daniel Kattnig®, Arnulf Rosspeintner®, Giinter Grampp® and Nikita Lukzen®

“ Graz University of Technology, 8010 Graz, Austria
¥ International Tomography Center, Novosibirsk 630090, Russia

A total of nine different exciplex systems, comprising antracene, 9-methyl-anthracene
and 9,10-dimethyl-anthracene as acceptors and N,N-dimethyl-aniline, N,N-diethyl-aniline
and N,N-dimethyl-p-toluidine as donors, has been studied by MARY spectroscopy
(Magnetic field effect on Reaction Yield). To the best of the authors’ knowledge only one
of these systems (antracene/dimethyl-aniline) has been previously known to show a
magnetic field effect on the exciplex fluorescence [2]. In an attempt to elucidate the delicate
interplay of diffusion, radical recombination and singlet triplet conversion, the dependence
of the absolute magnitude of the magnetic field effect (MFE) on viscosity, energetics and
dielectric constant has been probed systematically. Isoviscous or isodielectric solvent
mixtures were used for this purpose. In particular for the isodielectric mixture, a constant
Pekar factor, which governs radical recombination rates due to electron transfer, was
warranted. Besides classical MARY spectroscopy, single photon counting and steady state
fluorescence spectroscopy at zero and saturating magnetic field were applied. Valuable
supplementary kinetic data on the exciplex formation were extracted from steady-state and
time-resolved measurements. From the concentration dependence of By, the field at which
half of the saturation value of the MFE is reached, the rate of degenerate electron transfer
was determined [2].

The experimental findings are discussed theoretically, not taking recursion to the
popular low viscosity approximation [3,4]. In particular, we apply unified theory (UT) [5]
of charge recombination taking explicitly into account the Coulomb attraction, the role of
the exciplex, and the coherent spin evolution due to the various hyperfine interactions. A
program based on the stochastic Liouville equation was devised that allows for the
simulation of realistic spin systems in the limit of contact recombination and a contact
exchange interaction. If the size of the spin system is reduced by introducing effective
hyperfine coupling constants, even this approximation can be alleviated.

[1] Bera, Nath, Misra, Chowdhury, J. Photochem. and Photobiol. A 95 (1996) 127

[2] Justinek, Grampp, Landgraf, Hore, Lukzen, J. Am. Chem. Soc. 126 (2004) 5635.

[3] Werner, Schulten, Schulten, J. Chem. Phys. 1977, 67, 646.

[4] Ivanov, Lukzen, Vieth, Grosse, Yurkovskaya, Sagdeev, Mol. Phys. 100 (2000) 1197.
[5] Burshtein, J. Chem. Phys. 117 (2002) 7640.
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'H AND “C HYPERFINE COUPLING CONSTANTS OF THE TRYPTOPHANYL
CATION RADICAL IN AQUEOUS SOLUTION FROM MICROSECOND TIME-
RESOLVED CIDNP
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and P. J. Hore®
“International Tomography Center, Institutskaya 3a, 630090 Novosibirsk, Russia,
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“Center of Magnetic Tomography and Spectroscopy, Moscow State University, Leninskie Gory 1-73, 119992
Moscow, Russia,
“University of Oxford, South Parks Road, Oxford, OX1 30Z, UK

Here we report the first determination of the relative values of the isotropic 'H and
BC hyperfine coupling constants (C3 is normalized to 1.00) of the tryptophanyl cation
radical (TrpH™) in water using microsecond time-resolved NMR measurements of the
CIDNP produced in photoinduced flavin-tryptophan and 2,2’-dipyridyl-tryptophan
geminate radical pairs. The approach is first validated using the tyrosyl neutral radical Tyr’,
whose 'H and "°C hyperfine couplings have previously been determined by EPR. The
tryptophanyl cation radical TrpH™* was generated in the same way as Tyr using either
FMN or DP as the dye (D):

TrpH+°D — *[TrpH™ D] < '[TrpH™* D] — TrpH +D

Back electron transfer in the singlet radical pair, '[TrpH"* D*7], is responsible for the
nuclear polarization such that the observed CIDNP intensities reflect the magnetic
properties of TrpH'' rather than its deprotonated form, Trp® (minus the N1 indole
proton).The deprotonation of TrpH"* (pK, = 4.3) at pH 7-9 is expected to occur on a much
slower timescale than the lifetime of the primary radical pair which is likely to be ~10 ns
under the conditions of our measurements. Kaptein’s rule for the nuclear polarization in the
recombination product of a triplet radical pair, with g(FMN"") > g(TrpH"") or g(DP*") >
g(TrpH"") predicts absorptive polarization for nuclei with negative hyperfine coupling
constants and emissive polarization for those with positive couplings. The 'H-decoupled
3C NMR spectrum and the geminate photo-CIDNP spectrum of uniformly °C, "N labeled
L-tryptophan in D,O were simulated. The signal enhancement arising from the CIDNP
effect can be estimated as approximately 300. The best-fit simulation of the relative '*C
hyperfine coupling constants of TrpH"™, which control the relative intensities of the
individual carbon multiplets, are given in the Table. Apart from the strongly coupled pair of
carbons (C4 and C5), the relative hyperfine couplings were found to be identical to the
corresponding relative CIDNP intensities.

C2 C3| C4 C5| C6| C7| C8| C9| Ca| CB| CO

020 | 1.00 | 0.46 |[-0.29 | 0.27 |-0.11 | 0.07 |-0.43 [ 0.45 |-0.29 | 0.00

This work was supported by EU Marie Curie program (IIF # 22008), RFBR (#06-03-
32993, #05-03-32370), Siberian Division of RAS ((#60), INTAS (#05-100008-8070),
Chemistry department of RAS.
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PHOTO-CIDNP RE-DISTRIBUTION AND T;-RELAXATION OF HISTIDINE AT
VARIABLE MAGNETIC FIELD
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Chemically Induced Dynamic Nuclear Polarization (CIDNP) formed in diamagnetic
products of photo-induced radical reactions is not only a powerful tool for studying elusive
radical intermediates, which often cannot be directly detected by the conventional EPR
techniques, but also gives dramatic enhancements of the NMR signals of particular nuclei.
These enhancements can be used to improve otherwise notoriously low sensitivity of NMR;
an important part of such application of CIDNP is the possibility of its transfer to particular
polarization target spins of interest.

Recently we reported efficient CIDNP re-distribution among the spins at low
magnetic fields, which was explained by strong coupling between the spins. This implies
that the difference in their Zeeman interactions with the external magnetic field is smaller
than or comparable to their scalar spin-spin interaction. To verify this CIDNP transfer
mechanism and to extend our study to a more general situation we performed a systematic
theoretical and experimental investigation of CIDNP re-distribution at low magnetic fields
in N-acetyl-histidine (His), which has 5 coupled nuclear spins: the o-CH proton, two -CH,
protons and the aromatic protons in H2 and H4 positions. Experiments were carried out by
means of field cycling between a variable field of polarization (0-7 T) and the fixed field of
the NMR spectrometer. We found efficient CIDNP transfer from the 3-CH, protons to the
aromatic protons at magnetic fields below 0.1 T where all 5 spins are strongly coupled with
each other. The CIDNP transfer kinetics was found to be non-monotonous and to exhibit a
well-pronounced oscillatory behavior, which is an indication of the coherent quantum
nature of the process. The frequencies of the beats are consistent with the parameters of the
spins system (scalar spin-spin couplings and chemical shifts of protons). In the range of
tens of mT we found several features (peaks or dips) in the efficiency of CIDNP transfer
from the B-CH, protons to the H2- and H4-protons. Their positions correlate with the fields
of anti-crossings of the nuclear spins energy levels predicted by numerical calculations.
These features only show up if the total time of the CIDNP experiment is comparable to the
inverse spin-spin couplings between the protons. Preparation of photo-CIDNP at the fields
of level anti-crossing gives a way of efficient enhancing the NMR signals of the aromatic
protons. In addition, we studied closely related phenomena in the field dependence of the
longitudinal relaxation time 7 of the individual His protons. First, it was found that spins
relax together once they are strongly coupled, while they have substantially different 7}
times in the weak coupling case. Second, at magnetic fields corresponding to the level anti-
crossings the relaxation dispersion curves also exhibit pronounced features, such as peaks
or dips.

The present study shows that the coherent polarization transfer due to strong coupling
of spins is operative at low magnetic fields. Transfer efficiency can be optimized by
choosing an appropriate timing scheme of the experiment or, alternatively, a suitable field,
especially, that of anti-crossing of the nuclear spin energy levels. The study of spin
relaxation at low fields demonstrates that strong coupling among the spins not only has a
strong effect on the dynamic, but also on the stochastic spin evolution.

This work was supported by the EU (Bio-DNP grant # 011721).
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TIME-RESOLVED EPR STUDIES OF ACRYLIC POLYMER DEGRADATION:
THE ACRYLIC ACIDS AND MODEL SYSTEMS BASED ON KEMP’S TRI-ACID

Natalia V. Lebedeva, Terence E. Hill, Damaris Magnus-Ayritey and Malcolm D. E. Forbes

Caudill Laboratories, Department of Chemistry, University of North Carolina, Chapel Hill, NC 27599, USA

Acrylic polymers in liquid solution form main chain free radicals upon laser
excitation at 248 nm through Norrish I cleavage of the side chain ester group. Using time—
resolved electron paramagnetic resonance (TREPR) spectroscopy we have studied the
properties of these radicals in liquid solution as a function of main chain and side chain
structure, solvent, temperature, and polymer tacticity (stereoregularity). For many
polymers, an observed dynamic effect (alternating line widths as a function of temperature)
can be modeled using a two-site jump model for
hyperfine modulation. However, the model fails
for some polymers. Recently, we have extended

hv

these studies to poly(acrylic acid) and H,C00C GH, COOC.H? ol
poly(methacrylic acid). The Norrish I cleavage (rimethyeser) "
reaction shows a pronounced pH dependence and HyC Mo, CHCSHS o /5510
does not take place at all for high pH solutions. H% —_ TS
Similar dynamic effects (alternating line widths) HaHa' covory Hac He COOCHy

are observed for both polymers and their Scheme .
temperature dependence will be presented and discussed.

Experiments and calculations on small molecule model systems based on the Kemp’s
tri-acid molecular framework (Scheme 1) will also be presented. In addition to direct
photo-cleavage of ester groups, we have discovered a photo-oxidative pathway to the same
radicals from the acids using the excited triplet states of water-soluble quinones (Fig.1).
Well-resolved slow motion spectra are obtained at room temperature for Kemp-type free
radicals from acids. For esters, fast motion spectra appear to be present at room temperature
and above. The similarities and differences of the small molecule model system radicals to
their polymeric analogs will be presented and discussed.

e
S

L Il Il Il Il
3300 3330 3360 3390 3420 3450 3480 3300 3330 3360 3390 3420 3450 3480
Magnetic field, G Magnetic field, G

Fig.1. Experimental (left) and simulated (right) spectra obtained upon the photolysis of
Kemp’s acid: sensitized photolysis in the presence of AQDS at 308nm, pH=11.2
(upper) and direct photolysis at 248 nm, pH=2.2 (below). The parameters for the
simulations: A;(3H)=23.3G; A,(2H)=33.6G; A3;(2H)=10.7G (upper); A;(3H)=23.4G;
A,(2H)=33.8G; A3(2H)=9.4G (below).
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QUANTUM OSCILLATIONS OF NUCLEAR SPINS IN PHOTO-EXCITED
TRIPLET STATES

Gerhard Link,1 Tomoaki Yago,1 Jorg-Ulrich Weidner,1 Michail Lukaschek,1 Tien-Sung
Lin,2 and Gerd Kothe'

'Department of Physical Chemistry, University of Freiburg, Albertstr. 21, D-79104 Freiburg, Germany
’Department of Chemistry, Washington University, One Brooking Drive, St. Louis IL 63130, USA

In this study we explore novel quantum coherence phenomena of nuclear spins in
photoexcited triplet states in an external magnetic field. Formation of these quantum
oscillations can be rationalized in terms of the non-adiabatic change of spin Hamiltonian at
the instant of the light pulse.

Origin of this change is the intersystem crossing which selectively populates the zero-
field spin states of the triplet according to the selection rules of the spin-orbit coupling [1].
Since the zero-field states are not eigenfunctions of the total spin Hamiltonian, the triplet
starts out in a coherent superposition of eigenstates [2,3]. This manifests itself as quantum
oscillations in the longitudinal and transverse nuclear spin magnetization.

Analysis reveals that the nuclear spin oscillations depend on both the mixing of the
electron spin functions by the second order hyperfine interaction in zero-field and the
mixing of the nuclear spin functions by the pseudo-secular terms at high magnetic field.
The strength and orientation of this field determines the amplitude of the nuclear spin
oscillations. Generally, a maximum of the oscillation amplitude is expected if the
hyperfine coupling of a particular nucleus matches the nuclear Zeeman frequency. The
model also predicts three orders of magnitude enhancement of the proton NMR signal for
triplet pentacene at room temperature, in good agreement with experimental observations.

[1] Van der Waals J.H., de Groot MS, in: Zahlan R.B. (Ed.), The Triplet State, Cambridge University Press,
Cambridge, 1967, p. 101-132.

[2] Salikhov K.M., Chem. Phys. Lett., 1993, 201, 261-264.

[3] Kothe G., Bechtold M., Link G., Ohmes E., Weidner J.-U. Chem. Phys. Lett., 1998, 183, 51-60.
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PROTEIN-SURFACE INTERACTIONS PROBED BY MAGNETIC FIELD
EFFECTS ON PHOTOCHEMICAL REACTIONS.

E. J. Dell*, K. Maeda*, K. Henbest**, P. J. Hore**, C. R. Timmel*

*Inorganic Chemistry Laboratory, South Parks Road, Oxford, OX1 3QR
**Physical and Theoretical Chemistry Laboratory, South Parks Road, Oxford, OX1 3QZ

In the context of magnetic field effects (MFE), proteins are important as they can
confine the radicals of a radical pair for a sufficiently long period of time for spin evolution
to be affected by external fields [1]. If this radical pair consists of one radical on a protein
and the partner being on a substrate bound to the protein, then the details of the MFE of this
system can be used to elucidate the binding between the protein and the substrate. The
stronger the binding, and so the closer
associated the radicals of the pair, the greater the

—— A =370 nm

probability of radical recombination and so a 0.30
higher MFE is expected. W 0.20

Flash photolysis experiments have been S
performed on lysozyme and bovine serum 0.10
albumin  (BSA) samples with  9,10- 0.00 . . . . .
anthraquinone-2,6-disulfonate as the substrate. 0 > 4 6 8 10
The radical pair formed between the protein and Time / ps

the AQDS2- after excitation with a Nd:YAG 355nm laser shows a large MFE (~30%) at
370nm in the lysozyme case as shown in Figure  Figure 1 Time profile of the magnetic field
1, which is larger than that previously observed in ~ effect  {A(B)}-A(B=0)}/A(B=0) ~of the
the system of FMN -Lysozyme|[2]. lysozyme-AQDS™ system

BSA is thought to bind the substrate within a cavity (subdomain IIA) [3], whereas the
simple lysozyme protein binds the AQDS™ just on its surface. The differences between
cavity entrapment and exposed surface binding by electrostatic interactions are investigated
by looking at the MFEs when an ionic salt is added to the solutions, when the protein is
partially unfolded by varying pH and when differently charged anthraquinone derivatives
are used.

References:

[1] N. Mohtat, F. L. Cozens, T. Hancock-chen, J. C. Scaiano, J. McLean, and J. Kim, Photochem. and
Photobiol., 1998, 67, 111

[2] T. Miura, K. Maeda, and T. Arai, J. Phys. Chem. B, 2003, 107, 6474

[3] Y. Kobori and J. R. Norris, J. Am. Chem. Soc., 2006, 128, 4.
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BALANCE APPROACH FOR MODELING OF MAGNETIC FIELD EFFECT IN
MULTI-SPIN SYSTEMS.

Magin I.LM., Purtov P.A., Kruppa A.I., Leshina T.V.

Institute of Chemical Kinetics and Combustion, Institutskaya 3, Novosibirsk, 630090, Russia

Peculiarities of spin dynamics in multi-spin systems is one of the most interesting
problems in spin chemistry today. However, consideration of the spin evolution of a multi-
spin system in the framework of the classical radical pair theory cannot take into account
mutual influence of all spins in the system.

Earlier, we have developed a theoretical approach to calculate, in the matrix density
formalism, the field dependencies of the recombination probability for the three-spin
system ‘“biradical/paramagnetic species”’, where the electron spin exchange interaction in
the biradical is J, and that between the biradical and the third species is J,. For

simplification of the calculations this approach considers both exchange interactions in the
triad as constants. The calculations has resulted in a number of narrow extrema in the
magnetic field dependence of recombination probability. It was a comparatively crude
approximation, but we suggested that the variations in the value of J; should leads to
broadening of the resulting narrow peaks.
In the present work we have applied the balance approach, which enables to consider the
modulation of exchange interaction.
Ve At J,=0 (the case of free biradical) this approach
0.307 f yields a wide extremum in the region of average J;.
0257 4706 Its breadth depends on the distribution of
0,20 interradical distance and therefore — exchange
interaction value. In the case of spin triad, the
resulting magnetic field dependencies show two
wide extrema at the distance about J,/2. For realistic
parameters of interradical distance distribution, this
0 a0 40 Soe0 s w0 two extrema collapse into one wide asymmetric line.
Recombination probability of the system radical/biradical As in the earlier discussion, the present results
also provide data concerning the spin catalysis
effect. So, in the system under study we have found the dependence of spin catalysis
efficiency, i.e. recombination probability in zero field, on the value of exchange integral
J,. This dependence is quantitatively close to results of earlier approach.

z 0,15+
0,10

0,05

0,00
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INFLUENCE OF MOLECULAR MOTION ON SPIN DYNAMICS OF A LONG-
LIVED RADICAL PAIR UNDER WEAK MAGNETIC FIELDS

Tomoaki Miura'* and Hisao Murai>

'Graduate School of Science and Engineering, Shizuoka University
*JSPS Research Fellow
’Department of Chemistry, Faculty of Science, Shizuoka University

Weak magnetic field effects (MFEs) on reaction yields of radical pairs have been

recently attracting much interest in the context of magnetic effects on biological systems.
Especially, so-called low field effect is peculiar and appears at the magnetic field weaker
than hyperfine interactions (HFIs). This effect is considered to be one of the possible
mechanisms by which birds detect the earth magnetic field[1]. MFEs at the weak magnetic
field are characterized by coherent and fast (~ 10 ns) S-T mixing processes mainly
governed by HFIs.
However, influences on observed MFEs of the break down of these coherences, which is
referred to as dephasing processes, have been seldom discussed. Such effects are especially
crucial in long-lived (>100 ns) radical pair systems such as those confined in micelles or
hydrophobic pockets of proteins. Consequently, the detailed analysis of low field spin
dynamics has a potential for extraction of the molecular motion of radical pairs under such
inhomogeneous environments. Real time observation of the spin mixing process is
essential based on this standpoint; however, the conventional laser flash photolysis study of
static MFEs whose time scale is determined by slow recombination kinetics (~ 100 ns)
cannot clarify the fast spin dynamics directly.

This problem has been solved by our novel technique of nanosecond switched
external magnetic field (SEMF) effect detected by transient absorption[2]. In the system of
a singlet born radical pair in an SDS micelle, the time evolutions of S-T4; spin mixing at
weak magnetic fields are revealed by delay-shifting experiments of SEMF. The results can
be explained in terms of the interference of coherent HFI and dephasing process which is
attributed to the fluctuation of J and/or D induced by frequent reencounter in the micelle.

Two types of simulation are carried out for quantitative analysis. One is a practical
simulation based on a single site Liouville equation that involves semiclassical expression
of HFI. Effective dephasing parameters (1/ksyp = 5 ns and 1/k7rp = 50 ns) are obtained by
fitting the experimental results.

Effects of the fluctuations of J and D are directly evaluated by Monte-Carlo
simulations of spin and diffusive molecular dynamics. The method used here is similar to
that reported by O’Dea et. al.[3] except for the boundary condition at the micellar interface
and the number of magnetic nuclei. Calculations indicate that faster diffusion of the radical
pair results in higher reencounter frequency and larger dephasing rates in the presence of
both J and D interactions. Detailed investigation of the parameter dependence and
comparison with the experimental data will be discussed.

References

[1] Ritz T., et. al., Nature, 2004, 429, 177.

[2] Miura T., Maeda K., Arai T., J. Phys. Chem. A, 2006, 110, 4151.
[3]1 O’Dea A. R. et. al., J. Phys. Chem. A, 2005, 109, 869.
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THEORY OF SPIN-PEIERLS TRANSITIONS IN CHAINS OF PARAMAGNETIC
CLUSTERS.

V.A.Morozov , N.N.Lukzen , V.I.Ovcharenko

International Tomography Center, Novosibirsk, 630090, Russia

A conventional theory of spin-Peierls transitions is related to uniform chains of
paramagnetic centers connected with equal exchange constants [1]. However, such a
theory cannot be directly applied to the description of spin crossover phenomena in chains
of paramagnetic clusters [2]. This is due to both strong intracluster exchange interaction of
spins and weak intercluster interaction. We have developed a theoretical approach to spin-
Peierls transitions in such nonuniform spin chains. We considered the case of two- and
three-spin clusters with isotropic exchange interaction. The exchange interaction was
supposed to have a linear dependence of exchange integral on the order parameter.

It was found that in the case of strong elastic interaction in chains of paramagnetic
clusters the spin crossover phase transition is of second order. But if the elastic interaction
is weak then the phase transition may be of first order. The greater is the exchange
interaction in paramagnetic clusters the lower is the temperature of spin crossover.
Magnetic field effect on the temperature of spin crossover phase transition was calculated.

This work was supported by Russian Foundation for Basic Research (Projects No. 05-03-
32370 and No. 06-03-32742) and Program of Division of Chemistry and Material Sciences
RAS (Project No. 5.1.1).

[1] Lepine Y., Caille A., Larochelle V., Phys.Rev.B., 1978, 18, 3585-3592
[2] Ovcharenko V.I., Fokin S.V., Romanenko G.V, Ikorskii V.N., Tretyakov E.V., Vasilevsky S.F., Sagdeev
R.Z., Mol.Phys., 2002, 100, 1107-1115
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A PULSE Q-BAND EPR AND ENDOR STUDY OF THE SPIN POLARIZED
RADICAL PAIR P;99°*A;*” OF PHOTOSYSTEM I

Jens Niklasl, Boris Epell, Mikhail L. Antonkinel’z’S, Sebastian Sinneckerl, Wolfgang
Lubitz!
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In photosystem I (PS I) the quinone vitamin K; (VK;) mediates the electron transfer
between A and the [4Fe-4S] cluster Fx (A; denotes the protein bound VK;). After charge
separation the spin polarized radical pair P7go""A,"" is formed. The protein bound quinone
exhibits physical properties different from those of VK, in vitro. This indicates a specific
influence of the protein environment on this cofactor. The recent X-ray structure of PS I [1]
shows that VK in the A; binding site is involved in asymmetric hydrogen bonding with the
protein backbone.

EPR and ENDOR are ideal methods for probing the electronic structure of protein
bound cofactors. We applied advanced pulse EPR methods to obtain high-resolution spectra
of the light-induced spin-correlated radical pair P7go" A"~ and the stationary radical anion
A" and compared it to VK; ™ in organic solvents [2]. One- and two-dimensional TRIPLE
were used to determine the relative signs of the hyperfine (hf) coupling constants and the
orientation of the hf tensors with respect to each other. A novel technique, variable mixing
time ENDOR [3], allowed us to determine the absolute signs of the hf coupling constants in
the spin polarized radical pair. The exchange with the fully deuterated quinone in the A;
binding site of the menB mutant allowed us to differentiate between proton hyperfine
couplings from the quinone and from the protein surrounding. In addition, DFT calculations
were performed on a model of the A; binding site, which yielded hf tensors in very good
agreement to the ones determined experimentally. The results lead to the conclusion that
the single-sided H-bond to A; identified in the X-ray structure is indeed the crucial factor
for understanding the particular electronic structure of A;"".

[1] P.Jordan, P. Fromme, H.T. Witt, O. Klukas, W. Saenger, N. Krauss, Nature, 2001 , 411, 909-917.

[2] B. Epel, J. Niklas, S. Sinnecker, H. Zimmermann, W. Lubitz, J. Phys. Chem. B, 2006 , 110, 11549-
11560.

[3] B. Epel, J. Niklas, M.L. Antonkine, W. Lubitz, Appl. Magn. Reson., 2006 , 30, 311-327.
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PHOTO-CIDNP WITH RU(I) POLYAZAAROMATIC COORDINATION
COMPLEXES.
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Ru(Il) polyazaaromatic complexes comprising at least two TAP (1,4,5,8-
tetraazaphenanthrene) ligands are known to photooxidise certain amino acids, such as
tyrosine and tryptophane, and the nucleobase guanine. [1] Direct evidence for electron
transfer from GMP (guanosine-5’-monophosphate) has been obtained by Kelly et al using
nanosecond laser flash photolysis. [2] It has also been demonstrated that the photoinduced
electron transfer from the guanine base to Ru(Il) polyazaaromatic complexes may give rise
to the formation of adducts. [3,4]

In this work, the photo-reactions of Ru(Il) polyazaaromatic complexes are
investigated by continious-wave (100ms, 2.5Watt at 488nm) photo-CIDNP (Chemically
Induced Dynamic Nuclear Polarisation) experiments. Three complexes, Ru(TAP)32+,
Ru(TAP)zphen2+ (phen=1,10-phenantroline) and Ru(phen)32+, and two targets, N-
acetyltyrosine and GMP, are considered. The experiments were carried out at 25°C with
deoxygenated solutions (ca 0.1 mM Ru(Il) complexe, 2 mM target and 0,2 mM dioxane in
10 mM phosphate buffered D,O - neutral pH) on a 600 MHz Varian VNMRsystem NMR
spectrometer.

As expected, Ru(phen)32+ does not give rise to photo-CIDNP but significant effects
are observed with Ru(TAP);** and Ru(TAP),phen®*. The CIDNP effects observed in the
'H NMR spectrum of the targets are matching the effects arising from photo-oxidation by
FMN (flavin mononucleotide) but they are significantly weaker. The 'H NMR signals of
the phen ligand in Ru(TAP),phen** do not show CIDNP effects and this is in agreement
with the fact that the "MLCT (Metal to Ligand Charge Transfer) excited state responsible
for the electron transfer involves the TAP ligand. Accordingly, significant CIDNP effects
are observed for all the 'H of the ligand TAP. The photo-CIDNP enhancement is the
strongest for the 'H at the sites of covalent binding in the adducts formed with GMP. Laser
irradiation also leads to reversible broadening of the Ru(TAP);** '"H NMR signals that
persists for hours in thoroughly deoxygenated solution. This broadening vanishes
instantaneously when the solution is brought in contact with air. This suggests the presence
of long-lived radical species in exchange with the diamagnetic Ru(TAP);** complex.

[1] Elias, B.; Kirsch-De Mesmaeker, A. Coordination Chemistry Reviews 2006, 250, 1627.

[2] Kelly, J. M.; Feeney, M. M.; Tossi, A. B.; Lecomte, J. P.; Kirsch-De Mesmaeker, A. Anti-Cancer Drug
Design 1990, 5, 69.

[3] Blasius, R.; Nierengarten, H.; Luhmer, M.; Constant, J.-F.; Defrancq, E.; Dumy, P.; Van Dorsselaer,
A.; Moucheron, C.; Kirsch-DeMesmaeker, A. Chemistry--A European Journal 2005, 11, 1507.

[4] Jacquet, L.; Kelly, J. M.; Kirsch-De Mesmaeker, A. Journal of the Chemical Society, Chemical
Communications 1995, 913.
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CIDNP AND NMR STUDY OF THE ASSOCIATES OF NATURAL COMPLEXANT
— GLYCYRRHIZIC ACID WITH BIOLOGICALLY ACTIVE COMPOUNDS.
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One of the main questions in the investigation of chemical processes in the organized
media (supramolecular complexes, micelles, liquid crystals, e.a.) is the elucidation of
mechanisms of media influence on the reactivity of the “guest” molecules. To answer this
question we present a new approach based on spin chemistry methods. As an example, we
have studied the supramolecular associates (complexes and micelles) of natural amphiphilic
compound, glycyrrhizic acid (GA), with a number of biologically active compounds
(lappaconitine (Lap) and other esters of anthranilic acid). It was demonstrated the high
sensitivity of CIDNP effects in the redox reactions of these compounds to the environment.
In the frames of suggested approach the conclusion about GA associates formation was
made from the comparison of CIDNP intensity in homogeneous and organized media. We
have found the correlation between micelle formation at different concentrations of GA and
the efficiency of separate stages of lappaconitine phototransformation. The control of
micelles formation was made by independent method (NMR relaxation measurement).
Figure (a) shows the
dependence of lappaconitine
1.0 > CIDNP intensity on GA
concentration (including cmc

>
% point) in the photoreaction of
< 0.6 Lap  deacetylation. For
% comparison Figure (b)
g 0.4 demonstrate the same
o dependence on the
7 021 concentration of acetic acid. It
K should be mentioned, that
0.04 ° a different CIDNP dependences
00 05 10 15 20 25 were detected for various stages

of Lap phototransformation. It
allows us to make the
conclusions about the role of

GA, mM

environment in these processes.

This work was performed in the framework of interdisciplinary integration project of SB RAS Ne 146 “Drugs
and prophylactics design for medical purposes. Fundamentals and implementation”. The financial support of
the research program of the Presidium of the Russian Academy of Sciences No. 18.2 is also gratefully
acknowledged.
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WHERE AND HOW WEAK MAGNETIC INTERACTIONS CAN STRONGLY
INFLUENCE THE PROPERTIES OF CHEMICAL AND BIOCHEMICAL
SYSTEMS
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At present there are physically clear ideas of how relatively weak magnetic
interactions can affect noticeably (by several percent) chemical reaction rates under certain
conditions. Radical pair mechanism [1] is most frequently encountered in the condensed
phase. Processes involving radical pairs or other paramagnetic particles are common; as a
rule, they are part of many complex chemical and biochemical reactions.

Considerable influence of weak interactions can be expected only in the case where
chemical (biochemical) system (or its part) is near stability boundary. Impairment of
stability can affect radically the system properties. For example, abrupt (by an order or
greater) increase (decrease) in concentration of radicals, sharp rise (lowering) of
temperature, appearance (disappearance) of concentration oscillations may take place. The
paper considers a number of models where various critical phenomena can be observed
arising from the influence of external magnetic fields, paramagnetic particles (spin
catalysis), hyperfine interactions, etc. The model of degenerate branching chain reactions in
ideal mixing reactors [2] is the simplest model involving radical pairs. Models of
nonisothermal reactions involving radical pairs in ideal mixing reactors are more
complicated. Here two (or more) stable stationary states can arise under certain conditions,
auto-oscillations are also possible. Systems closed for the delivery of substance but open
just for that of luminous energy (photochemical systems) are of great interest. Radical pairs
result from photochemical decay of molecules. For example, switching on a weak magnetic
interaction can lead to considerable heating of the system [3]. More complicated models
predict very strong influence of magnetic field on the quantum yield of products, auto-
oscillations and hysteresis phenomena.

Note that commonly impairment of stationary state stability caused by magnetic
interactions is to affect essentially NMR and EPR spectra, particularly, nonequilibrium
ones associated with chemical polarization of electron and nuclear spins.

[1]. Salikhov K.M., Molin Yu. N, Sagdeev R. Z. and Buchachenko A. L.: Spin Polarization and magnetic
effects in radical reactions. Amsterdam, New York: Elsevier, 1984

[2]. Purtov P.A., Appl. Mag. Res., 2004, 26, 83 — 97

[3]. Purtov P. A, Kipriyanov A.A., Chem. Phys. Lett., 2007 (in press)
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Spin catalysis is stimulation of radical reactions due to the change in the spin state of
reactants, for example, spin prohibition removal. Paramagnetic particles, for instance,
radicals or triplet molecules are used as spin catalysts. The first reliable and unambiguous
evidence for the existence of spin catalysis has been obtained in [1].

It is necessary to distinguish between dynamic and relaxation mechanisms of spin
catalysis. Dynamic mechanism is related to the formation of “triads” and joint spin
evolution in them. Such a mechanism can be realized in coupled radical pairs with
“attached” paramagnetic particle [2]. Relaxation mechanism is primarily realized in
homogeneous solution, for example, in geminate recombination of radical pairs. The
encounter of one of the partners of the pair with a spin catalyst leads to the change in its
spin state (exchange relaxation), and, therefore, to the change in the spin state of the pair
and spin prohibition removal. General recombination theory of geminate radical pairs with
allowance for dynamic and relaxation spin transitions, as well as acceptors of radicals has
been developed in [3].

In the simple case where geminate radical pairs are formed in the triplet state, and
recombination proceeds solely from the singlet state, and the only cause of singlet-triplet
transitions is interaction with a catalyst, the following expression for geminate
recombination probability has been obtained [4]

U, (glky)—glkg +1/T))14
14U, (glky)+3g(ks +1/T))/ 4

The function g(s) defines the relative motion of radicals. In particular, for diffusion motion

T kt
g(s)=——~— . The quantity & S:L 2_[C] characterizes the reaction of radicals
1+4/s7, 7, 1+k7,

2.2
and acceptors, while the quantity 1/7T = l—z”z[C]/ 2 defines electron spin exchange
T

relaxation. As a result, recombination probability depends on catalyst concentration as
[C]. This theoretical dependence shows good agreement with experiment.

1]. Step E.N., Buchachenko A.L., Turro N.J., J. Amer. Chem. Soc., 1994, 116, 5462-5466.

2]. Magin I.M., Purtov P.A., Kruppa A.L., Leshina T.V., J. Phys Chem. A, 2005, 109, 7396 —7401.
3]. Purtov P.A., Doktorov A.B., Chem. Phys., 1993, 178, 47 - 65.
4].

[
[
[
[4]. Purtov P.A., Chem. Phys. Lett., 2007 (in press).
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MAGNETIC FIELD EFFECTS ON FLAVIN PHOTOREACTION DYNAMICS:
STUDIES IN REVERSE MICELLAR SOLUTIONS AND BIOLOGICAL
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Flavins are a family of molecules with a common structure consisting of an
isoalloxazone ring with a side chain at the 10-position. This isoalloxazone moiety is able to
both accept and donate electrons readily, often to form spin-correlated radical pairs
(SCRPs); subsequent reaction via the radical pair mechanism may thus give rise to an
observable magnetic field effect (MFE).

Results are presented from a time-resolved study of the photoinduced electron
transfer reactions between flavin mononucleotide (FMN) and suitable electron donors in n-
hexane/water/AOT reverse micelles, using MFEs to probe the reaction dynamics. The use
of reverse micelles allows various kinetic parameters to be adjusted, depending on the
hydrophilic or hydrophobic character of the molecules and the size of the water pool in the
interior of the micelle. In addition, the radical pair lifetime is increased relative to that in
bulk solution, allowing spin relaxation, as well as the normal interplay between hyperfine
coupling and singlet recombination, to play an important role in the reaction dynamics [1].
Our results show that, in the case of reactions between FMN and adenosine or tryptophan,
the kinetics of singlet recombination are strongly influenced by the localisation of the
reactants within the micelle, whereas spin relaxation seems to be determined by the
rotational correlation time of the whole micelle, regardless of reactant localisation.

Flavins are often found as components of biological electron transfer pathways. One
such case is the cryptochrome (CRY) family of proteins, which are photoreceptors involved
in many light-dependent responses in plants and animals, such as circadian clock
regulation. Upon illumination by blue light, CRYs undergo a sequence of intraprotein
electron transfers from tyrosine and tryptophan residues to an excited FAD* cofactor to
form a radical pair [2]. CRYs have been identified as strong candidates for the “compass
sense” in animals such as migratory birds [3], a hypothesis which has been strengthened by
theoretical calculations, as well as recent reports of magnetic field effects in vivo on CRY-
dependent responses in plants (A. Thaliana) [4]. Preliminary results are presented from a
time-resolved flash-photolysis study of the reaction kinetics of A. Thaliana cryla, which
show evidence for the existence of long-lived radical pairs, a crucial first step if the
existence of MFEs in CRY is to be confirmed.

1] H. Hayashi and S. Nagakura, Bull. Chem. Soc. Japan, 1984, 57 (2), 322-328
2] B. Giovani et al., Nature Structural Biology 2003, 10 (6), 489-490

3] T. Ritz et al., Nature 2004, 429(6988), 177-180
4
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[4] M. Ahmad et al., Planta 2006, in press; published online (DOI 10.1007/s00425-006-0383-0)
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SINGLET OXYGEN GENERATED IN GAS PHASE BY PHOTOSENSITIZATION
WITH NAPHTHALENE DERIVATIVES: A TIME RESOLVED EPR STUDY.
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The lowest electronically excited singlet state of oxygen molecule Oz(lAg) has been a
subject of study for many years, mainly for its role in many photochemical and biological
problems.[1] Oz(lAg) is paramagnetic by virtue of its orbital angular momentum and can be
efficiently detected by electron paramagnetic resonance spectroscopy in the gas phase.

The EPR spectrum of singlet oxygen Oz(lAg) was observed and characterized for the
first time by Falick, Mahan & Myers in 1965 after passage of O, through a microwave
discharge.[2] The gas phase EPR technique was subsequently successfully used in some
early 1970s studies to detect the formation of Oz(lAg) generated by photosensitization and
chemical reaction.[3,4] After these works, EPR studies on Oz(lAg) have not been performed
for more than 30 years and only recently an additional evidence proved that gas phase EPR
is a reliable technique for determining the concentration of Oz(lAg) generated by
homogeneous photosensitization.[5]

In this work we present an EPR study of Oz(lAg) in gas phase generated both by
microwave  discharge and by  photosensitization  involving  naphthalene,
octafluoronaphthalene and their deuterated analogs. Experiments have been carried out
flowing oxygen at different pressures, in the range 50 mTorr-500 mTorr. Both steady state
measurements and time resolved measurements (TR-EPR) in the range of seconds have
been made in the case of photosensitization experiments. In the TR-EPR experiments
photoexcitation was obtained by flashing a lamp. TR-EPR spectra have been detected
keeping the magnetic field modulation turned on and using the standard lock-in system of
the spectrometer. In our experimental conditions Oz(lAg) generation and decay kinetics
proved to be extremely long, in the range of seconds.

Both the spectral linewidths and time evolutions of the four typical EPR lines (J=2,
Amy=%1 transitions) of Oz(lAg) were analyzed as function of both oxygen pressure and
sensitizer concentration (vapor pressure). An attempt of interpretation was given taking into
account both the relaxation mechanisms and the whole possible Oz(lAg) quenching
processes in the gas phase O-naphthalene mixture systems.

O, pressure and naphthalene concentration were found to be very critical parameters
in both photosensitization and decay processes. Using 02(32g) as a quantitative standard,
the highest Oz(lAg) yield measured was 10%.

At our knowledge this is the first work in which the time evolution of Oz(lAg) EPR
lines have been recorded and lifetime of Oz(lAg) have been measured using gas phase EPR
technique.

[1] C. Schweitzer and R. Schmidt, Chem. Rev., 103 (2003) 1685.

[2] A. M. Falick, B. H. Mahan and R. J. Myers, J. Chem. Phys., 42 (1965) 1837.

[3] E. Wasserman, R. W. Murray, M. L. Kaplan and W. A. Yager, JACS, 90 (1968) 4160.
[4] D. R. Kearns, A. U. Khan, C. K. Duncan, A. H. Maki, JACS, 91 (1969) 1039.

[51 M. Yagi, S. Takemoto and R. Sasase, Chem. Lett., 33 No.2 (2004) 152.
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A RAPID FIELD SWITCHING SPECTROMETER FOR PUMP-PROBE
MAGNETIC FIELD EFFECT STUDIES
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Radical Pairs (RPs) are important reaction intermediates generated whenever radicals
are formed from non-radical precursors by bond homolysis, atom or electron transfer [1].
RPs are of interest due to their susceptibility to influence by external magnetic fields and
their behaviour can be well understood in terms of the Radical Pair Mechanism (RPM).
There is much current interest in RPs due to their role in the photosynthetic reaction centre
[2], their potential role as the mediators of the effect of environmental electromagnetic
fields (EMFs) in biological systems[3] and their recent implication in the mechanism of the
magnetic compass in animals that navigate in the geomagnetic field [4].

Although RPs exist as intermediates in their own right, their direct detection is
difficult, as their electric dipole based spectroscopic properties do not differ in any way
from the component radicals of the pair. Methods exist for the direct observation of RPs in
high magnetic fields using time-resolved EPR and short pulse RYDMR, but until recently
[5] there has been no good general method for directly observing the behaviour of RPs in
weak or zero field.

We describe here our complete spectrometer arrangement for the direct observation
of RP kinetics in weak magnetic fields through use of a pump-probe field effect technique
including the circuitry for applied static and rapidly switched magnetic fields that has been
developed in-house. We present experimental data which provide insight into the time-
dependence of the magnetic field sensitivity in a series of radical-ion pair reactions.

[1] Woodward, J. R., Radical pairs in solution. Progress in Reaction Kinetics and Mechanism 2002, 27, (3),
165-207.

[2] Hu, X. C.; Ritz, T.; Damjanovic, A.; Autenrieth, F.; Schulten, K., Photosynthetic apparatus of purple
bacteria. Quarterly Reviews of Biophysics 2002, 35, (1), 1-62.

[3] Hore, P. J., Rapporteur's report: sources and interaction mechanisms. Progress in Biophysics & Molecular
Biology 2005, 87, (2-3), 205-212.

[4] Ritz, T., Thalau, P., Phillips, J. B., Wiltschko R. & Wiltschko, W., (2004). Resonance effects indicate a
radical-pair mechanism for avian magnetic compass. Nature 429 177-180
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BASED PHOTOINITIATORS FROM MFE, TREPR AND DFT STUDIES
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Woodward
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Acylphosphine oxides have received considerable attention in recent years, primarily
due to their industrial applications'. Their properties of visible absorption, high radical
yield and their ability to generate colourless cured formulations have seen them become
desirable photoinitiators. Upon photoexcitation, homolysis of the phosphorous-carbon bond
occurs generating a radical pair consiting of an acyl radical and a phosphorous centred
radical. This is believed to occur for both monoacyl- and bisacylphosphine oxides”. The
large hyperfine coupling induced by the 3P nucleus makes this radical pair an interesting
system for magnetic field studies®. Our experiments, however, indicated a large difference
in the magnetic field effects observed for the monoacyl and bisacyl derivatives for studies
performed in cyclohexanol. Time-resolved EPR studies of these molecules reveal
substantially different photochemistry for the bisacyl derivative in alcoholic solvents
compared with acetonitrile. The figure below shows example spectra of the monoacyl and
bisacyl derivatives in cyclohexanol; there are clear differences in the radical species
produced in each case. CHy ©

310 320 330 340 350 360
Magnetic field / mT

We present here the results of our investigation into the processes occurring in these
molecules before and after photoexcitation, based on MFE, UV/Vis and TREPR
experiments. Our proposed mechanisms are discussed in the light of numerous DFT
calculations on proposed intermediates.

[1] See, for example, Dietliker, K in Radiation Curing in Polymer Science and Technology; Fouassier, J. P.,
Rabek, J. F., Eds.; Elsevier Applied Science, New York, 1993; Vol II.

[2] S. Jockusch and N.J. Turro, J. Am. Chem. Soc.,1998, 120, 11773-11777.

[3] H. Hayashi, Y. Sakaguchi, M. Kamachi and W. Schnabel, J. Phys. Chem.,1987, 91, 3936.
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The ability of some animals, most notably migratory birds, to sense magnetic fields is
still poorly understood. It has been suggested [1,2] that animal magnetoreception is
mediated by the blue light receptor protein cryptochrome, which is known to be localized in
the retinas of migratory birds. Recent experiments [3] have shown that the activity of
cryptochrome-1 in Arabidopsis thaliana is enhanced by the presence of a weak external
magnetic field, confirming the ability of cryptochrome to mediate magnetic field responses.

Trp400 Trp324
FADH W

only in singlet state

Figure 1. A semi-classical description of the magnetic field effect on the radical pairs between FADH and
tryptophan in cryptochrome.

Cryptochrome's signaling is tied to the photoreduction of an internally bound
chromophore, flavin adenine dinucleotide (FAD). The spin chemistry of this
photoreduction process is schematically shown in Fig. 1. It involves electron transfer from
a chain of three tryptophans, and can be modulated by the presence of a magnetic field
through the so-called radical pair mechanism based on Zeeman and hyperfine coupling. We
present calculations showing that the radical pair mechanism in cryptochrome can produce
an increase in the protein's signaling activity of approximately 10% for magnetic fields on
the order of 5 Gauss, which is consistent with experimental results [3]. These calculations,
in view of the similarity between bird and plant cryptochromes, provide further support for
a cryptochrome-based model of avian magnetoreception.

References

[1] Ritz T., Adem S., and Schulten K., Biophysical Journal, 2007, 78, 707.

[2] Solov‘yov I., Chandler D., and Schulten K., Biophysical Journal, 2007, 92, in press.
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10.1007/s00425-006-0383-0.
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Magnetically Affected Reaction Yield (MARY), or Level Crossing, Spectroscopy is a
convenient experimental technique to obtain information on paramagnetic species with
lifetimes as short as nanoseconds in liquid solution. The particular realization of this
method developed in authors’ lab takes advantage of the magnetic field dependence of the
intensity of recombination luminescence from spin-correlated radical ion pairs generated by
X-irradiation of nonpolar solutions. The shape of the resulting MFE curve bears
information about the magnetic and kinetic parameters of the partners of the recombining
pairs — short-lived radical ions that are often hardly accessible for other techniques.

The MFE curves can have resonance-like lines coming from degeneracies in the spin
system of the radical pairs that are lifted when sweeping magnetic field. The ubiquitous
MARY Line at zero field, known also as the Low Field Effect, is very useful for measuring
kinetic properties of the recombining ions, such as their recombination, relaxation and
chemical decay rates. However, in practice it bears no information on magnetic structure of
the partners, which requires some independent clues to identify the partners of the pair for
interpreting the MARY spectra.

It is known that apart from the gross magnetic characteristic of the pair — second
moment of the ESR spectrum of its partners available from the bulk MFE curve —
characteristic lines can arise in nonzero magnetic fields that directly reflect the individual
hyperfine couplings in the radicals. So far these have been theoretically analysed and
experimentally observed only for pairs that had appreciable couplings only with
magnetically equivalent nuclei all condensed in one partner. As moving beyond this
simplest situation drastically complicates the picture of level crossing, obtaining and
understanding characteristic MARY spectra from more complex (and more realistic)
experimental systems was generally considered a hopeless endeavor.

In this contribution we discuss characteristic MARY spectra for two systems with not
all nuclei being magnetically equivalent — radical anions of 1,2,3-trifluorobenzene
(hyperfine pattern 142) and pentafluorobenzene (1+2+2) that recombine with “narrow”
radical cations. The spectra were reliably obtained in experiment and reproduced in
modeling. Furthermore, a simple approach of analysing the “active crossing” is suggested
to isolate from the multitude of level crossings only those that can contribute to the
experimental spectrum. The feasibility of such characteristic MARY spectra substantially
increases the application range of the technique and contributes to a deeper understanding
of the coherent evolution in the spin system of the correlated radical pair.

This work is supported by INTAS (05-1000008-80) and RFBR (07-03-00534).
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TR-EPR OF A TPP-NITROXIDE DYAD
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Dyads composed by a stable free radical and a triplet precursor with high triplet
quantum yield are good species for the study of intra-molecular Radical-Triplet interaction.
Tetraphenylporphyrin (TPP) has quite high triplet quantum yield from the excited singlet
state. Moreover TPP can be excited efficiently using the second harmonic of a Nd:YAG
laser (€ ~ 5000 cm "M at A = 532 nm)

The dyad 1 shown in the figure has been synthesized starting from 4-amino-TEMPO
and TPP-COOH.

Using laser excitation at 532 nm we recorded TR-EPR spectra of toluene solution of
1 (0.1 mM). In liquid toluene, for all the temperatures in the range 230-280 K, time
resolved EPR spectra show the three hyperfine nitroxide lines (coupling constant ax ~ 1.5
mT) with strong initial spin polarization in emission. On both sides of the main EPR signals
six extra lines are present, in two groups of three lines each (hyperfine splitting ~ 1.5 mT).
The separation between the groups is about 6.0 mT and changes with temperature. TR-EPR
spectra recorded in a solid toluene matrix with the same excitation wavelength, show the
signal of a powder triplet species with spin polarization typical of TPP. The EPR results are
presented and discussed taking into account the intra-molecular exchange interaction
between triplet state TPP and radical TEMPO.
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Polyfluoroarene radical anions (RA’s) attract much attention due to the peculiarities
of their electron and spatial structures. Quantum chemical calculations indicate their
potential energy surfaces (PES’s) to include a number of non-planar conformations.
Thermal transitions among the conformations should lead to spectral exchange in ESR
spectra of the RA’s. Thus, the correlation between the calculated PES shape and
experimentally measured temperature dependence of ESR spectrum may provide
information on intramolecular dynamics of a RA.

In this work, RA’s of 1,3,5-trifluorobenzene and decafluorobiphenyl were studied
experimentally - by the OD ESR and time resolved magnetic field effect (TR MFE)
methods, and theoretically - using DFT/UB3LYP quantum chemical calculations. The
PES’s of both RA’s and hfc values for the stationary structures were calculated. The 1,3,5-
trifluorobenzene RA PES includes six equivalent minima separated by energy barriers of
equal heights not exceeding 3.2 kcal/mole. As for the decafluorobiphenyl RA, its PES
includes four energetically equivalent minima, with 0.5 kcal/mole energy barriers.

The ESR spectra of both RA’s were detected for the first time. At room temperature,
they correspond to fast spectral exchange, with hfc values averaged over the structures of
minimum energy. The temperature dependences of the spectra were measured in the range
from T = 243 K to 325 K in liquid solution. As for the decafluorobiphenyl RA, no changes
in hyperfine pattern were observed. It suggests that the barriers are sufficiently low for fast
transitions at the lowest temperature we used, which agrees with the PES calculations. Such
fast spectral exchange would contribute to paramagnetic relaxation rate. Indeed, the
experimental TR MFE curves proved to be strongly dependent on magnetic field strength.
This is indicative of magnetic field dependence of the relaxation rate resulting from the
exchange. The simulation of this dependence allows estimation of the transition time value.
The spectrum of 1,3,5-trifluorobenzene RA proved to be temperature-dependent, the lines
broadening as temperature decreases. Such tendency might be explained by drop in the
transitions rate at low temperatures. However, this assumption contradicts small energy
barriers given by the calculations. Further investigation of 1,3,5-trifluorobenzene RA PES
is currently being undertaken.

The work was supported by the Russian Foundation for Basic Research (grants 05-03-

32620 and 04-03-32459), and the program “Support of Leading Scientific Schools™ (NS-
5078.2006.3).
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The porphyrin analogues, corroles, have attracted much attention in different fields,
due to their ability to stabilize metal ions with higher oxidation states, as compared to other
tetrapyrroles. This unique feature enables the photophysical properties of the corroles to be
tuned by varying the substituents and central metal, allowing them to serve as efficient
photosensitizers.

Three photosensitizers- tris-(pentafluorophenyl) Sb(IIl) pyridine, Sb(V)O and
Sb(V)F, corroles with different axial ligands were studied by time-resolved electron
paramagnetic resonance (TREPR) spectroscopy and laser flash photolysis. The magnetic,
kinetic and orientational parameters of the corroles aligned in a nematic liquid crystal, as
well as their triplet lifetimes in liquid toluene were determined and interpreted in terms of
their structure and geometry. The negative zero-field splitting parameter D, assigned to all
studied corroles, is explained by asymmetric m-electron withdrawal effect caused by
perfluorinated peripheral aryl groups, enforcing the triplet electron spins to align in a head-
to-tail configuration. The correlation between the type and number of the axial ligands and
the corroles efficiency to perform photoassisted aerobic oxygenation of several organic
molecules was accomplished. In addition, it is demonstrated that the main parameters of
the photoexcited complexes are governed by the interaction between the central ion and the
corrole's m-system. This interaction is strongly affected by the axial ligands coordination,
modifying the macrocycle symmetry, planarity, and rigidity.
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Reactions involving spin-correlated radical pairs as intermediates have been shown to
be sensitive to weak static and oscillating magnetic fields applied in isolation [1,2]. The
combination of a weak static field (By <4mT) with a weak radio-frequency (RF) field
(B1<1mT) in a low-field Reaction Yield Detected Magnetic Resonance (RYDMR)
experiment affords greatly increased sensitivity as compared to earlier work using only an
oscillating field. We perform a continuous-wave, low-field RYDMR experiment, termed
MARY-v to emphasise the similarity to the modulated-MARY technique. We have
previously proposed MARY-v as a diagnostic test for the Radical Pair Mechanism (RPM)
[3,4]. Such a test may find use in the investigation of candidate molecules for the avian
magnetic compass sense, and could prove invaluable in studies of the putative adverse
health effects associated with electromagnetic fields.

Many published RYDMR studies have used a strong static field (e.g. X-band By =
0.34 T) with respect to the oscillating field. A stronger static field gives advantages in terms
of resolution and signal intensity, and simplifies theoretical treatment as the electron
Zeeman interaction is dominant. In MARY-v, however, we probe the complex interplay of
the hyperfine coupling with static and RF magnetic fields, to which it is comparable in
magnitude. This exploits transitions that would be forbidden in the high-field case. Previous
MARY-v investigations examined the effects of orientation and polarisation of the RF field.
Here we extend this work, examining the influence of the RF-field strength. It will be
shown that there is a critical dependence on the relative magnitude of the RF-field strength
By and the hyperfine couplings of the system. This controls a form of spin-locking
behaviour, similar to that observed in earlier RYDMR studies [5]. A thorough
understanding of this phenomenon is not only intellectually desirable, but will be essential
if the technique is to be widely applicable.

It will be shown that the MARY-v signal intensity varies with B;, and becomes zero
as the Zeeman resonance inverts at a strength determined by the hyperfine coupling. For
use as a diagnostic test for the RPM, ability to vary B is therefore essential. In addition, the
sensitive variation in lineshape and signal intensity may allow application of known
systems as calibration standards for measurement of RF-field strength.

[1] U. E. Steiner & T. Ulrich, Chemical Reviews, 89, 51-147, (1989).

[2] C. R. Timmel & K. B. Henbest, Phil. Trans. A, 362, 2573-2589, (2004).

[3] K. B. Henbest, P. Kukura, C. T. Rodgers, P. J. Hore & C. R. Timmel, J. Am. Chem. Soc. 126, 8102-8103,
(2004).

[4] C. T. Rodgers, K. B. Henbest, P. Kukura, C. R. Timmel, & P. J. Hore, J. Phys. Chem. A, 109, 5035-5041,
(2005).

[5] S. N. Batchelor, K. A. McLauchlan & I. A. Shkrob, Molec. Phys., 75, 501-529, (1992).
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Many species of bird and other animals are able to sense the Earth’s magnetic field.
The Robin redbreast (Erithacus rubecula) was shown to use such a sense for navigation in
the 1960’s [1]. Since then many behavioural studies have confirmed this result and
uncovered details of the birds’ magnetic perception. Yet, to this day, the biochemistry and
neurophysiology underlying the magnetic sense are unknown.

One of the leading hypotheses is that this magnetic sense is founded on a chemical
photoreceptor whose biochemistry proceeds via a radical pair intermediate [2, 3]. In
favourable circumstances, the yield or kinetics of this biochemical pathway would be
sensitive to the Earth’s magnetic field. If the photo-receptors were held in fixed
orientations, one would have the essential elements for a radical pair mechanism biological
“compass”. This hypothesis is consistent with several important behavioural observations.
For example: robins are sensitive only to the inclination of a magnetic field, not its polarity;
robins orient under blue/green ambient light, but not with red/yellow light; and robins
orient only in a narrow range of field strengths.

We focus particular attention on the response of such a RPM compass when exposed
to radio frequency fields as well as the geomagnetic field. Experiments conducted in
Frankfurt, where the geomagnetic field is 46 uT, have recently shown [4, 5] that the
compass sense of robins may temporarily be disrupted by 1.315MHz RF fields that are as
weak as 15 nT, but that robins are far less sensitive to 2.63MHz RF fields, which require a
strength of 460 nT for disorientation. Furthermore, robins remain unaffected in the presence
of a 1.315MHz field of 485 nT strength that is oriented parallel to the geomagnetic field,
but become disoriented when the fields make an angle of 24_ with one another [6]. If the
static field is increased to 2 x 46 uT = 92 uT, these sensitivities change: at 2.63MHz it
takes only 15 nT to disrupt orientation, whereas at 1.315MHz there is no longer any effect
even for fields of 150 nT.

We present a series of calculations of the effects of such magnetic fields in radical
pairs containing flavin adenine dinucleotide FADe— radicals. Our approach to calculation
has been validated through several years of work in small-molecule chemical systems [7,
8]. We show that the above observations in robins imply strongly that the radical pair
involved in magnetoreception shows hyperfine couplings (HFCs) in only one of the two
radical species. We discuss whether one radical might effectively lose its HFCs by
mechanisms such as electron hopping.

These physico-chemical studies make an important contribution to the
interdisciplinary debite on the fascinating magnetic sense of birds.

[1] R. Wiltschko and W. Wiltschko, Animal Behaviour 65, 257 (2003).
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Magnetic field effects on the rate and/or yield of chemical reactions have been a rich
sourceof information on the structures, diffusive motion and kinetic properties of radical
pair (RP) intermediates [1, 2]. These intermediates are difficult to study by techniques such
as timeresolved EPR because of their transient nature and the limited sensitivity in
detecting microwave photons. Yet, they play an important role in a wide range of
photolytic, thermal and radiolytic processes.

RYDMR and MARY spectroscopies are two established techniques that utilise
magnetic field effects to study RP intermediates. Traditionally, these experiments involve
static magnetic fields that are much stronger than hyperfine interactions. Nevertheless, it is
also possible to use weaker fields that are comparable to or weaker than hyperfine
interactions. The ensuing low-field RYDMR and MARY spectra are rather different to their
high-field cousins; they are more detailed (and more complex). We describe our recent
work to understand these low-field spectra through experimental measurements and
appropriate numerical simulations.

We present a series of proof-of-concept low-field optically detected EPR (i.e. low-
field RYDMR) studies carried out here in Oxford on small-molecule chemical systems such
as the RPs generated in the photochemical reaction of dicyanobenzene with pyrene or
chrysene [3-5]. These systems are convenient for developing experiments since they
produce fluorescent exciplexes with an efficiency that depends strongly on the applied
magnetic fields. These RPs are expedient for theoretical work because they contain
relatively few magnetic nuclei.

We focus particularly on a series of measurements and accompanying calculations
showing the effect of simultaneous RF and static magnetic fields. Such OD EPR signals are
sensitive to the frequency and polarisation of the RF field and to its relative orientation with
the static field. These measurements explore the breakdown of high-field EPR selection
rules and of the rotating frame approximation at field strengths or radio frequencies that are
comparable to the hyperfine interaction. The good agreement between theory and
experiment throughout a wide range of parameters validates our theoretical model.

We conclude by showing how these low-field OD EPR techniques might be
developed for application in biologically-relevant systems. For example, low-field OD EPR
must be central in settling questions about the putative health effects of electromagnetic
fields emanating from mobile phones or power lines. It also makes a critical contribution to
the debate on the origins of the magnetic sense of migratory birds.

[1] H. Hayashi, Introduction to Dynamic Spin Chemistry, World Scientific, 2004.

[2] U. E. Steiner and T. Ulrich, Chemical Reviews 89, 51 (1989).

[3] C. T. Rodgers, Magnetic Field Effects in Chemical Systems, DPhil Thesis, University of Oxford, 2007.
[4] C. Rodgers, K. Henbest, P. Kukura, C. Timmel, and P. Hore, J. Phys. Chem. A 109, 5035 (2005).

[51 K. B. Henbest, P. Kukura, C. T. Rodgers, P. J. Hore, and C. R. Timmel, JACS 126, 8102 (2004).
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ANOMALOUS CRYSTALS: THE SYMMETRY BREAKING IN THE DCM/KH
PHTHALATE INCLUSION CRYSTAL STUDIED BY TR-EPR

Marina Brustolon#, Roberto Zanré#, Antonio Barbon#, Kiristin L. Wustholz§, Bart Kahr®

#Department of Chemical Sciences, Via Marzolo 1, 35131-1, Padova, (Italy)
§ Department of Chemistry, University of Washington, Box 351700, Seattle, WA 98195-1700 (USA)

Transparent colourless crystals of simple salts grown in presence of a dye can be
stained with molecules many times larger than those of the host. They are called Dyes
Inclusion Crystals (DIC) [1] . Time Resolved EPR is a convenient technique to study some
of their singular properties [2].

4-dicyanomethylene-2-methyl-6-(p-(dimethylamino)styryl)-4H-pyran (DCM) is a
laser dye of analogous structure to 4,4’-disubstituted push-pull stilbenes. It has many
interesting properties arising from the charge transfer that occurs in the excited state. The
evolution of DCM from a locally excited electronic state to a charge-transfer state has been
attributed to a configurational change. Its photophysical behaviour has been investigated by
numerous authors, with different spectroscopies.

Its triplet state has never been observed till now.

//N We have studied DCM in a single crystal of

KAP (Potassium Acid Phthalate) by Time-

\ Resolved EPR. In this rigid matrix we have

been able to observe for the first time the

\ photoexcited  triplet of DCM. Its ZFS

parameters have been compared with

\ computations sensitive to the conformation of
the excited state.

Moreover, we have obtained interesting

DCM results on the orientations of the dye giving

rise to the triplet state. The dye is included only in {11-1} growth sector. We have isolated

two sub-volumes from this sector, cutting the fragment along the ¢ axis. We have found

that the DCM molecules giving the triplet spectrum are present in each sub-sector in an

unique orientation, and with slightly different ZFS parameters. The two orientations are not

symmetry related, despite the fact that the two sub-sectors are mirror images one of the

other. The breaking of the crystal symmetry may be explained as a consequence of

intrasectoral zoning via the vicinal faces of growth hillocks. Intrasectoral zoning is here

observed for the first time by EPR.

CHs, N (CHg)2

[1] B. Kahr, R. W. Gurney, Chem. Rev. 2001, 101, 893.
[2] A. Barbon, M. Bellinazzi, J. B. Benedict, M. Brustolon, S. D. Fleming, S.-H. Jang, B. Kahr, A. L. Rohl, ,
Angew. Chem. Int. Ed. Engl., 2004, 43, 5278-5286
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