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Abstract: We have measured the bimolecular contribution (relaxivity) Ry (M~* s™1) to the spin—Ilattice
relaxation rate for the protons of H, and H.@Cg dissolved in organic solvents in the presence of paramagnet
nitroxide radicals. It is found that the relaxation effect of the paramagnets is enhanced 5-fold in H,@Cso
compared to H, under the same conditions. *3C relaxivity in Ceo induced by nitroxide has also been measured.
The resulting value of R; for 13C is substantially smaller relative to the *H relaxation in H,@Csgo than expected
solely on the basis of the smaller magnetic moment of 13C. The observed values of R; have been analyzed
guantitatively using an outer-sphere model for bimolecular spin relaxation to extract an encounter distance,
d, as the dependent variable. The resulting values of d for H, and 2Cg, are similar to the sum of the van
der Waals radii for the radical and the corresponding molecule. The value of d for *H,@Cs is substantially
smaller than the corresponding van der Waals estimates, corresponding to larger than expected values of
R:. A possible explanation for the enhanced relaxivity is a contribution from hyperfine coupling. Based on
the results reported here, it seems that not only is the hydrogen molecule in H.@Cgo not insulated from
magnetic contact with the outside world but also the interaction with paramagnets is even stronger than
expected based on distance alone.

Introduction Chart 1. Structures and Abbreviations of the Nitroxides Used as
The discovery that the fullerenes are able to encapsulate nobIeReIaXants

gas atoms and hydrogen moleculésleads irresistibly to °>\ ( > /<O

speculation about the extent to which endohedral molecules are V 0N S 5 N—O-

able to sense the outside world through the carbon “skin” of

the capsule. For example, selective, low €nsitivity of the

relaxation time of H nuclei was used as supporting evidence 2

for trapping of H within an open-cage fullererfg-urthermore,

the first measurements BHe NMR of He@Go employed a

relaxation reagent “because a very lohigwas expected for o ¢

3He inside fullerene molecule$”. o N
In an effort to study quantitatively the accessibility of the

interior of Gy to external agents, we have carried out a NH,

systematic investigation of the influence of nitroxidés4 o)

(Chart 1) on the relaxation behavior 8 and3C nuclei in 4

H2@Ceo. This work follows an earlier investigation of the relaxivity
t Columbia University. of some of the same nitroxides in solutions of small molecules
*Kyoto University. and a detailed comparison between & for encapsulated
® Brown University. o H, in Ho@GCso and H dissolved in solutiof. The latter study

I'M. V. Lomonosov Moscow State University. . .
O Current address: Department of Chemical Sciences, University of Probed the rotational behavior of encapsulatedTHe present

Padova, Padova, Italy.

(1) Saunders, M.; Jitmez-Vaquez, H. A.; Cross, R. J.; Poreda, RSdience (5) (a) Maliakal, A. J.; Turro, N. J.; Bosman, A. W.; Cornel, J.; Meijer, E. W.
1993 366, 1428-1430. J. Phys. Chem. 003 107, 8467-8475. (b) Sartori, E.; Khudyakov, I.

(2) Komatsu, K.; Murata, M.; Murata, YScience2005 307, 238-240. V.; Lei, X.; Turro, N. J.J. Am. Chem. So@007, 129, 7785-92. (c) Similar

(3) Murata, Y.; Murata, M.; Komatsu, Kl. Am. Chem. So2003 125 7152~ measurements fdk, but not2 and3, have been carried out in the solvent
7153. 1,2-dichlorobenzend,. Values ofR; consistent with those in toluerdy-

(4) Saunders, M.; Jifmez-Vaquez, H. A.; Cross, R. J.; Mroczkowski, S.; were obtained when the difference in viscosity is taken into account. E.
Freedberg, D. I.; Anet, F. A. LNature1994 367, 256—-258. Sartori, unpublished results.
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investigation probes the relative translational motions of the
nitroxides and Hin the two environments.

Our methodology is similar to that which is being employed
in a resurgence of interest in intermolecular relaxation using

nitroxides and other stable paramagnetic species as contrast

reagents in MRI, NMR signal enhancers through dynamic
nuclear polarizatio,the use of @ and other paramagnetic
molecules as site specific probes of macromolecular struttre,
and applications of stable radicals as “spin catalysts”.

It should also be noted that despite extensive study of the
effects of intermolecular interactions on the relaxation times of
H, and its isotopomers in the gas, liquid, and solid phaes,
and extensive measurements of paramagnetic catalysis of-ortho
para conversion in k3 there seems to have been no previous
report of paramagnetic effects on the relaxation girtbrdinary
organic solvents.

Experimental Section

Materials. 4-oxo-TEMPO () was purchased from Aldrich and used
as received. The synthesis and properties of biradZaed 3 were
described previousl§t* 3-Carbamoyl-PROXYL 4) (Chart 1) and
tolueneds (D, 99.5%) were purchased from Cambridge Isotope
Laboratories. K (>99.99%) was obtained from AirGas.

Relaxivity Measurements.Solutions of nitroxides for kirelaxation
measurements were bubbled withfidr 20 min in J-Young NMR tubes
and then sealed. Solutions of®& Cso were degassed by bubbling with
Ar before sealing?®

'H T; measurements were made at 500 MHz using standard inversion
recovery technique$C T, measurements were carried out at 125 MHz
using the Superfast Inversion Recovery (SUFIR) metlod.

Diffusion Coefficients. Measurements of the diffusion coefficient
of H, were carried out using the DOSY method at 500 MHz with a
Bruker probe modified for pulsed field gradient experiméntShe

standard Bruker protocol was used with the stebpgpls pulse sequence

(STE with bipolar gradient pulse pair, 1 spoil gradient). The gradient
strength was incremented in 16 steps from 0.68 to 32 G/cm. A diffusion
time, A, in the range 12520 ms and a length of the diffusion gradient,
0, in the range 0.751.5 ms were used.

Calculations. Computation of relaxivityR, values using eq 1 was
carried out using Mathematica and the complex arithmetic features of
Microsoft Excel 97.

(6) Sartori, E.; Ruzzi, M.; Turro, N. J.; Decatur, J. D.; Doetschman, D. C;
Lawler, R. G.; Buchachenko, A. L.; Murata, Y.; Komatsu,XAm. Chem.
Soc 2006 128 14752-14753.

(7) Tath, E; Helm, L.; Merbach, A. ETop. Curr. Chem2002 221, 61-101
and references therein.

(8) (a) New Products: Polarizer for NMRhys. Today006 59 (9), 70. (b)
Hu, K.-N.; Yu, H.-h.; Swager, T. M.; Griffin, R. GJ. Am. Chem. Soc
2004 126, 10844-10844.

(9) Teng, C.-L.; Bryant, R. GJ. Am. Chem. So00Q 122 2667-2668.

(10) (a) Polnaszek, C. F.; Bryant, R. G.Chem. Physl984 81, 4038-4045.
(b) Lester, C. C.; Bryant, R. Gl. Phys. Cheml99Q 94, 2843-2847. (c)
Hwang, J. S.; Mason, R. P.; Hwang, L.-P.; Freed, JJHPhys. Chem.
1975 79, 489-511.

(11) (a) Buchachenko, A. L.; Berdinsky, V. Russ. Chem. Rs. 2004 73,
1033-1039. (b) Buchachenko, A. L.; Berdinsky, V. Chem. Re. 2002
102 603-612.

(12) (a) Gaines, J. R.; Souers, P.Av. Magn. Reson1988 12, 91-112. (b)
Deutsch, J.; Oppenheim, Adv. Magn. Reson1966 2, 225.

(13) Matsumoto, M.; Espenson, J. B.. Am. Chem. So@005 127, 11447
11453 and references therein.

(14) Rozantsev, E. G=ree Nitroxyl RadicalsPlenum Press: New York, 1970;

155

(15) Our measured; values for B and*H,@GCs, are not detectably different
in air saturated and degassed solution. As reported previously, however,
the much longer value ofF; in 13Cq is substantially lowered by dissolved
oxygen: Jones, J. A.; Rodriguez, A. 8hem. Phys. Letl994 230, 160—
164.

(16) Canet, D.; Brondeau, J.; Elbayed, XMagn. Resornl988 77, 483—490.

(17) Morris, G. A. Diffusion-Ordered Spectroscopy. In Encyclopedia of Magnetic
Resonance: Volume 9; Grant, D. M., Harris, R. K., Eds.; J. Wiley and
Sons, Ltd.: 2002; pp 3544.
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Figure 1. Relaxation rates for Hand H@ GCso induced byl in tolueneds,
300 K.

Table 1. Relaxivities for Various Combinations of Paramagnets
(S) and Nuclei (/)
paramagnet (S) Ry (M)
Inucleus (/) H, H,@Cso BCeo 1HsCe"
1 145+ 0.4 70+ 10 2.7 68+ 7¢
2 40+£5 170+ 20 147+ 8
3 40+ 5 1704+ 20 160+ 5

aUnless otherwise indicated, in toluedg 300 K, 500 MHz ¢ci3 =
125 MHz).P300 MHz, methanetl,, ref 5. 4.

Table 2. Diffusion Coefficients (D), Molecular Radii (a) and
Minimum Spin Contact Radii (rm)

109D a I

(m?fs™) ref R ref A
H, 14 this work 1.38 31 1.01
H,@Ceso 0.97+ 0.04 29 5.0 32 4.41
13Cq0 0.97+ 0.04 29 5.0 32 1.7
land4 1.6 18 3.4 33 1.5
1H¢Cs 3.0 30 2.3 33 1.0

aUnless otherwise indicated, toluedg-300 K.P See text for discussion
of the distancesy, ¢ van der Waals radius, measurétiennard-Jones radius,
computed.tvan der Waals radius, estimatédEstimated from measured
values forl in ethanol corrected for differences in viscosiylethanold,.

Results

The measured relaxation ratesJ4./of both H and H@Cso
dissolved in toluen@g®® containing nitroxides are found to
depend linearly on the concentration of the relaxad, [
according to the relationship: /= 1/T; o+ Ri[S, whereTi o
is the relaxation time in the absence of paramagnetic reléxant
and the second-order relaxation coefficientrelaxivity, is Ry
(M~1 s71), 1H relaxation rates as a function of concentration
for the mononitroxidel in toluenedg at 300 K is shown in
Figure 1. Similar plots were obtained for relaxation by biradicals
2 and 3. 13C relaxivity in Ggo induced byl has also been
measured. Values d&; obtained from least-squares fitting of
the data forl, 2, and3 are presented in Table 1.

For comparison we also have includBgdvalues measured
previously for protons in benzene relaxed by biradicaland
3 and the related mononitroxide 3-carbamoyl-PROXM,,
dissolved in methanal,. The value of the diffusion coefficient,
Ds, for 1 and 4 given in Table 2 was estimated from the
published valu¥for 1 in ethanol after correction for differences
in viscosity assuming Stoke&instein-Debye behavior.

(18) Terazima, M.; Tenma, S.; Watanabe, H.; TominagaJ.TChem Soc.,
Faraday Trans.1996 92, 30573062.
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Data Analysis. Theoretical treatments of the relaxation of
nuclei by intermolecular interactions between spins fall between
two limits: the outer-sphere and the inner-sphere models. The
translational, outer-sphere, ideal solution, or free diffusion model
was pioneered by Torré¥in an attempt to use NMR relaxation
as a tool to study diffusion and has been extended by Hul3Bard,
Freed?! and otherg? The rotational, inner-sphere, or “sticking”
model was first developed by Solonférand Bloemberget
to explain relaxation of water protons by paramagnetic ions and
applied by othe®25to investigate the structure of molecular

complexes. The outer-sphere model is characterized by modula-

tion of the inter-spin distance by relative diffusive motions of
the two molecules. The inner-sphere model, on the other hand,

as usually formulated, assumes the intermediacy of a transient

complex between the two molecules in which the distance
between the spins is fixed and the spin interaction is modulated
by rotational motion of the complex.

Our starting point for the analysis of relaxivity in the present
case will be the outer-sphere model in which the bimolecular
contribution to 1T; is expressetd by

R, = (327/405)y, y > h°YS+ 1)(N,/100aD)[j (w5 — ;) +
3j1(w|) + 6j2(ws + a)|)] 1)

In eq 1dis usually defined as the distance of closest approach
as + a, of the centers of spherical molecules of raafi’ and
D, their mutual diffusion coefficienD = Ds + D;, where the
subscripts S and | refer to the molecules containing the electron
and nuclear spins, respectivelya is Avogadro’s numberSis
the electron spinys and y, are magnetogyric ratios of the
electron and of the nucleus, respectively, artandw, are the
respective Larmor frequencies in radls The normalized
spectral density functions appearing in eq 1 are

ji() =Re[(1+ /4)/(1+s+ 4579+ s%9)]  k=1,2 (2)
where the complex parametes= [iw + 1/TsdY27Y2 ¢ = d¥D
may be interpreted as a translational correlation time for relative
motion of the moleculesTsy is the longitudinal K = 1) or
transversel = 2) relaxation time of the paramagnet spin.

As can be seen, the model involves four adjustable param-
eters: the coefficient for relative diffusioB, which expresses
the dynamics of motion, a structural parametkrdescribing

the distance of closest approach of the spins, and the longitudinal

and transverse relaxation times of the paramagnetic spdeies,
andTsy The values oD may be independently measutédr
estimated from published values under slightly different condi-

(19) Torrey, H. C.Phys. Re. 1953 92, 962—969.

(20) Hubbard, P. SProc. R. Soc. London, Ser. 1966 291, 537—555.

(21) Hwang, L-P.; Freed, J. H. Chem. Phys1975 63, 4017-4025.

(22) Banci, L.; Bertini, I.; Luchinat, CNuclear and Electronic Relaxation
VCH: Weinheim: Germany, 1991.

(23) Solomon, I.Phys. Re. 1955 99, 559-565.

(24) (a) Bloembergen, NNuclear Magnetic RelaxatioiW. A. Benjamin, Inc.:
New York, 1961. (b) Bloembergen, N.; Morgan, L. D.Chem. Physl961,
34, 842-850.

(25) (a) Sysoeva, N. A.; Karmilov, A. Yu.; Buchachenko, A.Chem. Phys.
1975 7, 123-129. (b) Sysoeva, N. A.; Karmilov, A. Yu.; Buchachenko,
A. L. Chem. Phys1976 15, 313-319. (c) Sysoeva, N. A.; Karmilov, A.
Yu.; Buchachenko, A. LChem. Phys1976 15, 321—330.

(26) Freed, J. HJ. Chem. Physl978 68, 4034-4037. Equation 1 also ignores
correlation between the relaxation of the two protons jrofthe sort that
is crucial for catalysis of orthepara hydrogen conversidd.This is
supported by recent measurementdRpfor HD in tolueneés which are
indistinguishable to those for Hunder the same conditions (A. Marti
Arbona, private communication).

Table 3. Data for Fitting of R; Values to d for Paramagnet
(S)—Nucleus (/) Pairs?

! S Ry 10°[D; + D] d [a + ag] [Fim + Tsm]
Mts™) (m?s™) A ) (A)

H, 1 14.5 15.6 3.6 4.8 2.5

H,@Co 1 70 2.6 3.6 8.4 5.9

13Cq0 1 2.7 2.6 6.1 8.4 3.2

1H¢Co 4 68° 4.6 2.6 4.8 2.5

aln tolueneds except for 'HeCs where solvent was methandi:
b Reference 5.

90

|

\
\
\

3 5

4
d(A)
Figure 2. Calculated values d®; for H, and H@Cso using values oD
from Table 3. Vertical lines connect observed valuesRafwith the

corresponding values af. Solid lines indicate average valuesRf, and
dotted lines, ranges of estimated error.

tions18 The values of Ts; and 17s; are of the order of 10
s 1for 1 in toluenedg'®® and may be ignoré&relative to the
transition frequencies, all of which exceed 7 1C° rad s*
for the measurements presented here. We may therefore use
egs 1 and 2 with known values Bfto computeR; for a range
of values ofd and determine the value dfwhich best fits the
observed value oR;. Alternatively, one could reformulate eq
1 in terms of the lifetimer = d%D and extract this parameter
rather thard from the computed values &;. We have chosen
to derived because it is expected to be more directly related to
estimable structural parameters than.is

The values of the diffusion coefficients for each of ®iand
| species employed in the computations are given in Table 2,
and the values oD, + Ds and best fit values ofd are
summarized in Table 3. Plots &; vs d for H, and H@GCso
relaxed byl in toluene are shown in Figure 2.

Relaxation by Biradicals 2 and 3.As discussed in our study
of solvent relaxivity? it is expected that polyradicals will exhibit
enhanced relaxivity because of the larger contribution of the
average magnetic moment via t8S + 1) factor in eq 1. The
situation is simplified for2 and 3 because in both biradicals
the singlet-triplet separation is much smalféthankT and the
magnetic moment contribution is expected to be equivalent to
twice that of the corresponding monoradical; i.e., they play the
role of the monoradical at twice the concentration and, all else
being equal, should be twice as effective as relaxants. Com-
parison of the values dR; in Table 1 shows that in all three
examples the biradicals are between two and three times as
effective as the monoradical. Since reliable value®givere
not available for2 and 3, no attempt was made to estimate
for the corresponding—I pairs. The increase &; beyond the
expected factor of 2 is, however, consistent with somewhat
smaller values ofDs expected for these larger molecules,
provided that the distanagis comparable to that fat.

J. AM. CHEM. SOC. = VOL. 130, NO. 7, 2008 2223
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diffraction 34 gives a value of 4.8 A for the van der Waals radius,
a, of Cgo which is nearly the same as the Lennaddnes radius,
5.0 A, calculated for the interaction of twosmolecules®?
Estimatingry, for Ho.@GCso is accomplished by a straightfor-
ward extension of the approximations used foradd Go. We
assume an inner thickness of 1.7 A for the carbon skeleton which
limits the approach of the endohedraj té the surface of the
molecule to a minimum of 3.4 A. Adding to this the 1.01 A
offset of the proton from the Hsurface yields an estimate of
Jsm  [im | nm = 4.41 A. For the proton in g we have taken the value
as a of rim to be the corresponding partial van der Waals radius for
Figure 3. Schematic representation of the van der Waals ragiig{) and the H atom _m ap aromatic-€H bond, 1.0 Asla. .
minimum distancesrém rm) for the paramagnetic (XS and nucleus For the nitroxides, the van der Waals radius was estimated
containing (—Y) molecules. See Table 3 for estimated values. using the group increments recommended by B&Adind
Edward®b andrsm, was estimated by assuming that the electron
spin is localized on the oxygen atom at a distance of ca. 1.5 A
The values ofd determined for the sets of radical, and from the surface of the molecutéd We assumed that and4
nuclei, |, studied here are given in column 5 of Table 3. They are similar in size and location of the unpaired electron.
fall within the range 2.66.1 A as is expected for pairs of small-  Allowing for delocalization of the electron onto the nitrogen
to medium-sized molecules. Given the relatively good precision atom of the nitroxide would yield a somewhat larger value of
with which R; andD have been measured or estimated, however, 'sm for 1 and4, moving the values ofim + rsmcloser toa +

Discussion

it would be desirable to compare the valuesdofvith more as, but making the deviation from the value dffor *H@Cso
refined estimates of the expected values. This is done below.even larger.
Interpretation of d Values.The distancel, as defined in eq Comparison of d with Distance Estimates. With the

1, would be expected to hold only for interactions between exception of'H.@GCso, all of the values ofi derived from the
atoms, where the spins of both species reside at the center of auter-sphere model fall between the values expectedder
sphere. Hubbafd and other® have considered the effect on & and the smaller valuesm + rim. For relaxation ofH, and

Ry of having the interacting spins sit away from the centers of *Cgo by 1 the distance is probably not significantly different
mass of the corresponding molecules. The qualitative effect is from the sums of the van der Waals radii of the radical and
to increase the relaxation rate relative to the value expected usingdiamagnetic molecule. For relaxation of the protons in benzene
values of the molecular radii in eq 1, or alternatively, to yield by 4, on the other handj is nearly identical to the minimum
values ofd which are smaller than the combined molecular radii, distancersm + rim.

a + ag, estimated from van der Waals radihis is true for all The above observations might be restated as the following:
of the S-I pairs listed in Table 3.Modifying eq 1 to take (a) *H, and13Cq( paired with1 behave approximately as if
account of off-center placement of the spins has been undertakerhe interacting spins were at the centers of spherical molecules,
by Hubbard” and improves somewhat the agreement between despite the fact that th€C atom is clearly on the surface of
the observed and calculated intermolecular contribution to proton Cgg and nowhere near the center.

relaxation in liquid ethan& We have attempted to estimate an (b) ForHgCs with 4, andH,@ Cso with 1, the values oRy
upper limit to this effect ol by comparing the calculated value  are close to, or, in the case 8f,@Cso, greater than, what is

of d with the minimum distance,m + rsm that the two spins  predicted by the outer-sphere model with dipetépole interac-
might approach each other during a bimolecular encounter. Thetions. In the latter case, for example, the van der Waals estimate
relationship between this distance and the molecular radii is for d would predict a value oR; of 8 M~1 s, compared to
illustrated in Figure 3. Estimates afandr, are given in Table the observed value of 70! As a consequence, even using the

2 and discussed below. closest conceivable contacts between the two species gives a
The values ofry, for the nuclear spins in Hand G are value ofR; smaller than that observed.

estimated from the location of the nucleus relative to the surface  Comments on Case (a)The similarity between the value

of a sphere defined by the van der Waals radius. Fothe of d and the sum of the van der Waals radii implies that the

distance is simply the measured van der Waals radius, 1.38 Aelectron and nuclear spins behave as if they resided at the centers

minus one-half the bond length, 0.37 A, or a valuergf = of the corresponding molecules. This may be explained quali-

1.01 A. For'3C in Cgo we have assumed that the thickness of tatively by invoking rapid rotation of the two molecules during
the outer “skin” is defined by the one-half the radius of a carbon the translational encounter time, For the H/1 and 3Cg/1

2p orbital, estimated to be ca. 1.7 %2 Adding this value to  pairs the values al andD for tolueneds in Table 3 correspond
the radius of G, 3.1 A, determined by X-ray and electron o 7 values of 8 and 143 ps, respectively. For comparison, the
rotational correlation timesg,, for H, and Gy in the same

(27) Hubbard, P. SPhys. Re. 1963 131, 275-282.

(28) Harmon, J. F.; Muller, B. HPhys. Re. 1969 182, 400-410. solvent, estimated from relaxation timesjere determined to

(29) Castillo, R.; Garza, C.; Ramos, $.Phys. Cheml994 98, 4188-4190. be 0.20 and 2.1 ps, respectively, allowing for tens of rotations

(30) Anderson, D. K.; Hall, J. R.; Babb, A. L. Phys. Cheml958 62, 404— PS, P Y, 9
408.

(31) Loeb, L. B.The Kinetic Theory of GaspBover Publications, Inc.: New (33) (a) Bondi, A.J. Phys. Chem1964 68, 441-451. (b) Edward, J. TJ.
York, 1961: Appendix 1. Chem. Educ197Q 47, 261—270.

(32) (a) Girifalco, L. A.J. Phys. Chem1991, 95, 5370-5371. (b) Pang, L.; (34) (a) Liu, S.; Lu, Y-j.; Kappes, M. M.; Ibers, J. Science1991, 254, 408—
Brisse, F.J. Phys. Chem1993 97, 8562-8563. (c) Cross, R. J. Phys. 410. (b) Hedberg, K.; Hedberg, L.; Bethune, D. S.; Brown, C. A.; Dorn,
Chem. A2001, 105, 6943-6944. H. S.; Johnson, R. D.; de Vries, Mbciencel991 254, 410-412.

2224 J. AM. CHEM. SOC. = VOL. 130, NO. 7, 2008
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of the molecules while in the vicinity of the relaxant molecule. one side of the shell and transmission of the spin density onto
While, as Hubbard has shown, this does not guarantee that the H, molecule embedded on the endohedral side of the
the effective position of the nucleus will be at the center of p-orbital. In contrast, spin density on th& would arise only
rotation, the tendency would be to shift the average locations from spin polarization and might be small compared with the
of the spins away from their minimum values relative to the direct effect. Such a “directr- type interaction” has been
relaxant. invoked previously to explaid®C contact shifts induced in

Comments on Case (b)The above argument should, of aromatics by a nitroxide radic® It suggests that unusually
course, also hold for thHsCes/4 and H,@Cso/1 pairs. Why, large contact shifts might be observed in the NMR spectrum of
then, are the values @& for these pairs larger than expected H,@GCso in the presence ol. Those measurements, to our
from van der Waals contacts? The most obvious explanation isknowledge, have not yet been carried $ut.
that one or more additional interactions and/or modulation S .

- L - .. Summary and Conclusions
processes contribute to relaxation in these cases. Two possibili-
ties come readily to mind: We have measured the bimolecular contributiBy, to the

I. Formation of an inner-sphere-type complex that would hold spin-lattice relaxation rate for the protons obldnd H@Cso
the pairs together for a time longer than the translational in the presence of monoradicaland biradicals2 and 3 in
correlation timer, allowing for enhancement of the effects of ~tolueneds. It is found that the relaxation effect of the para-
the dipole-dipole interaction. This could be incorporated Magnets is enhanced 5-fold in®Cso compared to B under
quantitatively by using the theory already developed by So- the same conditions. The relative relaxivitieslo?, and3 are
lomor?® and Bloembergeff similar to those determined earlier for benzene protons relaxed

Il. Interaction of theS and | spins via contact hyperfine by 2, 3, and the monoradicat whose structure is similar to
coupling. This might act either via an inner-sphere complex, as that of 1. Related measurements were carried out @i
invoked to explain a variety of dynamic nuclear polarization relaxed byl. The resulting value oR; for **C is substantially
experiment® and induced chemical shifféor be incorporated ~ Smaller relative to théH relaxation in H@GCso than expected
in the outer_sphere model via a through_space contact interac-SOlely on the basis of the 16-fold decrease due to the smaller
tion 20,26 magnetic moment ofC.

It appears to us that the intermediacy of an inner-sphere The observed values d%, for 1 or 4 have been analyzed
complex in case (b) is unlikely. A significant charge transfer duantitatively using an outer-sphere model for bimolecular spin
attraction seems questionable because both molecules involvedelaxation via the dipoledipole interaction to extract an
in each pair are good electron acceptors but poor electron donors€ncounter distancel, as the dependent variable. The resulting
The intermediacy of a covalently bonded adduct would also Vvalues ofd for H, and**Cqo are similar to the sum of the van
seem to be ruled out by recent calculatiref Cgo paired with der Waals radii for the radical and the corresponding molecule.
a model nitroxide which indicate that adducts involving bonding That is, the spins behave approximately as if they resided at
through either the oxygen or nitrogen tgs@vould be at least  the centers of spheres. The valuesi é6r 'H,@ Ceo and*HgCe,

1 eV higher in energy than the isolated molecules. however, are substantially smaller than the corresponding van

The presence of a distance-dependent contact interactionder Waals estimates and are similar to, or even shorter than,
between @) or benzene and nitroxide remains a poss|b|||ty This reasonable estimates for the distance of closest approach of the
is supported qualitatively by the observation of small contact SPins, corresponding to larger than expected valueR;o0fA
shifts in 13Cgo and benzeneg3® and other aromatié% in the possible explanation for the enhanced relaxivity in these cases
presence of a nitroxide. Properly modeling this effect would, is & contribution from hyperfine coupling between the unpaired
however, introduce two additional adjustable parameters andé€lectron and the proton modulated by the relative motions of
would not be justified by the present data. the two molecules. This is consistent with the previously

There remains the seeming contradiction between the espefeported observation of small contact shifts inducedHsCe
cially large additional contribution tB; for H,@GCs¢/1 and the by nitroxides and other stable radic&lg.he corollary prediction
better agreement @, for 13Cg¢/1 with that expected from van ~ ©of @ shift in H@Ceo induced byl has yet to be tested.
der Waals radii. One possible explanation might be an enhance- Based on the results reported here it seems that not only is
ment of the contact interaction between the nitroxide and the the hydrogen molecule in4@Cso not insulated from magnetic
endohedral K via the p-orbitals of the Gy carbon shell. This contact with the outside world but also that the interaction with

would occur by spin polarization induced by the nitroxide on Paramagnets is even stronger than expected based on distance
alone.
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