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Abstract: In this work, we address the interpretation of continuous wave electron spin resonance (CW-
ESR) spectra of fulleropyrrolidine bisadducts with nitroxide addends. Our approach is based on a definition
of the spin Hamiltonian which includes exchange and dipolar interactions and on a complete numerical
solution of the resulting stochastic Liouville equation, with inclusion of diffusive rotational dynamics. CW-
ESR spectra are simulated for a series of Cgo bisadducts made up of four trans isomers and the equatorial
isomer. A nonlinear least-squares fitting procedure allows extraction directly from the available experimental
spectra of a wide range of parameters, namely interprobe relative distances, diffusion tensors, and values
of the exchange parameter J. Results are in good agreement with previous, more phenomenological
estimates, proving that the combination of sensitive ESR spectroscopy based on multiple spin labeling
with nitroxide radicals and sophisticated modeling can be highly helpful in providing structural and dynamic
information on molecular systems.

I. Introduction tion of lateral chaing,large amplitude protein motions from
Interpretation of structural and dynamic behavior of complex the overall ESR spectrum shapand |n_ter.-reS|dua_I dlstan_céb.

molecular systems, with particular accent on biological mac-  1h€ wealth of structural and dynamic information which can
romolecules, is of fundamental importance to understand their P& extracted from CW-ESR, pulsed ESR or ENDOR spectra in
stability, chemical functions and activities, and catalytic action. SPSL is, at present, limited experimentally by the difficulty of
For instance, physicochemical properties of proteins depend,Obta'“'”g e>_<ten3|ve multlfreque_ncy data on s_pln-labeled protelns
ultimately, on the synergetic action of different motions at @nd theoretically by the necessity of employing computationally
several time and length scafe&and information on multiscale ~ €fficient dynamic models. The latter problem can be tackled,
dynamics in proteins can be gained, in principle, by a variety at Iea}st in principle, by a.nur.nenc.al approa_lch based on thg Q|rect
of spectroscopic techniques, magnfituclear magnetic reso- solution (_)f the s@ochasnc L|OUV|IIe_ equation (SLE) descnbmg
nance, NMR, electron spin resonance, ESR, electron nuclearthe density matn_x of the_ system in t_he presence of relaxation
double resonance, ENDOR) and ofitfc(fluorescence polariza- ~ Processes. Notwithstanding the relative complexity of the SLE-

tion anisotropy, FPA, dynamic light scattering, DLS, time- based approach, it can be said that it constitutes a valid tool for
resolved Stokes shift, TRSS). interpreting sensitive ESR information in complex molecular

d environments. In the past, several applications and examples
extensively to obtain information from ESR spectra on structural N@ve been presented which are related to SLE-based interpreta-
and dynamic properties of biomolecules, micelles, and mem- 0N of ESR spectroscopy in liquid and liquid crystalline
braned, In particular, measurements performed on proteins via Phases?**and applications to biological systems are starting
site directed spin labeling (SDSL) are highly informative. (O @Ppear in the literaturé.

Nitroxide derivatives are linked directly to substituted cysteine ~ Most of the available studies are concentrated on mono-
residues in the protein, allowing, in principle, detection of sev- Nitroxide derivatives, although biradicals and polyradicals have
eral data at once: secondary structure information from the mo-been used in the past for liquid crystals and membranes sttdies

Nitroxide free radicals probes and spin labels are employe
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and are being employed as spin labels in biopolymer and peptide

model system&® Nitroxide biradicals are characterized by
anisotropic tensog and“N hyperfine coupling tensoh like
monoradicals, but contain additional interaction terms in the

spin Hamiltonian, namely the exchange interaction and the

dipolar interaction between the unpaired electrons. The distance _
between the radicals is inferred from the measurement of the R=
dipolar interactiort! but structural information can be gained

also from measuring the exchange consfdneétween radicals.
Conformations of macromolecules have been studied in this

way.?

Measurements of the exchange interaction are somewhat
difficult to interpret, because of the lack of knowledge of its Figure 1. Structures of biradicald—4 (trans isomers) an8 (equatorial
dependence on relatidistance and orientatioof the radicals. isomer).

Theoretical calculations have been conducted to evaluate the XN 1

exchange interaction in different molecular geomettés, ZF
which however can hardly be tested by comparison with
controlled experimental findings, given the difficulty of prepar- |
ing binitroxide model systems with defined relative distances YF
and orientations in rigid molecular structures.

As a rigid template, 6 has been shown to be an ideal XF
candidate to support nitroxide groups placed at fixed distances
and orientations. An ESR study was recently preséhfed a
series of (o bisadducts, which provides a good example of a
geometrically controlled molecular system where the relative
position of the unpaired electron couple is exactly determined.
As such, it is amenable to an advanced theoretical modeling,
which includes explicitly the molecular rotational dynamics
based on the SLE formalism, employed extensively for the
interpretation of ESR spectra of monoradicils.

In this work we propose to apply the standard SLE approach
to interpret experimental ESR observables for this series of
bisadducts, elucidating the formal aspects and summarizing the ) o ]
necessary computational steps, with an emphasis on the generaﬁlgure 2. Reference frames employed in the stochastic Liouville equation.

strategy more than on the technical details. The paper is seyeral transitions. A description of the synthetic procedures,

organized as follows. In the next section we recall briefly the together with ESR sample preparation and magnetic resonance
molecular structure of the bisadducts under investigation, and yeasurements are provided in ref 20.

we present the SLE and the computational approach employed || A Modeling. We start by defining the magnetic Hamil-
to calculate ESR spectra. Results are presented in section lll.ionjan of the system which includes Zeeman, hyperfine ex-
Conclusions are outlined in section IV. change, and dipolar interaction for the two nitroxides labédled
and?2

XN2

Il. Molecular System and Modeling

The series of biradicals studied in ref 20 arg Bisadducts o Be _ . . . .
containing theC,, symmetric tetramethylpyrrolidine-1-oxyl H=— Z Bo G- S+7e z i+Ai*S =275 S+
group. The bisadducts series include all foansisomersl—4 h 4 !
and the equatorial isomé&;, and they are shown in Figure 1. Ug gezﬁez A 3. .

Notice that for isomerd—4 the exchange magnitudd, is of S S —2(51 TS T)| (D)
the same order of magnitude of the hyperfine coupling; the r
measured ESR spectra are complex and show the presence OJv

4 Ars

here the first term is th_@ Zeeman interaction of each electron

(15) (a) Luckhurst, G. R. IiSpin Labeling, Theory and ApplicatigrBerliner, spin with magnetic fi9|CBO_v depending on the; tensor; the
L. J., Ed.; Academic Press: New York, 1976; pp +3B1. (b) Meier, P.; second term is the hyperfine interaction of each coupfad
Blume, A.; Ohmes, E.; Neugebauer, F. A.; Kothe,Blochemistry1982 . . . .

21, 526. unpaired electron, defined with respect to hyperfine tedspr

(16) Miick, S. M.; Martinez, G. V.; Fiori, W. R.; Todd, A. P.; Millhauser, G. the third and fourth term represent the excha_nge and dipo|ar
L. Nature 1992 359, 653.

(17) (a) Millhauser, G. LBiochemistry1995 34, 3873. (b) Millhauser, G. L. term, respectively. Here, tensags A; are diagonal in the local
Biochemistry1995 34, 10318. iy ] i ; H

(18) Toniolo, C.; Valente, E.; Formaggio, F.; Crisma, M.; Pilloni, G.; Corvaja, fram.e N'.: .ngldly fixed on theith n|tqu|de (We assume here
C.: Toffoletti, A.: Martinez, G. V. Hanson, M. P.: Millhauser, G. L.:  for simplicity that both tensors are diagonal in the same local

George, C..; Flippen-Anderson, J. L. Pept. Sci1995 1, 45. . & Q ; i i i
(19) Hanson, P.; Millhauser, G. L.; Formaggio, F.; Crisma, M.; TonioloJ.C. frame), opfer.atorel;:'s are d,efmed in the Iaboratory Or Ine.mal
Am. Chem. Sodl996 118 7618. frame (LF); finallyT is the distance between the two nitroxides.

(20) gﬂaﬁgg'g,m réﬂg?ﬁ#ﬁ}?@ﬂvearjaacio%;ezggj?an’ G.; Menna, E.; Scorrano, The system geometry is summarized in Figure 2. The set of

(21) Schneider, D. J.; Freed, J. Bdv. Chem. Phys1989 73, 487. Euler anglex2 defines the relative orientation of the generic
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molecular frame (MF), fixed rigidly on the fullerene backbone,
with respect to the LF; the local framesM\are in turn defined
with respect to MF by a set of angl€3;. Each nitroxide is
finally identified by a set of polar coordinat&€s = (ri,qi,),

principal values of thegg and A tensors and Euler angle€3;,
specifying the orientation of magnetic local tensors with respect
to MF, and finally (3) the exchange interactidn

II.B. Computational Treatment. We present here in qualita-

where we take the center of the fullerene backbone as the origintive form the general computational procedure, for the sake of

and we assume that the center of the@® bond represents the
nitroxide effective position, and=T; — T,. The Hamiltonian
in eq 1 can be also written in the compact form

o Pe_ . . I 3
A=Y Borar 8ty -A-§+8:T-§
[ T
2
2

2p 2 2n 2 rx rxry rxrz
_ /’togeﬁe ﬂoge e 2
T_(_ 2T )1_51 R |

Ny, N, r2

whereT is the interaction tensor summarizing both exchange

and dipolar interaction. Following the standard approach of

description of ESR signals in liquids, we define the SLE

QY _
t

5 —i[A(Q.,(QY] — T(Qp(Q1) =

—[iIH*(Q) + [ (Q1p(Qt) = —AQp(Q) (3)

describing the time evolution of the density matrix of the system,
depending upon general stochastic coordin@esontrolled by
the stochastic operatdr. Here H* is the quantum Liouville

operator, i.e., the commutator superoperator defined with respect, hore s
to H.13 In general several relaxation processes can be invoked
corresponding to different fast and slow degrees of freedom
subject to Brownian motions and described by many-body the symmetrized basis set are real.
Fokker—Planck operators. Here we adopt the simplest choice

of considering as only relevant variables the orientation of MF
in the LF, i.e., the Euler angles s€,= Q2. We shall also assume

that the system reorients freely in space, subject to a simple

diffusive motional regime, i.e.

F=pJ*+DJ?+DJ} (4)
whereJ; is theith component of the angular momentum operator
in the molecular frame.

The ESR spectrum is obtained as the Foutleaplace
transform of the correlation function for thecomponent of
the magnetization, defined as= (2| + 1)"%(|S0+ |S.20),
wherel is the nuclear spin. Following standard definitidhs
we obtain

Gl — wg) = % Re{GB[i(w — wg) + (I + 1) P}
)

wherePgq= 1/87 is the (isotropic) distribution in th& space.
Here,w is the sweep frequency, angy = goBeBo/h = yeBo,
andg is the trace of eacly; tensor, which is the same for the
two electrons. The starting vecttwl] with respect to which

the resolvent in eq 5 is evaluated, is related to the allowed ESR
transitions, and it is actually an operator acting on the electron

spin degrees of freedoM.

To summarize, a bisadduct is described as a diffusive rotator,

bearing two spin probes rigidly fixed. Parameters are (1) the
principal values of the diffusion tensoBy, Dy, D (2) the

4736 J. AM. CHEM. SOC. = VOL. 128, NO. 14, 2006

completeness. A reader not interested in the details of the
numerical implementation can safely skip this part and go
directly to the Results section.

The computational implementation of eq 5 is accomplished
by converting the problem to a standard linear algebraic
formulation of the resolvent in terms of matrices/vectors by
projecting the Liouvillean’and the starting vectorwdon a
suitable basis set that, in our case, can be initially defined as

|y 0= 1PreiP1oi® [ppPa00® (LMK 03,0, LMK (6)

where the same notation of ref 21 is used; the basis set is given
by the direct product of spin operators of nitroxide 1 and 2,
defined by electron and nuclear spin quantum numbﬁrqis,

pl, q,132L globally indicated asy, and of normalized Wigner
rotation matricesg LMK which correspond to the rotational
degrees of freedom, withh > 0, — L < MK < L. Itis
convenient to introduce a symmetrized basis set, which allows
exploiting symmetry properties of the Liouville operafor

> = 01,0, LMKD=
[2(1 + 0y 9] Y2 YA+ -0 (7)

= (—1)-"K, with K = 0, andjX = %1 for K > 0,

'(—1)+ for K = 0; ket symbolg+[) [—Ostand for|y Oand |y 3

with K— —K. Matrix elements of the stochastic Liouvillean in
A symmetric matrix
representation of the Liouville operator is given as:

n 1
DZIJI’ZQ =@+ o+ Skl Y x

[6]«1,]«2 Re( GH}/H‘D"‘ jKZSKZEH-Lf//r—[] +
Ojsjre IM{ BH 71+ 0 20 1—13] (8)

The basis set has 12 indexes, leading to very large matrices
that need to be treated to evaluate each spectrum. Fortunately,
a number of established techniques profitably exploited in the
past for the study of many-body stochastic Liouville and
Fokker—Planck operators can be employed to reduce the
computational burden. Exact procedures to reduce the basis
dimension invoking rotational symmetries and approximate
techniques, based on pruning schemes of the complete basis
set, can be employed. First, however, to evaluate explicitly
symmetrized or unsymmetrized matrix elements, one needs to
make explicit the dependence of the super Hamiltoitianfrom
magnetic and orientational parameters. Following the established
route used for monoradicaf$!we adopt a spherical irreducible
tensorial representation

|
=33 3 Drnmi(Q)F ik AL
. 1=0,2mm=-1

where u runs over all possible interactionﬁ)'mm(sz) is a
generic Wigner matriﬂ?ﬂ:ﬂg* is build from elements of;,A;, T

©)
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in the MF, AS;EE is obtained from spin operators. Next the changing, and therefore determined via a least-squares fitting
Liouvillean matrix elements are straightforwardly calculated in of simulated spectra to experimental data: the principal values
the unsymmetrized basis set, and the symmetrized matrix is built.of the diffusion tensoD,, Dy, D, and the exchange coupling
The starting vector is also easily calculated, sitEelg O 0j« 1- constant]. As far as geometrical parameters are concerned, Euler
[X|»0 Explicit matrix element in the unsymmetrized set are angle selQ; specifying the relative orientation of the magnetic
obtained following standard arguments reported elsewliéfe.  tensors, i.e., local frames;N with respect to MF have been
Finally, eq 5 can be converted in matrix/vector and standard inferred from molecular geometry, as shown in Figure 1.
algorithms for tridiagonalization, and direct evaluation of Similarly, both spin probes and polar angl&sy; have been
spectral densities in continuous fraction form can be employed, estimated from the conformer geometry. Fitting has been
like Lanczos or conjugate gradiefitThe basis set dimension employed explicitly instead, only to determine the effective
is given by the product of the number of possible magnetic value of the distance from center for the two nitroxidgs= r»
transition for each spin (electrons and nuclei) and the number= R.

of normalized Wigner rotation matrices up to a given truncation A well-established search algorithm based on the Levenberg

valueLnax In our case, with two electrons and twtN nuclei, Marquardt approach has been employed.

the total number of magnetic basis functions ig 4 x 9 x 9 III.LA. Fitting Multicomponents. However, a preliminary

= 1296, while for a giverbmaxthe number of Wigner functions  analysis has shown that in all cases the experimental spectra
is given by the sun{,L:mgX (21 + 1)? for instance, folLmax= 2, could not be fit to a single component, i.e., a single simulated

which has been employed throughout this work, the number of ESR result. Essentially, in all cases the intensity of the hyperfine

rotational basis functions is 35, leading to a basis set dimensioncomponents correspondingltg = 1,» were shown to be rather

of 45360. overemphasized in the simulated spectra. By accepting as a
These are the typical dimensions of matrices that need to beworking hypothesis that the molecules are essentially rigid

employed for evaluating the ESR spectrum. Albeit relatively objects, without additional degrees of freedom such as fast local

large, this is not a prohibitive dimension. On a desktop Pentium libration of the nitroxide residues, we have attempted to add to

IV PC, a C program based on the Lanczos algorithm is able to the simulated one a second component corresponding to a

calculate a spectrum, for a given set of parameters, in less thanmonoradical, which is calculated with standard StEor the

15 min. Furthermore, it is possible to reduce significantly the monoradical the same diffusion tensor of the biradical was

computational burden by selecting relevant basis set elementsassumed:

adopting the so-calledruning scheme which has been exten-

sively used by Freed and co-workers for monoradicals. Details G(w) = (1 — P)Gond@) + PGi(w) (20)

on the pruning scheme are given elsewtéamd we give here,

for sake of completeness, just a general description. The pruning  The additional parametqr was considered free to change.

scheme is based on the conjugate gradient algorithm, and it looksa|though the analytical data fot—5 are fully in agreement

at the spectrum, at a given frequency, as obtained in the formith the proposed structures, we cannot exclude the presence,

Glw) = Blu) the vector|u(w)Uis found solving, via  in the samples of the bisadducts, of traces of a monoradical
conjugate gradient algorithm, a linear system of equations. Basisspecies. The synthesis of binitroxides5 is in fact based on
elements can be classified in term of their projectiorjugw)L] the oxidation, with chloroperbenzoic acid, of the corresponding

Sampling the spectrum in a representative range of frequenciespisamine£? through a postulated intermediacy of an hydroxy-
one can find a reduced basis set made only of elements whosgamine speciedthus, it is reasonable to assume an incomplete
prOjECtion is hlgher than that of a given tolerance. Our extensive oxidation and the presence of a monoradical hydroxy]amine
tests have shown that, even adopting rather conservative criteri&zomponent. This derivative cannot be easily distinguished from
in determining the relevant basis element based on the pruningthe corresponding biradical by, for example, bvis spectros-
scheme, in the system studied here we are often left with ancopy. Although UV-vis spectra of @ derivatives have been
effective dimension less than 3@0% of the original one,  extensively used for the discrimination between mono- and
without any significant loss of accuracy in the spectrum pjisadducts, and among isomeric bisadducts, they cannot be
evaluation. This fact allows us to determine accurately and employed to characterize fullerene bisadducts with the same
quickly the overall spectrum (less than 30 s per spectrum), and addition pattern but different functionalities. Also mass spec-
thus, a systematic fitting procedure of parameters becomestrometry failed to reveal the mentioned impurity, whose
feasible. molecular mass coincides with that of tH&C-containing
biradical.
o o After allowing for the presence of the monoradical compo-
The following fitting strategy has been adopted. Principal nent, the overall agreement with experimental data was found
values of the magnetic tensors have been chosen in accordancg, pe rather good. The overall procedure was proven to be very
with previous knowledgé? for both nitroxides we have therefore stable, and the full set of parametes,(D,, D, andJ; distance
O = 2.009,9y = 2.006,g; = 2.003, andA, = 5.0,Ay = 5.0,A, R and weightp) described in the previous section was fitted
= 34.5 G. Geometry has been also chosen according toiggether, i.e., in a single search. In all cases convergence to a
molecular structure of each isomer. Finally, the following ynique set of optimized parameters required less than 100
dissipative and magnetic parameters have been left freely spectrum evaluations, indicating the existence of a relatively
sharp region of validity of the model in the parameter space; in

I1l. Results

(22) Vasavada, K. V.; Schneider, D. J.; Freed, JJHChem. Phys1987, 86,
647

(23) Maizoni, M.; Franco, L.; Ferrarini, A.; Corvaja, C.; Zordan, G.; Scorrano, (24) Trahanovsky, W. SOxidation in Organic ChemistryAcademic Press: New
G.; Maggini, M. Liquid Crystals2002 29, 203—208. York 1978; p 267 and references therein.
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Table 1. Geometrical and Rotational Parameters Obtained for Conformers 1—52

isomer Rinm 1, 01 @2, 0, Q, Q, D;x 10%Hz JmT p
1 0.66 0,0 180, 0 0,90,0 180, 90, 0 0.15,25,4.6 —8.94 0.83
2 0.58 —75,0 75,0 75, 45, 90 —75, 45, 90 0.31,2.0,2.2 2.29 0.85
3 0.61 —60,0 60, 0 90, 72,90 90, 66,45 0.93,0.95,0.1 —-1.70 0.84
4 0.66 —50,0 50,0 120, 135, 90 60, 55, 90 0.66, 4.9, 0.98 0.95 0.73
5 0.73 —45,0 45,0 —90, 135,0 0, 90:-45 0.04,1.0,1.6 30.5 0.85

aAll angles are expressed in degrees.

(a) (b)

"o

N\ D

.

0330 0331 0332 0333 0334 0335
B/T

Figure 3. (a) Experimental (full line) and simulated (dashed line) ESR spectrum of istyr{b) principal axis of diffusion tensor of isomér

(a) (b)

03265 03291 0.3'317B ! $.3§43 03360 0.3395

Figure 4. (a) Experimental (full line) and simulated (dashed line) ESR spectrum of is@n{bj principal axis of diffusion tensor of isomer

other words, the model is sensitive in its discrimination of Results are summarized in Table 1 and in Figured 3in
structural changes. This is in fact due to several reasons. ( which the simulated and experimental spectra are accompanied
The five isomers present very different values of the constant by the molecular geometry to which an ellipsoid is superim-

J, and four of these values fall in a region where even small posed, representing the principal values of diffusion tensor and
changes od involve appreciable changes in the spectrum shape; the directions of principal axes of MF.

one therefore expects and finds relatively sharp minima with  As an exercise, a comparison has also been made between
respect to the) parameter. i) Initial values employed in the  values of the nitroxide nitroxide distance, obtained from fitting
fitting for distanceR are based on good estimates coming from the experimental ESR spectra, and estimates of the same
molecular mechanics calculations of the overall geometry of quantities obtained by a standard molecular mechanics (MM)
each conformer (see below)ii ] Finally, the only effect ofp program?s The values reported in Table 2 are in accord within
on the spectrum is related to the intensity of the three principal 10% with the inter-radical distance taken from the midpoints
lines, having no effect on their position or width. In this way, of the NO bonds. This is an approximation based on the
three of the six parameters, (R, andp) are limited to vary  consideration that in nitroxide the spin density is equally
within a restricted range of values which is characteristic of
each conformer. (25) Tinker Molecular Modeling homepage, http://dasher.wustl.edu/tinker/.

4738 J. AM. CHEM. SOC. = VOL. 128, NO. 14, 2006
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(a) (b)

=

0331 0333 0335 0337 0339 0341
B/T

Figure 5. (a) Experimental (full line) and simulated (dashed line) ESR spectrum of is8p{bj principal axis of diffusion tensor of isom&r

(a) (b)

5
!

0344 0346 0.348 0350 0352

B/T
Figure 6. (a) Experimental (full line) and simulated (dashed line) ESR spectrum of isén{b) principal axis of diffusion tensor of isomdr
(a) (b)
v
1 1
0.3315 0.3330 0.3345 0.3360

B/T

Figure 7. (a) Experimental (full line) and simulated (dashed line) ESR spectrum of iséyr{b) principal axis of diffusion tensor of isomér

distributed between the nitrogen and the oxygen at&rithie is best seen in Figures-3, where the experimental spectra of
rather good overall agreement of the model with experiments the biradicalsl—5 are shown together with the best fit spectra.
Some small discrepancies in the line shape are present in the

(26) (a) Miller, J. S.; Epstein, A. JAngew. Chem., Int. Ed. Engl994 33 ; ; ;
385. (b) Brown, P. J.; Capiomont, A.; Gillon, B.; Schweizer,).JMagn. (?ase o (See Flgure 4) for WhICh_a SpeCt'_’L_jm with very na_rr_ow
Magn. Mater.1979 14, 289. lines has been recorded, showing additional small splittings
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Table 2. Comparison between Probe—Probe Distances Estimated

by Fitting SLE Simulated Spectra to Experimental One (i) and

Obtained by Standard Molecular Mechanics Calculation (rw = J J | 0.0
Nitrogen—Nitrogen Distance, roo = Oxygen—Oxygen Distance, [ [ [

Obtained by Tinker MM Program)

isomer /A ToolA (R + foo)2/A A % error? -0.75
12.03 14.30 13.16 13.12 -0.3

1
2 11.65 14.04 12.84 11.31 -11.9
3 10.24 12.02 11.13 1077  -3.2 -2.0
4 9.72 1157 10.64 1034 2.8
5 8.74 10.72 9.73 1033 462

aPercentage errors are given to compare fitted values and calculated
(rNN + I‘oo)/z.

caused by the hyperfine interaction of the methyl protons. For
the other biradicals these splittings are unresolved but contribute
to the line shapes, giving them a Gaussian contributié.
satellites appearing in some of the spectra, particularly evident
in those of isomerd and2, are not reproduced, since they are

not included in the model. Moreover, the width of the small y J J 1, -inf
intensity lines due to singlet-to-triplet transitiéhsccurring in N [

the wings region of the spectra (see Figures 5 and 6) is poorly

reproduced, but their position is properly obtained. This is not 0.332 0_3'34 0.336 0.3|38 0.340

unexpected since these lines are severely affected by small-
amplitude modulation o interaction, which also is not included
in the model® The positive sign ofl of the isome5 (equatorial)
and the negative sign of isomér(trans-1) agree with what is
expected on simple consideraticfisThe exchange interaction
is ferromagnetic when the unpaired electron wave functions are
orthogonal to each other and antiferromagnetic when they i
overlap. Magnitudes ad and their dependence upon distance
for these systems were tentatively rationalized previogsly.
Systematic quantum mechanics calculations should be carried
out, but they are outside the aim of this work.
CW-ESR spectrum shape is severely affected by the magni-
tude ofJ. To provide didactic illustration of the model flexibil-
ity, we have calculated a series of spectra for isoiaenaintain-
ing constant all the magnetic and geometric parameters as ob-
tained by the best fit, and varying the exchange interaclion . | . |
In Figure 8, we show the progression of simulated spectra ¢.330 0.331 0.332

B/T

Figure 8. Variation of calculated ESR spectra (molecular geometry of
isomer1) with respect to ratial/a.

| L |
0.333 0.334 0.335

obtained for decreasing values of the adimensional ré#&o B/T
(wherea is the trace of thé tensors) which takes the value of  Figyre 9. Variation of calculated ESR spectra with respect to the sign of
—5.387 in the experimental-related case. In principleJ&l J. Parameters for isomet are considered, solid linelfa = — 5.387);

ratios can be determined reliably, although the fitting procedure OPPositeJ sign, dashed lineJ(a = + 5.387).
may become uncertain wheiva] > 1. In practice, in our case,
simulated spectra are essentially independent from variation ofsince the sign ofl does not influence the ESR line positions
|J/al for |J/a] > 50. and its determination is not straightforward. However, for
structural information it is important to take the sign into proper
consideration, and any way to determine it is welcome, because
In this work, our main goal has been to show the potential the ENDOR technique is not always applicable. Finally,
usefulness of the stochastic Liouville approach in dealing with reasonable estimates of dynamic parameters, such as the rotation
multiprobe systems by starting to analyze relative well-known, diffusion tensors, are directly obtained by the SLE solution,
clearly defined chemical model systems. Our results are which is in accordance with the known molecular structure.
encouraging, since structural, energetic, and dynamic parameterg-igure 10 shows the effect of altering the diffusion tensor values
are promptly obtained by the SLE approach. Structural param-on the spectrum, moving away from the optimal set of
eters are directly recovered in the form of inter-radical distances. parameters.
Energy parameters, namely the exchange interaction constant The nice agreement between experimental and calculated
J, are also evaluated. The fitted parameters include the exchangespectra, verified for all biradicals in the examined series,
interaction constand with its sign The simulated spectrum  confirms the idea that the described methodology can be applied
sensitivity to the sign ofl is shown in Figure 9. For all the  with good confidence for investigating structural and dynamic
examined derivatives, the resulting signs coincide with those properties of more complex systems, such as doubly labeled
obtained by ENDOR spectroscofiyThis is worth pointing out peptides and biopolymers. Of course, for such cases the model

IV. Conclusions
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ward improvement consists of the inclusion among the fitting
parameters of the angles specifying the nitroxide orientation
relative to the diffusion tensor. For flexible systems the internal
motions should be also explicitly considered. Work in this
direction will require a careful definition of primary relaxation
processes, i.e., motional contributions to the SLE, based on
many-body stochastic formalism (e.g. N-body diffusive opera-
tors to allow the description of lateral and backbone motions).
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should be extended and modified. For a start, in the case ofVIa the Internet at http://pubs.acs.org.

rigid systems of unknown structure, the necessary straightfor- JA057414I
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