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Abstract: We describe experimental results and theoretical models for nuclear and electron spin relaxation
processes occurring during the evolution of °F-labeled geminate radical pairs on a nanosecond time scale.
In magnetic fields of over 10 T, electron-nucleus dipolar cross-relaxation and longitudinal AHFC—Ag
(hyperfine coupling anisotropy — g-tensor anisotropy) cross-correlation are shown to be negligibly slow.
The dominant relaxation process is transverse AHFC—Ag cross-correlation, which is shown to lead to an
inversion in the geminate '°F chemically induced dynamic nuclear polarization (CIDNP) phase for sufficiently
large rotational correlation times. This inversion has recently been observed experimentally and used as
a probe of local mobility in partially denatured proteins (Khan, F.; et al. J. Am. Chem. Soc. 2006, 128,
10729—10737). The essential feature of the spin dynamics model employed here is the use of the complete
spin state space and the complete relaxation superoperator. On the basis of the results reported, we
recommend this approach for reliable treatment of magnetokinetic systems in which relaxation effects are
important.

Introduction large as those 6fF and®lP 57 Given the proven utility of photo-
Many fluorine-containing aromatic radicals and a number of CIDNP methods in protein folding researtthe resuits will
phosphorus-centered radicals exhibit large and strongly aniso-P€ particularly useful in the context &iC, **N, and*F photo-
tropic hyperfine couplings (HFC), sometimes exceeding 20 mT CIDNP spectroscopy of isotopically labeled proteir.
in strength2 While large HFC anisotropy mostly generates The starting point for the present work was provided by
unwanted complications in conventional electron paramagnetic xPerimental observatioh¥ of *F photo-CIDNP enhancements
resonance (EPR) spectroscopy, it can lead to qualitatively newWhose phases are opposite in sign to those predicted by the
phenomena in magnetochemical experiments, such as chemicalXisting models; ¢ and which depend strongly on the mo-

induced dynamic nuclear polarization (CIDRPand chemically lecular size and rotational correlation time. Below, we review
induced dynamic electron polarization (CIDEF)which rely ~ reports of unexpected results from CIDNP and CIDEP experi-
on a delicate interplay between spin dynamics and chemical Ments involving *%F-containing radicals and verify that the
kinetics. existing models (based on the Overhauser effééteor simi-

. . . ) .

Here we explore, both theoretically and experimentally, the 1ar cross.-relaxa'glon and c.ross-(?orrellatlon procedses") are
effect of nuclear spin relaxation, cross-relaxation, and cross- not consistent with phase inversions in measurements performed
correlation induced by the anisotropy of hyperfine arensors ~ at high field (-10 T). We then perform a complete relaxation
on the geminate photo-CIDNP effect in fluorine-containing (6) Kolozak, U.. Rist, G.. Dietliker, K. Wirz, . Am. Chem. So0996 118
radicals. Apart from radicals containid@ and3'P, the results 64776489, P e '
are likely to be applicable t&*C- and!®N-containing species, (7) Benn, R.; Dreeskamp, FZ. Phys. Chem1976 101, 11-23.

h lei | h h | - . d (8) Kaptein, R.; Dijkstra, K.; Nicolay, KNature 1978 274, 293-294.

as these nuclei can also have rather large isotropic and (9) khan, F.; Kuprov, I.. Craggs, T. D.; Hore, P. J.; Jackson, SJ.EAm.

i i i i i Chem. Soc2006 128 10729-10737.
anisotropic HFCs in aromatic radicals, thoth usua“y not as (10) Kuprov, I. D.Phil. thesis, University of Oxford, 2005, pp-154 (arXiv:

o . physics/0604156).
University of Oxford. (11) Adrian, F. JChem. Phys. Lettl974 26, 437—439.
* University of Cambridge. (12) Adrian, F. J. In ref 4, pp 77105.
(1) Jockusch, S.; Turro, N. J. Am. Chem. S0d.998 120, 11773-11777. (13) Kaptein, RChem. Commuril971, 732-733.
(2) Vyushkova, M. M.; Beregovaya, I. V.; Vysotskii, V. P.; Shchegoleva, L.  (14) Morozova, O. B.; Tsentalovich, Y. P.; Yurkovskaya, A. V.; Sagdeev, R.
N.; Bagryanskii, V. A.; Molin, Y. N.Dokl. Phys. ChenR005 403 142— Z. Chem. Phys. Lettl995 246, 499-505.
145. (15) Tsentalovich, Y. P.; Frantsev, A. A.; Doktorov, A. B.; Yurkovskaya, A.
(3) Goez, M.Concepts Magn. Resof995 7, 69—86. V.; Sagdeev, R. ZJ. Phys. Chem1993 97, 8900-8908.
(4) Muus, L. T.; Atkins, P. W.; McLauchlan, K. A.; Pedersen, JBemically (16) Tsentalovich, Y. P.; Lopez, J. J.; Hore, P. J.; Sagdeev, Bp&ctrochim.
induced magnetic polarizatiofProceedings of the NATO Advanced Study Acta A2002 58, 2043-2050.
Institute, Sogesta, Urbino, Italy, April 730, 1977; D. Reidel: Dordrecht, (17) Overhauser, A. WPhys. Re. 1953 92, 411-415.
Holland, 1977. (18) Adrian, F. J.; Vyas, H. M.; Wan, J. K. 8. Chem. Physl976 65, 1454~
(5) Hore, P. J.; Joslin, C. G.; McLauchlan, K. 8hem. Soc. Re 1979 8, 1461.
29-61. (19) Adrian, F. J. In ref 4, pp 369381.
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Figure 1. (A) °F NMR (top) and photo-CIDNP (bottom) spectra of Y200F and Y151F mutants of 3-fluorotyrosine-labeled green fluorescent protein. (B)
Aromatic region of th¢H NMR and photo-CIDNP spectra of 3-fluorotyrosine as the free amino acid (top and middle) and as an amino acid residue in the
Trp-cage protein (bottom). (CGJF NMR and photo-CIDNP spectra of 3-fluorotyrosine-labeled Trp-cage protein as a function of temperature. The van't Hoff
analysis of NMR intensities in the left panel resultsAikl® = 7.6 4+ 1.6 kJ mott, AS = 23 £ 5 J K™1 mol~%, assuming a two-state chemical equilibrium,

which we attribute to proline isomerization. (% photo-CIDNP spectrum of 3-fluorotyrosine-labeled green fluorescent protein as a function of pH at 25

°C. (E) *°F photo-CIDNP spectrum of 3-fluorotyrosine-labeled Trp-cage protein as a function of denaturant concentration and temperature. (Panels A and
D reproduced with permission from ref 9. Copyright 2006 American Chemical Society.)

analysis of our system, including all nonsecular and pseudo- 1. A unit sphere in a Cartesian space is scaledAy in the X
secular terms, demonstrate that it successfully explains thedirection, |Az| in the Y direction, and/As| in the Z direction, where
experimental observations, and identify the relaxation pathways Ai are the eigenvalues of the HFC tensor agdY, andZ denote the

responsible. principal axes of the tensor.
2. A set of three eigenaxes is drawn inside the ellipsoid with red for
Experimental and Computational Techniques a positive eigenvalue and blue for a negative one.

3. The ellipsoid is translated to the position of the corresponding
atom and rotated into the molecular frame.

Arguably, a more consistent way of representing the anisotropy of
a symmetric second rank tensor would be to pull the ellipsoid inside-
out through zero for negative eigenvalues so that the resulting plot looks
like (and is in fact related to) a superposition \8fn(0,p) spherical
harmonics. It was found, however, that with this faithful representation
the picture gets rather cluttered. Since the hyperfine tensor operates in
a direct product of spin operator spaces, which fundamentally have no
classical analogue, we believe that the details of its representation in a
Cartesian space are a matter of convenience.

In deriving the relaxation superoperator for our model spin system,
we make use of a convenient and powerful implementation of Btoch
Redfield-Wangsness (BRW) relaxation theory, based on rotation group
theory and automated pattern matching. A detailed description of this
approach, together with a few examples, can be found in our recent
paper?® The specific program (written in Mathematica 5.2) we used to
facilitate the relaxation theory treatment performed here may be found
in the Supporting Information.

Our photo-CIDNP installations, as well as thewodus operandli
are described in detail elsewhéfé! To achieve efficient illumination
of strongly colored green fluorescent protein (GFP) solutions, a
stepwise-tapered optical fiber was used in continuous-wave photo-
CIDNP experiments, which permits efficient illumination of even very
optically dense samplé3The preparation of fluorine-labeled Trp-cage
proteir?® is described in detail in ref 10, and that of fluorine-labeled
GFP is described in ref 9.

For ' and'H photo-CIDNP experiments on 3-fluorotyrosine;®
solutions were used, each containing 4.0 mM 3-flupretyrosine
(Lancaster), 0.2 mM flavin mononucleotide (FMN, Sigma), ar®0%

(by volume) of glycerolds (Cambridge Isotope Laboratories) at pH
7.0 (uncorrected for the deuterium isotope effect). For CIDNP experi-
ments on fluorine-labeled GFP, its concentration in phosphate-buffered
(50.0 mM, pH 7.2) RO was chosen to give an optical density of 1.0
at 514 nm, with 1.0 mM concentration of FMN. Photo-CIDNP
experiments on Trp-cage were performed with 1.0 mM solutions in
either pure RO or 5.0-7.0 M solutions of ureak in D,O with 0.2

mM FMN as a photosensitizer.

The density functional theory (DFT) calculations were performed  gyryey of Experimental Observations
using the Gaussian03 progr@fThe equilibrium geometries were
obtained from B3LYP/6-31+G(2d,2p) calculations performed in a The starting point for the present work was the observation
combination of explicit (first solvation shell for polar groups) and of 19F photo-CIDNP effects in large fluorine-labeled molecules
implicit (PCM with UAKS topological atom model) water. Hyperfine  for which the phase of the né¥ polarization was contrary to
and g-tensors were then computed for the resulting geometry on a
GIAO B3LYP/EPR-III level of theory. This semi-explicit solvent (5q

2

Kuprov, |.; Goez, M.; Abbott, P. A.; Hore, P. Bev. Sci. Instrum2005
76 (084103) 1-7.

: : : (21) Kuprov, I.; Hore, P. JJ. Magn. Reson2004 168 1—7.
much better agreement with experimental results than calculations (22) Kuprov, I.: Hore. P. 0. Magn. Resor2004 171 171--175.

)

approach yields hyperfine couplings in amino acid radicals that are in )

; . . )
performedin vacuo® All calculation logs can be found in the  (23) Neidigh, J. W.; Fesinmeyer, R. M.; Andersen, N.Nture Struct. Biol.

)

)

)

Supporting Information. 2002 9, 425-430. . o .
. . . . (24) Frisch, M. J.; et alGaussian 03 Revision D.02; Gaussian, Inc.: Wall-
Ellipsoid plots of hyperfine tensors were generated using the ingford, CT, 2004.

hfc_display program, written in the Matlab 7.0 environment and listed (25 Qggékéllrlxa éil;lréul—mziris%; Becker, D.; Sevilla, M. D1. Phys. Chem. B
in the Supporting Information. The program parses a single-point (26) Kuprov, I.; Wagner-Rundell, N.; Hore, P. J. Magn. Reson2007, 184

Gaussian log and draws every ellipsoid in the following way: 196-206.
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Figure 2. (A) Temperature dependence of the steady-St&ehoto-CIDNP effect in water/glycerol solutions of 3-fluorotyrosine and in aqueous solution
of 3-fluorotyrosine-labeled Trp-cage protein with FMN as the photosensitizer. (B) Temperature dependence of the ¢¥mphate-CIDNP effect in
water/glycerol solutions of 4-fluorophenol with FMN.
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Figure 3. (A) Structures and atom numbering for 3-fluorotyrosine and flavin mononucleotide. (B) Schematic plot of the cyclic photochemical reaction
chain responsible for the generation of the photo-CIDNP effect in FMN-sensitized sy$tems.

Kaptein's sign rulé3 The experimental results we reported For the fluorine nucleus in the photoreactions of both
earlier?19 and which we seek to explain here, are summarized 3-fluorotyrosine and 4-fluorophenol with FMN (Figure 3A), all
in Figures 1 and 2. At a magnetic induction of 14.1 T (600 four factors in Kaptein’s sign rule for net nuclear polarization
MHz H NMR frequency), the following observations were are positive:

made: (1) The!®F photo-CIDNP effect in 3-fluorotyrosyl
residues in two proteins (GERNnd the TC5b variant of Trp-
cagé9 has a phase (emissive, Figure 1A,C) opposite to that of

. . : + absorptiv
Foeri) = e € SignAg) sign () = { N emissf’vee}

free 3-fluorotyrosine (absorptive) in aqueous solufibhlow- + triplet precursor] . 1
ever, thelH photo-CIDNP effects have the same phase in a - singlet precursof’ (1)
protein and the free amino acid (Figure 8)2) The sign of + recombination producls

19 _ " . _
the 1% photo-CIDNP effect changes from positive to negative {_ escape products }

for 3-fluorotyrosine and 4-fluorophenol when the solvent
viscosity is increased (Figure 2A,B) by the addition of glycerol. In this equationAg is the difference between tigevalues of

The phase of théH photo-CIDNP effect in the same system is  the two radicals (fluorine-containing radical minus FMN radical)
unchanged?® (3) For 3-fluorotyrosyl residues in GFP and Trp- and A is the hyperfine coupling constant of the nucleus in
cage, the sign of thé&% photo-CIDNP effect changes from question. The electron transfer in our systems is known to be
negative to positive when the protein is unfolded (FiguresEC  initiated by a photoexcited triplet flavin molecule, and the
and 2A). Once again, th&H CIDNP in the same residue is  recombination products are obser¥®@Figure 3B), so both the
unaffected (not shown). (4) In all cases, it is the geminate x4 ande factors are positive. Together with the experimentally
CIDNP* that changes sign. This is observed both directly (i.e., determineé” or computed (see Table 1, belowjvalues and
when the geminate effect is measured in a time-resolved CIDNP hyperfine couplings, this results in the prediction of absorptive
experiment) for 4-fluorophenol (Figure 2B) and indirectly (in  enhancement, which is indeed observed for the free 3-fluoro-
a steady-state photo-CIDNP experiment) for 3-fluorotyrosine tyrosine and 4-fluorophenol in aqueous soluti®Al

(Figure 2A). It has been shown that, due to fast spin relaxation To explain the experimentally observed phase inversion,
of the 1% nucleus in the radicalsT{ = 0.13 us), the steady-  without introducing additional sources of nuclear polarization,
state’®F CIDNP effect in 3-fluorotyrosine contains only the one of the factors in eq 1 must have a continuous dependence
geminate contributioA? (5) The 1% photo-CIDNP effect can  on temperature and/or solvent viscosity, possibly through another
have different signs for different 3-fluorotyrosyl residues in the temperature- or viscosity-dependent parameter. Any change in
same protein, depending on their respective mobilities (Figure the u or € factors should lead to a photo-CIDNP phase change
1C-E)S10 for all nuclei simultaneously. This is not what is observed; nor

9006 J. AM. CHEM. SOC. = VOL. 129, NO. 29, 2007
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is it likely that # could be negative, since the intersystem Y 7y etn+
crossing in photoexcited flavins is known to be very fist. Wy

Introducing an electronic structure perturbation sufficient to alter ' vy I e+n-

the sign of thel%F hyperfine coupling or to shift thg-value

requires either a large amount of energy (hyperfine coupling) Radical Pair N Diamagnetic
or the introduction of strong spin-orbit coupling-factor). Me%g::gﬁf WL WSl L W products
Neither is likely to be caused simply by raising the temperature

by 15°C (as shown in Figure 1E). The conclusion, therefore, e-n-

is that some process or factor not included in Kaptein’s rule is We.‘

responsible. The chief suspect is spin relaxation, because the "y ont

r(_)tat_“_)nal correlation time is the ObV|0u$ pare_lmeter that dep_endsFigure 4. Energy levels and longitudinal relaxation transitions in an
significantly on temperature, solvent viscosity, molecular size, electron-nuclear two-spin system. Adapted, with modifications, from
and, for a protein, denaturation. Adrian’s treatment8 See text for explanation of symbols.

The unexpected behavior of tH8F photo-CIDNP phase
observed for small molecules appears to have a complex history, The chief problem with Overhauser CIDNP and a large class
with attempted rationalizations mostly revolving around dipolar of related longitudinal cross-relaxation and cross-correlation
relaxation processes such as the Overhauser éH&tts19.29 mechanisms is that, in high fields (14.1 T in our case), the cal-
A number of publications have reported unexpected contribu- culations using BRW theo?§ and the models proposed by
tions to the high-field CIDNP of Period I elements, manifested Adrian et al*>!819and later Tsentalovich et &:'*all lead to
either at high viscosities or for very long-lived radicals in Vvalues of the paramagnetic cross-relaxation and/or cross-correla-
nonviscous solvenf® 32 Fluorine, with its large hyperfine  tion rates that are far too small to have any influence on the

coupling, has been cited as a classical example of Overhausenanosecond time scale of geminate radical pair spin dynamics.

CIDNP, as proposed by Adrian in the 1970481933.34|n g A detailed analysis (which we present below) concludes that,
papet! analyzing earlier experimental work qup-difluoro- while these mechanisms are clearly operational at lower fields
bibenzyl3® Adrian reports detection of onl{F polarization, and slower time scalé$;>°they do not explain our observations.

whereas, according to the EPR hyperfine coupling d#ta,  analysis of Existing Models of Relaxation in CIDNP
polarization should also have been observed. Fluorine seemedsystems

to be special, and this was attributed to electron-nuclear cross-
relaxation caused by the large HFC anisotropy of the fluorine
nucleust! A number of later works have also found or suspected
an Overhauser contribution to CIDNP or CIDEP generation.
For example, Borbat et al. argued that the inversion of a CIDEP
multiplet effect from E/A to A/E is likely to be caused by cross-
relaxation in high-viscosity solutior?.

However, doubts have been cast on the Overhauser CIDNP
idea: for example, Batchelor and FiscHeargued that earlier

The first discussions of electremuclear dipolar cross-
relaxation in the context of the CIDNP effect are attributed to
Ward and Lawlet®4! and to Bargon and Fisch&“2 Their
description was subsequently adapted to the caS¥ @IDNP
by Adrian and co-worker¥ It considers only populations
(neglecting coherences and cross-correlations) and includes all
the pathways shown in Figure 4, amounting essentially to a
classical four-level population dynamics model. It includes

studies of photochemically generated CIDEP had incorrectly single-quantum transitions, corresponding to single spin flips
. . . (Wh andW. terms), as well as double-quantum and zero-quantum
ascribed certain phenomena to cross-relaxation. They have

demonstrated that, at a field of 4.7 T, cross-relaxation is transitions involving double spin flipp andW, terms). The
negligibly slow and suggested instead that side reactions andtransmons are assumed to be caused, in second-order time-
glgibly 99 . . dependent perturbation theory, by the stochastic modulation of
fast solvent-dependent nuclear relaxation are responsible for '[hethe hyperfine coupling in one of the partners of the radical pair
observed perturbation in the photo-CIDNP effect in the pho- Our treatment (using the “BRW processa¥ of Adrian’s '
tochemical reaction of acetone and prqpan-z-ol. Also, Val_yaev model resulted in the following expressions for the transition
et al. ruled out an Overhauser mechanism as an explanation forrates shown in Fiqure 4:
certain unexpected CIDEP patterns, on the grounds that it is 9 '

too slow under the conditions of their experimettsVhat A2
- HFC
exactly caused those patterns is still unclear; as in the case of W= We = [I(—,) + Ao,
the acetone/propan-2-ol reactidnsecondary radical reactions 480
might be responsible. 2 2
- & T Ahec
n+ __ n— __
(27) Landolt-Bonstein New Series: Magnetic Properties of Free Radicals We — We — 480 [‘](_we) + ‘J(Q)Q]
Springer-Verlag: Berlin, 1977; Group I, Vol. 1.
(28) Climent, T.; Gonzalez-Luque, R.; Merchan, M.; Serrano-Andre3, Phys. 2 (2)
Chem. A2006 110, 13584-13590. Afirc
(29) Valyaev, V. I.; Molin, Y. N.; Sagdeev, R. Z.; Hore, P. J.; McLauchlan, K. W2 = [J(—we - wn) + J(a)e + a)n)]
A.; Simpson, N. J. KMol. Phys.1988 63, 891-900. 120
(30) Jent, F.; Paul, HChem. Phys. Lett1989 160, 632—639. 2
(31) Jent, F.; Paul, H.; McLauchlan, K. A.; Stevens, D.Ghem. Phys. Lett. AHFC
1987, 141, 443-449. W, = [J(—w.+ o) + v, — w,)]

(32) Thomas, M. J.; Wagner, P. J.; Manion-Schilling, M. L.; Roth, H.JD. 720
Am. Chem. Sod 977 99, 3842-3845.
(33) Adrian, F. JChem. Phys. Lettl971 10, 70-74.

(34) Adrian, F. J.; Monchick, LJ. Chem. Physl979 71, 2600-2610. (38) Goldman, M.J. Magn. Reson2001, 149, 160-187.
(35) Rakshys, J. W., Jiletrahedron Lett1971, 4745-4748. (39) Yamakage, Y.; Meng, Q.-X.; Maeda, K.; Azumi,Chem. Phys. Letl993
(36) Borbat, P. P.; Milov, A. D.; Molin, Y. NPure Appl. Chem1992 64, 204, 411-414.
883-892. (40) Lawler, R. G.J. Am. Chem. S0d.967, 89, 5519-5521.
(37) Batchelor, S. N.; Fischer, H. Phys. Chem1996 100, 556-564. (41) Ward, H. R.; Lawler, R. GJ. Am. Chem. S0d.967, 89, 5518-5519.
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Table 1. Calculated? Hyperfine Couplings and g-Tensors for the 3-Fluorotyrosyl Radical and FMN Anion Radical

(@ + ayy + az)l3, [28zz = (@ + ay)l, |axx = al, g-tensor
radical atom mT mT mT parameters
3-fluorotyrosyl a2—H 0.24 0.38 0.09 Oxx = 2.0021
Ce—F 1.25 14.16 0.44 gyy = 2.0051
CO-H -0.52 1.01 0.16 d,z= 2.0073
CO)—H 0.15 0.35 0.08 Jiso = 2.0048
CO—CH,—b 0.41,0.81 0.40,0.40 0.03, 0.03
flavin mononucleotide N—H —0.02 0.20 0.03 O = 2.0019
anion a9—H —-0.30 0.48 0.04 Oyy = 2.0041
CO—-H 0.10 0.26 0.06 J,z= 2.0045
C(O—CHg° —0.13,-0.13,-0.02 0.12,0.12,0.13 0.01,0.01,0.01 Oiso = 2.0035
CB—CHg° 0.64, 0.65, 0.02 0.21,0.21,0.17 0.01, 0.01, 0.00
N(10—CH,—b 0.20, 0.15 0.31,0.30 0.01,0.01

ayUsing GIAO DFT B3LYP 6-3%#+G(2d,2p)/EPR-IIl method in explicit- PCM water; see also Figure SConformationally mobile group; values
given for the lowest energy conformation.

A

Figure 5. Stereoviews of (A) 3-fluorotyrosine and (B) flavin mononucleotide geometry obtained from B3LYR/6-G12d,2p) calculations performed in

a combination of explicit (first solvation shell for polar groups) and implicit (PCM with UAKS topological atom model) water. The purple surface is th
solvation surface used in the PCM calculation. The ribityl side chain of the FMN has been truncated to an ethyl group. (C) Stereoview of an dllipsoid plo
of hyperfine tensors in the 3-fluorotyrosyl radical. The hyperfine coupling tensors were computed using an EPR-III basis with the other parabmiers a

(D) Relative orientations of th&F hyperfine tensor and thgetensor of the 3-fluorotyrosyl radical. Thetensor was computed using the GIAO method in

an EPR-IIl basis with the other parameters as above. The free elesfemtor was subtracted from the resultiggensor prior to plotting, to expose its
anisotropy. (E) Stereoview of an ellipsoid plot of hyperfine tensors in flavin mononucleotide anion radical. The hyperfine coupling tensorapueéeel co

using an EPR-IIl basis with the other parameters as in panels A and B.

in which J(w) is the spectral density functiome and w, are frequencies correctly signed. We also have an option here to
Zeeman frequencies of electron and nucleus, respectively, andmprove the accuracy of egs 2 slightly by also accounting for
the hyperfine tensor ang-tensor anisotropy parameters are theg-hyperfine cross-correlation in the BRW theory treatment.
defined as We then get an electron relaxation rate differential between sub-
5 ensembles with different nuclear subspace configurations:
A2 =A% + 3RH = A(T:T); o
A% = 2T, = (T + Ty i = He T e T 2% a3y g )
e
Ry = Tyx — Tyy () 5 2480
n— AAG + A — 24XG,HFC
whereT refers to either the Zeeman or the hyperfine tensorand =~ W¢ = 280 [J(—we) + Iwo)]
AxandRhrefer to the axiality and rhombicity of these tensors.

Even though it is often neglected, the spectral density func- The cross-correlation paramebég yrc can be written as
tion, strictly speaking, is not an even function of the frequency

(4)

argument. We will omit this approximation and keep the AXec
Axs R\ [ S o+ N
X o= Axs Ri 6 B o0+ DY V6 (5)
(42) Bargon, J.; Fischer, HZ. Naturforsch. A: Astrophys., Phys. Phys. Chem. TNV 2 N+ A 2+ D+ AR+ I | Rhee
1967 22, 1556-1562. 2
(43) Bargon, J.; Fischer, H.; Johnsen,ZJ.Naturforsch. A: Astrophys., Phys. X . @)
Phys. Chem1967, 22, 1551-1555. where the Wigner functions/;;;(a.,3,y) depend on the three
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Figure 6. Rotational correlation-time dependence of the rates of relaxation transitions (eqs 2 and 4) for the 3-fluorotyrosine radical at 14.1 T mdgnetic fiel
using the computed values of hyperfine agptensor anisotropy.

Euler angles that link the eigenframes of the Zeeman and W(L,~2LN)x107, 57!
hyperfine tensors. Th¥g nrc parameter in the form given in

eq 5 deserves a special mention. It is the most general form of
the cross-correlation parameter for any pairwise cross-correlation
between any second-rank spin interaction tensors. In the axial
case it simplifies to the familiar expressféi®

AXA%iEc
Xomre= 75— [3¢0S f — 1] 6)
12
in which 5 refers to the angle between the main axes of the -1 -105 -10  -95 logr/s] -85 -8
two tensors. 'Equatlon 6is freguentlly encountered in the con- gy 7. Rotational correlation-time dependence of the longituditaFC
text of pairwise cross-correlations in NMR spectrosctpfp. — Ag cross-correlation raté/(Lz <> 2LzNz) for the 3-fluorotyrosine radical

We have yet to find the full form of eq 5 in the literature; it ~at14.1 T magnetic field using the computed values of hyperfinegetedsor
may become useful once the accuracy of cross-correlation ex-2MSOUOPY-

periments in NMR improves beyond the axial approximation,
e.g., for cross-correlation of rhombic chemical shift tengbrs. tion of Overhauser CIDNB15by explicitly including longitu-

In the case of the 3-fluorotyrosyl radical, all of the re- g g multi-spin orders in the relaxation treatment, thereby

quired interaction _parameter_s may be computed (Table_ 1, Fig- expanding the number of spin states that are properly accounted
ure 5, and Gaussian@3logs in the Supporting Information). o i the model. As applied to the above model of 3-fluoro-

The resulting values (in squared angular frequency units atyyosine radical, this refinement amounts to including the
— 0 — 8 L T

14.17T) areAg " 1-26X_102 s Alpe = 6.24 % 10, andXe,nrc longitudinal two-spin order I%N; (here and belowl. and S

= —4.26 x 10'% In the isotropic tumbling approximation, i.e.,  genote electron spin operators aNdhe nuclear ones) in the

Tsentalovich and co-workers have extended Adrian’s descrip-

with description. Within BRW theory, we obtained the following rate
for the Lz < 2LzN; transition:
L2
)= 7, 4 iw ¢ @ %
A+720’) A+7i0) WL, < 2L,N,) = — “2*C13—0) + Jw)]  (8)

10
(wherert. is the rotational correlation time), the transition rates
in egs 2 and 4 for the case of the 3-fluorotyrosyl radical in @ 1,e| suffers from the same problem as Adrian's model: actual

14.1 T magnetic field are plotted against the correlation time .50y jations lead to values of the rates that are far too small to
in Figure 6. It is obvious that, across the entire range of .. any influence on the photo-CIDNP time scale.
experimentally available corre_lation times (1019 ns), the On the positive side, it had been proven very convincifgy/
electron-nucleus cross-relaxation rafésand\W, are too small that, atlow magnetic field(<20 MHz H frequency), the

to exert any influence whatsoever on the nanosecond 10 oy erhauser mechanism does contribute to the generation of
microsecond time scale photo-CIDNP spin dynamics a conse- yqt0-CIDNP polarization of fluorine nuclei. This is correctly
quence of having the_ square of the eIe_ctron Larmor frequency predicted by eqs 2 and 4 above, because the spectral density
in the spectral density denominators in eqs 2. Although the yenominators at 20 MHz are no longer small. At higher fields,
nuclear relaxation ratéy may become large enough to manifest e overnauser effect can still be detected if the lifetime of the
itself in secondary reactions (3:6 10° s* for 7c = 0.3 ns, intermediate radicals is prolonged beyond several tens of

) : . AR
Figure 6), it does not lead to spin selection, S'W'?__ W, microseconds, as happens in the system reported by Roth et
Thus, at the field of 14.1 T, no nuclear spin selection occurs as 4i32 However. this is not the case here (at 600 MHz).

a result of the relaxation transitions shown in Figure 4. In summary, it is well established that, at low field, the
electron does cross-relax with the nucleus during the lifetime

It is obvious from Figure 7 that, at 600 MHz, this extended

(44) Goldman, MJ. Magn. Reson1984 60, 437—452.
(45) Kumar, A.; Grace, R. C. R.; Madhu, P. IRrog. Nucl. Magn. Reson.
Spectrosc200Q 37, 191—319. (46) Kumar, A.; Madhu, P. KConcepts Magn. Resof996 8, 139-160.
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of the radical pair, provided the HFC anisotropy is large enough. of these interactions is smdllSecond, we are seeking, in this
Why the same thing appears to happen at high fields is lesstreatment, to explain a nucleus-centered phenomenon, for which
clear— the simple calculation outlined above demonstrates that, these inter-electron couplings cannot be responsible. Finally,
in a 600 MHz magnetic field, all the longitudinal relaxation, we shall neglect the coupling between the spatial and spin
longitudinal cross-relaxation, and longitudinal cross-correlation degrees of freedom (normally caused by the above-mentioned
rates become too small and cannot, at least according to thedipolar and exchange interactions) by using a spin-independent
current models, exert an influence on the nanosecond tore-encounter probability distribution, which will be combined
microsecond time scale of photo-CIDNP generation. Below we with a separately computed spin evolution trajectory.

report a detailed theoretical investigation, which identifies the  With the assumptions outlined above, the spin Hamiltonian

mechanism responsible. of a single-nucleus radical pair, separated into the “strong” time-
independent partlo, and the “weak” stochastic paHy(t), has

Complete Relaxation Superoperator Model Results and the following form:

Discussion

Ho=w, L, + 0SS, + o N, + al,N
It is apparent from the above discussion that spin dynamics 0 L s> m £

models that include only a selection of the possible spin orders f,(t) = R, RI"(L-A-N) + fz%ﬁi;s(f-zl-ﬁ) + 9)
and relaxation mechanisms fail to predict the experimentally 2) A72 AS.Z B
observed behavior. We therefore decided to adopt a brute force oleos( 2'B)

approach, namely to compute @mplete (4096 elements)

symbolic relaxation superoperator for the three-spin system (two
electrons and a nucleus) under consideration using our recentl
developed symbolic processing softwétand then to perform interaction tensors for hyperfine andz, » for Zeeman) from

the spin dynamics calculation in the complete operator space e A
pin €Y P P PACC. heir eigenframes to the molecular frame, @iy are the

including transverse magnetization and other coherence OPeI%ime-dependent overall rotations of the two radicals, together
tors. If a dependence of the high-field geminaf€ photo- P » 109

S . with the interactions defined within them. Translating the
CIDNP on the correlation time is predicted, one can then try to . . . S .
identify the relaxation pathway(s) responsible. opera_tors and rotatlon_s in the perturbation part into irreducible
) _ _ ) _ spherical tensor notatici;*¢4%we get
An essential feature of fluorinated aromatic radicals is the
large and strongly anisotropit® hyperfine coupling. The R 2 R R
isotropic HFCs may reach 5 mT in radical cati&hand over H,(t) = z M ﬁ,zrzq(t)[T(;kFC) <I>E:?FC)+ T(ZZ;) deﬁl)] +
20 mT in nonplanar radical anioh& typical hyperfine coupling km=-2
Fo an aromatic proton is0.7 mT). Thelg_F hyperfine anisotropy @ 'T(Zz)cp(zz)] 10
is also very large, e.g., 24.2 mT in the 4-fluorophenoxyl Z N2 Pr ] (10)
radicall® Rotational modulation of hyperfine interactions, along =2
with rotational modulation of the anisotropic Zeeman interaction, o Ax Ay, o b
is the primary relaxation mechanism in aromatic radicals in CI)m) ZT(@,(“),Z‘F @En,)g) +
liquids;*” furthermore, the relaxation rate is quadratic in HFC A — (Ae + An)
anisotropy. We should therefore expect nuclear spin relaxation 2z XX Y
to be very fast, at least for some correlation times, and expect V6
relaxation processes to play a major role itF CIDNP @ @ _ ) o
formation. Because the applied magnetic field is very high (14.1 Where.//\((t) and. "¢ (t) are Wigner functions defining the
T), we should also include the Zeeman interaction anisotropy laboratory frame orientation of the first and second radicals,
and ZeemanHFC cross-correlation, since the Zeeman mech- respectively, andb{™, ®{Y, and ®$? are linear combina-
anism is quadratic in the field and rapidly becomes important tions of Wigner functionsﬂﬁ defining the orientations of the
as one moves to higher fields. hyperfine and two Zeeman tensors (eigenvaligs Avy, Azz
A number of assumptions need to be made before we canWith A= Z1, Z2, or HFC) in their respective molecular frames.
proceed with the modeling and relaxation theory treatment of ~FOr the rotational correlation functions of both radicals, we
spin dynamics in 3-fluorotyrosine/FMN radical pairs. Because Will make the isotropic tumbling approximation; therefore, the
the % hyperfine coupling is significantly stronger than any other Correlation functions are exponentials:
HFC in either 3-fluorotyrosine cation or FMN anion (see Table

wherew, ws, andw, are the Larmor frequencies of the two
electrons and the nucleusjs the isotropic hyperfine coupling
yconstantRposare the static “positioning” rotations that take the

2

2@, (11)

: X . S " 0,0
1 and Figure 5), we will use a single-nucleus approximation _J/S&(t) //(Czt)j t+1)= Zacbd o™
(i.e., we treat a system comprising two electron spins and the ' ’ 5 (12)
19F spin). Since the applied field is strong, the nonsecular parts " aObd ®
. : . . L . . ,‘"(2)('[) 4@ (t+7)=—"22 /T
of the isotropic Zeeman and isotropic hyperfine interactions will <1 g\t cd 5

be neglected. We will also neglect the anisotropy of the nuclear

shielding tensor: at 14.1 T, itis of the order of kilohertz and is where the overbar denotes ensemble averagingzdritiare
completely swamped by the much stronger Zeeman and hyper-the rotational correlation times of the two radicals. Because the
fine interactions, in both zero-order and relaxation theory contri- radicals are assumed to have moved sufficiently far apart to
butions. The inter-electron dipolar and exchange interactions
will also be neglected for two reasons. First, the two radicals (47) Kowalewski, J.; Meer, L. Nuclear spin relaxation in liquids: theory,

. experiments, and application¥aylor & Francis: London, 2006; p 252.
are assumed to be sufficiently far apart on average that the effect(48) Freed, J. H.; Fraenkel, G. K. Chem. Phys1963 39, 326-348.
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Table 2. Self-Relaxation Rates of IA-I0 Eigenstates?

spin order Iil0 eigenvalue dipolar part Zeeman part cross-correlation part
Lz 0 —(Afrc/36)(w)) —(AZ/30)(,) 0
Nz 0 ~(AZed36)[3)(y) + 73(w,)] 0 0
LzN; 0 —(Afrd120)B(wy) + I(wy)] ~(AZ4/30)(w,) 0
Ni + 2Nilz +oy + a2 —(AZ=d720)[43(0) + 3)(wy) + 103(w, )] —(AZ,/60))(w,) 0
Ni — 2Nilz +oy F al2 —(AZ=d720)[43(0) + 3)(wy) + 103(w,)] —(AZ,/60))(w,) 0
Lt +2L:Nz to a2 —(AZed720)[43(0) + 3(wy) + 100(w,)] —(AZ,/180)[43(0) + 3(,)] —(Xe1,1rd30)[43(0) + 3(w)]
Ly — 2L:Ng +o, F a2 —(AZed720)[4(0) + 3)(wy) + 100(w,)] —(AZ,/180)[43(0) + 3)(,)] +(Xa1,1rd30)[43(0) + 33(w, )]
L+Ns o, + oy ~(A%rd240)P(wy) + 53(w,)] —(A%,/180)[4(0) + 3(w,)] 0
LeNs +w, F oy —(AZed720)[3(wy) + 5d(w)] —(AZ,/180)[43(0) + 3)(w,)] 0

aSee text for the list of assumptions and approximations used in deriving these expressions.

Table 3. Secular and Weakly Nonsecular? Cross-Relaxation Rates between IR-IO Eigenstates

source spin order destination spin order absolute I% eigenvalue difference dipolar part Zeeman part cross-correlation part
Lz Nz 0 —(AfedT2()) 0 0

LzNz 0 0 0 —(Xe1,Hrd5)I (@)
N, Lz 0 ~(ABed 720w 0 0
LzNz Lz 0 0 0 —(Xe1,Hrd5) (@)
N+ 2Nzl Ni — 2Nilz a —(AZed240)(w,) —(AZ,/60)(w,) 0
Nt — 2Nilz N + 2Nilz a —(AZed240)(w,) +(AZ,/60))(w, ) 0
Ls — 2L4Nz Ls + 2LeNz a —(AZ=d240)(wy) 0 0
Ly 4+ 2L4N; Ly — 2L4N; a —(A%ed240)(wy) 0 0

aThe definitions of secular and weakly nonsecular cross-relaxation rates and the list of assumptions and approximations used in deriving$imse expre
are given in the main text.

behave independently, the rotational functians@)(t) are wherel. = Lx + iLy and other symbols were defined above.
independent af"@(t), meaning that all ensemble correlation SO far as BRW theory goes, eq 14 is exact. However, this high
functions between the two sets are zero: level of detail is rarely necessary, and we can make considerable

simplifications by observing that, in our casé2 < w, < w.s
and neglecting the dynamic frequency shifts, i.e., setting

WM NPt +1)=0 (13)  J(—w) = J(w). With that in place, the result fdr, + 2L+N;
simplifies to
Because they-tensor and the hyperfine coupling tensor in
the first radical share the same set of overall rotation func- Ech
tions .7/ Z(t) in the Hamiltonian (eq 10), the cross-correla- R N, = — 720 [43(0) + 3)(w,) + 10)(w )] —
tion between the anisotropies of these tensors will be cor- 2
rectly accounted fo® As we shall see below, it is this cross- A_Gl4J(O) +3(w,)] — X1, HFC[4J(O) + 3)(w,)] (15)
correlation that causes the CIDNP phase to invert for long O[ L L

correlation times.

Submitting the Hamiltonian (eq 10) with correlation functions and it is expressions of this type that we chose to tabulate
(eqs 12 and 13) into the BRW theory processor described (Tab'es 2 and 3) The relaxation of the other radical (ﬂaVin
elsewher® yields the relaxation and cross-relaxation rates mononucleotide anion) is assumed to be dominated by the
reported in Tables 2 and 3. The program gives the generalg-tensor anisotropy term, since there are no large hyperfine
result, which includes the dynamic frequency shift and all anisotropies (Table 1). The corresponding rates may be obtained
nonsecular components. For example, the self-relaxation rateffom Table 2 by setting\’ec = 0, Xe1,4rc = 0 and replacing
of the L+ + 2L, N, eigenstate ol is AGy with Ag, . .

The resultlng relaxation superoperator contains three classes
of transitions. The “secular” ones, such as the— Nz elec-

R, oy, =— 0 [J(wL -a/2)+J (-, -af2)]- tron-nuclear cross-relaxation, occur between the eigenstates of

H with zero frequency separation (the eigenvalues are given

Al 8J(0)+6J (@, —a/2)+3J (-a, —af2)+ _ (4 in Table 2). We certainly need to retain those. The “weakly
1440 12J (-0, —@,) +3J (@, —a/2)+2J (-, + @,) nonsecular” class comprises those transitions which occur over

relatively narrow frequency gaps (e.d\@ = a or Aw = wy),

fw[J(wL -a/2)+J (-, —af2)]

20 (49) Sanctuary, B. C.; Halstead, T. Kdv. Magn. Reson199Q 15, 79-161.

J. AM. CHEM. SOC. = VOL. 129, NO. 29, 2007 9011



ARTICLES Kuprov et al.

such ad\y + 2NiLz — N1 — 2N.L. Because the relaxation
events in our system are expected to operate on the microsecond
to nanosecond time scale, such frequency gaps are small enough
for these relaxation pathways to be manifested, so we keep them
as well. The “strongly nonsecular” class contains transitions  Computing the geminat€F photo-CIDNP for the 3-fluoro-
which occur over frequency differences of the ordef\ef = tyrosine/FMN system with the static Hamiltoniaty from eq

oL s These transitions are firmly nonsecular in the system under 9, and the complete relaxation matrix (Tables 2 and 3) obtained
study and are likely to be unimportant. Table 3, therefore, from the dynamic Hamiltonian in eq 10 with computed (Table
contains only the secular and weakly nonsecular terms of the 1) spin system parameters using the re-encounter probability
relaxation superoperator. The simulation was still done with the model in eq 16 (the program source code is included in the
full unsimplified relaxation matrix (the Mathematica program Supporting Information) results in the correlation-time depen-

D= [CTr(PH(L)f(D) dt;

IN,O= [ Tr{ PR A0]f() dt (17)

included in the Supporting Information will print the nonsecular
terms on demand).

dence shown in Figure 8. The computed gemirié&ephoto-
CIDNP effect (Figure 8, blue surface) goes negative as the

With the relaxation superoperator generated as describedcorrelation time of the fluorine-containing radical is increased.

above, we can compute the spin dynamics in the 3-fluoroty-
rosine/FMN system by brute force, by numerically propagating
the initial electron-only triplet state, all the way to complete
magnetization equilibration, i.e., to 5 times the reciprocal of

In other words, the model succeeds in predicting the experi-
mental results in Figures 1 and 2. The zero crossing fot¥he
photo-CIDNP effect is predicted to occur around= 0.5 ns,

in agreement with the GPRind Trp-cage (Figure 1E) data. The

the slowest relaxation rate. During the actual calculations, care direction of the correlation-time dependence is determined by
must be taken not to exceed the applicability range of the BRW the sign of theXg1 nrc function, which is negative in the

theory, which is roughlyr, < min{ Rfl}, where R are the
computed relaxation rates. This criterion is likely to have an
ample safety margi#®>Cand it is generally believed that the
theory remains quantitatively correct until~ max R '}, and
there are indications that it may be reliable far beyond that
point3t

For the radical re-encounter probability distribution, we chose
the function proposed by Noy&s53 which is known to
reproduce experimental findings in a large variety of systems.
In practice, it is convenient to use a mathematically equivalent
formulation, suggested by AdridAwhich is parametrized in a

more transparent way.
1 p[ (Ro— )]
ex 16
47Dt (16)

whereD is the relative diffusion coefficient of the two radicals,
R is the initial radical separation (assumed to be 10 A),Rnd

R(Ro—Ry)
Ro

f(t) =

3-fluorotyrosyl radical. Figure 8 also shows the other two cases,
namely wherXg1 Hrcis positive and zero. With positivés; vrc

of identical magnitude (e.g., in a radical with a different relative
orientation of hyperfine and-tensors), there is constructive
interference between the RPM-generated and relaxation-gener-
ated geminate photo-CIDNP effect (black surface). When either
the HFC or theg-tensor is isotropic, the CIDNP effect
monotonically falls to zero, due to nonselective decoherence
(green surface), when the correlation times are increased. This
type of behavior is characteristic of a cross-correlated relaxation
process.

It thus appears that, after all the relaxation pathways have
been taken into account, the correlation-time dependence of the
high-field geminaté®F photo-CIDNP effect may be explained,
completelyab initio and without adjustable parameters. The
important question now is which particular relaxation pathway
is responsible for this phenomenon. A systematic inspection of
the effect of each relaxation route given in Tables 2 and 3 shows
that the observed photo-CIDNP effect inversion at long cor-

is the separation at which the radicals recombine (assumed torelation times is due to the difference in the self-relaxation rates

be 5 A). [The result of the simulation is insensitiveRg and

R, over a wide range of their values, since on the time scale of

the singlet-triplet interconversion the exponential in eq 16

almost instantaneously reaches a value of unity, leaving just

the t =32 term with a constant multiplier.] We use Kaptein’s
assumptions (small singletriplet transition probability com-

pared to the singlet recombination rate, spin-independent re-

encounter statisticz}%® regarding the treatment of repetitive
encounters. The recombination only occurs from the singlet
radical pair state in FMN-sensitized photo-CIDNP systéfns;
therefore, the overall singlet yiel#s and the residual nuclear
magnetizatioNz[Jare calculated, up to a constant factor, as
integrated traces of the density opergi) with the electron
singlet projectoiPs and thePsN spin order, respectively:

(50) Redfield, A. G. The Theory of Relaxation ProcessesAthvances in
Magnetic Resonanc&Vaugh, J. S., Ed.; Academic Press: New York, 1965;
Vol. 1, pp 1-30.

(51) Wagner-Rundell, N. D.Phil. thesis, University of Oxford, 2007.

(52) Noyes, R. MJ. Am. Chem. Sod.956 78, 5486-5490.

(53) Noyes, R. MJ. Am. Chem. S0d.955 77, 2042-2045.

(54) Kaptein, RJ. Am. Chem. S0d.972 94, 6262-6269.

(55) Kaptein, RJ. Am. Chem. S0d.972 94, 6251-6262.
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of theLy + 2L.Nz andL, — 2L.N; eigenstates:

ot 5 143(0) + 3)(w)] (18)

RL RL +2L.N,
This difference is plotted in Figure 9. Due to the presence of
the J(0) term in the spectral density part, this difference in-
creases linearly as a function of the rotational correlation time
and, at longer correlation times, quickly becomes large enough
(>1@° s to be operational on the sub-microsecond geminate
spin dynamics time scale.

Physically, the result above means that the two components
of the 1°F hyperfine doublet relax in the transverse plane at
different rates; that is, electrdnrelaxes at different speeds for
different nuclear configurations, which ultimately yields an
electronic singlet or triplet that is conditional upon the nuclear
spin state— similar in nature to the usual CIDNP generation
scheme, but stemming from relaxation. These are pseudosecular
transverse processes, which is why they were not picked up by
the earlier models (some of which did include the secular
transverse proces$&8’). When the radicals recombine, the
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P 7 AHFC—Ag cross-correlation is responsible for the linear term
P T in this dependenc®.
o’ >
\,,\“"e -9 Conclusions
Ao A —
A

We have described the experimental results and the theoretical
) models for relaxation processes occurring during fluorine-

containing geminate radical pair evolution on a nanosecond time
3 scale. At magnetic fields of over 10 T, electron-nucleus dipolar
& 3"_ \\\\\\\\\::\\\\\\Q\\\\\\ - cross-relaxation (the Overhauser efféttf-18and longitudinal
bt \ N \:\\\\::\\\\‘\‘\\\\::‘ 3 AHFC—Ag (hyperfine anisotropy tg-tensor anisotropy) cross-
3 | \\\\\\\\\\\\_\\\\\\\\\\\\ correlatio*~1619are shown to be negligibly slow. The dominant
g 1 \ relaxation process is the transversdFC—Ag cross-correlation,
=] which is shown to lead to an inversion in the gemin&te
L‘_.)_ .\ CIDNP phase for sufficiently large molecular tumbling rates.
’*9 ) The essential feature of the spin dynamics model employed is
% the use of the complete spin state space and the complete
]
G

relaxation superoperator. On the basis of the results above, we
recommend this approach for reliable treatment of magnetoki-
netic systems in which relaxation effects are important.

Beyond its conceptual value, the correlation-time dependence
oz, ~_ , of the geminate’F photo-CIDNP effect does have practical
R "8t ey -2 uses, as it provides a direct measure of the rotational correlation
g 7

time in short-lived radical species. In particular, using the
equations reported above, the fluorine-labeled tyrosine and
tryptophan amino acids may be used as quantitative probes of
side-chain correlation time in proteifiglong with the use of
photo-CIDNP effects as solvent accessibility probapart from

Figure 8. Rotational correlation-time dependence of the computed geminate
19F photo-CIDNP effect in the 3-fluorotyrosine/FMN system at 14.1 T
magnetic field. For the simulation details, see text.

the fluorinated radicals, the results are likely to be applicable
_XGl,HFc(4J[0]+3J[wL])Xlo,g ! oo . i
15 o to 13C- and!®N-containing radicals, as these nuclei can also
have rather large isotropic and anisotropic HFCs in aromatic
8

radicals. Another interesting question, in the context of the
unexplained CIDEP patterns recently discussed by Borbat et
al. 3%60is whether the complete relaxation matrix treatment also
4 predicts those CIDEP effects and which relaxation pathways
are responsible. More generally, because it is now possible to
do brute force analytical relaxation theory on nontrivial spin
s " systemg?® it seems worthwhile to embark on a deeper general
=95 log[r./s] —85 -8

investigation into relaxation-driven radical spin dynamics.
Figure 9. Rotational correlation-time dependence of the difference between
the relaxation rates df. + 2L +Nz andL. — 2L.Nz eigenstates in 3-fluo-

rotyrosyl radical at 14.1 T using computed values of hyperfinegatehsor
anisotropy.

6

2
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